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ABSTRACT

The 24 hour excretion of the principal catecho-
laminc and 5-hydroxyindole metabolites, plus dopamine and
5-hydroxytryptamine, has becn estimated in the urine of
immunosympathectomized and normal rats. The urinary output
of 4-hydroxy-3-methoxyphenylglycol (HiiPG) was significantly
reduced in immunosympathectdmized rats (P {0.001) whereas,
expressed in terms of body weight, the excretion of 4-hydroxy-
3-methoxymandelic acid (VMA) was increacsed (P {0.05) and
that of 5-hydroxytryptophol tended to decrease (P =0.05).
The excrcltion of other compounds investigated was unchanged.
Over 60% of VMA present in normal rat urine is conjugated
as a glucuronide,with less than 20% excreted in the free
state.

Urinary catecholamine metabolism was also investi-
gated in adrenalectomized rats, in which HMPG was signifi-
cantly increased (P< 0.001) compared with controls. Daily
homovanillic acid output was similarly increased (P<{ 0.05),
although to a lesser extent. Hydrocortisone treatment
abolished these increases. Metadrenaline was detected in
4 out of 6 urines of adrenalectomized rats, providing
further evidence for extra-adrenal production of adrenaline.

Subcellular monoamine oxidase (MAO) activity was

measured in tissues of immunosympathectomized, reserpinized



and 6-~hydroxydopamine-treated mice, and adrenalectomized
rats. After immunosympathectonmy, mitochondrial, microsomal
and supernatant MAQ activity in mouse liver was signifi-
cantly reduced, whilst in the heart, the decrease was
restricted to the microsomal fraction alone. 6-Hydroxy-
dopamine treatment also resulted in significant reduction
of heart and liver microsomal MAOQ activity. Changes in
subcellular MAO activity of liver, heart and brain after
reserpine were complex and time-dependent. The main effect
of adrenalectomy was an increase in the mitochondrial MAO
activity of rat heart, brain and vas deferens.

On incubation of 14C—noradrenaline or 14C—DOPA
with a continuous cell line of neuroblastoma in tissue
culture, no convincing evidence was obtained for any

further metabolism of these compounds.
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ABBRIEVIATIONS

Noradrenaline - (=)-1-(3,4~dihydroxyphenyl)-2-aminoethanol

Adrenaline - (-)-1-(3,4~-dihydroxyphenyl )~2-methylaminoe—

thanol
Dopamine -ﬁ-—(3,4~dihydroxyphenyl) ethylamine
DOPA -ﬁ -(3,4~-dihydroxyphenyl) alanine
NIMA - noruetadrenaline; 1l-(4-hydroxy-3-methoxy-

phenyl )-2-aminoethanol
MA - metadrenaline; l-(4-hydroxy-3-methoxyphenyl)-

2-nethylaminoethanol

VifA - 4~-hydroxy-3-methoxymandelic acid

DHMA - 3,4-dihydroxymandelic acid

HMPG - 4-hydroxy-3-methoxyphenylglycol

DIPG - 3,4~dihydroxyphenylglycol

HVA -~ homovanillic acid; 4-hydroxy-%-methoxyphenyl-

acetic acid

DOPAC - 3,4=dihydroxyphenylacetic acid

HMPE - 4-hydroxy-3-methoxyphenylethanol

DHPE - 3,4~dihydroxyphenylethanol

DHPPA - P-(3,4~dihydroxyphenyl) pyruvic acid

DHPLA - B-(3,4-dihydroxyphenyl) lactic acid

VPA = vanylpyruvic acid; 4~hydroxy-3-methoxyphenyl-

pyruvic acid
VLA - vanyllactic acid; 4-hydroxy-3-methoxyphenyll-

actic acid



MAO
COMT
PNHT
5w
5-HTE
S5—HTAA
5-HIAAL
5~HTOH
ACTH
ATP
NAD
NADH,

HADPHZ

mnonoamine bxidase
catechol-O-methyltransferase
phenylethanolamine N-methyltransferase
S5-hydroxytryptamine
5-hydroxytryptophan
S5-hydroxyindoleacetic acid
5-hydroxyindoleacetaldehyde
S5-hydroxytryptophol
adrenocorticotrophic hormone

adenosine 5’—triphosphate

nicotinamide - adenine dinucleotide

reduced nicotinamide-adenine dinucleotide

reduced nicotinamide-adenine dinucleotide

phosphate
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CHAPTER I
INTRODUCTION

Historical Aspects

Towards the end of the 19th oéntury, Oliver and
Schifer (1895)first demonstrated the profound cardiovascular
effects of intravenous adrenal medullary extracts in the
dog. Other early landmarks in early catecholamine research
were the subsequent chemical identification of adrenaline
(Abel and Crawford, 1897; Aldrich, 1901; Takamine, 1901),
and the synthesis of both adrenaline and noradrenaline (Stolz,
1904).

The concept ofchemical transmission at synapses was
- put forward by Elliot (1904, 1905), after the similarity
between the effects of administered adrenaline and sympathetic
stimulation (Lewandowsky, 1899; Langley, 1901) was recognized.
For many years there was little progress in this field,
although a significant event, viewed in retrospect, was the
demonstration by Barger and Dale (1910) that noradrenaline
reproduced sympathetic effects more faithfully than adrena=-
line. In 1921, Loewi and, independently, Cannon and Uridil,
both demonstrated the wvalidity of Elliot's concept of neuro-
humoral transmission. It was generally accepted at this
time that the substance 'sympathin'! released by sympathetic
nerves was identical with adrenaline, an idea which persisted

until the 1940!'s. However, discrepancies obviously existed

between the effect of sympathetic nerve stimulation and the
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actions of adrenaline, Indeed, it was to explain these
differences, that Cannon and Rosenblueth (1933) postulated
the formation of two different compounds, !'sympathin E' and
tsympathin I', at various effector organs by the combination
of adrenaline with different substances in the cells.

Bacq (1934) suggested that noradrenaline might be identical
with 'sympathin Ef. In 1937, Stehle and Ellsworth had
again noted the close similarity between the effects of
sympathetic nerve stimulation and the actions of noradrena-
line, rather than adrenaline. However, several observations
in the 1930ts, including the finding that postganglionic
stimulation of the nerves of the rabbit ear released what
appeared to be adrenaline (Gaddum and Kwiatkowski, 1939)
seemed to provide support for the original adrenaline
hypothesis.

Noradrenaline was finally shown to be the predomi-
nant catecholamine in peripheral tissues and adrenergic
nerves by von Euler (1946a,b,c, 1948). Using more refined
methods for the purification and biological and chemical
analysis of catecholamines, he extracted a substance identi-
cal, in every way, with noradrenaline from the hearts of
cattle, horses and cats and from bovine splenic nerves.

In 1947, Gaddum and Goodwin showed noradrenaline to be the
transmitter in hepatic nerves. At about the same time, and
independently, noradrenaline was noted to occur in the

adrenal medulla (Holtz, Credner and Kroneberg, 1947). The
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presence of noradrenaline in nerves and tissues was confirmed
by Bacq and Fischer (1947). Direct evidence for the

release of noradrenaline from postganglionic sympathetic
nerve endings was provided initially by Peart (1949) in cat
spleen, and later, by other workers using a variety of
tissues (West, 1950; Mann and West, 1950, 1951; Outschoorm
and Vogt, 1952).

The autonomic nervous system.

The autonomic nervous system (vegetative, visceral
or involuntary nervous system) regulates the activities of
the heart, blood vessels, glands, viscera and smooth
muscle of the body, (see Burn, 1963). On the basils of
anatomical, physiological and pharmacological differences,
it can be sub-divided into sympathetic and parasympathetic
divisions. The primary function of the autononic nervous
system is to permit the animal to adjust to sudden changes
in its environment, thus enabling the body to preserve an
internal environment maintained within relgtivély narrow
1imits (Cannon, 1930).

Although the autonomic nervous system has been
defined in terms of its efferent (motor) pathways (Gaskell,
19163 Langley, 1921), it also includes certain visceral
afferents and centres which connect with the efferent path-
ways (Mitchell, 1853).  The central elements of the autono-

mic nervous system are located in the cerebrum, cerebellum,



4e

brain stem, hypothalamus and spinal cord, interconnected by
nerve tracts. The peripheral elemenﬁs consist of nerves,
ganglia and plexuses, providing innervation to the organs.
The autonomic afferent fibres from these structures are
concerned with the transmission of visceral sensation, with
the integration df visceral activities, and with circulatorj,

resplratory and visceromotor reflexes.

The efferent outflow of the sympathetic nervous system

The cell bodies of the preganglionic sympathetic
neurones are located in the lateral horn of the grey matter,
primarily in the first thoracic to second lumbar spinal cord
segments (human). The preganglionic fibres emerge in the
ventral (anterior) root of the segment from which they arise,
and enter the mixed spinal nerve, which divides into a small
dorsal and a large ventral ramus. The preganglionic fibre
| continues in tﬁe ventral ramus, but soon leaves it as a
white ramus communicans, which passes to a sympathetic
ganglion.

Three groups of sympathetic ganglia exist; the
paravertebral ganglia of the sympathetic chain, the preverte-
bral ganglia of the abdominaigﬂbxpggaand the terminal gang-
1ia which are closely related to the target organ. On
entering the sympathetic chain, some preganglionic axons end
in the first ganglion they reach: others pass through a para-

vertebral ganglion and communicate with a more remote pre-
vertebral or terminal ganglion. Some preganglionic fibres
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pass cephalad or caudad for varying distances within the
sympathetic trunk, befdre they end in a synapse. Each
sympathetic preganglionic fibre forms a synaptic junction
with numerous postganglionic neurones. The postganglionic
fibres take various routes to the periphery. Preganglionic
autonomic fibres are myelinated (medullated), whereas post-

ganglionic fibres are unmyelinated (non-medullated).

The innervation of the urogenital tract

Recent studies have indicated that a special type
of short postganglionic sympathetic neurone occurs extensive-
1y in the mammalian urogenital tract. (Sj8strand, 1965;
Sj8berg, 1967) Phese short adrenergic neurones have been
shown to differ functionally in some respects from the
normal long postganglionic neurones which innervate most
peripheral organs. Thus their response to reserpine and
nerve growth factor-antiserum and the rate of noradrenaline
release from granules isolated from them are all different
compared with the response of long adrenergic neurones.

These properties are discussed in greater detall in the
relevant sections of this thesis. _

The organs involved include the intermal male
genital organs (Falck, Owman and 3j8strand, 19653 Owman and
Sjostrand, 1965; Sjostrand, 1965; Owman and Sjoétrand, 1966),
the urinary bladder (Hamberger and Norberg, 1965a,b), the
urethra (Owman, Owman and Sj8berg, 1967) and the female
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reproductive tract (Owman, Rosengren and Sj8berg, 1966;

Owman and Sj8berg, 1966; Owman, Rosengren and Sjoberg, 1967;
Rosengren and Sj8berg, 1967; Sj8berg, 1967) The female
reproductive glands heve a rich supply of adrenergic nerves
which are related both to the vascular bed and to the smooth |
muscle coats. The vascular nerves to the genital tract,

and also non-vascular nerves to the ovary, arise in the
sympathetic chain. The uterus and the vagina are innerva-
ted by short adrenergic neuronesj the fallopian tube

(oviduct) is innervated by both types of neurones.

The sympathetic transmitter

The evidence that noradrenaline is the sympathetic
transmitter at postganglionic nerve terminals was summarized
by von Euler in 1956. It can be stated briefly under six
headings:

(a) Noradrenaline.is present in sympathetic nerves
Analysis of extracts of adrenergic nerves by reliable assay |
methods for adrenaline and noradrenaline shows that the
active substance is noradrenaline, rather than adrenaline.

In a mixed nerve the noradrenaline content depends on the
number of adrenergic fibres in the nerve. Thus, the highest
value is found in the sgenic nerve which has a very rich
sympathetic component and, in general, the amount of nora=-
drenaline in a given organ is directly proportional to the'
density of its sympathetic innervation.

(b) Degeneration of sympathetic nerves is
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accompanied by disappearance of noradrenaline from the
organ supplied. With regeneration of nerve fibres, tissue
noradrenaline content returns to normal.

(¢) Noradrenaline is released into the blood
stream by stimulation of the sympathetic nerves.

(d) The effects of nerve stimulation are matched
by the effects of authentic noradrenaline.

(e) Antagonists of noradrenmaline such as dibena-
mine and tolazoline also antagonize the effects of nerve
activity. Since the actions of adrenaline and noradrena-
line are similarly antagonized, this type of observation
does not differentiate between them.

(£) Noradrenaline-in the urine is attributable to
the adrenergic nerves and not to the adrenals, as the

urinary level is not decreased by adrenalectomy.

Role of the sympathetic mnervous system

The sympathetic nervous system is not essential
to life. Animals, which have undergone as cbmplete a
removal of the sympathetic nervous system as possible
appear to live normally if they are kept in a protected
environment (Cannon, Newton, Bright, Menkin and Moore, 1929),
but do not survive for long if exposed to zdverse conditions
such as ccld or loss of blood.

A detailed account of the physiological functions

of the sympathetic mnervous system is beyond the scope of
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the present thesis (see Keele and Neil, 1965). The puysio-
logical and pharmacological properties of noradrenaline and

adrenaline have been reviewed by Innes and Nickerson (1965).

Structure of sympathetic innervation apparatus

The main axons in nerve trunis branch into pre-
terminal axons which, in turn, give rise to the adrenergic
terminals. The latter, however, do not consist of discrete
nerve endings, but have bcen described in terms of a 'ground
plexus' (Hillarp, 1946, 1959). This plexus consists of a
netwemk,'with meshes of different size, made up of anastomo-
sing strands of Schwann cells. Within the plexus a dense
network Qf very fine fibres, often present in bundles of
two to four axons, run together in close contact with the
effector cells which théy innervate. At intervals, the
nerve fibres form a series of varicosities, or beaded en=-
largements, where the Schwann sheath is incomplete or even
absent at the most distal sites (see Grillo, 1966).

Conventional histological evidence has been obtain-
ed for the presence of the varicosities (Garven and Gairns,
19523 Hillarp, 1959) and, using the'fluorescence histochemi-
cal technique (Falck, 1962), noradrenaline has been demonstra-
ted in high concentration in the varicosities (Norberg and '
Hamberger, 1964; Malmfors, 1965; Falck and Ovman, 1966).

The noradrenaline content in a single varicosity of a rat

has been estimated to be about 5 x 10"9)pg (D8hlstronm,
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H8ggendal and H8kfelt, 1966). Hillarp (1959) advanced
the concept that the transmitter substance is released
along the length of the terminal fibres so that several

effector cells are innervated by each fibre en passage.

The distribution of noradrenaline in the central nervous

systeim

Using biological assay methods, Vogt (1954)
reported an irregular distribution of noradrenaline in the
brain, with a high concentration in the brain stem, pertic-
~ularly in the hypothalanmus. The distribution of the amine
in the brain was later confirmed and extended by others
(Bertler and Rosengren, 1959a; Laverty and Sharman,1965a;
Glowinski and Iveréon, 1966). Noradrenaline may play a
role in adrenergic transmission within the central nervous
~ systen (see Salmoiraghi, 1966), and histochemical findings
have revealed the presence in the brain of fine nerve fibres
containing high concentrations of catecholamine with charac-
teristic varicosities (Carlsson, Falck and Hillarp, 1962;
Dahlstr8m and Fuxe, 1964; Fuxe, 1965).
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The adrenal medulla

The adrenal medulla consists of masses of poly-
hedral cells separated by large blood sinuses (see Coupland,
1965). The cells contain granules staining blue with
ferric chloride or brown with salts of chromic acid
(chromaffin tissue). The adrenal medulla is richly supplied
by a plexus of sympathetlc nerve filaments derived mainly
from the greater splanchnic nerve.

The activity of the adrenal medulla may be regard-
ed as intermittent, arising in emergency situations,and
therefore limited to periods of struggle or adaptation
(Cannon, 1931; Cannon and Rosenblueth, 1933), or as a con=-
tinuous secretion, with periods of reinforccment in need
(Tournade and Chabrol, 1922, 1925). The latter hypothesis,
which would involve medullary catecholamines in the mainten-
ance of various homeostatic mechanisms, is controversial and
experimental evidence concerning its validity has been re-
viewed by Malmejac (1964).

On a functional level the adrenal medulla is equiv-
alent to é gympathetic ganglion (Elliot, 1912). Its inner-
vation, like all pregamglionic paths, has no relay in its
extramedullary pathway (Hermann and Jourdan, 1937).  Exeit-
ation of the nerves to the adrenal medulla releases acety-
lcholine (Feldberg and Minz, 1932).

Until 1947, when - the presence of noradrenaline was

demonstrated (Holtz, Credner and Kroneberg, 1947), adrenaline
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was considered to be the only hormone present in the
adrenal medulla. The finding of Holtz, Credner and
Kroneberg (1947) has been confirmed many times in a variety
of species (see West (1955) and Malmejac (1964)), including
man (Holtz and Schfimann, 1950; Osaki, 1952), There is now
both histochemical evidence, employing the light microscope
(Hillarp and H6kfelt, 1953; Er#nko, 1955), as well as elec-
tron microscopic evidence (Tramezzani, Chiocchio and Wasser—
man, 1964; Coupland and Hopwood, 1966; Wood, 1967) that at
least. some of the medullary chromaffin cells may primarily
store and secrete either adrenaline or noradrenaline.

There are distinct species differences in the proportion of
adrenaline to noradrenaline present in the gland, or in the
efferent adrenal blood (Malmejac, 1964)., For example, the
proportion of noradrenaline in the efferent adrenal blood or
glands of the cat is always much greater than in the dog.
The differential release of either adrenaline or noradrena-
line can arise as a result of a variety of different stimuli,
such as carotid sinus occlnsion (Holtz, Engelhardt,‘Greef
and Sch#imann, 1952), electrical stimulation of either the
hypothalamus (Folk8w and)ggier, 1954), or the splanchnic
nerve (Celander, 1954), and, pharmacologically, in response
to a wide variety of drugs (e.g. Duner, 1954; Douglas and
Poisner, 1965; Jaanus, Miele and Rubin, 1967; Kayaalp and
McIsaac, 1968; Rubin and Miele, 1968). Several studies

(Feldberg, Minz and Tsudzimura, 1934; Douglas and Poisner,
1965; Kayaalp and McIsaac, 1968; Rubin and Miele, 1968) have
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demonstrated that muscarinic receptors, in addition to
nicotinié ones, are present in the adrenal medulla and
that both types of cholinergic receptor are involved to a
different degreeyaccording to the experimental conditions,
’in catecholamine rélease by drugs or stimulation of the
nerves.

Small concentrations of dopamine are normally
present in the adrenal glands of a number of mammalian
species (Goodall, 1951; Shepherd and West, 1953; Dengler,
1957; Vandermeulen, Cession-Fossion and Peeters, 1968),
including man (Vandermeulen, Ceséion-Fossion, Leconte,
Orban and Lejeune, 1969). Association of this catechola=-
mine with a granular fraction has been reported (Bade, 1958;
Puppi, Benedeczky, Tigyi and Lissék,‘l965; Lishajko, 1968).
Hempel and M#nnl (1967) showed that dopamine in the adrenal
gland could be secreted into the venous blood under in vivo

conditions.

Storage of catecholamines in: intracellular particles.

The storage of adrenal medullary catecholamines
within specific granules was first demonstrated in 1953 by
Blaschko and Welch and by Hillarp, Lagerstedt and Nilson.
This finding was followed a few years later by the demonstra-
tion of noradrenaline—:ﬁ;rage particles in bovine splenic

nerves and rat sgeen (fuler and Hillarp, 1956).  Other

investigations have since revealed the presence of nora=-
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drenaline-containing particles in peripheral tissues

(Potter and Axelrod, 1962; Campos and Shideman, 19623

von Euler and Lishajko, 1965) after centrifugation.

Purified preparations of noradrenaline storage particles ‘
prepared from homogenafes of rat heart (Michaelson, Richard-
son, Snyder and Titus, 1964; Snyder, Michaelson and Musacchio
1964; Potter, 1966) appeared to differ markedly in sedi~
mentation properties from those isolated from bovine splenic
nerve. A recent comparative study (Roth, Stjiirne, Bloom
and Giarman, 1968) revealed, however, that the rat heart
contains a hitherto unrecognized major particulate fraction
for noradrenaline storage, which has sedimentation properties
similar to the noradrenaline storage particles in bovine
splenic nerves. In aidition a particle fraction peaking?

at a lower molarity of sucrose density gradient was present
in the rat heart, though not in splenic nerve. The
properties of catecholamine storage granules have been
extensively investigated since theilr discovery. A summary
of certain pertinent feztures is given below.

Homogenization experiments appear to indicate
that about 75% of total noradrenaline in the suspension of
granules is bound in the granules themselves (Campos and
Shideman, 1962; Schilmann, Schnell, and Philippu, 1964).

The in vivo proportion of particulate noradrenaline in
bovine splenic nerves may, however, be higher (von Euler,

1968) because of granular breakdown during homogenization.
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von Euler and Lishajko (1962) have suggested that the re-
maining soluble noradrenaline in the cytoplasm may be impor=-
tant as the source of transmitter released by nerve stimula-
tion. |

Bovine splenic nerve granules are smaller and more
resistant to osmotic changes and to freezing and thawing
than the medullary granules zgﬁler and Lishajko, 1961la,
Stj#rne, 1964). Both types of granule, however, have a
high ATP content with the same molar ratio of catecholamine
to ATP of about 4:1 (Falck, Hillarp and H8gberg, 19563
Schiimann, 1958a; von Euler, Lishajko and Stjdrne, 1963).
On incubation in vitro, the bovine splenic nerve granules
retain‘their noradrenaline firmly at low temperatures, but
release it rapidly at 37°cC, (von Euler and Lishajko, 1963a)
whereas adrenal medullary granules release their catechola-
mines slowly, even at 37°C (Hillarp and Nilson, 1954).
Granules from vas deferens and the vesicular gland of the
bull release catecholamines at a rate intermediate between
that of bovine splenic nerve and medullary particles égaler
and Lishajko, 1966), a finding which has been related to
the special nature of the adrenergic neurones in this area
(Owman and Sjdstrand, 1965). The release rate from bovine
splenic nerve particles depends on several factors, of which

temperature, pH and noradrenaline concentratiqn in the

medium appear to be most important (von Euler, 1968).  Thus
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the rate of release of noradrenaline from bovine splenic
nerve granules waslowered when noradrenaline was added to
the suspension medium (von Euler and Lishajko, 1963a), and
addition of radioactive noradrenaline showed that the
release was compensated for by an uptake of exogenous nora-
drenaline (von Euler, Stjdrne and Lishajko, 1963). The
ability of isolated storage particles from the adrenal
medulla to accumulate small amounts of adrenaline or nora-
drenaline, when incubated with high concentrations (10-20
Fg/hl) of these amines, had previously been demonstrated by
Carlsson and Hillarp (1961). This uptake was potentiated
by small amounts of ATP and Mg*t ions (Kirshner, 1962a,
Carlsson, Hillarp and Waldeck, 1963). Similarly the amine
uptake mechanism in boviﬁe splenic nerve granules is poten-
tiated by ATP and Mg®™™ (¥on Euler and Lishajko, 1963b; 1967a;
Stj#rne, 1964). The catecholamine turnover rate, however,
as determined by :measurement of the rate of exchange of
endogenous for exogenoué catecholamine on incubation in vitro
in the presence of tritiated noradrenaline, is about 10
times higher in the nerve than in the medullary granules
(Stjlrne, 1964). In addition, the two types of granule

have different reactions to a variety of drugs. For
example,phenoxybenzaminé and prenylamine in concentrations
which retard noradrenaline release from bovine splenic nerve
granules increase the release rate in adrenal medullary

granules (von Euler, Stjirne and Iishajko, 1964). The
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effect of reserpine or isolated granules is discussed
later,

The splenic nerve particles obtained from adrener=-
gic fibres may not have precisely the same properties as
those found at nerve terminals because of their different
location. The properties of rat heart granules (Potter
and Axelrod, 1963), for example, are similar to those of

bovine splenic nerve granules regarding stability in various

media, spontaneous amine release rate and the molar ratio

of catecholamine/ATP., On the other hand, spontaneous

amine release was not inhibited by reserpine (see page 115 )
and amine uptake was moderately potentiated by ATP, and
inhibited by reserpiné only at excessively high concentra-
tions.

Dahlstrém (1965) has postdated that granular
vesicles in peripheral sympathetic nerves are manufactured
in nerve cell bodies, and are transported via the axons to
the nerve terminals. A good deal of evidence is available
to support this hypothesis. Accumulation of noradrenaline
above a nerve ligamture in various species can be detected
by fluorescehce microscopy (Dahlstr8m, 1965; Kapeller and
Mayor, 1967; Boyle and Gillespie, 1968) and by biochemical
extraction (DahlstrBm and Higgendal, 1967; Geffen and Rush,
1968; Ladurcn and Belpaire, 1968a). Llectron-dense granules
and mitochondria also accumulate (Rapeller and Mayor, 1967).

In accordance with the demonstration of small guantities of
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proteins in the granular vesicles of sympathetic nerve
terminals (Austin,Chabb and Livett, 1967), Livett, Geffen

and Austin (1968) have demonstrated a rapid proximo-distal
movement of noradrenaline and protein along the splenic

nerve after injection of labelled noradrenaline and leucine
into the coeliac ganglia of cats. The accumulation proximal
to ligatures of dopaminenﬁ—hydroxylase, an enzyme which is
associated with catecholamine containing particles in

various tissues (see page 25 ), has been demonstrated bio=-
chemically in dog splenic nerves (Laduron and Belpaire, 196831
and by immunofluorescence histology in sheep sympathetic
nerves (Iivett, Geffen and Rush, 1969).

The concept of transport of adrenergic vesicles
within sympathétic nerveshas, however, been challehged by
Pellegrino de Iraldi and de Robertis (1968), who have put
forward the hypothesis that nerve ligation may cause budding
off from enlarged neurotubules to form dense core vesicles,
which may not be related to catecholamine containing vesicles.
In support of this theory, granulated vesicles are also

formed in cholinergic nerves after ligation,.
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Catecholamine biosynthesis

In 1939 Blaschko proposed a sequence of reactions
by which noradrenaline and adrenaline might be fbrmed from
tyrosine in vivo. Substantial experimental evidence has
since accumulated to show it - to be the main pathway for
catecholamine blosynthesis in mammalian tissues:

L-tyrosine  L-DOPA - dopamine |9 (~)noradrenaline

< (~) - adrenaline. )

The pathway is shown in more defail in Fig. 1 with
phenylalanine as starting point. Direct evidence for this
series of reactions is available from both in vitro and in
vivo studies of catecholamine biosynthesis in the adrenal
medulla (Gurin and Delluva, 1947; Demis, Blaschko and Welsh,
1955; Hagen, 1956; Leeper and Udenfriend, 1956; Masuoka,
Sehott, Akawie and Clark, 1956; Udenfriend and Wyngaarden,

19563 Goodall and Kirshmer, 1957; Pellerin and D'Iorio, 1957)
in homogenates of sympathetic nerves or ganglia (Goodall and
Kirshner, 1958) and, centrally, both in rat and cat brain
glices (Masuoka, Clark and Scho%t, 1961; Masuoka, Schott and
Petriello, 1963) and in cat brain in vivo (McGeer, Ling and
McGeer, 1963). Catecholamine biosynthesis has also been
demonstrated in the hearts of several animal species both

in vivo (Goldstein, Musacchio and Contrera, 1962) and in
vitro (Chidsey, Kaiser and Braunwald, 1963; Musacchio and

Goldstein, 1963 a,b; Spector, Sjoerdsma,Zalizman-Nirenberg,

Levitt and Udenfriend, 1963).
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Enzymes involved in biosynthesis.

The para-hydroxylation of phenylalanine to tyro-
sine is catalysed by a phenylalanine-4-hydroxylase (EC1.14.3.])
but the reaction is not an essential part of catecholamine
biosynthesis if tyrosine is available from dietary sources.
Liver phenylalanine hydroxylase (Udenfriend and Cooper, 1952)
has been found in many vertebrates, but there are marked
species varictions in activity (Voss and Waisman, 1966).

It consists of two protein fractions (Mitoma, 1956; Xaufman,
1957) and requires a pteridine cofactor, NADHZ and oxygen
(Kaufman, 1957, 1958, 1959; Kaufman and Levenberg, 1959).
There is evidence to sugg:st that in adrenal medulla and
brain, phenylalanine and tyrosine are hydroxylated by the
same enzyme (Ikeda, Levitt and Udenfriend, 1965; Udenfriend,
19663 Ikeda, Levitt and Udenfriend, 1967), which is differ-
ent from liver phenylalanine hydroxylase (Ikeda, Levitt and
Udenfriend, 1965).

Tyrosine hydroxylase (EC 1l.14.3.?) catalyses the
ggigrhydroxylation of‘L-tyrosine to L-DOPA and is likely to
be the rate~limiting enzyme for the formation of catechola=-
mines(Nagatsu, Leylitt and Udenfriend, 1964a; Levitt, Spector,
Sjoerdsma and Udenfr;end, 1965). Bovine adrenal medullary
tyrosine hydroxyla;e requires Oy Fe't and a tetrahydropter-
idine for activity (Nagatsu, Levitt and Udenfriend, 1964a).
The enzyme occurs in sympathetic nervous .tissue, adrenal

medulla (Nagatsu, Levitt and Udenfriend 1964a), brain
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(Vagatsu, Levitt and Udenfriend, 1964a, Nagatsu, Levitt and
Udenfriend, 1964b ; Bagchi and McGeer, 1964), salivary gland
and superior cervical ganglion (Sedvall and Kopin, 1966, 1962
of a variety of animal species and exhibits a high degree of
specifity (Nagatsu, Levitt and Udenfriend, 1964a). D-tyrosin
DI~m~-tyrosine, tyramine and I-tryptophan are not substrates.
The subcellular localization of tyrosine hydroxy-
lase is controversial since doubt exists as to whether it is
a soluble enzyme or is bound to vesicles. Bovine adrenal
tyrosine hydroxylase was originally reported to be a particu~
late enzyme (Nagatsu, Levitt and Udenfrienég6%2track, Sheppy
and Fetzer, 1968). Other workers have reported it to be
present in the adrenal cytoplasm. (Laduron and Belpaire,
1968b; Musacchio, 1968). In bovine splenic nerve homogenate,
St j8rne and igshaj%p (1967) reported that the enzymatic hy-
droxylation of tyrosine occurs in the particle~free high
speed supernatant. This finding is supported by the obser-
vation of Laduron and Belpailre (1968c) that the tyrosine
hydroxylase activity of a constricted axon does not increase
when synaptic residues accumulate above the constriction.
Bagehi and McGeer (1664) found that the enzymic activity
in rat and bovine caudate nucleus is associated with a par-
ticulate fraction, but no requirement for a tetrahydropter-
idine was reported. According to Cote and Fahn (1968)
however, brain tyrosine hydrqulase requires the presence

of a tetrahydropteridine as a co-factor for optimum activity.
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In an effort to explain the discrepancy between soluble

and particulate tyrosine hydroxylase, Musacchio and Wurz-
burger (1969) reported that soluble bovine adrenal hydroxy-
lase is unstable and tends to aggregate upon standing or 4
during various preparatory procedures. Whether tyrosdine
hydroxylase may, in fact, have a himodal distribution is at
present unknown,

Several inhibitors of tyrosine hydroxylase have
been described, the most important being d%methyl—g-tyrosine,
a competitive inhibitor which reduees tissue levels of
catecholemines (Spector, Sjoerdsma and Udenfriend, 1965),
Certain iodotyrosines, including 3-iodo~I-tyrosine, also
inhibit tyrosine hydroxylase competitively in vitro (Gold-
stein and Weiss, 1965) and in _vive (Spector, Ortega-Mata,
Sjoerdsma and Udenfriend, 1965) but disappear more raplidly
from tissues (Spector, 1966). Catechol compounds including
(-)-noradrenaline itself, and 3,4~dihydroxyphenylpropylaceta-
mide in particular, inhibit tyrosine hydroxylation in vitro
(Udenfriend, Zaltzman-Nirenberg and Nagatsu, 1965) apparently
by interaction with the pteridine co-factor.

In 1938, Holtz, Heise and LHdtke described the in
¥itro decarboxylation of 3,4-dihydroxyphenylalanine (DOPA)
to dopamine, catalysed by DOPA decarboxylase (EG.4.1.1.26),
The trangformation was shown to occur in vivo with the
detection of dopamine in urine after injection of DOPA

(Holtz, Credner and Koepp, 1942). Studies with other sub-
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gtrates and purified enzyme preparations have since revealed
that the enzyme acts on many I~-isomers; the alternative name
aromatic L-amino acid decarboxylase was proposed to cover
this relative lack of specifity (Lovenberg, Weissbach and
Udenfriend, 1962). Although the enzyme is known to be
identical with 5-HIP decarboxylase (Westermam, Balzer and
Knell, 1958; Bertier and Rosengren, 1959b; Yuwiler, Geller
and Eiduson, 1959) and can readily decarboxylate o- and

m- tyrosine and some positional isomers of DOEA (Blaschko,
Holton and Sloane-Stanley, 1949; Fellman, 1359; Ferrini and
Glisser, 1964) the claim that it has some action on histidine,
tryptophan, phenylalanine and p~tyrosine (Lovenberg, Weiss-
bach and Udenfriend, 1962) has been questioned (Awapara,
Sandman and Hanly, 1962; Awapara, Perry, Hanly and Peck,
1964).

The decarboxylase is widely distributed in mamma-
lian tissues (Holtz, 1959; Hagen and Cohen, 1966) including
those regions of the brain known to contain catecholamines
or 5-hydroxytryptamine in high concentration (Holtz and
Westermann, 1956). In sympathetic nerves and adrenal medu-
1la, activity is mainly found in the supernatant fraction
after centrifugation of tigsue homogenates (Blaschko, Hagen

and Welch, 1955; Schiimann, 1958b; Stjdrne and Lishajko, 1967;

TLaudron and Belpaire, 1968b). It has been reported, however,
that some decarboxylase activity is associated with the

particulate fraction isolated from bovine splenic nerves
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(Stj8rne and Lishajko, 1967) although insufficient was pre-
sent to be quantitatively imporfant for catecholamine bio-
symthesis.  In the brain Rodriguez de Lores Arnaiz and

de Robertis (1964) found decarboxylase activity in the synap-
tosome fraction.

Pyridoxal phosphate is a co=-factor for DOPA de-
carboxylase (Green, Leloir and Nocito, 1945; Blaschko,
Carter, O'Brien and 3loane-Stanley, 1948; Schales and Schales,
1949; Sourkes, Heneage and& Trano, 1952; Clark, Pogrund,
Akawie, Drell and'Hartman, 1955; Buxton and Sinclair, 1956;
Buzard and Nytch, 1957; Weissbach, Bogdanski, Redfield and
Udenfriend, 1957).

A large number of compounds can inhibit DOPA
decarhoxylase (Clark, 1959) including competitive inhibitors
such as &&methylDOPA (Oates, Gillespie, Udenfriend and
Sjoerdema, 1960), and strong reducing agents such as deca~-
borane (Merritt and Schultz, 1966). The catecholamine=-
depleting (Hess, Connamacher, Ozaki and Udenfriend, 1961)
and hypotensive (Oates, Gillespie, Udenfriend and Sjoerdsma,
1960) actions of O~methylDOPA are not, however, related to
decarboxylase inhibition (Hess, Connamacher, Ozaki and
Udenfriend, 1961). The compound can itself undergo decar-
boxylation with the ultimate formation of =methylnoradrena=
1ine (Carlsson and Lindqvist, 1962; Maltre and Staehelin,
1963) which can be released by nerve stimulation (Mascholl

and Maitre, 1963) thus acting as a tfalge transmitter'
(Carlsson and Lindgvist, 1962). The evidence that
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d-methylDOPA suppresses adrenerglc function in experimental
animals is, however, conflicting (see Muschoill, 1966).

The B-hydroxylation of c{opamine to noradrenaline
is catalysed by the enzyme dopaninepg-hydroxylase (EC.1.14.2.1
This reaction was first demonsirated in viitro by the use of
homogenates, aqueous extracts and slices of adrenal gland
(Hagen, 1956; Heri, Hayano, Stone, Dorfman and Elmadjian,
19563 Goodall and Kirshner, 1957) and in vivo using labelled
precursors (Leeper and Udenfriend, 1956). | The enzyme is
also present in brain (Udenfriend and Creveling, 1959) and
heart (Chidsey, Kaiser and Braunwald, 1963), and isassocia=-
ted with catecholamine-containing granules in all tissues
investigated (Kirshner, 1957; Potter and Axelrod, 1963;
Mugsacchio, Kopin and Snyder, 1964; Oka, Kajikawa, Ohuchi,
Yoshida and Imaizvmi, 1967; Stj8rne and Lishajko, 1967;
Belpaire and Laduron, 1968). In the adrenal medulla the
enzyme has been reported to be surrounded by a semi-permeable
membrane (Belpaire and Laduron, 1968). The findings of
Stjarne and Lishajko (1967) indicate that dopamine76-hydroxy—
lase is the only enzyme involved in catecholamine biosynthe-
sis which is localized in bovine splenic nerve vesicles.

Dopamine78-hydroxy1ase has been purified and has
a molecular weight of about 29@,000 (Friedman and Kaufman,
1965; Goldstein, Laubei and McKereghan, 1965). The enzyme
requires ascorbic acid as an external electrcon donor,

fumaric acid and O, (Levin, Levenberg and Kaufman, 19609
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and contains approximately 2/umoles of cutt per/pmole of
enzyne (Friedman and Kaufman, 1965). The cutt in the
enzyme undergoes cyclic reduction and oxidation during
the overall hydroxylation recaction (Friedman and Kaufman,
1965).

‘Dopamine76—hydroxylase is not specific for dopa-
mnine: it will75~hydroxylate many phenylethylamines
(Goldstein and Contrera, 1962; Creveling, Daly, witkop
and Udenfriend, 1962) including epinine (N-methyldopamine)

" which is converted to adrenaline (Bridgers and Kaufman,
1962).

Many inhibitors of the enzyme have been described.
These include various coppoer chelating agents (Goldétein,
Tauber and McKereghan, 1965), such as disulfiram which has
been Tound to be an effective inhibitor of dopamine78—hydrox-
ylase in_vivo (Musacchio, Goldsteln, Anagnoste, Poch and
Képin, 196G) as well as in_vitro (Goldstein, Anagnoste,
Tauber and McKeregan, 1964).

The final step in the biosyhthesis of adrenaline
is the N-melhylation of noradremaline to adrenaline. In
1949, Billbring first demonstrated that adrenaline 1g formed
from noradrenaline in minced adrenal gland. The enzynme
responsible for the conversion is phenylethanolamine-N-
methyliransferase (PNMT) (EC.2.1.2.7). Axalrod has
partially purified and described the propertiés of the

enzyme (Axelrod, 1968a) which requires S—adenosylmethionine
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as methyl donor (XKirshmer and Goodall, 1957) and is present
in the hilgh-~speed supernatant ifraction of adrenal medullary
homogenates (Kirshner and Goodall, 1957; Axelrod, 1962a;
Laduron and Belpaire, 1968b). Receatly, however, PNMT
activity has bheen detected in the particulate fraction as
well as in the supernatant fraction of bovine adrenal medulla
and phaeocromocytoma tumour tissue (Goldstein, Gang and Joh,
1969), suggesting that adrenaline synthesis night also
occur within the zgranule.

he enzyme has been investigated in various
mammalian species (4xelrod, 1962a; Fuller and Hunt, 1967a)
and was recently purified from human adrenal glands
(¥itabahl and Williams, 1969).  Although PNMT is primarily
located in the adrenal medulla, other tissue sources of
the enzyne hava been identified. Thus P¥MT activity was
detected in rahbit heart (Lxelrod, 1962a) and de Potter,
Bogzert, and Schaepdryver (1966) have shown that labelled
noradrenaline can be converted to adrenaline in rat hearts.
Other workers have demonscrated that brain tissue can form
adrenaline (McGeer and McCGeer, 19643 Ciarancllo, Barchas,
Byers, Stemmle and Barchas, 1969;Pchorecky, Zigmond, Karten
and Wurtman, 1969) and low endogenous concentrations of the
catecholamine have been identified in the brain (von Euler,
1946¢3 Holbz, 1950; Vogt, 1954; Guumne, 1862).

PNMT is specific for phenylethanolemine and its

deriveatives but phenylethylamines are not N-methylated.
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Both dextro-~ and laevo-compounds are N-methylated but the
laevo~isomers have a higher affinity for the enzyme |
(Axelrod, 1962a; Fuller and Hunt, 1965). Both noradrena-
" line and adrenaline, to a greater extent, are themselves
inhibitors of PNMT in vitro (Fuller and Hunt, 1967a), a
finding which may be of physiological importance in the

control of adrenaline synthesis,

Regulation of catecholamine bibsxnthesis in szmgathetic

nerves and the adrenal medulla.

Under physiological conditions noradrenaline
levels in sympathetically inmervated organs remain Quite
constant despite wide variations in neuronal activity (von
Euler, 1962). The rate of turnover of catecholamines in
peripheral sympathetic nerves is much faster than that
occurring in the adrenal gland (Burack and Draskéczy, 1964;
Brodie, Costa, Dlabac, Neff and Smookler, 1966).

Several recent reports have indicated that
increased activity of the sympathetic nervous system is
associated with an accelerated synthesis of noradrenaline.
Earlier work on the isolated adrenal gland of the cat
(Holland and Schfimann, 1956; Bygdeman and von Euler, 1958)
had pointed to such a relationship since, on prolonged stim=-
ulation of the splanchnic nerve, the amount of adrenaline
released into the adrenal vein plus that remaining in the

gland after stimulation exceeded the guantity present in

the gland before stimulation.
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Increase in noradrenaline'synthesis after nerve
stimulation has been observed in the heart and brain
(0liverio and Stjirne, 1965; Gordon, Reid, Sjoerdsma and
Udenfriend, 1966; Gordon, Spector, Sjoerdsma and Udenfriend,
1966) and in the submaxillary gland (Sedvall and Kopin, 1967b)
of the intact animal{ a similar finding has been noted in
the guinea~pig hypogastric nerve-vas deferens preparation
(Weiner and Alousi, 19663 Roth, Stjirne and von Euler, 1966;
Austin, Livett and Chubb, 1967) and perfused cat spleen
\(Blakeley, Brown, Dearnaley and Hérrison, 1969). Studies
with radioactive tyrosine and DOPA indicate that the acceler-
ated synthesis of noradrenaline arises from an increased
rate of conversion of tyrosine to DOPA (Gordon, Reid,
Sjoerdsma and Udenfriend, 1966; Sedvall and Kopin, 1967;
Weiner and Rabadjija, 1968) although an increased synthesis
of dopamine and noradrenaline from 14C—DOPA has also been
reported on electrical stimulation of the perfused guinea-
pig hypogastric nerve-vas deferens preparation (Austin,
Livett and Chubb, 1967). |

Bovine splenic nerve trunk, unlike most tissues,
does not respond to nerve stimulation with increased synthesis
of noradrenaline from tyrosine (Roth, Stj#rne and von Euler,
1967); the normal rate of synthesis in this organ is very
high, however, being about 15 to 20 times that of the vas
deferens. Thig finding suggests that depolarization per se

does not control noradrenaline synthesis. " As previously
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mentioned, hydroxylation of tyrosine is thought to be the
rate-limiting step in the biosynthesis of noradrenaline
(Levitt, Spector, Sjoerdsma and Udenfriend, 1965) and

since catecholamines and catechol derivatives are inhibitors
of the enzyme (Udenfriend, Zaltzman-Nirenberg and Nagatsu,
1965; Ikeda, Fahien and Udenfriend, 1966), it has been
sugzested that noradrenaline synthesis may be regulated by
a process of end-product inhibition at the tyrosine hydroxy-
lase step (see Udenfriend, 1968). Studies on the vas
deferens preparation led Alousi and Weiner (1966) to make
a similar proposal. Both in vivo (Spector, Gordon,
Sjoerdsma and Udenfriend, 1967; Neff and Costa, 1968) and

in vitro (Stj8rne, Lishajko and Roth, 1967; Weiner and
Rabadjija, 1968) evidence is available to support this
hypothesis.

Whilst dopamine-ﬁ»hydroxylase is not the rate-
limiting step in noradrenaline synthesis under physiological
conditions, low concentrations of noradrenaline can
inhibit the formation of noradrenaline from dopamine in
homogenates of bovine splenic nerve (Stj4rne, Lishajko and
Roth, 1967). This inhibition may be of importance under
special circumstances such as those existing after treatment
with reserpine (see page 116). Furthermore, an effecti#e
inhibitor of this enzyme, such as disulfiram, will lower
endogenous noradrenaline levels. The tissue concentration
of noradrenaline adjusts to a lower steadrstate level

where destruction is equal to synthesis. Thus in the
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presence of disulfiram,vdopamine76-hydroxylase may become
rate-limiting (Musacchio, Goldstein, Anagnoste, Poch and
Kopin, 1966).

Recent observations on the isolated cat spleen
indicate that newly synfhesized noradrenaline is selectively
released by rapid nerve stimulation (EKopin, Breese, Krauss
and Weise, 1968) but these findings have not been confirmed

by Blakeley, Brown, Dearnaley and Harrisom, (1969).

Influence of steroids on the conversion of noradrenaline
0 adrenaline

- In 1952 HYkfelt recognized that adrenocorticotrophi
hormone (ACTH) will restore to normal the depleted adrenaline
content of the adrenal glands of hypophysectomized rats.

In the early 1950's Shepherd and West (1951, 1952) and
Coupland (1953), on the basis of separate comparative studies,
observed that the proximity of cortical tissue to chromaffin
cells and the amount of cortical tissue relative to medullary
tissue may not be unconnected with higher medullary cocentra-
tions of adrenaline relative to its precuf%gr,noradrenaline;
the adrenal cortex may exert some trophic influence on the
chromaffin cell thus facilitating the conversion of noradren-
aline to adremnaline. Furthermore, the pattern of blood flow
in the adrenal gland favours the delivery of high concentra-
tions of stersid to the adrenal medulla (Harrison and Hoey,

1960; Coupland, 1965).
Wurtman and Axelrod (1965, 1966) investigated the
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steroidal factors necessary for optimal activity of PNMT,
the enzyme which converts noradrehaline to adrenaline.

They showed that its activity declines in the hypophysecto-
mized rat but can be restored to normal by administration of
ACTH or large doses of the synthetic glucocorticoid, dexa-
methasone. Similar findings have been reported in the dog
(Wurtman, Casper, Pohorecky and Bartter, 1968). On the
other hand, low doses of dexamethasone depress PNMT activity
and adrenaline levels in rat adrenals (Wurtman, Noble and
Axelrod, 1967). Small amounts of ACTH reverse this effect.
In man, physiological doses of dexamethasone depress plasma
cortisol levels and bring about a progressive decrease in
urinary adrensline output suggesting a fall in PNMT activity
(Noble, Silbergeld, Kopell, McKinney, Wittner and Butte,
1968).‘ No significant effect on noradrenaline output is
observed. Since the adremal medulla is normally perfused
with venous pertal blood which has drained through the
adrenal cortex (Coupland, 1965), it is thus likely to be
richly supplied with steroid hormones. In the normal
intact rat af least, it appears that the concentration of
PNMT is maximal siﬁce +he rate of adrenaline production is
not increased by further stimulation (Fuller and Hunt, 19672)
However, in rats bearing a transplantable pituitary tumour
a large increase in plasma corticosterone levels was assoc=
jated with a 3.5 fold increzse in adrenal PNMT and a 1.6

fold increase of the adrenaline content of the adrenal gland
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(Vernikos-Danellis, Ciaranello and Barchas, 1968). Coupland
(1968) has shown that corticosterone, but not deoxycorti-
costercne, induces methylation of noradrenaline in organ
cultures of extra-adrenal chromaffin cells of the neonatal
rabbit, indicating the imxportance of the ll-oxy group in
steroid-induced methylation of catecholamines,

Vhen animals are pretreated with compounds which
inhibit protein synthesis (actinomycin D or puromycin)
there is no increase in PUMT activity after dexamethasone
(Wurtman and Axelrod, 1966). Corticoids therefore increase
PNMT activity by increasing the rate of synthesis of enzyme
protein; in the rat, removal of the pituitary is associa—
ted with small increases in noradrenaline levels (Wurtman,
1966), and hypertrophy of the rough endoplasmic reticulum
and the Golgi complex in the medullary cells which store
adrenaline (Pohorecky and Rust, 1968). As before, these
changes can be reversed by the administration of ACTH or
glucocorticoids. The normal developmental increase in
PNMT activity and adrenaline accumulation in the foetal rat
(Margolis, Roffi and Jost, 19663 Fuller and Hunt, 1967b;
Roffi, 1968) and rabbit (Roffi, 1968) are also prevented
by hypophysectomy (decapitation). The effects of foetal

decapitation are reversed by ACTH or cortisol,

Alternative biosynthetic pathways
The lack of specificity of some of the enzymes
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involved in the main pathway of catecholamine biosynthesis,
particularly of aromatic L-amino acid decarboxylase and
dopamine7ﬁ-hydroxylase, suggests that alternative woutes
of catecholamine synthesis might occur in the body. Some
of the possible pathways are illustrated in Fig,2 and have
been described in detail by Sandler and Ruthven (1969).
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Dopamine
Dopamine is a comparatively weak sympathomimetic

amine (Barger and Dale, 1910; Holtz, Heise and Iftdtke, 1938)
which may have a physiological function, in addition to
being a precursor of noradrenaline (Wurtman, 1565; Horny-
kiewicz, 1966). In contrast to noradrenaline, dopamine
may produce a vasodepressor response in énimals (Burn and
Rand, 1958; Hornykiewicz, 1958; Halushka and Hoffman, 1968)
although large doses of the amine cause a pressor response
in the dog (Eble, 1964; McNay, McDonald and Goldberg, 1965).
Dopamine is the only endogenous catecholamine known to
dilate the renal vasculature (Eble, 1964; McDonald, Goldberg
McNay and Tuttle, 19643 McNay, McDonald and Goldberg, 1965).
In man, infusion of dopamine causes an increase in systolic
blood pressure, with a minimal effect on diastolic pressure
(Horwitz, Fox and Goldberg, 1962; Allwood and Ginsberg,1964).
Dopamine has been detected in several mammalian
tissues as well as in normal humen urine (Holtz, Credner
and Kroneberg, 1947; von Euler, Hamberg and Hellner, 1951)
where it is present in amounts greater than adrenaline or
noradrenaline, The major portion of urinary dopamine may
be produced by direct renal decarboXxylation of DOPA; large
quantities of dopamine are present in the kidney and urine
after parenteral administration of DOPA (Holtz, Credner and
Koepp, 1942; Murphy and Sourkes, 1961), although Weil-Malherbe
and Bone (1957a) failed to detect dopaminein normal human
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plasma. Small quantities of dopamine have, however,
recently been reported in cat plasma (Street and Roberts,
1969)., Furthermore, after administration of 14C~dopam1ne
to guinea pigs, Halushka and Hoffman (1968) observed that
the kidney cbntainsa proportionately larger amount of dopa-
mine than all other tissues investigated, 1.5-2 minutes
after injection.

In the mammal, dopamine was first detected in
the pancreas (Holtz and Credner, 1942); its presence in
the heart was first demonstrated by Goodall (1951), and in
the blood vessels by von Buler and ILishajko (1958). Dopa-
mine is present in many tissue extracts including pancreas,
parotid gland and pleen (von Euler and Lishajko, 1957;
Schitmann, 1958¢, 1959). In certain tissues such as lung,
liver and inteétine,'dopamine comprises up %o QQ% of total
catecholamine.' Very ﬁigh concentrations are present in
bovine and sheep liver and lung, where there are chromaffin
cells peculiar to ruminants (Bertler, Falck, Hillarp,
Rosengreﬁ and Torp, 1959; Falck, Nystedt, Rosengren and
Stenflo, 1964). Dopamine has been identified in the
carotid body of the rabbit (Dearnaley, Fillenz and Woods,
1969), and the horse (Knoche, Alfes and MB1llman, 1969), and
is present in adrenergic nerves (Schimann, 1956, 1958§,b;“;
Laverty and Sharman, 19652) and ganglia (Schumann,’1956;

Laverty and Sharman, 1965a).

Dopamine represents more than 50% of the total

catecholamine content in the brain and spinal cord of many



species, but its presence in the mammalian brain was not
detected until 1957 (Montagu,1957; Weil-Malherbe and Bone,
1957b). These :eports were soon confirmed (Carlsson, Lind-
qvist, Magnusson and Waldeck, 1958; Bertler and Rosengren,
1959 a,c; Sanb, Gamo, Kakimoto, Taniguchi, Takesada and
Nishinﬁma,‘1959; Sch#tmann, 1959; Ehringer and Hormykiewicz,
1960, Bertler, 196la). The distribution of dopamine in the
brain is irregular, the highest concentrations occurrig in
the neostriatum (Bertler and Rosengren, 1959a,c; Sano, Gamo,
Kakimoto, Taniguchi, Takesada and Nishinuma, 1959; Ehringer
’and Hornykiewicz, 1960; Bertler, 196la; Laverty and Sharman,
1965a). Relatively large quantities of dopamine have also
been found in the globus pallidus and substantia nigra |
(Ssano, Gamo, Kakimoto, Taniguchi, Takesada and Nishinuma, -
1959; Bertler, 196la; Hornykiewicz, 1963). There is a
marked ﬁifference in the dopamine to noradrenaline ratio

of different brain regions (Bertler and Rosengren, 1959a,c;
Hornykiewicz, 1966); for example in the noradrenaline-rich
hypothalamus, dopamine levels are low. It has been shown
that the caudéte nucleus contains a dopamine nerve terminal
system, originating from cell bodies in the substantia nigra
(Andén, Carlsson, Dahlstr8m, Fuxe, Hillarp and Larsson, 1964;
Fuxe, HBkfelt and Nilsson, 1964; Andén, Dahlstrém, Fuxe
and Larsson, 1965a,b). The release of dopamine from the
caudate nucleus has been demonstrated on stimulation of the

nucleus centrum medianum (McLennan, 1965),and after addition

of tubocurarine to fluid perfusing the cat caudate nucleus
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(Portig, Sharman and Vogt, 1968).  Stimulation of the
substantia nigra caused a:releése of homovanillic acid into
the caudate nucleus perfusate (Portig and Vogt, 1968).

A finding of clinical significance was the discov-
efy that the brains of Parkinsonian patients contain abnor-
‘mally low levels of dopamine in the corpus striatrum and
substantia nigra (Thringer and Hornykiewicz, 19603 Bernheimer,
Birkmayer and Hornykiewicz, 1963; Hornykiewicz, 1963;
Bernheimer and Hornykiewicz, 1964, 1965).
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Catecholamine metabolism

Until 1957, relatively little was known about the
pathways of catecholamine metabolism in the bhody. On injec=-
tion of adrenaline or noradrenaline, only about 1-5% is
excreted unchanged in the urine, and the urinary output of
endogenous catecholamines is extremely low (von Euler, 1956),
suggesting either almost complete retention or breakdown in
the body. For meny years, the main route of metabolism
was thought to be by means of the enzyme MAO (see Blaschko,
1954), However, although inhibition of the enzyme resulted
in an incrcase of noradrenaline levels in many tissues
(Shore, Mead, Kuntzman, Spector and Brodie, 1957), the
actions of administered catechélamines were not potentiated

(Griesemer, Barsky, Dragstedt, Wells and Zeller, 1953)

The metabolism of adrenaline and noradrenaline

In 1957, Armstrong, McMillan and Shaw found that
large quantities of 4-hydroxy-3-methoxymandelic acid (VMA)
were excreted in the urine of subjects with phaeochromocytoma
and also after the adminiétration of noradrenaline and
adrenaline. Previously, Armstrong, Shaw and Wall (1956)
had noted the widespread occurrence of the 4-hydroxy-3-methy-
oxyphenyl ('vanillyl') group on chromatograms of urinary
phenolic acids. The bidogical methylation of 3,4-dihydroxy-
phenylacetic acid (DOPAC) to homovanillic acid (HvA) (Shaw,
McMillan and Armstrong, 1957) and the excretion of HVA after
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DOPA administration (de Eds, Booth and Jomes, 1957) had
alsc been demonstrated.

These results prompted a search for the correspon=~
ding O-methylated amines of VMA, normetadrenaline (NMA)
and metadrenaline (MA) which were scon shown to be present
in the normal urine of rats (Axelrod, 1957; Axelrod, Inscoe,
Senoh and Witkop, 1958; Axelrod, Senoh and Witkop, 1958),
and in greater amount after administration of adrenaline
and noradrenaline, In the rat metadrenalines are conjugated
as glucuronides (Axelrod, Sench and Witkop, 1958). In 1958,
La Brosse, Axelrod and Kety noted O~méthy1ation, of labelled
adrenaline, in man also and *he ﬁresence of metadrenaline
and normetadfenaline.in normal human urine was reported by
La Brosse and Mann (1960). The O-methylated amines are
excreted mainly as O~-sulphates. After administration of
3H—adrenaline, most of the 3H—metadrenaline present in human
urine is also conjugated, mainly as a sulphate ester (Ia
Brosse, Axelrod, Kopin and Kety, 1961). The importance of
O-methylation in catecholamine catabolism was emphasized by
the identification of another major deaminated methylated
metabolite of noradrenaline and adrenaline, 4-hydroxy-3-
methoxyphenylzlycol (HMPG), in the urine of the rat (Axelrod,
Kopin and Mann, 1959; Kopin, Axelrod and Gordon, 1961), cat
(Goldstein and Gertner, 19603 Kirshner, Terry and Pollard,
1961), guinea pig (Smith, 1961) and men (Axelrod, Kopin and
Mann, 1959). In both men and rat, HMPG is conjugated as
a sulphate ester (Axelrod, Kopin and Mannm, 1959). Recently,



42,

however, the glucuronic acid conjugate of HMPG has been
identified as a major metabolite in human urine (Shimizu
and La Brosse 1969). VMA, on the other hand, is thought
to'be excreted largely in the free state in the human
(Ssandler and Ruthven, 1969). In a recent study, Goodall
and Alton, (1958a) reported that about 25% of infused dopa=-
mine is converted to nmoradrenaline in the human, , whilst
the 4«0 sulphate of VMA also appears to be present,although
as a relatively small Proportion of the total. The conju-
gation of VMA in rat urine is described in chapter 3.
Although O-methylation preceding deamination is
the predominant route of metabolism of injécted catechola-
mines (Axelrod, 1957; Axelrod, Inscoe, Senoh and Witkép,
1958; Axelrod, Senoh and Witkop, 1958; Ia Brosse, Axelrod
and Kety, 1958) demminated products are also excreted in the
urine in smaller quantities.  Thus, dihydroxymandelic acid
(DHMA) has been detected in human urine (Xirshner, Goodall
and Rosen, 1958) after intravenous infusion of adrenaline.
Other studies confirm that DHMA is a metabolic product of
both adrenaline and noradrenaline in man (Goodall, Kirshner
and Rosen, 1959; Ia Brosse Axelrod, Kopin and Kety, 1961;
La Brosse, Mann and Kety, 19613 Goodall and Alton, 1965).
Over 50% of the small amount of DHMA present in human urine
appears to be conjugated (ILa Brosse, Axclrod, Kopin and
Kety, 1961; La Brosse, Mann and Kety, 1961), but Weil=-Malherbe

(1967) could not detect any increase in total DIMA levels
after acid hydrolysis. In the cat, following administration
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of 14C—adrenaline, about 1% of the radioactivity could be
recovered as free DHMA Eut the proportion may be greatly
increased after administration of the COHMT inhibitorx,
pyrogallol (Kirshner, Terry and Pollard, 1961). Goodall
and Alton (1969) have recently investigated the fate of
14c_DHMA in man. About 18% of DIMA, inflused for 1 hour,
could be recovered in 24 hour urine samples as VMA, 8% as
3,4=dihydroxybenzoic acid and 2% as vanillic acid. Kopin
and Axelrod (1960) have demonstrated the presence of the
corresponding alcohol, 3,4-dihydroxyphenylglycol (DHPE) in
rat urine, but only after the formation of O-mecthylated
metabolites had been inhibited by pyrogallol,

Minor netabolic pathways

Several ninor pathways of adrenaline and nora-~
drenaline metabolism have been demonstrated. Side-chain
dehydroxylation of catecholamines has been shown to occur
in vivo. In man, about 1% of an injected dose of labelled
noradrenaline was excreted as HVA (Sandler, Ruthven and
Contractor, 1963; Sandler, Ruthven and Wood, 1964); equiva-
lent levels of HVA, plus about twice as much DOPAC, are
excreted after injection of 146_adrenaline (Goodall and
Alton, 1968b). The formation of HVA from noradrenaline
may proceed via a route involving/B-dehydroxylation to dopa=-
mine, which would then be metabalized to HVA (Sandler and

Ruthven, 1969). A similar pathway, involving formation
of DOPAC and HVA from adrenaline, would need prior N-demethy-
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lation of the catecholamine. In vitro, noradrenaline can
be {S—dehydroxylated to DOPAC by liver slices (;&c‘)urier, 1955),
and Fellman (1958) has described a chemical rearrangement
of adrenaline and noradrenaline leading to the formation of
dihydroxyphenylacetaldehyde, an intermediate in the formation
of DOPAC, |

Vanillic acid may be a final product of noradrena-
line and adrenaline metabolism (Dirscherl and Thomas, 1966).
The small endogenous excretion in man (0.,15-0.7 mg/24 hour),
after omigsion of vegetables from the diet (Dirscherl and
Wirtzfeld, 1964), and the low levels of labelled vamrillie
acid detected after injection (Rosen and Goodall, 1962a;
Sandler, Ruthven and Contractor, 1963; Sandler, Ruthven and
Wood, 19643 Goodall and Alton, 1965), or oral administration
of catecholamine (Resnick, 1963) suggosts that endogenous
production of vanillic acid by this pathway is of minor
gsignificance. The endogenous origin of vanillic acid from
catecholamines has been difficult to prove, however, because
of synthesis of the acid in the body from a variety of foods
(Shaw and Trevarthen, 1958; Dirscherl and Wirtzfeld, 1964).
Howéver, vanillic acid was still present in the urine of a
subject maintained solely on glucose for nine daye (Coward,
Smith, Wilson and Robinson, 1962).  Furthermore, a high
urinary output of vanillic acid has been reported in patients
with malignant phaechromocytoma (Sturm, 1963).

N-Methyiggﬁenaline resulting from N-methylation

of adrenaline has been detected in rnormal hiiman urine
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(40 Pg/24 hour) and in urine from patients with phaeochromo=-
cytoma (Itoh, Yoshinaga, Sato, Ishida and %ada, 1962),

After its administration to rats, N-methyladrenaline is
metabolized by COMT to yield N-ucthylmetadrenaline which can
be detected in the urine (Axelrod, 1960).

The in vitro O-demethylation of metadrenaline to
adrenaline by a microsomal engyume preparztion from rabbit
liver has been reported (Axelrod and Szara, 1958), andaa
similar prepaqgtion N~demethylates metadrenaline to norme-

' tadrenaline (Axelred, 1960); in vivo N-demethylation, however,
does not secenm ;b occur in the rat (Axelrod, 1960; de Potter,
Bacq, Criel, de Schaepdryver and Renson, 1963)., O-Damethy-
lation of metadrenaline appears to take place in _vivo in the
rat, but the adrenaline formed may be rapidly remethylated
(Kopin, Axelrod and Gordon, 1961). Both O-~ and N-demethy-
lation have been reported in the rabbit (de Potteri?%gi%l,

de Schaepdryver and Renson, 1963%) and the cat (Verly, Koch

and Hunebelle, 1562).

The metabolism of dopamine

The major routes of dopamine metabolism are
similar to those of noradrenaline and adrenaline (Fig.3).
Thus oxidative deamination of dopamine to 3,4-dihydroxy-
phenYlacetaldehyde may occur, followed by oxidation of the
intermediate aldehyde to DOPAC or reduction to 3,4-dihydroxy-
phenylethanol. These products can be O-methylated to HVA
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and 4-hydroxy-~3-methoxyphenylethanol respectively. Alter-
natively, dopamine can undergo initial O-methylation to 3~

methoxytyramine which, in turn, is oxidatively demminated

to 4-hydroxy-3-methoxyphenylacetaldehyde; the latter is
either reduced to 4-hydroxy-3-methoxyphenylethanol or
oxidised to HVA (Goldstein, Friedhoff, Pomerantz and Simmons,
1960; Goldstein, Friedhoff, Pomerantz and Contrera, 1961;
Goldstein and Gerber, 1963; Goodall and Alton, 1969).

The major metabolite of parenterally administered
labelled dopamine in the rat (Goldstein, Friedhoff and
Simmons, 1959; Williams, Babuscio and Watson, 1960) and
man (Goodall and Alton, 1969) is HVA, This metabolite is
excreted mainly in the free state in man (Shaw, McMillan
and Armstrong, 1957; Goodall and Alton, 1969) and also in
the rat, whether derived from exogenous sources (Williams,
Babuscio and Watson, 1960), or endogenously (Shaw, McMillan
and Armstrong, 1957). Only small guantities of 3-methoxy-
- tyramine are normally present in the urine. In rats this
metabolite has been detected in the urine mostly (50-80%)
as a glucuronide, after previous administration of dopamine
(Axelrod, Senoh, and Witkop, 19583 Williams, Babuscio and
Watson, 1960).  Goodall and Alton (1969) have indicated
that virtually &ll the urinary 3~methoxytyramine formed from
14C—dopamine in the human is present as unspecified conjﬁ-
gates.

The presence of DOPAC in the urine was first

demonstrated by von Euler, von Euler and Floding (1955)
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and later confirmed by others (Armstrong, Shaw and Wall,
19563 Weil-Malherbe and Bone, 1957a). DOPAC was shown to
be a metgbolite of dopamine (Goldstein, Friedhoff and
Simmons, 1959; Williams, Babuscio and Watson, 1960; Goodall
and Alton, 1968a) although the urinary output of this
metaboiite is much lowsr than the corresponding excrétion of
HVA. Relatively more DOPAC arises from dopamine than ‘
DHMA from noradrenaline because dopamine is a better sub-
gtrate than noradrenaline for MAO (Blaschke, 1952). Alton
and Goodall (1969) have recently shown that a high propor-
tion of infused *C-DOPAC is rapidsly O-methylated to HVA,
mostly excreted in free form with a few per cent put out
as conjugate. 3,4-Dihydroxybenzoic acid and trace amounts
of vanillic acid were also found, together with several uni=-
dentified metabolites. A large proportion of urinary DOPAC
is excreted in the conjugated form in man (von Euler, Floding
and Iishajko, 1959; Goodall and Alton, 1968a), On the
other hend, after injection of 140-DCPAC, only trace amounts
of its conjugate, probably suiphate, could e detected in
human urine (Alton and Goodall, 1969). DOPAC, formed from
labelled dopamine, was present in the free state in rat
urine (VWilliams, Babuécio and Watson, 1960).

The conversion or labelled dopamine to 4-hydroxy-
3=methoxyphenylethanol (HMPE) in the rat was first demonstra-
ted by Goldstein, Friedioif, Poumerantz and Simmons (1960).

The formation of this neutral compound was enhanced by
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iproniazid treatment. In a subsequent publication, Gold-
stein, Friedhoff, Pomerantz and Contrera (1¢61) confirmed
thisg finding, and also reported the presence of low concen-
trations of HMPE in normal human urine (about SOPg per
1000 ml). Following administration of 14C-dopamine, the
deaminated product, 3,4-dihydroxyphenylethanol (DHPE) could
only be detected in rat urine after inhibition of COMT with
pyrogallol, or after aldehyde deydfogenase had been inhibited
with calcium carbide. In a recent study, administration
of large doses of DOPA in man resulted in the appearance of
appreciable levels of HMPE in the urine (Calae, Karoum,
Ruthven and Sandler, 1969). Goodall and Alton (1968a)
have tentatively identified HMPE and DHPE ac metabolites

of infused 14C—dopamine’in man, mainly excreted in the

form of (unspecified) conjugates.

W-Acetylation is a minor pathway of dopamine meta-
bolism (Goldstein and Musacchio, 1962). On injection of
radioactive amine in rats, both N-acetyldopamine and N-
acetyl-3-mecthoxytyranine were excreted,with an increase in
output after MAO inhibition. V-Acetylnormetadrenaline was
not found in rat urine after injection of rormetadrenaline,
unless MAO had been blocked (Smith and Wortis, 1962), sugges-
ting that Neacetylation is not a normal metabolic route for
noradrenaline, The enzyme rcsponsible for N-acetylation
in vivo is probably the soluble rat liver enzyme isolated

by Weissbach, Redfield and Axelrod (1961).
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The metabolism of DOPA

Although the decarboxylation of DOPA to dopamine
is an essential step in the major pathway of gcatecholamine
biosynthesis, DOPA can be metabolized by other routes.

Thus it may undergo transamination to form 3,4~dihydroxy-
phenylpyruvic acid (DH?PA) and 3,4-dihydrokyphenyllactic
acid (DHPLA) which, in turn, may be 3-O-methylated to
vanylpyruvic acid (VPA) and vanyllactic acid (VLA)
respectively. Alternatively, these compounds are more
1ikely to be formed by the transamination offs—(4-hydroxy-
3~methoxyphenyl)alanine (Gjessing, 1963a; Gjessing and
Borud, 1965); because, whilst DOPA is readily O-methylated to
ﬁ-(4—hydroxy—3-methoxyphenyl)alanine (von Studnitz, 1960,
1961a; Gjessing, 1963b, 1964), the latter compound is not
easily'decarboxylated and is, therefore, more avallable for
transamination (Gjessing and Borud, 1965). DOPA, VPA and
VLA have all been detected in the urine of certain patients
with catecholamine secreting tumours (Gjessing, 1963a;

Gjessing and Borud, 1965; Smith, 1967).



51,

Monoanine oxidase

A vast literature exists on monoamine oxidase
(monoamines: O2 oxidoreductase (deaminating) BC 1,4,3,4.)
(MAO)gbut in the following account certain salient features
only are cousidered. A number of reviews on various aspects
of this cnzyme are available (Blaschko,1952, 1963%; Davison,
1958, Zeller, 1963; Gorkin, 1966; Pletscher, ey and Burkard,
19663 Levy, 1968).

1AO promotes the biological inactivetion of many
amines, including the catecholamines and the indolealkylam=-

‘ines. The enzyme was initially described by Hare (1928)
and Bernheim (1931) as tyramine oxidase, dut was later shown
to have a much broader spectrum of activity (Blaschko,
Richter and Schlossmann, 1937a, b, c; Kohn, 1937; Pusgh and
Quastel, 1937a,b; Richter, 1937; Bhagvat, Blaschko and
Riciber, 1939). Under aerobic counditions, amine oxidases
oxidatively deaminate amines with the production of an
aldehyde, H202 and NH3 or alkylamine. Since H202 is
~ generally decomposed in tissues to,Hzo and %02. €.8. DY
catalase, the overall reaction can be sumaarized thus:
R - GH2 - NH2+102 2> R - CHO + NH3

The following discussion is limited, however, to
enzymes classified as monoamnine oxidases. As defined
(Pletscher, Gey and Burkard, 1966), bthese enzymes cannot
deaminate histamine and short-chain dianines, and are not

inhibited by semicarbazide, thus distinguishing them from

diamine oxidases.
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MAO has been found in most vertebrates and occurs
widely in mammalian tissues (Blaschko, 1952), where all
organs appear to contain the enzyme apart from skeletal
muscle. High MAO activity is in%ariably found in the
liver (Bhagvat, Blaschko and Richter, 1939; Blaschko, 1952).
With the exception of the rat, MAO activity is also high in
the kidney; but the richest source of MAO yet encountered in
mammalian tissue is the human salivary glands (Str8mblad,
1959). MAO activity varies throughout the different anato-
mical regilons of the brain; for example, Bogdanski Weissbach
and Udenfriend (1957) observed highest activity in the hypo-
thalamus of dog brain, using 5~hydroxytryptamine as substrate.
Although the concentration of brain MAO, in terms of tissue
weight, 1s moderate in comparison with that of tissues.such
as the liver, the presence of biologically active monoamines
in the brain as potential substrates enhances the significance
of the enzyme in that side. Similarly, MAO found in the
peripheral sympathetic nervous sytem, particularly in the
postganglionic nerve endings (Snyder, Fischer and Axelrod,
1965) may be associated with regulation of intraneuronal
monoamine stores (Kopin, 1966). |

| The subecellular localization of MAO is mainly mito-
chondrial (Cotzias and Dole, 1951; Hawkins, 1952; Zile and
Lardy, 1959; Weiner, 1960; Rodriguez de Lorez Arnaiz and de
Robertis, 1962; Ostwald and Strittmatter, 196%; Baudhuin,

Beaufay, Rahman-Li, Sellinger, Wattiaux, Jacques and de Duve,
1964 )., The enzyme shows great stability at physiological
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pE 1f bound to mitochondria (Blaschko, Richtor and Schlosumann,
1637Tbs Davison, 1958). a0 is located on the outer menbrane
of the uitochondrion (Schnaitman, Erwin and Greenmwalt, 19673
Sottocasa, Kuylenstierna, Lrnster and Bergotrond, 19673
Tipton, 1967, Boadle and Bloom, 1969), and aliiough a soluble
form of the ensyme is found in guinea pig liver supernatant
(Blaschko and Duthic, 1945; veissbach, Redfield and Udenfriend,
1557), L0 from other scurces has proved diffioult to solubile
ize and purify. Recently however, the use of gsopication and/
or detirgents to solubllize the enzyme hags lod to sawnples of
soluble 40 with activities scveral hundred fold greater
than those of the oriziuel preporation (Youdim and Sourkes,
19663 Tipton, 1968a; Yasunobu, Igaue snd Gowes, 1968).
Egtimates of the molecular weight of MWAD vary from values
of 102,000 for pig brain mitochondrial MG (Tipton, 1968a)
to 290,000 for the rat liver enzymc (Youdim and Sourkeg,
1966)s There is evidence for thc prescnece of a flavine
1ike material in purified preparations of nononnine oxidase
(Ervin and Hellerman, 1967; Sourkes, 19683 Tipton, 19C8b,
Yagunobu, Igaue and Goues, 1968) . Tollowing analysis of
the solubilizcd materiazl the role of copper ag a co=factor
of MAO (Bara =nd Yasunobu, 1966; Harc, Gomes =nd Yasunobu,
1966) has recently been questioned (Bruin and Hellerman,

19673 Sourkes, 190683 Tipnton, 1568b; Yasunobu, Igaue and
Gomes, 1963).

There is now considerable evidence for the
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existence of multiple forms of monoamine oxidase (Gorkin, 1966;
Youdim and Sandler, 1967; Collins, Youdim and Sandler, 1968;
Kim and D'Iorio, 1968; Ragland, 1968; Squires, 1968; Hartman,
Kloepter and Yasunobu, 1968; Gomes, Igaue, Kloepfer and
Yasunobu, 1969) but whether these are separate enzymes or
different molecular forms of the same enzyme is still unclear.
Solubilized preparations from a variety of sources have been
separated electrophoretically into sevéral_banda (Youdim and
Sandler, 1967; Collins, Youdim and Sandléf, 1968; Kim and
f'Iorio, 1968; Ragland, 1968; Gomes, Igaue, Kloepfer and
Yasunobu, 1969; Youdim, Collins and Sandler, 1969) ﬁith
sifferent substrate and inhibitor specificities, pH-activity
curves and heat inactivation characterstics. ;

The affinity of MAO for its different substrates
varies widely: it is relatively high for monophenolic or
catecholic amines, but is lowered by the presence of a/S-
hydroxyl substituent in the side chain. Thus, of the physio-
logical amines,fi~phenylethylam1ne derivatives such as
dopamine and tyramine are generally better substrates than
noradrenaline and adrenaline (Blaschko, Richter and Schlossman,
1937a; Blaschko, 1952). Introduction of ano(-methyl group
into thefs-phenylethylamine molecule results in competitive
inhibition of the enzyme (Blaschko, Richter and Schlossmann,
1937a).

MAO has been reported to lack stereo-specificity
toﬁards the optical enantiomers of adrenaline and noradren-

aline (Pratesi and Blaschko, 1959). Giachetti and Shore
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(1966), however, reinvestigated the problem using a

variety of MAO preparations and found that (-)-noradrenaline
and adrenaline were deaminated at a faster rate than the
(+)-isomers.

Numerous MAO inhibitors exist: they belong to
various chemical classes and exhibit a variety of pharmacolo-
gical actions, A number of reviews are available on this
topic, (e.g. Zeller, 1963; Pletscher, Gey and Burkard, 1966),
Most inhibotors act only in vitro (Pletscher, Gey and
Burkard; 1966). The original discovery of iproniazid
(1-isonicotinyl —2-isopropylhydrazine) as a potent MAO
inhibitor (Beller and Barsky, 1952) led to the introduction
of other hydrazine derivatives, related to ppromiazid, as
inhibitors. These drugs and the chemically unrelated none
hydrazide pargyline (N-benzyl-Nemethyl-propynylamine)
(Taylor, Wykes, Gladish and Martin, 1960) are initially
competitive inhibitors but rapidly form derivatives which
inhibit in a non-competitive, irreversible and therefore,
1ohg lasting manner. (Taylor, Wykes, Gladish and Martin,
1960). Inhibition with drugs such as tranylcypromine
(phenylcyclopropylamine) (Maass and Nimmo, 1959) can be
either competitive or non-competitive according to the
substrate (Sarkar, Banerjee, Ise and Zeller, 1960; Zeller
and Sarkar, 1962). Other MAO inhibitors, as exemplified by
the harmala alkaloids. harmine and harmaline, have a short-
lasting revisible action on the enzyme (Udenfriend, Witkop,
Redfield and Weissbach, 1958).
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The role of oxidative deamination in the metabolism
of catecholamines and S5-hydroxytryptamine is discussed else-
where in this chapter. MAO is also involved in the metabol-
ic degradation of other amines which may be endogenous or
dietary in origin. Those arising as normal products of
mammalian metabolism include phenylethylamine (Jepson,
Lovenberg, Zaltzman, Oates, Sjoerdsma  and Udenfriend, 1960)
and tryptamine (Weissbach, King, Sjoerdsma and Udenfriend,
1959). The role of MAO in deaminating exogenous ammines
is of some clihical importance. Patients treated with MAO
inhibitors experience severe and occasionally fatal hyper-
tensive crises after eating certain kinds of cheese (Brack~
well, 1963). Horwitz, Lovenberg, Engelman and Sjoerdsma
(1964) showed that the degree of the hypertension tends to
be proportional to the tyramine content of the cheese.

The association of MAO with its substates within the nerve
cell has naturally attracted much attention; but in many
tissues, particularly the liver (Klingmen, 1966a), the
greater proportion of enzyme activity is located in extra-
neuranal sites and probably fulfils some more general
functbon guch as detcxicatibn;;~ Changes in MAO activity in
a variety of different tissues have been studied under
various conditions;e.g;'after the administration of the
thyroid hormones (Novick, 1961) or sex steroids (Wurtman
and Axelrod, 1963), or during the different phases of the

menstrual cycle (Southgate, Grant, Pollafd, Pryse-Davies,
and Sandler, 1968). It is not known, however, whether
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the observed fluctuations derive from azctivetion/inhibition

- mechanisms or effects on enzyme synthesis.

Catechol=0-methyltransferase (COMT

The 3~O-methylating enzyme, éatechol-o—methyltrans-
ferase (COMT, EC.2.1.1.6)'which catalyses the transfer of
methyl groups from S-adenosylmethionine to the meta-hpdroxyl
group of catecholamines and other catechols, was first
described by Axelrod (1957). Mg++ or other divalent cations,
such as Mn++, Co++, zn*t or Ni++;a:e reguired for activation
of the enzyme (Axelrod and Tomchick, 1958; Sehoh, Tokuyama
~and Witkop, 1962), A 200-fold purification of rat liver
COMT has recently been reported (Anderson and D'Iorio, 1968).
A1l catechols were substrates of the purified enzyme, which
had an estimated molecular weight of 29,000. The presence
of a éulphydryl group, as an active site on the enzyme
surface is indicatcd, since SH=binding agents inhibit COMT
activity (Axelrod and Tomchick, 1958). A potent and
specific antibody to rat liver COMT has recently been
produced by Assicot and Bohuon (1969).

COMT is distributed widely in mmmmelian tissues,
with particularly high activity in the liver and the kidney
(Axelrod and Tomchick, 1958; Axelrod, Albers and Clemente,
1959), Appreciable enzyme activity has been detected in
the central nervous system and in peripheral nerves. COMT

was associated with a nerve-ending fraction in rat brain
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during density-gradient centrifugation studies (Alberici,
Rodriguez de Lorez Arnaiz and de Robertis, 1965). 4An
atypical COMT is present in the microsomal fraction of liver,
with a pHoptimum and species distribution unlike that of the
more common enzyme (Inscoe, Daly and Axelrod, 1965). COMT is
a highly soluble enzyme locelized in the cell sap of most
tissues (4Axelrod and Tomchick, 1958).,  Traiger and Calvert
(1969), however, have recently described particle bound
COMT activitly in rat epididymal adipose tissue. The
enzyme is thought to be localized outside the neurone in
both peripheral tissue (Kopin and Gordon, 1962; Iversen,
Glowinski and fxelrod, 196€; Iversen, Jarrott and Langer,
1568) and brain (Carlsson and Hillarp, 1962).

COMT does not exhibit stereo-specificlty, and
methylates a variety of catecholamines including DOPA
(von Studnitz, 196la). The 3-~hydroxyl group cf 3,4~dihydroxy
catechols (Masri, Becoth and de Eds, 1962) is preferentially
O-methylated by the enzyme, Partial intercounversion of
4=hydroxy-3-methoxyphenylethylamine or 3-hydroxy-4-methoxy-
phenylethylamine, however, in the presence of purified COMT
and S-adenosylmethionine, has been reported in vitro (Daly,
Axelrod and Witkop, 1960; Xopin, Axelrod and Gordon, 1961);

Polyphenols and catechols, such as pyrogallol
(Axelrod and Laroche, 19593 Udenfriend, Creveling, Ozaki,
Daly end Witkop, 1959), act as competitive inhibitors in

vitro and in vivo, but more potent inhibitors including
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tropolones, dopacetamide, dimethylpapaverine, gallic acid
ester, and other catechol esters (Belleau and Burba, 1961;
Carlsson, Lindqvisft, Fila-Hromadko and Corrodi, 1962; Ross
and Haljasmaa, 1964a,b; Burba and Murnaghan, 1965) have

been described. Adnamine and noradnamine, which are acid
degradation products of adrenaline and noradrenaline respec-
tively (Roberts and Broadley, 1965), and potent inhibitors
of COMT in vitro (Abbs, Broadley and Roberts, 1967), have
beecn postulated as the biochemical cause of endogenous

depression (Pare, 1965).
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The metabolism of eirculating catecholamines

The metabolic fate of circulating catecholamines has
been extencively investigated by the use of radioisotopic
precursors, both in man and the experimental animal., Early
studies on the metabolism of labelled adrenaline (ILa Brosse,
Axelrod and Kety, 1958; Kirshner, Goodall and Rosen, 1958,
19593 La Brosse, Axelrod, Kopin and Kety, 1961; La Brosse,
Mann and Kety, 1961) and noradrenaline (Goodall, Kirshner
and Rosen, 1959) revealed that O-methylation is of great
importance as the initial step in the metabolisﬁ of circu~
| lating catecholamines in man. The relative magnitudes of
O-methylation and deamination in adrenaline catabolism has
been estimated by the use of a double-~labelling technique
(Kopin, 1960) involving simultaneous administration of
3H-adrenaline and 14C-metadrenaline. From the ratios of
3H: 140 and the total radiocactivity of each metabolite
isolated in the urine, the extent of O-methylation and
deamination were determined. Thus, it was calculated that
about 70% of injected adrenaline is initially O-methylated
to metadrenaline and 25% deaminated. In the rat where the
pfoportions are similar (Kopin, Axelrod and Gordon, 1961),
intrajugular infusion of 3H—adrenaline resulted in about
10%4 of the injected catecholamine being excreted as conjuga-
ted metabolites into the bile, most of which is lost in the
faeces (Herttinz and LaBrosse, 1962). Although initial
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O-methylation is the predominant route of metabolism of
circulating 3H—noradrenaline in the rat (Kopin and Gordon,
1963), less than 10% of the injected dose is excreted as
free normetadrenaline with approximately the same amount
in conjuzated form.

Quantitative differences exist in the ratio of
metadrenaline or normetadrenaline:VMA found in the urine after
administration of adrenaline or noradrenaline in man.
Following infusion of adrenaline-2-140 for 1 hour, 36-57%
of the radioactivity recovered in the first 24 hours was
present as metadrenaline (free and conjugated) and 22-27%
as VMA (Kirshner, Goodall and Rosen, 1958, 1959), although
in a similar study involving infusion of adrenaline-7»3H
for 30 minutes, LaBrosse, Axelrod, Kopin and Kety (1961)
detected approximately 40% of each metabolite in a 54 hour
urine sample. VMA (32-36%)was present in greater quantity
than normetadrenaline (23-24%), however, 24 hours after
infusion with noradrenaline—2~l40 for 1 hour (Goodall,
Kirshner and Rosen, 1959; Rosen and Goodall, 1962b).
Noradrenaline is more readily inactivated by tissue binding
(Whitby, Axelrod and Weil-Malherbe, 1961) than adrenaline
(Axelrod, VWeil-Malherbe znd Tbmchick, 1959), and bound amine,
when released, is preferentially deaminated rather than
O-methylated (Kopin and Gordon, 1963), so that a greater

proportion of VMA derived from noradrenaline night be
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expected to be present at 24 hours in comparison with thaf
derived from adrenaline. Furthermore, noradrenaline is a
slizhtly better substrate for MAO than adrenaline and
normetadrenaline undergoes oxidative deamination more
readily than metadrenaline (Leeper, Weissbach and Udenfriend,
1958).

The excretion pattern of the metabolites of intra-

venously injected adrenaline (Goodall and Alton, 1965)

and noradrenaline (Goodall and Rosen, 1963; Goodall, Harlan
and Alton, 1967) in man have been measured at 10 minute
intervals up to 60 or 70 minutes and, thereafter, at 6

and 24 hours after injection. After bothn, there was an
initial repid excretion of injected amine and free meta-
drenalines, followed closely by a sharp risc in VMA levels.
The amount of conjugated metadrenalines rose more slowly,
approaching VMA levels after 24 hours when noradrenaline was
injected,and exceeding them after adrenaline. The metabolic
fate of injected noradrenaline—7-3H followed a different
pattern in the rat (Kopin and Gordon, 1963). The quantities
of both free and conjugated normetadrenaline in the initial
3 hour period after injection exceeded those found at

10-13 hours, whereas the levels of VMA and HMPG increased

at the later time. A much greater amount of noradrenaline,
however, was administered to the rats on a weight basis than
to humans in the experiments described above, so that a
greater proportion oi free amine was probably available

for preferential O-methylation.
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Alton and Goodall (1968) reported that the meta=~
bolism of smaller doses of adrenaline-2-140 infused over
9 hours in the human was similar to the pattern reported
previously for iarger doses of rapidly injected adrenaline
(Goodall and Alton, 1965), suggesting that the large amounts
of adrenaline released into the circulation in response to
transient stress are metabolized in the same way as smaller
guantities of the amine which may be released in normal
quiescent states.

Dopanmine is a much better substrate for MAO than
either noradrenaline or adrenaline (Leeper, Weissbach and
Udenfriend, 1958). Thec percentage of total DOPAC recovered
in 24 hour urine samples after administration of dopaminé to
rats (Goldstein, Friedhoff and Simmons, 1959; Williams,
Babuscio and Watson, 1960) and man (Alton and Goodall, 1969)
exceeds the ﬁercentagé of urinary DHYA derived from circula-
ting adrenaliﬁe and noradrenaline (DLa Brosse, Axelrod, Kopin
and Kety, 1961; Goodall, Harlan and Altoh, 1967). Cénversely,
although dopamine is a good substrate for COMT (Axelrod, 1957),
the relative proportion of the meéthylated metabolite of
dopamine, 3~-methoxytyramine, in the urine is éonsiderably
less than the equivalent proportions of urinéry metadrenalines
following injeétion of noradrenaline and adrenasline (Williams,
Babuscio and Watson, l960;i&aBrossa Axelrod, Kopin and Kety,
1961; Goodall, Harlan and Alton, 1967; Alton and Goodall,

1969). A significant decrcase in the rate of dopamine+l40
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metabolism in the rat and mouse splecen and heart has been
reported after pretreatment of the animals with the MAO
inhibitor, iproniazid (Symchowiez and Korduba, 1967).

Extensive investigation of the metabolism of
circulating dopamine-2—l4c in man has recently been undertaken
(Goodall and Alton, 1968a). At the end of 5 days, approxi-
mately 75% of the infused dopamine has been directly metaf
bolized into the non7ﬁ— hydroxylated dopamine series of
metabolic products{ of these, HVA was present in by far the
largest quantities. The remaining 25% of the infused
dopamine was synthesized into noradrenaline or its metabolic
products. Conversion to HVA occurred very rapidly during
the initial 4 hour infusion perio@ and the major portion of
the acid was present in the frece form in the urine. Detailed
monitorin:; of metabolites at short intervals (10 minutes)
following infusion of 14C;DOPAC indicated that this compound
is rapidly O-methylated to HVA (Alton and Goodall, 1969),
The results of these human studies confirm previous findings
in animals (Goldstein, Friedhoff and Simmons, 1959; Williams,
Babuscio and Watson, 1960) showing that HVA is the major
urinary metabolite of injected dopamine.

Distinct differences exist between patterns of
urinary metabolites derived from endogenous and administered
catecﬁolamines, sd that results obtained from studies of

the metabolism of injected 1labelled catecholamines are

necessarily limited in value; whereas for example, parenteral
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radioactive adrenaline or noradrenaline in man show recoveries
of betweenvzo and 40% of metadrenaline or normetadrenaline
and a similar amount of VMA, the total quantity of endo-
genous metadrenalines excreted in normal human urine, is

only one-tenth to one-twentieth of the VWMA output (Sandler
and Ruthven, 1969).

Such variations can be explained in terms of
differences in mode of inactivation. On intravenous injec~-
tion noradrenaline enters the general circulation whére a
proportion is likely rapidly to reach the liver, a rich
source of both COMT and MAO (Blaschko, 1952; Davison, 1958;
Axelrod, 1959, 1966); here O-methylation end deamination
with O-methylation will occcur, followed by hepatic conjugation}
(Hertting and La Brosse, 1962; Carlsson and Waldeck, 1963;
Goodall, Alton and Henry, 1964; Hazelrig, Zimon, Sheps,
schirger and Owen, 1967; Zimon, Tyce, Flock, Sheps and Owen;
1967). Another portion of circvlating catecholamine is
rapidly taken up and bound in the tissues, particularly
within sympathetic nerves (Axelrod, Weil-~Malherbe and
Tomchick 1959; Vhitby, Axelrod and Weil-Malherbe, 1961;

-Iversen and Whitby, 1962; Wolfe, Potiter, Axelrod and
Richardson, 1962; Chidsey and Harrison, 1963) where it is

- likely to equilibrate to a greater or lesser extent with

«©

ndogenous noradrenaline; the mixed amine is then slowly

H

¢leased and metabolized. Oxidative deamination appears %o

be the predominant route of metabolism for catecholamines
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within the neurone (XKopin and Gordon, 1962; 1963; Kopin,
1966) and some of the amine taken up will be deaminated
before re-~release into the circvlation and further meta-
bolism. A‘greater involvement of intraneuronal IMAO in the
metabolism of endogenous, as opposed to administered, norad-
renaline may be responsible for the larger proportion of
deaminated metabolites detected in normal urine, In contrast,
the physiologicallyvactive amine released by sympathetic
nerve stimulation, and overflowing into the circulation,
will be metabolized primarily by COMT and is presumably a -
éource of urinary normetadrenaline (Xopin ana Gordon, 1962,;
1963; Kopin, 1966).

~ The metabolism of parenterally-administered
adrenaline should more closely resamble the catabolism of
the high  concentrations of endogenous amine released into
the circulation on stimulation of the adrenal medulla than
that derived from other neural éites.. FPurthernmore, tissue
binding appears to be less important for the inactivation
of adrenaline than it is for noradrenalinev(Axelrod, Weil-
HMalherbe and Tomechick, 1959; Whitby; Axelrod and Weil-
Malherbe, 1961)., Similar considerations apply to the
metabolism of catechélamines secréted intb the circulation
from a catecholamine-secreting tumour (Cfout, 19663 von
Studnitz, 1966).

Much of the work on the metabolism of circulating

catecholamines has involved the administration of racemic

mixtures of amines, wvhereas the endogenous compounds are
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laevo-~rotatory. Whilst in vitro findings (Axelrod and
Tomchick, 1958) suggest that the two isomers are O-nethylaw
ted at similar velocities, their rates of oxidative deamina-

tion may differ (see page 55 ).

Catecholamine metabolicsm in tissues

Although there have been few studies of normal
tissue catecholamine metabolism in man, details of the
catabolic processes which ocecur in individﬁal animal tissues
have steadily accumulatéd. Sonie of the salient features
are briefly described below.

The finding that O-methylated compounds are the
principal metabolites of noradrenaline—l4c injected into the
laterai ventricle of cat brain (Mannarino, Kirshner and
Nachold, 1963) indicates that O-methylation is important in
thé metabolism of noradrenaline in the brain. Following
the injection of small amounts of noradrenaline-zH into the
lateral ventricle of rat brain (Glowinski, Kopin and Axelrod,
1965), analysis of radicactivity remaining two hours after
adninistration showed that unchanged noradrenaline-BH accounted
~ for nearly 50%, normetadrenaline—BH for 14%, deaminated
catechol metabolites for 3% and O-methylated deaminated
metabolites for 30%.HMPG, rather than VMA, was the predomin-
ant O-methylated oxidatively decaminated metabolite of
noradrenaline., Schanberg, Schildkraut, Breese and Kopin
(1968) reported that the major metabolite of intracisternally-

injected normetadrenaline~5H and noradrenaline-BH in rat
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brain is the sulphate oqnjugate'of HMPG. The very slow
rate of disappearance of normetédrenaline-BH from the
brain, after inhibition of MAO, suggested that unaltered
normetadrenaline does not readily pass out of the brain.
This conclusion was alsoc indirectly supported by the findings
of Glowinski, Kopin and Axelrod (1965). In an investigation
utilising a double-isotope technique, Maas and Landis (1968)
estimated that 22-27% of HIMPG, up to 1% of VIMA, and less
than 11% of normetadrenaline excreted in dog urine had its
origin in the brain pool of noradrenaline. The results of
the in vivo brain studies arc supported by in vitro findings.
On incubation with rabbit brain cerebral coftex slices
(Rutledge and Jonason, 1967; Jonason, 1969), noradrenaline
was primarily deaminated to the two phenolic glycols, HMPG
and DHPG. DHMA and normetadrenaline constituted about 20
of total catabolites, whereas VWA occurred in the smallest
quantity (7%).

Recently, observations of endogenous 1evels‘of'
HMPG and HMPG sulphate in the brains or several mammalian
species have been reported (Schanberg, Breese, Schildkraut,
Gordon and Kopin, 1968; Sharman, 1969a,b). Free HMPG has
been detected in the whole brain and hypothalamus of the cat,
in the whole brain of the rhesus monkey, and in the hypotha—'
lamus of thc mouse and the rabbit; conjugated HUPG was
present in the brain of the rat, guinea pig and green monkey,

and in human cerebro-spinal fluid. Free DHPG has also been
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found in the hypothalamus of cat, mouse and rabbit (Sharman,
1969a,b). Atteupts to isolate endogenous ViiA from brain
tissue have becen negative (Andén, Roos and Werdinius,
1964; Laverty and Sharman, 1965b; Juorio, Sharman and
Trajkov, 1966). The occurrence of DHMA in brain has been
reported (Matsuoka, 1964; Matsuoka, Yoshida and Imaizumi,
1964), but this finding has not been confirmed (Andén,
Roos and Werdinius, 1969).

The only deaminated metabolites found endogenously
are DOPAC (Rosengren, 1960; Andéh, Roos and Werdinius,
1963a) and HVA (Andén, Roos and Werdinius, 1963b; Sharman,
1963; Bernheimer, 1964). Conjugates of DHPE and HMPE have pem
found in rat brain after intravenous injection of DOPA-14C
(Goldstein and Gerber, 1963). On incubation with slices
of rabbit cerebral cortex, dopamine was primarily.deémina-
ted to DOPAC and HVA (Rutledze and Jonason, 1967; Jonason,
1969), whilst smaller quantities of 3-methoxytyramine
(8%) and negligible amounts of DMPE and HMPE were

detected. On incubation of dopamine—t4¢ with slices of

rabbit caudate nucleus (Jonason and Rutledge, 1968; Jonason,
1969) however, the levels of HVA formed were found to be low
in comparison with those of DUPAC. DHPE, although a minor
metabolite, was detected in quantities five times higher
than the levels formed in rabbit cortex in vitro, whereas the
amount of HMPE formed was negligible, In rabbit caudate

nucleus, noradrenaline was predominantly metabolized to
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DHPG and DHMA (Jonason and Ruiledge, 1968).

An HVA transport system which can be inhibited
by probenecid is present in the rat (Wérdinius, 1966) and
mouse (Sharman, 1966). The concentration of DOPAC in the
"brain is unaffected, however, when probenecid is a&minis—
tered to mice (Sharman, 1968).

Ca%écholamine metabolism has also been studied
in severl peripheral tissues, u;ing in vitro techniques.
Isolated rabbit atria - incubated with noradrenaline-BH'
metabolized it predominantly to DHPG, and to a lesser extent,
HMPG (Rutledge and Weiner, 1967). Smaller quantities of
DHMA end VMA were also formed, ILabelled dopamine vas
converted to its acid metabolites, DOPAC and HVA, but its
neutral metabolites were not assayed: Similarly, the major
dezminated metabolic prodﬁcts of noradrenzline in the
isolated guineaépig vas deferens are the glycols, notably
DHPG (Weiner and Rabadjija, 1968). The proportion of
O-methylated acid and neutral metaholites detected, was
dependent on the quantity of noradrenaline present in the
incubation mixtufe, COMT being more active at lower amine
concentration., Normetadrensline was not assayed. In slices
of rat submaxillgry and sublihgual glands, however, nora-
drenaline was primarily 3~O-methylated by CCHMT to normetaw
drenaline which constituted about 60% of thc total metabolites
(Jonason, 1969). The salivery glands arc known to have a

high activity of COMT (Axelrod, Albers and Clemente, 1959).
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| DHPG and HMPG together constituted 26%,and VMA plus DHMA,
14%. On incubétion of tﬁe slices with doﬁamine, the
noradrenaline formed was gfedominantly metabolized *to the
glycols, an indication that intraneuronal noradrenaline is
initially dcaminated by MAO, prior to O-methylation by
extraneuronal COMT (Kopin and Gordon, 1962). As in the
brain, dopamine was primarily converted to the phenolic
geids, DOPAC and HVA,

The main feature of the studies reported above is
the qualitatiﬁe difference'between the major énd—products
of dopamine and norédrenaline netabolism in the‘tissues,
particularly in the brain; the aldehyde formed from dopamine
by MAO is mainly oxidized by aldehyde dehydrogenase to |
phenolic'aCids, whereas that of noradrenaline:ié_predomine v
antly reduéed‘by an aldehydé reductase. In a recent compre—
hensive study, Breese, Chase and Kopin (1969a) showed that
in the’rat'brain at least, the prgsent of aﬁ-&mﬁroxyl group
favours intermediate aldéhyﬁe reduction. A hydroxyl group
on the benzene ring also appears to enhance reduction in the
brain,since phenylethanolamine was not cénvertéd primarily
‘to glycol, as were otherF ~hydroxylated compounds with a
free phenolic group. . The observation that 4—hydr0xypheny1gly-
¢ol, or its conaugato, was Lh; major metabolite formed after
intracisternal injection of octopamine—BH in rat brain,
whercas the principal'mefabolite formed from tyramine—sﬁ
was'4—hydroxyphenylacetic acid (Breese, Chase and Kppin,

1969b), support these conclusions.
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Tewmlnatlon of the actlono of noradrenallne after releaseﬁ

fTrom symﬁathotlc nerves

In theory, at least three dlffcrent mechanisms can
be boutulated for clim1natlon of tﬂo action of +the adrenergic
rtrensmitter~ 1. by looal enzymutic deut“uction, 2. by
diffusion into the blood strf am, 3. by reabaorptlon,;ntp
the nerve fibres, \ ‘ o o

”here is a uubotuﬂtlal oody of ov1dunce uvgesting
that at normal physiolog rical utlmulatlon frequcn01es only
a small pronartlon of tranumlﬁtur es capes into the circula-
tion or tissue spaces (vCelander 1954; Brown and Gillesple,
1957; ZIakins and ZIakins, 1964, Brown, 1965 Tolkgw,
Hie éendal and Iis ander,vl967) von Buler and Luft (1951) .
calculated that 0, 5; g of noradrenallne per minute ovcru"
flows into the 01rcu1ablen in normal man but in general;
this bverfiow only increases markedly when adrenergic fibres
are stimvlated at supraphy31olo¢1cal rates (Ce]ander, 1954)
or durlno skeletal muscle exercise (Carluson, FolkOw and
Haﬁvendal, 1964; Po’kgw, Hagéendal and: Lluander, 1967)
where an increas ed le“d su:oly may cont r;buae to the over-
flow, |

Regarding the two posscb1e>lbéal inactivation

mechanisms, that of enzymlc 1nacb1vab;on by cgﬂg and MAO
- appears to be of minor importance for local tranSthter

1na0u1vatlon under physiolo ;ical condltlogs.v Pharmacological -
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evidence shows that even when both enzymes are inhibited
simultanecously, the pressor efiects of ihtravenously
administered catecholamines are not significantly potentiated
or prolonged (Crout, 196la). The iﬁactivation of noradrena-
line releaced by nerve stimulation is not prevented when
MAO or‘COMT, or both enzymes, are inhibited (Brown and
Gillespie, 1957; Bacg, Brown and Ferry, 1960; Btinson,
1961; Folkow, HAggzendal and Lisander, 1967). Furthermore,
there is no net change in the outflow of noradrenaline
netabolites after'Sympathetic stimulation of skeletal
muscle in dogs which had previously received labklled
noradrenaline (Rosell,_KOpin.and Axelrod, 1963).

There is, however, considerable evidence that
re-uptake of noradrenaline via a 'mewbrane pump' may bé
the main inactivation mechanism of transmitter»réleased at
the sympafhetic nerve endings (see Iversen, 1968). Eafly
tissue distribution studies, using labelléd catecholamines
of high specific activify, have indicated that sympathefic
nerves might be involvéd in the selective uptake and
retention of catecholamines (Axelrod, Weil-HMalherbe and
Tomchick, 19593 Whaitby, Axelrod and Weil-tialherbe, 1961),
and in 1960 Paton suggested that sympathetic nerves might
teke up and re-usc most of the transmltter vhich they
liberate. In the ensuing years many biochemicai_and pharma-
cological studics of the uptake of low concentrations of

catecholamine into sympathetic nerves have provided sone
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insizht into the processes which may occur under physio-
logical conditions.
| Uptake of radioactive noradrenaline is greatest
in tissues with a rich sympathetic innervation (Whitby,
Axelrod and Weil-Malherbe, 1961). Thus tissues which lack
a normal sympathetic innervation, either because of surgi-
cal sympathectomy (Hertting, Axelrod, Kopin and Whitby,
1961; Stromblad and Nickerson, 1961; Fischer, Kopin and
Axelrod, 1965; Van Orden, Bensch, Lanrer and Trendelenburg,
1967), immunosympathectomy (Iversen, Glowinski and Axelrod,
1965a, 1966; Sjlqvist, Titus, Michaelson, Taylor and
Richardson, 1965; Zaimis, Berk and Callingham, 1965), or
chemical sympathectomy (Thoenen and Trangzer, 1968) have a
greatly reduced uptake capacity. Furthermore,sympathetic
nerves have becn shown to be the sites of noradrenaline
uptake by radioautographic (Wolfe, Potter, Richardson and
Axelrod, 1962) and histochemical (Malmfors, 1965) techni-
ques, and in a study combining the two techniques (Gillespie
and Kirpekar, 1965a).

Several observations show that the uptake of
catecholamines occurs against a considerable concentration
gradient (Axelrod, Weil-Malherbe and Tomchick, 1959; Dengler,
Spiegel and Titus, 196la; Whitby, Axelrod and Weil-Malherbe,
1961: Iversen, 1963; Lindmar and HMuscholl, 1964). 1In
studies usihg low doses of catecholamine (Muscholl, 1961;

Iversen, 1963; Crout, 1964), it has been demonstrated that
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the endogenous noradrenaline content of tissues can be
approximately doubled by accumulation of the exogenous
amine. The uptakefprocesé ath low poncentrations of amine
shows structural (Axelrod, Weil-Mélherbe and Tomchick, |
1959; Strgmbléd’and Hickersén, 1961; Whitby, Axelrod and
Weil-Malherbe, 1961; Iversen and whitby, 1962; Ross, 1963;
Burgén and Iversen, 1965) and stereochemical (Iversen, |
1963, 1967; Maickel, Beaven and Brodie, 1963; Beaven and
Maickel;’l964) specificity, so that noradrenaline is taken
‘up more rapidly than its N~substituted derivatives and the
(~)=isomers of noradrenaline and adrenaline are accumulated
pmore quiclkly than the corresponding (+)-isomers., In studies
on the perfuscd vat heart, Iversen (1963, 1967) has shown
that the iniﬁial rates oi noradrenaline and adrenaline uptake
at various external concentrations of the two amines can be
.described.by classical enzyme kinetics, indicating that the
‘membrane pump' can be saturated. Green and Hiller (1966)
have ilso shown that catecholamine upteke by strips of rat
uterus follows similar kinetics. The uptake process is
temperature dependent (Iversen, 1963) and requires the
presence of extracellular Nat ions (Iversen and Kravitz,
1966; Kirpekar and HMisu, 1967). Wakade and Furchgott (1968)
have shown that eneryy is reguired for uptake of noradrenaline
by isolated guinea pig atria and that either glycolysis of
exdgenous glucose or oxidation of non-carbohydrate endogenous

substrates can be used as the source of energy.



76,

' The list of drags whlch can 1nh1b1t *Alu'uptake -
pfocess is extenjlve (Iveruen, 1967) It 1ncludes com~
pounds such as cocaine (Invtby,.Jcrttln ‘and Axelrod,

19603 Muucholl 1961), phbqoxybenzamlne (Axelrod,’hertting
;and Potter, 1962), 1n1pfam1nc and des methyllmlpramlne o
(Axeirod‘ Whitby and Herttxng, 1961; Den 1er, Spiegel and ‘
Titus, 1961b' Herttlnu, Azelrod and | hltby, 1961 Axelrod,
}%erttin" and ?otter, 1962; Titus and Splegel, 1962) ‘as
well as structural analggge of noradrcnaline (Burg n ‘and .
Ivefsen;'l965) Inhibitors o¥ untak ' hould potenblate the  >“.
 actions of noradrenaline relea sed in reuponse to sympathetic
nerve stimulatlon. Such a potentlatlon hao been demongtra—
ted for cocaine (HuLov1c, 1959 Tréﬁdel snburg, 1959, Haefely,

Hurlimann and Thoenen, 1964), nhenoxybenzamlne (Hukovxc,

1959) and_lmipramine (Thoenen, Hurl%mann and habfely, 954a)§;"

These ﬁrups'might also be e*nected to promote vhb over:low |
of transmitter on stlmulatlon of sympathetic norves.
However, the results of su ¢ch studles ‘have been equlvocal and
whilst most investigations have 1ndicated that phenoxyben—
zamine causes a large increase in transmltter overflow jm
(Brown and GilLeumie, 1957, Thoenen, Huvllmann and Haefely,;
1064b Brown, 1965), both pos1t1ve and nevative resultb have
been obtained w1th cocalnﬂ and 1mipram1ne (Treadelenburg,
_1959, Blakeley, Brown and Perry, l965~ Kirpekar and Cervonl, ‘
1963; Bakins and Bakine, 1964; Haefely,_Hurllmann\andq;m K ”

Thoenen, 1964; Thoenen, HUrlimann éndjﬂaefely, 1964a,c:
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Boﬂllin, Costa'ané Broéié; 1967). These discrepancies

have been discussed by Iversen (1968). " Rlakeley, Brown
and ceffen. (1904) have shown that the amount of noradrena—
line roleased in response Ho repeated stimul aiLon of the
cat qolepu rapidly falls off in the presence of phenoxyben-
zamina, thHus providing further evidence LOE the. normal rc-
Aptake_of transmit£ér; Pinally, in an cleetro-ohysiological
's%udy, Béll (1966) Shﬁwed that cocaine significantly

increases the time course of excitatory junctional poten—

134

ials in the smooth muscls cells of guinea-pig vas deferens.

Catecholamine metabolism in neuroblastoma

» The neuroblastoma (sympathoblastoma or sympatho=-
goniomxa) is’a malisnant neoplacm of sympethetiec origin,’and
can arise in any site wvherc tissues oi this type exists
(Tefft and Wittenborz, 1968). Embryologicaily, the nerve
cells of the sympathetic system develop from primitive‘
~elemcuts of ths neural crest, the sympathogonia, which can
~differcntiate either along the chromaffin line to yield the
phaecchromoblast and the phaeochromocyte, or along the
neuworenlc line Lormln; the SJmnaLhoblast, elzo called the

Aneuwoblast (haser, 1966). - The latter {inally gives rise to-

the maiure ganglion cell, tumours of vhich are called
.ganglioneuroma’(Willis, 1962). fumours of sympathogonia
and sympat $hobla stﬂ ave been referred to as sympathogonioma

and sympathoblastoma respectively, both of which are eommonly
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known as neuroblastoma (Gjessing, 1968). Neuroblastoma
and ganglioneuroma, however, ére not distinct species of
tumours (Willis, 1962); growths of tré%itional or ﬁixed
structure ("ganglioneuroblastomas") often occur. The mbre
malignant neuroblastoma, which tends to arise in the infant
and younger child, is the sympathogonioma (Rubin, 1968); the
sympathoblastoma is more highly differentiated and less
malignant when it occurs in later life.

The repprt describing increased excretion of pressdr
amines in the urine of an infant with neuroblastona (Mason,
Hart-Mercer, Millar, Strang and Wynne, 1957), was the
forerunner of numerous studies in which a broad range of
catecholamine precursors and métabolites has been investigated.

In contrast with phaeochromocytoma tumour tissue,
which originates from the chomaffin cell system and often
contains large quantities of both adrenaline and noradrena-
line (Kennedy, Symington and Woodger, 1961; Robinson, 1963;
Crout and Sjoerdsma, 1964; Page and Jacoby, 1964; Gjessing,
1964; Ruthven, 1965) relatively low tissue concentrations
of either amine are found in neuroblastoma (Mason, Hart—
Mepcer, Millar, Strang and Wynne, 1957; Bell, 1963; Crout
and Sjoerdsma, 1964; Page and Jacoby, 1964; Gnessihg, 1964;
Greer, ton, Williams and Schevarria, 1965; Kiser, 1966).

An excess of noradrenaline is, however, frequently
(Greenberg and Gardner, 1960; von Studnitz, Kgser and Sjoerdsma

1963; Page and Jacoby, 1964; Ruthven, 1965), though not
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invariably (Voorhess and Gardner, 1960; Bell, 1963; Sourkes,
Denton, Murphy, Chavez and St. Cyr, 1963), detected in the
urine of neuroblastoma patients. Adrenaline excretion has
been reported to be normal in neuroblastoma.

A raised urinary outnut ofF'—hydroxylated ﬁeta—
bolites, deriving from noradrenalihe, is generally found in
fneuroblastoma. The oriéimal observations of an élevated
excretion of VMA in patients with neuroblasitomz (Sandler
and Ruthven, 1959) and the related neural tumovr of gangli-
onic cells, ganglioneuroma (Greenberg and Gardner, 1959),
have been confirmed many times (8ee Kgser,.1966). VA
excretion has, however, been reported to be normal in some
cases of neuroblastoma (Beil and Steward, 1961; Voorhess
and Gardner, 1960, 196la; Xontras, 1962; Greer aﬁd
Williams, 1963a;‘Kgser, Bettex and von Studnitz, 1964
Sundermen, 1964; Ruthven, 1965; Kaser, 1966). Tn these
cases, however, normetadrenzline orwnoradrenaline excretion
may be significantly increased (Voorhess and Gardner, 1960,
1961b, 1962; Bell, 1963, 1968; Kaser, 1966)., A significantly
increased output of HIIPG has also been reported in the urine
of neuroblastoma pa’tién'bs (1a Brosse and Karon, 1962;
Gjessing, 1963b; Ruthven and Sandler, 1965). ' Another minor
- metabolite of noradrenaline, N-acetylnoradrenaline, has |
been detected in several cases of neuroblastoma (Herrlich
and Sekeris, 1964).  Gjessing (1963b) detected considerable

quantities of vanillic acid in the urine of neuroblastona



80.
patients, but expressed doubts about its endogenous origin.

The most characteristic biochémical feature of
neuroblastona, ﬂdwever,‘is the predominant secretion of |
noradrenaline precursors, leading 1o an elevated urinary
output of dopamine (Greenberz and Gafdner, 1960; von Studnitz,
1960) and DOPA (vdn Studnitz, 1%60). These observations have
been frequently confirmed (see Kaser, 1966). ihe occurrence
of DOPA in neuroblastoma tissue has also been described
(Smellie and Sondler, 1961). The 3-methoxy-derivative of
DOv4, -(4-hydroxy43—methoxyphenyl) alanine has been detected
in the urine of some cases of neuroblastoma {(von Studnitz,
1960, 196la; Gjessing, 1963b, 1964). ixcess UOPA is also
the likely precursor of the large quantities of vanylpyruvie
and vanyllactié acids, and the smaller amounts of dihydro-
xyphenylpyruvic acids; detected in the urine bf ncuroblastoma
paticnts (Gjessing, 1963a; Gjessing and Borud, 1965);‘

The increased dopamine excretion in necuroblastonma
is accompanied by a sisnificantly raised output of its main
metabolites, B-methoxytyraminel(von Studnitz, 1960; Gjessing,
1963b, 1964; Ruthven, 1965), DOPAC (von Studnitz, 1960;
Sourkes, Denton, MHurphy, Chavez and Si. Cyr, 1963) and HVA
(Greenberg and Gardner, 1960; von Studnitz, 1960). The
minor mesabolite of dopamine, HMPE, which is normally barely
detectable in human urine, is presgent in increased amounts
in the urine of neuroblastoma patients (La Brosseand Karon,

1962; Gjessing, 1963b; XKaroum, 1969). The wide spectrum of
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mctabolitug vhich mey be prosent in neuroblastona is
cmphasgized by the detection in the urine of ancther minor
metabolite of dopanmine, N-zcetyldopamine (Hanson and von
Studnitz,,l965). |

Only 2 small.prqpértioh of patients with neuro-
blastoma show a significant rise in blood pressure
(Voorhess and Gardner, 1962; Sourkes, Denton, Murphy,
Chavez and St. Cyr, 1963; von Studnitz,‘Kgser and Sjoerdsma,
1963), whereas a severe degree of hypertension is generally
found in phaeochromooytoma’(Hérmann and Mornex, 1964). A
poscible explanation for these findinmgs has been postulated
by Szndler and Ruth&en (1966); = relatively small proportion,
only, of free noradrenaline may enter the circulatioﬁ of the
patient Wluh neuroblastoma, metabolic degradation occurring
either in the tumour tissue, or at peripheral sites from
the immediate further catabolism of noradren 11line formed there

from 01rculgting dopamine.
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S5-Hyvdroxytryptamine

Origin and distribution

In the 19%0's Lrspamer and hig colleagsues began

to study a substance wrich they called enteramine, resnon-

sible for the veculiar histochecmical properities of the

enterochromaffin cells of the gastro-intentinal mucosa

(Viallii, 196€). By the late 1940's another, independent
grovp of workers were seeking to identify the principle .
responsible for the vasoconstrictor properties of serum
end defibrinzted blood (Battelli, 1905z2,b; Hirose, 1918)
which they termed gerotonin, This problem was solved in

1948, when the active substance was isolated from bovine

chemically as S=hydroxytryptanine (B—HT). Meanwhile, the
indelic nature of enteramine had been pointed out pro-
visionally by Drspemer as carly as 1946, (Frspamer, 1954a),
but, only after the successiul chemiéal syntheslis of:E-HT
(Hamlin and Iischer, 1951; Specter, Heinzelmann and Weisblat,
1951), were irspamer and Asero (1952) able +to identify enter-
amine as S-hydroxytryptanine - creatinine - sulphate. The
two apparently separate problems thus‘ﬁad}a single solution.
Large quantvities of 5~HT are stored in the
mammalian gastreintestinal tract (Brepamer, 1954a), mainly
in the nucosa (Feldberg and Toh, 1953; Thoupson and
Campbell, 1966a). The conéentration parallels the distri-

bution of the enterochromaffin ccells (Benditt and YWong, 1957)
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which axre known t0 produce the monoanmine (Brspamer and Asero
1952; Benditt and Wong, 1957). Thompson and C:mpbell
(1966a)haVO made a comprehensive suvrvey of the literature

on gastrointestinal 5-IT levels in man, rat and other
animals. Ilalignant carcinoid tunour (argentaffinoma), in

which

.

there is & neoplastic prollferaulon of the enterochro-

)

)w

maffin cells and a high concentration of 5-HT (Lembeck,
1953) an&, occasionally, appreciable levels of its precursor,
5-H7? (Sandler and Saow, 1958), provides evidence in favour

o

of the suggestion that these cells can syavhesize, ctore

w
@

and liberate 5-I7 (Dalzliesh and Dutton, 1957). Partial

escction of the gastrointestinal tract of the rat reduces
the 5-HT conteant of scrum, spleen and lung, thouzh not
brain, and decreases the excretion of the 5-HT metabolite
5-hydroxyindoleacetic acid (Bertaccini, 1960); thﬁs at least
some of the 5~HT in orzans other than brain is likely to be
derived from enterochironaifin cells,

Other major storage sites of 5-HT arce th: blood
platelets (Rand and Reid, 1951; Zucker, Iriedman and
Rapport, 1954) and the spleen (Erspamer; 1954a), ‘The anine
present in the splecn may derive from its platelet content.
5-HT is also found in the mast cells of certain rodents
 (Benditt,'Ho1;, Arase and Roépér, 1955; Iurth, Hagen and
Hiisch, 1957) but not of other species investigated (Parratt
and West, 1957&; Sturm and Stattgen, 1862). |

In the brain, 5-IT has been extensively studied
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Relatively high coneentrations of 5—HT are known
to be present in the pineal gland (Giarman and Day, 1959;
Giarman,,Freedman and Picard-Ami,,lQGOL and Weisabach, i
| Redfieid,._jgnd Axelrod (1960) heve described an ensyme which
acetyiatés 5-HT in the non—particuléfe cytoplhsm of rat'.
liver, rat brain and bovine pineal gland;:”mhis eniyme.ia.
not specific for 5-HT and can acetylate other amines. -
N-Acetjl-S—HT is 0~methyiated bynthe'énzyme‘hjdrniyiﬁdolé+
O-methyltransferase (HIOMT) which can:trinsfer éinethyl .
group from S—adenosylmethionine to the S-hydroxy side
chain of a variety of indoles, including N-acetyl-5HT (Axelrod
and Weissbach,«l960 1961) and, less etfectively, %o other
'indoles such as 5-HTOH (MeIsaac, Farrell, Tabarsky and - ;
Taylor, 1965),5—HT and 5—HIAA (Axelrod and Weissbach, 1961)
B-Hethoxyindoleaeetic acid haa been detected in rat urine :
after S-methoxytryptamine (Erspamer, 1955; Kveder and McIsaéc,
1961) and is also present in bovine pineal gland (Ierner
and Case,V1960)
(iv) -Hethxlation of 5-HT J
N—Methylation of 5-HT has been effected in. vitro
uving enzyme systems present in the rabbit lung (Axelrod,
-‘ 1962b) and in the 'parotid gland' of the toad, Bufo marinns
(Marki, Aielrod and Witkob; 1962). Bumpus and Page (1955)

claimed to find traces of N—methyl-E—Hﬂ in human urine,

(v) Other reaction of 5-HT

Oxidation of 5-HT by caeruloplasmin, the copper=



’ '_contéining oxidase‘of“mammﬁlian blood plasma, was reported

. by Porter, TitQS. Sanders and Smith (1957). an ebservation . 5

which has baen cenfirned by several authors including Martin;
Eriksen and Benditt (1958) and Curzon and Vallet (1960).
The physiologiaal significance of the reactioa.ir any, is

i‘(unknown. 5-HT is destroyed by cytochrome o] and cytoehrome

‘oxidase (Udenfriend, 1958) yielding unknown products, and
ean form complexes with NAD (Alivisatos, Hourkides and

Jibril, 1960a; Remily and Wolfe, 1960) and H—methylnicotina-

| mide (Alvisatos, Mourkides and Jibril, 1960b). Ultraviolet

% '1ight transforms S-HT into kynuramine (Hakim and Thlele,
1960)., : "



Nerve ggovth fggter .
F T 1948, Bueker descrlbed the profuae aansery

innervation of: fragments of mouae sarooma 180 implantod

into the body wall of a 5—day-old ¢hick, The aensory v
“‘ganglia proviming Iibres to the nooplastic tissuo vure alae““
“enlarged,. The significance of these findinga was enhanoed

j, by the discovery, three yeare later, of an aven greater an

inerease in size of sympathetic ganglia oI chick-elbrxos ‘ 

‘bearing transplants of mouae sarcomas 180 and 37 (E!vb~ j'
Montalcini and Hamburger, 1951) Furthermore, thc effeet
was quite avident 1n sympathetic ganglia remote £ram the
‘implant which did not direetly innervate the neoplaat1¢

J”'tissne. The sarcomas wererlater ahawn to relqase i"diffu-
 sib1e growth factor into tha hest eirculation, roaponsible

' for the observed hypertrophic and hyperplastic‘effects

' .(Levz-mntaleini, 1952, Levi-xontalcini and Hmburger, 1955).

The factor was 1ocalized in nnclocpmﬂnin partiulns present

1n the microsomal fraction of the neaplastic nolla, and

‘Atermed 'nerve growth promoting faetor' by cohsn, 3V
-Montalcini and Hamburgor (1954) In 1956, a. moré pottnt
source of the factor was discovered in snake veuom (cohen .
and Lovi~Honta1ein1, 19563 Levi~Montalcin1 and Gohen, 1956),
whilst, two years later, a third, and even more active seureo, ‘
.,‘was discovered in mouse submaxillary glands (Levi—Montalcini, |
,1958) Since 1956 (Cohen and Levi-Montalcini, 1956) the
factor has been identified as a protein rather than a

'nucleoprotein and has become.known.aastha 'nervevgrowth



.factor' (XGI) (Levi-nontalcini and cohen, 1960)..

:,significance hawe ﬁoen extensively rnviewed by<Levi-: 

i than in female glandSa Levi-Montalcini and Angeletti
ag(Lgésb) have Shown that “the protein 1s synthesized

-vand Angeletti, 1968a).' Altheugh neuroblaatoma:tuuTur5
 wextraet has he nerve grewth premottng activity,

"e97=‘

’range af action of NGF on target eells, and ite sourcsa,‘

matabalic effects, mechanism of actibn and ﬁiologieal

Wontalcini and Angeletti (1968a,b), f ‘ : *ﬁf;;f ﬁ,-.g
HGP 1s localized in the convcluted tnbulee of S

| mest 1mpertant souree, the'mouse aubmaxillary glands (Gohany _,f
31960* Levi-Montalcini anﬂ Angeletti 1961), appeaving at :

puberty, and attaining max&num eoncentrat&on 1n‘th¢’ﬂﬂu1t s
mﬁle. Thc concentration of KGP is ten times higher in mg;'*l

S and e largely &xcreted thh saliva.,' Small quantities nz —
: “15NGF'have been detecteﬂ in. a number of ergans and ti:sne ; ; ;

“extracts—a¢ niee and rata (LeviéMontaloIni anﬁ Angeletti. gQi;xf
,:5,1951)7 as’ well as in nouze urine (Levi~ﬂbntalc1ni and !2' |
"}Bookeff‘

31960a), and the factor 13 present 1n the sarwn df

the aara

 from Childleq with neuroblastgma containa 1ncreasod amount;¢'* ;
éL/ HGF (Burdman and Goldstein 1964). : : 2

On injoetian of mouse submaxillary gland sq;

1nto newacrn and. adult mice there oceurs a massive enlargt- fﬁj

3  ment of the sympathetie ganglia of treated animalg (Iev1. tff 

Montaleini and Booker, 1960a), but no apnreciable effect
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on the sensory ganglia, showing that the latter cells are
receptive to NGF only during a restrieted period of their
éarly embryonic life, The superior cervical ganglia of
mice treated with a purified preparation of NGF¥ from birth
to the ninth day showed a 12-fold volume increase in .
comparison with controls (Levi-ﬁontalcini and Angeletti,
1968&) The inerease in volume of the sympathetlc ganglia
is due to an increase in nerve cell number, znd an increase
in size of the individual neurones. :Only the latter effect
is present in adult mice injected with NGF (Levi-Montalecini
and Angeletti, 1968b), Eleetron microscopic evidence '
revealed that NGF produces striking and rapid changes in the
fine strucutre of semsory nerve cells (Levi-Hontalcini,
Caramia, Luse and Angeletti, 1968), _

The noradrenaline content of NGF-treated ganglia
increases proportionally to the cell volume increase, whereas
the amount df}adfenaline present is barely diféctable and
‘similar to contrels (Crain and wiagand, 1961) W NGPbtreatoa
mice, there is a greatly 1ncreasad éensity of adrenorgic
fibres in many organs (Hammer, Horberg, Olson and Sjoqvist,
1967; Oleon, 1967), and even some normally non~1nnervatod
tissues, such as the parasympathetic ganglia of the submaxill-
ary gland hilum contain adrenergic terminals (Olson, 1967).
No effects were observed in the vas defereﬁs.” Edwards,
Fenton, Kakari, Large, Papadgki and Zaiﬁis (1966) showed
that the daily administration of NGF to newboran mice, rats
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and kittens causes an increase in size of sympathetie
ganglia of treated animals; thetu?eraillincrease in size

is mainly due to cellular‘hypeitropy, although an increase
in cell numbers may also be ebserved., The catecholamine
ccntéﬁt of the tissues ihne:vated by the ganglia increases
approximately in proportion to the inerease in ganglion
size. " Iﬁ addition to its effect on sympathetic nerves,
administration of NGF appears to influenﬁe the regeneratial
of crushed fibres of‘the?spinal cord of kittens,(Sooft and
Liu, 1963, 1964).v‘ﬁvidence haéhboen produced to show that
the number of fibres;rogeneraﬁing is proportional te the
dosage. 4 : ' :
| Thsre is generél agreement that nerve growth
factors present in snake venoums, mouse submaxillary gland
and certain mouse sarccmas are protein in nature. Cohen
(1959, 1960) reported molecular weights of 20,000 and 44,000
for NGF isolated from snake veﬁom and mouse snbmaxillary _
gland respectively. More recent work on NGF lsolatqﬂ Iron gl
‘the 1atter source has pointed to the molecular weight of thn |
- active molecule being about 140,000 (Varon, Nomura and
Shooter, 1967a, 1967b); the high molecular weight protein
dissociates readily into three subunits with molecular
weights of approximately 30,000, one of which'appeara te 
carry the specific nerve growth promoting activity (Yaroﬁi-
Nomurayand Shooter, '1968), whilst another subunit has potent

esterase activity (Greene, Shooter and Varon, 1968)., 4ll
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three types of subunit are required to reconstitute the
original highly active protein (Varon, Nomura and Shooter,
1968), NGF of very high yield and specific activity,
isolated from male mouse submaxillary glands, has reéently
been described by Schenkein, Levy, Buekér‘and Tokarsky
(1968), whilst a highly active NGF with molecular weight
‘of about 40,000, prepare& from snake venom, has alsé bccn
reported (Banks, Banthorpe, Berry, Davies, Deonan, Lanunt,
Shipolini and Vernon, 1968) | |

The primary site and mechanibm of action of NGF
on target nerve cells is, as yet, unknown, ~In_anwattempt
%o elucidate its mechanism of action, the effect of NGF on
various aspeets of the metabolism of sympathetic‘and sensory
ganzlia has been investigated in vitro. ‘Théae(éxperimehta
indicate that a marked enhancement occurs of oxiﬂative and
synthetic processes in NGF—treated cells. Thus the synthesis
of proteine (Angeletti, Gandini-ﬂttardi, Toschi, Salvi and
Levi~Monta1cini, 1965) end total lipids (Liunui. Angelétti
- and Levi—Montalcini, 19633 Liuzzi and Foppcn, 1968) is
increased in NGr-treated ganglia, &lucose metaholism is
 gtimulated mainly through the hexose monophosphate pathway
(Angeletti, Liuzzi, Levi-Montaleini and Gandini-Attardi,
1964); An increased rate of RNA synthesis precedes‘in,time‘
~ all other observed metabolic effects (Angeletti, Gandini- =
}Attardi, Toschi, Salvi and Levi-Montalecini, 1965). Recently,
however, it has been shown that the synthesis of a sterol-

like compound accounting for as much as 5-10% of total
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lipids of sensory ganvlia is dacieased in the presence
T 8f NGF‘(Liuazi and Foppen, 1968) Other studies, explaring
" the possibili*y ‘that NGF might affeot the permeability
'of;tgg'eell.membrane target cells to amino acids, have
e ghbwp fhaf the accumulation of dcidie, rather than neutral
‘and_basi¢ émino.aeids, i¢ preferentially increcased in

_embryonic sensory genglia (Tevi end Lattes, 1968, 1969).

! The selective and permanent ‘destruction of up to

958 of sympathctic nerve cells in newborn mice and other
ﬁf‘animals,;injected with a specific antiserum to NGF (Cohen,
1960);(wa§‘firSt.reported by Levi-Montalcini and Booker
r'(1960h) ‘iNo effects are appareni in other parts of the
mfvnervoua system (Levi*Monalclni and Angeletti, 1966). In
” general, the cell population of the superior cervical
ganglion in mice is reduced to 2 to 5% of control valuea,

' while in rats the residual cell population amounts to 10
o . 15% (Levi—Montalcini and Angeletti, 1966) A similar
degree of atrophy oceura in other paravertebral ganglia,
- Prevertebral ganglisa, haweVer, appear to exhibit a differen—
cbial reSpondé $o NGF antléeiﬁm{ Whilsf«a*aevere»atrophy of
the coeliac ganglion is observed 1n immunoaympathectamized
rats (Zalmis, Berk and Gallingham, 1965), the effect on
_the mesenteric ganglia is very limited (Vogt, 1964; Zaimis,
Bérk and Callincham, 1965). .The peripherally located
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ganglia, supplying short adrensrgic neurones to the

. vas deferens and the uterus,,aﬁpéar to be fegistant tak

the antiserum (Hamberger, Levi-Montalcini, Norberg anmd

' 8j0qvist, 1965 Levi-Montaleini and Angeletti, 1966).
’Elecffon ﬁicroscopic studies on newborn mice revealed th#t
within a few hoursafter injection of the antiserum there

is considerable démage of most sympathetic neurones,

; includiﬁg folding of the nuclear membrane and condenaation
of chromatin (Sabatini, Pellegrino de Iraldi and do

| Robertis, 1965), The overall findings were interpreted by
the author§ asvindi?ative of a ecytotoxie gntigen—antibody
reaction. On histologicalxexamination, the affacfed ganglia
‘hccﬁprian a small population of giial ce118'aﬁd ﬁrsparsely
seattered merve cells, which are considerably‘réduced in
size compared with controls (Berk, Pilipe and Zaimis, 1965;
Levi—Montalcini and Angelettl, 1966), rIn Pregnant mice ;
the antiserum can cross the placenta and produce‘a partiai
immunosjmpathectony in the foefus (Elingman, 1966b),
Postnatal administration of NGF antiserum is more efrecfivo,
howévef, in caueing marked reduction of tissue noradrénalinc
levels and gangliomic cell populations}than'prenatal exposure
%o -the antiserum (Klingman and Klingmen, 1967).

On gross ins%ection,'enOphthalmos in 1mmunosymath~

ectomized rate is the only feature which distinguishes them
from controls (Zaimis, 1965). The average resting blood

Pressure, however, is about 70 mm Hg in the treated rat



103.

“while that of normal rats is 100 mm Hg.

The disposition of noradrensiine in ;mmunquégathgggggggggvﬁ ;
_gnimals i . oA e
A reduction in the noradrenaline content o
.animal tissues affected by NGF antiserum has been described
by several groups of workers (Levi-Montalecini anqm'eletti.,
19623 Klingman, 1965; Viéschér, Lee and Azuma, 1§65;: ‘
Zaimis, Berk and Callingham, 1965), In general, the
"decrease*in noradrenaline levels parallels the dagrpe 6!1
immunosympathectomy observed in the tissue. The nera&iqﬁa—
1line content of some tissues such as heart, spleen and
‘submaxillary glands, ies drastically reduced, vhereas in
othcr organs, such as éma;l?intesting and liver, an‘apbref
setable content of noradrenaline remains. In rats; the¢';‘
noradrenaline content of the supe;&or cervical ganglia, =
stellate ganglia,‘adrénergic chain, spianchnic nerves and
coeiiac‘ganglia is significently reduced (Klingman, 1965),
The noradrenaline content of the vas deferenms in tho f;.t
‘immunesympathectomized rat was 65% of the control valuo
(Zaimis, Berk and Callinghem, 1965), No changes were detacttd'
in brain noradrenaline levels in treated animals (Levi-
Montaleini and Angéleéfi, 1962§ Klingman, 1965; Visscher,
Lee and Aguma, 1965). An increase in the horadrenal;ne
content of the rat édrenai medulla (Carpi and Gliﬁeric, 1964),

or whole gland in the mouse (Visscher, Lee and Azuma, 1965),
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after inmnnosympathectomy has been reportad; although no
-significant change in rat ‘adrenal noradrenaline eould be'
‘Wdetected by Klingman (1965) Berk; Filipe and Zainis l
(1955), however, noted ¢n increase in neradrenaline content
'nf the adrenals of immunosympathectomized rats and Iversen,
‘Gloyinski and Axelrod (1966::) showed the rate of tnrnover
Pcf adrenal medullary catecholamines to be more than ‘doubled
o iny treated miece conpared with normal controls. Ihe resultalk
abtained from biochemical studies in 1nmunosympatheetomispd
‘rats haVe ‘been confirmed by fluorescence micrbseopy
(Hamberger, Levi—Montalcini, Norberg and Sgoqvist, 1955)','m

fhns a conplete loss of fluorescent axons and terminals wan :

ﬁ‘]obaerved in the iris, submaxillary gland," heart and akeletal

S mnscles, whereas adrenergie nerve terminale resistant to

immnnosympathectemy were found in ‘the vas deferens.
”?ssentially normal fluorescence was observeﬂ 1n the hypo-
thalamus and the adrenal medull&. Othor evidence for |
noradrenaline depletion in the tissues of immunesympathecto-
miged animals comes from the observations of Sjoqvist, Titun,‘
'Michaelson, Taylor and Richardqon (1965), who showed that
dense=-core ve81c1es,,characteristic of normal adrenergic
nerve endings, are absent in the submaxillary glands of
'immuncsympathectomized mice and rate; in the vas deferene
the vesicles appear to be present in normal‘abundanca..

; Disappeafance of catecholamine storage sites from the
tissues of treated rats has been démonstrated during studicl
on binalng and release of metaraminol (Share, Busfield and
Alpers, 1964).



Some data are available on the urinary output of

free noradrenaline and adrenaline in the immunosympathecto—

mized animal. Thus under resting conditions noradrenaline

excretion is drastically reduced in rats (Brody, 1964;
Cerpi and Oliverio, 1964; SchOnbaum, Johnson and Sellers,
1965, 1966), whilst that of adrenaline is normal (Carpi and
Oliverio, 1964). However, under such conditions as
amphetamine treatment or adrenal demedullation (Carpi and
Oliverio, 1964), or on aeclimation to cold (Schonbaum,
Johnson, and Sellers, 1966), urinary noradrenaline output
is increased in treated rats,

In common with its ability to deplete endogenous
noradrenaline levels, immnnosympathectomy has a differential
effect on the uptake and retention of noradrenaline-3H
by adrenergic neurones located in different organs (Squviut,
Titus, Michaelson, Taylor and Richardson, 1965; Iversen,
Glowinski, and Axelrod, 1965a, 1966; Zaimis, Berk and
Callingham 1965; Squviét, Taylor and Titus, 1967)., In
general, there is a striking decrease in the capacity tb
take up and retain labelled noradremaline by organs such
as rat heart and spleen, but a partial reduetion, only, in
uptake and retention of the amine in tissues such as small
intestine and liver, Uptake is normal in uterus, brain and
bladder and is significantly increased in the vas deferens.
Accompanying these findings is a relative increase in

accumulation of 3H-metabolites of noradrenadline, particularly
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O-methylated derivatives (sjoqvist, Titus, Michaelson, Taylor
and Rickardeon, 1965; Iversen, Glowinski and Axelrod, 1966t
Squvist,iTaylor end Titus, 1967) in affected tissues, The
retained metabolites in the immunosympathectomized iaa |
deferens are qnalitafively similar to those of the normal
organ (Sjsqvist,maylor and Titus, 1967). Despite the
" reported increase in the proportion'Of O-methylated
" metabolites in treated enimal tissues, no change could bo
detected in the COME activity of 1mmunosympathectomised

. mouse tissues. Levi-Montalcini and Angeletti (1962)

desqribed large decreases (up to 70% of econtrol values) in
the MAO aetivity of spleén, heart and submexillary glands
after administration of NGF antiserum. In an extensive : ¢
study of MAO activity in the peripheral organs and aympathetie ‘
ganglia»cf.the immunosympathectomized rat, however, Klingmen |
(1966a) detected significant, although smaller, decreases

in the MAO activity of splaen and submaxillary glands, bnt
did not find a significant decrecase in enzymic activity of
atria and ventricles. The only other tissues in which

,; there was a significant decrease. in MAO activity were the
‘suporior cervical, stellate and thoracic chéin ganglia, the
kidneys and the liver, No change in MAO aetivity of heart,
jejenum, liver or brain of immunosympathectomized rats was
found by Iversen, Glowinski and Axelrod (1966 ), although

" salivery gland MAO activity was significently reduced. From

a perusal of the results obtained in all these studies, it



A ixelrod, 1966 )

: 1s clear that the status of MAQ 1nthe 1mmunoaympﬁhectomisod

5 'anlmal reﬂdino unclear.

A'ﬁew reports are also'available on the activity
of certain enzymes of céfecholaminé bibéynthesié in tho
immunosympathectomized animal.  Thus K11n>man (1965)
reported that DOPA—decarboxylase act1v1ty decreases signifi—
cantly in the atria, spleen, submaxillary glands, uterus and
certain ganglia of treateﬂ‘rats, whereaSunoudegrease could
- be detected in the ventricles, kidnéy, lung, liver or .

; é@all“intestine. Iversen, Glowinski and Axéirod (196653.'
héwevér, hgve described a decrease in aromatic L-amino acid
&écérboxyiase'(DOPA—decarboxylase) activity of intestine,
 4heart and salivary glands of the immunosympathectcmised
rat but no change wag reported in liver or brain. The
'P—hyﬂrexylation of’F—methyltyranine-BH was impaired in
.tmmunosympathectomized tissuea, suggeating a decreaaed
rdopaminejp-hydraxylase activity (Iversen, Glowinski and

e e;ieb%fgg'1mﬁundsxg§atheetogx on tissue 5-HT levels
A }0e115~exhibiting a yellow flugrescence typical of
5-HT were found in increased numbers in the intestines of

1mmun0°ympathectomized ratsvcompared with controls (Hamberger,

Levi-Montalcini, Norberg and Sjoqvist 1965) Tater, Iversen,
Glowinski and Axelrod (1966:) were able to detect increased
levels of 5-HT in the bowel of imrunosympathectOﬂized mice,



a finding confirmed and extended by Thompson and campbell.
, ‘.(igééﬁx who found increased concentrations of’mﬁcosal
‘5;HT in the proximal gastrointestinél tract of treated
mice,'inclading the‘stomach, but'hdbchanggxin the largc
‘bowsl contant, Thest elevated 5-H1'levels appear to be the
regult of an increased oncentration of Séﬁf per argentaffin
cell rather than a larger population of‘célls (Thompsqn.'1967),
and are due to an increase in paxficuiaté#boundﬂémine'rathor
than free 5-HT (Thompsonuandhcampﬁell, 1968). The reason
for the lnbreame of intestinal S-HT levels in the :
‘1mmunosympathectomized animal‘is at present unknown,

The above findings have reeently been extended
by Klingman'(1969),who has reported signifioantly increased ‘
- levels of 5432 in the hearts, submaxillary\glands and}

caccum of immunosympathectomized rats,

*

The .effect of reserpine on monocamine metabolism

Reserpine (3,4,5-trimethoxybenzoyl methyl
resorpate) is an alkaloid found in the tropical plant

Raﬁwolfia serpent;ggﬁand related species. It has pronpunced

'céntral and peripheral pharmacological actions;ihéiudiﬁg
‘, 8 éharaeteristic sedativé,effect,an§ produces a long
lasting inhibition of adrenergic tfansmission. . For an
“aecount of the pharmacology of reserpine, see Goodman and‘

|
| 5t
Gilmen (1965) and Carlsson (1966€), _ |



109,

g;fectu on monoamine levels in t13°ues

Reserpine causes a decrease in catecholamine_ggﬂ, e
VSQHT eonoentration_in various tigsues. Although a ma;or
fraction of administered drug‘ls metabolized in the body ﬁ
within a PRI - (Numerof, Gordon and Kelly, 1955). studies
. with labelled reserpine indicate that small amounts of
radioactivity remain in the brain (Plummer, Sheppard and
Schulert, 1957; Sheppard, Tsien, Plummer, Peets, Giletti :
and Schulert, 1958; laggiolo and Haley, 1964, Mueller and.
shideman, 1968) and other organs (Alpers and Shora,w1969)
for relatively longer periods. Alpers and Shore (1969)
i have concluded that the per%istent depletion of nnradrena~
1ine by small doses of reserpine is induced and maintained
by the physxcal presence of minute amounts of very tigh&ly

- fybound drug., They have also calculated that each molecule

of reserpine persisting in the heart is associated with a
deficit of about 500 noradrenaline molecules. .

Reserpine depletes catecholamine storea 1n the

b5 heart and other tissues innervated by the sympathetic

l‘r*fﬁnerves (Bortler. erlsson and Rosengren, 1956. ‘Burn and Rand,

19573 Museholl and Vogt 1958: Higuehi, 1962), in the hrain
(Holzbauer and Vogt, 1956; Carlsson, Rosengren, Bértler and
" Nilssom, 1957; Brodie, 0lin, Kuntzman and Shore, 1957) ana
in the adrenals (Holzbauer and Vegt, 1956; Callingham and
Mann, 1958). Similarly, brain dopamine levels are eonSi&e

erably reduced (Bertler, 1961b). In tissues from reserpine-
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treated aniosls, adrencrgilc cinioricn is blenlked.
Mha ori imnl observabtions of Brodic and co-workers

on reserninc-induced reduction of tissue S~4T lovels
(Flobascher, Shore and Brolie, 19553 shor-, Silver and Brodie,
1955) have becn donfirmed cnd wxtended by many otliers. Thus,

denletion of bhrein 5-lIT concaontr
i many

hos described

Aadeu NS

beon

and Brodale,

1856; 5 “aasonen and
Yogt, 1956), mat end mouse (Trspamer, 1856b; Lorilet, 1960)
cnd monkey (Pucheidt aud imwich, 1963). Similer eifects

hove Seen recorded Cor vhole blood (Shor:, Plctscher and
y 1956) nna nlatelets of variour 93ecics (Trspancr,
13956b; llexiisty, Ingran Stacer, 195565 Shore, Pletscuer
T olevels in tho omsll lodostine are
animal but relaotively large
¢ ormoluce & maMinwn response
, 1855; Waallkes, .Cosicevich and
11 54T iz eolaost conpletely
rooistent e the cbion of rosorpinme (Bhattechorywn and Lewis,
1856 tarvetlt and cxholu, 1963).
Catecholamives locations
ciow concidersble. variation in sensitivity Towerds the

devwleting action of weserpl ., whi
riay al«o be marked (coe Carlscon

07 the denletion devends on anet
rovite oy adwministration, In goous

slovly in response to reserpine.

remain depleted for several days

Giifereﬁces

time course

2 and

omicel site, drve dopas

rel, amine donletion occurs
Tissue amine levels

and do not return to
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normal levels until at least 7 days after the drug
(Carlsson, Rosengren, Bertler and Nilsson 1957; Carlsson,
1966), the actual time varying with location. The action
- of reserpine appears to be strongly cumulative, repeated
small doses over a period of time leading to extensive
depletion o7 ii..ue 5-HT (Haverback, Dutscher, Shore,
Tomich, Terry and Brodie, 1957; Hgggendal and Lindgvist,
1963) or catecholamine (Schaepdryver, 1960; Hgggendal and
Lindqvist, 1963) concentrations.

Reserpine~induced depletion of histamine has been
deseribed in a variety of tissues (Waalkes, Coburn and

Terry, 1956; Waslkes and Weissbach, 1956).

Monoanmine metabolites in the urine after reserpine

Depletion of tissue 5-HT an: catecholamine levels after
reserpine appears to arise “rom increased access of the
amines to sites of metabolic degradation by MAO rather than
from their decreased formation., After drug adminisiration,
an increase in urinary 5-HIAA (Shore, Silver and Brodie,
1955; Erspamer, 1956b; Erspamer and Ciceri, 1957; TFischer and
Lecomte, 1956; Todricl, Dick and Tait, 1958; Valcourt, 1959),
VMA (lMcDonald and Weise, 1968; Anton and Greer, 1966;

Sandler and Youdim, 1968a,b), HMPG (Sandler and Youdim,
1968a,b) and HVA (Williams, 1962; Greer and Williams, 1963b;
Kopin and Weise, 1968) has been reported in a variety of

species., The time at which the urine samples are collected
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appears to be of importance, however, for after the initial
rise in urinary decaminated metabolites, which may correspond
to amine liberation, the levels in the urine may return to
normal or decrease. Thus, for example, continued treatment
with reserpine leaves urinary 5-HIAA excretion unchanged
(Erspamer and Ciceri, 1957; Stacey, 1959) whilst the amount
of VMA in the urine decreases (McDonald and VWeise, 1968).
Reports that reserpine causes a decrease (Allegranza, Bozzl
and Bruno, 1965), or no change (Brunjes, Haywood and Maronde,
1963), in ViA levels in humen urine may be consistent with
this time-course of the drug's action. Similarly, after
éhronic treatment with reserpine, HMPG levels in rat urine
are significantly decreased (Kopin and Veise, 1968),
presumably a reflection of depleted noradrenaline tissue
stores. Sandler and Youdim (1968a,b) have reported that
reserpine increases the ratio of HINMPG to VMA in human urine.
The urinary excretion of mnoradrenaline itself is
reduced after reserpine treatment in animals (Carlsson,
Rosengren, Bertler and Nilsson, 1957; Bickel, Carpi and
Bovet, 1961; Leduc, 1961; Johnson;, 1963; Biscardi, Carpi
and Orsiungher, 1964; Henning, 1966; Andén and Henning, 1968;
Wennmalm, 1968) and in man (Gaddvm, Krivoy and Laverty,
1958; Carlsson, Boje Rasmussen, and Kristjansen, 1959;
Anton and Greer, 1966). In contrast, an increase in urinary
adrenaline has been reported after a singzle dose of

reserpine (Pscheidt, Brune and Himwich, 1961; Bickel, Carpi
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and Bovet, 1961; Biscardi, Carpi and Orsingher, 1964;

Anton and Greer, 1966). These changes are paralleled by

a decrease in normetadrenaline but an increase in metadrena-
line excretion after reserpine (Anton and Greer, 1966).

Thus adrenaline may be released direetly into thg circulation
from the adrenal by reserpine to be inactivated by COMT,
though the drug may also release the amine indirectly from
the adrenal medulla yia the splanchnic nerves (Kroneberg

and Schﬂmann,'1958).

The mechanism of action of reserpine

The precise mechanism of amine depletion caused
by reserpine both in peripheral and central sites is still
unkown; The drug appears to interfere with the processes
involved in the intraneuronal storage oi amines. This
aspect of reserpine aetion has been extensively studied in
the sympathetic nervous system. Here, the uptake of
catecholamines across the axonal membrane can occur at a
normal réte after reserpihe administration, but since
intraneuronal storage mechanisms are impaired, the catecho-
lanines are rapidly metabolized and leave the tissue. The
studies of Kopin and Gordon (1962, 1963) in the intact
animal showed that reserpine caused a release of deaminated
metabolites, rather than of unchanged noradrenaline, into
the circulation. Similar findings were reported in isolated

rat hearts pretreated with reserpine (Xopin, Hertting and
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Gordon, 1962). There is now abundant direet evidence for
the hypothesis of unimpaired uptake and subsequent
facilitated deamination of catecholamines in‘reserpinized
tissues (Hamberger, Malmfors, Norberg and Sachs, 1964;
Lindmar and Mascholl, 1964; Gillespie and Kirpekar, 1965b;
Iversen, Glowinski and Axelrod, 1965b Carlsson and Waldeck,
1967). Likewise, studies with amines resistant to MAO such
as metaraminol (Lundborg and Stitzel, 1967a) and o -methyl-
noradrenaline (Carlsson, Lundborg, Stitzel and Waldeck,
1967) show that inithl upteke into the neuronal cytoplasm
is not affected by reserpine.

The effects of rescrpine on brain catecholamines
appear to resemble those observed in peripheral sites. Thus
in the reserpinized brain, exogenous noradrenalinc does
not accumulate in catecholamine neurones unless MAO is
inhibited (Fuxe and Hillarp, 1964; Glowinski, Iversen and
Axeirod, 1966). Similarly resefpine treatment causes an
increase in the level of 5-HIAA concomitantly with 5-HT
depletion (Ashcroft and Sharman, 1962; Roos and Werdinius,
1962), and also in the dopamine metabolites DOPAC and IIVA
(Andén, Roos and Werdinius, 1964). Neff, Tozer and Brodie
(1967), using probenecid to block the active transport of
5-HIAA from the brain, have reported that reserpine causes
an increase in 5-HT turnover in the rat brain.

Since reserpine appears to act only on intranecuronal

storage mechanisms, studies on isolated storage particles
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from the adrenal medulla or from adrenergic nerves have
been undertaken in an effort to elucidate the mechanism
involved in amine depletion. The results obtained from
these investigations, however, do not necessarily apply

to the intact animal; furthermore, several differences
exist betwe. v wedullary and nerve granules,so that the two
systems are not always complementary (Stjgrne, 1966).

The presence of low concentrations of reserpine
(10‘5-10"6 M) inhibited the spontaneous release of catechola=-
mines from isolated bovine splenic nerve granules (von Euler
and Tishajko, 1961b; Stjarme, 1964) and from rabbit
adrenomedullary granules (Weii~Ma1herbe and Posner, 1963),
though not from bovine adrenal particles (Stjgrne, 1964).
Nor was this effect on release rate obtained in rat heart
granules (Potter and Axelrod, 1963), At higher concentra-
tion (10-4M), reserpine caivzed practically complete release
of adrenaline from rabbit adrenal particles (Weil-Malherbe
and Posner, 1963).

At low concentrations reserpine also inhibits the
uptake of exogenous catecholamines in adrenal medullary
particles (Kirshner, 1962a; Carlsson, Hillarp and Waldeck,
1963%; von Buler, Stjdrne and Lishajko, 1964; Jonasson,
Rosengren and Waldeck, 1964; Stjgrne, 1964) and in adrenergic
nerve granules (von Buler and Lishajko, 1963c¢; von Fuler and
Tishajko, 1964; Stjgrne, 1964). A higher reserpine

concentration (10"3M) was, however, required to cause uptake
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inhibition in rat heart particles (Potter and Axelrod,
1963). Reserpine also inhibits noradrenaline uptake by
subcellular particles in homogenates of rat brain (Mirkin,
Giarman and Friedman, 1963).

These in vitro studies suggest that the low
concentrations of reserpine which might be present in vivo
after administration of a moderate dose of the drug are
unlikely to exert their depleting action by a direct
releasing effect, since low concentrations of reserpine
actually inhibit the spontanecous release of intraparticulate
amines. The latter effect combined with uptake inhibition
and increased exposure‘to intraceullular MAO could lead to
catecholamine depletion in the tissue (see von Euler and
Lishajko, 1967b). On the basis of in vivo studies with
o=methyl-noradrenaline, however, Lundborg (1969) could find
no evidence for the hypothesis that reserpine acts by
inhibition of release of amines from the nerve granules.

Impaired synthesis of noradrenaline ﬁaycontribute
to reserpine-induced amine depletion, brought svout by
inhibition of dopamine uptake into the storage vesicles
which contain dopamine-ﬁ—hydroxylase (Kirsiaer, 1957; Potter
and Axelrod, 1963; Musacchio, Kopin .l sSnyder, 1964; Oka,
Kajikawa, Ohuchi, Yoshida and Imaizumi, 1967). This has
been demonstrated directly and indirectly in a number of
studies using intact adrenal storage granules (Kirshner,
1962a), adrenal gland homogenates after in vivo administra-

tion of reserpine (Kirshner, Rorie and Kamin, 1963),
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isolated bovine splenic nerve vesicles (Stjgrne and
Lishajko, 1966; Stjirne, Roth and Lishajko, 1967), isolated
rabbit heart (Rutledge and Weiner, 1967) and intact sympathe-
tic nerve tissue (Roth and Stone, 1968). In the two latter
stu.ies, unchanged dopamine did not accumulate after reser-
pine pretreatment but, because of exposure of the amine to
MAO, an increase in the acid metabolites DOPAC and HVA was |
demonstrated. Glowinski, Iversen and Axelrod (1966) did
not observe any significant inhibition of the cunversion

of dopamine to noradrenaline in the reserpinized rat brain.
However, in these experiments an [MAO inhibitor was uséd
which may allow an abnormal accumulation of dopamine in

the brain, and thereby reverse the inhibitory effect of
reserpine on noradrenaline synthesis (Stjgrne, Roth and
Lishajko, 1967).

Support for the above hypothesis is provided by the
findings of Kopin and Weise (1968). After chronic adminis-
fration of large doses of reserpine to rats, HVA excretion
was markedly increased whereas HIJPG levels were significantly
reduced. The total amount of HVA and HiPG was not, however,
greatly changed, suggesting that tyrosine hydroxylation
prééeeds at a normal rate and that dopamine is deaminated
rather than conv rted to noradrenaline. Reserpine has,
however, been reported to increase the activity of adrenal
and superior cervicai ganglion tyrosine hydroxylase

(Thoenen, Mueller and Axelrod, 1969).
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Isolated storage granules czn take up and
concentrate monoamines in vitro by an ATP—Mg++ dependent
mechanism (Xirshner, 1962a,b; Carlsson, Hillarp and
Waldeck, 1962; von Euler and Lishajko, 1963b). Even after
Pretreatment with reserpine, however, a small but signifi-
cant proportion of exogenous noradrenaline appears to
accumulate in the amine storage granules by a mechanisn
which is not dependent on ATP-Mg++. This has been shown to
occur both in mouse heart in vivo and in isolated bovine
adrenal medullary particles (Lundborg, 1967; Lundborg and
Stitzel, 1967b; Stitzel ang Lundborg, 1967). A reserpine-
resistant uptake of noradrenaline in isolated Bovine
splenic nerve granules has been reported by von Euler and
Lishajko (1967b), and a similar finding has been reported
in rat brain (Glowinski, Iversen and Axelrod, 1966).

The ability of tissues to respond to sympathetic
nerve stimulation has returned to normal at a time when
noradrenaline stores are still severely depleted. At the
same tire, the tissues recover their ability to accumulate
small amounts of exogenous noradrenaline (Andéﬁ, Magnusson
and Waldeck, 1964, Iversen, Glowinski and Axelrod, 1965b;
Andén and Henning, 1966). Subcellular studies in mouse
heart (Lundborg and Stitzel, 1968) show that this rather
sudden recovery of uptake takes place in the granules.
Similarly, in the rat brain recovery from the sedative
effects of reserpine occurs at a time when monoamine levels

are severely depressed; but the ability of the central
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neurones to take up cnd retain exogenous noradreunzline
(Glowinski, Iversen snd Axelrod, 1966) or 5-HT (Brodie,
Comer, Costa and Blabac, 1966) parallels the functional
recovery.

It has beeﬁ demonstrated theot in the reserpinized
animal newly formzd noradrenaline storage granules,
unaffected by reserpine, may resch nerve terminals at the
time of Functional recovery (Dahlstrom and Higgendal, 1966).
fhus, both centrally and peripherally, all the drug-
affected granules may have been exchanged for fresh
granules at the time of complete restoration of noradrena=—

line levels.
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6-Hydroxydopamine
Surgical sympathectomy and, more recently,

immunosympathectomy have been extensively used for the
structural, physiological and pharmacological investigation
of the sympathetic nervous system. ILatterly, much
attention has been devoted to the study of 6~hydroxydopamine
(2,4,S-trihydroxyphenylethylamine), a compound which
produces a chemical sympathecctomy when administered at
sufficiently high dose - levels to animals (Thoenen and
Tranzer, 1968).

6-Hydroxydopamine administration results in a
significant and long-lasting depletion of the noradrenaline
content of certain sympathetically innervated organs in a
nunber of animal species (Porter, Totaro and Stone, 1963;
Porter, Totaro and Burcin, 1965; Laverty, Sharman and Vogt,
1965). Tthas been variously postulated that dawmage to
noradreﬁaline storage sites similar to that caused by
reserpine, or replacement of the physiological transmitter
by 6-hydroxydopamine and/or its metabolites as a "false
transmitter® are possible mechanisms of action (Porter,
Potaro and Stone, 1963, 1965; Stoxe, Porter, Stavorski,
Iudden and Totaro, 1964; Laverty, Sharman and Vogt, 1965).
Recently, eclectron microscopic investigation has revealed
ultrastructural degecnerative changes in the adrenergic
nerves of the 6-hydroxydopamine~treated cat (Tranzer and

Thoenen, 1968) and rat (Thoenen and Tranzer, 1968). The
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effect of 6-hydroxydopamine is dogse-dependent, higher doses
leading to destruetion of adrenerzic nerve endings and
consequently to dissipation of amine stores. Uptake of
1labelled noradrenaline is reduced in parallel with the
observed decrease in endogenous amine concentration., The
degree of sympatihcctomy varies with species and organ; in
the rat, for example, the vas deferens ie less suéceptible
to the noradrenaline - depleting effect of 6~-hydroxydopamine
than the heart (Thoenen and Tranzer, 1968; Laverty and
Phelan, 1969).

The hypothesis of a ‘'chemical sympathectomy"
(Thoenen and Tranzer, 1968) is supported by histochemical
evidence (Malmfors and Sachs, 1968; Jonsson and Sachs,
1969; Devine, 1969; Knyihar, Ristovsky, ¥41lmén and Csillik,
1969). Whilst teruiinal adrenergic axons are affected by
6-hydroxydopamine, non-terminsl axons and cell bodies
appear to be relatively unaffected. In ¥itro studies using
mouse atria and iris indicate that 6-hydroxydopamine must
be taken up by adrenerglc nerve terminals to produce its
ef7ect (Jonsson and Sachs, 1969).

Systemic administration of 6-hydroxydopanine has
no effect on mouse whole brain noradrenaline concentration
(Laverty, Sharman and Vogt, 1965). Central administration
of the drug, however, resulte in a long lasting depletion
of endogenouﬂyformed noradrenaline and dopamine concentra-

tions in rat brain (Ungerstedt, 1968, 1969; Bloom, Groppetti,
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Revuelta and Costa, 1969; Uretsky and Iverson, 1969), as
well as a reduction of the content of labelled catecholamines
and their metabolites in all brain regions after intraven-
tricular injection of 3H~dopamixe (Laverty ané Taylor,
1969). 1Injection of 6-hydroxydopaminc into the substantia
nigra leads to complete degeneration of the nigro-neostriat-
rial dopamine neurone system, bringing in its train severe
motor disturbances, and msulting in a caudate nucleus
practically devoid of dopamine (Ungerstedt, 1968, 1969),

In contrast, brain 5-HT levels are not decreased by
6-hydroxydopamine (Bloom, Gropvetti, Revuelta and Costa,
1969).

Cardiac tyrosine hydroxylase activity disappeared
in rats following administration of 6-hydroxydonamine
(Mueller, Thoenen and Axelrod, 1969), but the engyme showed
& twofold increase in activity in the adrenal vhere a small
increase in phenylethanolamine—ﬂ-methyl transferase was
also observed. However, no change in adrenal catecholanine
content occurred under these conditions, confirming an
earlier finding (Thoenen and Tranzer, 1968).,

Recently the synthesis of 2,4,5-trihydroxyphenyla~
lanine (6~hycroxy-DOPA) has been accomplisched (Langemann
and Scheer, 1969; Cng, Creveling and Daly, 1969): this
compound was found to undergo enzymavic decarboxylation
in vitro and in vivo to form 6-hydroxydopamine and, in this

way, caused depleticn of noradrenaline both in the peripheral
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and central nervous system.

The auto-oxidation of dovamine to 6-hydroxydopamine
has been demonstrated in vitro and in vivo (Senoh, Creveling,
Udenfriend and Witkop, 1959; Senoh, Witkop, Creveling and
Udenfriend, 1959); 2,4-dihydroxy-S5-nethoxyphenylethylanmine,
the 3-O-methylated derivative of 6-hydroxydopamine, has heen
found in rat urine on administration of labelled dopamine
to animals pretreated with an MAQ inhibitor (Daly, Horncr

and iiitkop, 1961).
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CHAPTER 2

METHODS FOR ANALYSIS OF RAT URINE

Urine collection

Rats were placed separately in cylindrical
(26.5 cm diameter) Perspex metabolic cages fitted with
floors of stainless steel mesh resting on large glass
funnels. The mesh was silicon%ged by treating with poly-
methylhydrogen siloxane (prkiﬁfénd Williams ILtd,), thus
preventing possible catélytie oxidation of catecholamines
on contact with the metal. Paeces were separated from
urine by interposing a conical glass bulb, apex downwards,
between the tip of the large glass funnel and the urine
collection vessel. Urine was collected for 24 hours into
6 N HC1 (lml) during which time the animal was fasted
from solid food, but allowed water ad libitum. At the

end of the collection period any urine on the funnel was
washed into the collection vessel with distilled water.

. Specimens were stored at -15°C until required.

Purity of chemical reagents

Unless otherwise stated, all common chemical

reagents referred to in this thesis are of A.R. or G.P.R.

grade,



Estimation of 4=hydroxy-3-methoxyphenylglycol (HMPG) and

4=hydroxy-3=methoxymandelic acid SVMAQ in rat urine

The quantification of HMPG and VMA in rat urine

presents special problems which are not encountered with
human urine, VMA is the major urinary metabolite of both
noradrenaline and adrenaline in man (Armstrong, McMillan
and Shaw, 1957; La Brosse, Axelrod and Kety, 1958), whilst
HMPG is of lesser importance. In rats the position is
reversed, as HMPG predominates in the urine (XKopin, Axelrod
and Gordon, 1961). Common laboratory methods for the
assay of VMA (Pisano, Crout and Abraham, 1962) and HMPG
(Ruthven and Sandler, 1965) in human urine depend on the
oxidation of these metabolites to vanillin, which is then
measured spectrophotometrically. The presence of both
compounds in the free state in a urine sample would thus
lead to mutual interference in their chemical determination.
The problem does not arise with human urine since VMA occurs
largely in the free state, whereas HMPG is mainly excreted
as conjugates (Axelrod, Kopin and Mann, 1959; Shimizu and
La Brosse, 1969). In the rat, however, both metabolites
are conjugated in the urine, VMA mainly as glucuronide
(Armstrong and McMillan, 1959; see also page 173) and HMPG
as a sulphate ester (Axelrod, Kopin and Mann, 1959).  Since,
in the present study, determination of total urinary HMPG

and VMA depended on conversion of both compounds to vanillin,
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initial separztion of the metabolites on an anion exchange

resin was necessary.

Chemical rcagents and materials
Bis (4~hydroxy-3-methoxyphenylglycol) piperazine salt

(Regis Chemical Co., Chiccgo, 111).

(¥) —4-Hydroxy-3-methoxymendelic acid (British Drug Houses
Ltd.).

Standard solution 4-hydroxy-3-methoxyphenylglycol (HMPG)
containing 1 mg HMPG per 1 nl. Dissolve 31 mg HMPG piper-
azine salt in 25 ml water. Store at -15°C.

Standard solution 4-hydroxy-3-methoxymandelic acid (VMA)
containing 1 mg VMA per 1 nl water. Store at -15°¢,
Anion-exchange rcsin, AG 1-X2 (200 - 400 meshk, acetate
form) (Bio-Rad Léboratories, Richmond, California).

1M Amrzonium acetate buffer, pH 4.8, was preparcd by adjusting
a golution containing 77.1l.g ammonium acetate in approxi=
mately 800 ml water to pH 4.8 with about 50 ml glacial
acetic acid and then diluting with water to 1 litré.

1M Phosphate buffer, pH 7.4, was prepored 5y adding 1M
potassium hydroxide (approximately 4.5 ml) to 50 ml 1B
potassiunm dihﬁdrogeﬁ phosphate until the pH was T.4.

Procedure

Two 24 hour urine collcctiouns from the same rat
were pooled and the resulting mixture divided equally.
One half was estimated directly and the other after the
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addition of internal standards (20/ug HMPG and 20/ug VMA),
Samples were brought to pH 11 and a slight excess (about

0.4 ml) of saturated BaCl2 was added to precipitate inor=-
ganic phosphate and sulphate which might inhibit the enzy-
matic hydrolysis. After centrifugation, the decanted
supernatant solution was brought to pH 6.4 - 6,5 and incu-
bated for 18 hours at 37°C with 0.2 ml of a /S-glucuronidase-

sulphatase preparation (Suc d'Helix pomatia, Industrie

Biologique Francaise, Gennevilliers, Seine, France).

The hydrolysed urine was passed through a column
(1 cm bore and 6 cm bed) of 4g anion-exchange resin, AG 1=X2
and the effluent was discarded. HMPG, weakly bound to the
resin, was eluted with de-ionized water (25 ml), thus separ-
ating it from VMA which is held more firmly. ©No HMEG was
present in the column effluént.( VMA was then eluted from
the resin with 30 ml of 1M ammonium acetate buffer (pH 4.8)
(Kirshner, Goodall and Rosen, 1958).

The water eluate was acidified (1N and 0.1N HC1)
to pH 4 and extracted twice with 30 ml of ethyl acetate.
These and subsequent extractions in this procedure, were
made by'shaking for 5 minutes on a mechanical shaker. After
centrifugation, portions (25 ml) of organic phase from each
extract were combined (50 ml) in a round-bottomed flask and
evaporated under vacuum at 35°¢ using a "Rinco" rotating
evaporator. The dry residue was dissolved in 4N NH4OH

(11 ml) and portions (5ml) were pipetted into a small
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beaker (25 ml) and treated for test and blank as described
by Ruthven and Sandler (1965). The test was treated with
2% (Y/v) sodium metaperiodate, NalO, (0.2 ml), to convert
HMPG to vanillin. After 20 minutes, excess periodate

was removed by adding 10% (Y/v) sodium metabisulphite,
Na,S,05 (0.2 ml). Water (O.é ml) andllo% M/v) NaZSZO5
(0.2 ml) were added to the blank., The pH of test and
blank samples was adjusted to 7.4 = 7.5 by the addition

of 50% (V/v) H3P0 .

The ad justed solutions were transferred to test
tubes (length 150 mm) each fitted with a ground glass
socket (B 24), and the vanillin was extracted by shaking
for 5 minutes with toluene (20 ml). After centrifugation,
15 ml of the toluene layer was pipetted into a similar test
tube and the vé;illin was returned to aqueous solution by
shaking for 5 minutes with 1.5 ml 1M K2003. The carbonate
layer, after centrifugation, was transferred with a Pasteur
pipette to a 10 mm cuvette (capacity 3.5 ml). Any haze
present was dispersed by partially immersing the cuvette in
water at 50°C for a few seconds. The cuvette was raised
5 mmn in its carrier and, if necessary, incident light was
partly masked to enéure an unobstructed light-path through
the fluid in the cell. The optical density of the solution

was read against water at 330,350, 360 and 380 mu using a

Unicam SP 500 spectrophotometer.
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The‘ammonium acetate buffer eluate from the
anion exchange resin was brought to pH 1 with 50% " /v)
H2304 (2 m1) and 15 ml aliquots were taken for test and
blahk dgtermination. The solutions were saturated with
solid NaCl, extractéd twice (2 x 20 ml) with ethyl acetate
and a portion (lS.ml) of each extract combined and evapor-
ated under vacuﬁm at 3500 using‘a rotary evaporator
(Rotary Evapo-Mix, Buchler Instruments, N.Y.). The
residue was dissolved in 1MVK20‘O3 (1 m1) and VMA was assayed
by the method of Pisano, Crb#t and Abraham (1962), starting
after the first carbonate extraction. The test was
treated with 2% (w/v) metaperiodate solution (0.1 m1) and
the tubes were placed in a water bath at 50°C for 30 minutes
to effect the conversion of VMA to vanillin. Aafter cooling,
0.1 ml of 10% (¥/v) metabisulphite solution was added to
reduce risidual metaperiodate. Water (0,1 ml) and 10%
(V/v) metabisulphite were added to the blank, The solu-
tions were neutralized with 0.3 ml 5N acetic acid, followed
by 0.6 mi 1M phosphate buffer pH 7.4 and the resulting
mixture was extracted with 20 ml of toluene for 5 minutes
on the mechanical shaker. After centrifugation, 15 ml of
the toluene layer was transferred to a stoppered test tube
containing 1.5 ml IM K2003. After shaking for 5 minutes,
followed by_oentrifugation to separate the organic and
agqueous phases, the optical density of the carbonate layer

was measured at 330, 350, 360 and 380 FP in a cuvette as
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described for HMPG.

The optical density readings were measured at
the four different wavelengths to check the spcecificity
of the estimations. The spectral curves obtained in the
assay of HMPG were characteristic of those given by pure
vanillin (Sandler and Ruthven, 1961), so that 24 hour
excretion values could be calculated using the 360 and 380
%p extinctions. Some distortion between 330 and 350 gn
was observed, however, in the curves obtained during the
assay of VMA. p-Hydroxybenzaldehyde, produced in the
estimation by the oxidation of urinary Eehydroxymandelic
acid, was the probable cause of this interference and was
corrected for by solving simultaneous equations as described
by Pisano, Oates, Sjoerdsma and Udenfriend {1961), incorpor-
ating the extinctions at 330 and 350 %p.

- _ 1
=B+ V=20Cg8 +7V

A530 |
=Bl + v = E} + %
v

B350

where:

A330 and A350 = observed optical densities at 330 and

350 %p of the experimental mixture.

B and BY = optical demsity at 330 and 350 mn due to the
R;hydroxybenzaldehyde in the mixture.

V and V1 = optical densities at 330 and 350 %P due to the
vanillin in the mixture.

Cy = constant = W—%——%ﬁbﬁb% of authentic

R-hydroxybenzaldehyde.



— - _ optical density at 330m R
C, = constant = optical Jonsity af ?%67%F of authentic

vanillin.
The average recoveries of HMPG and VMA added %o

rat urine and carried through the procedure were 14%

(21 determinations) and 22% (23 determinations) respectively.

Separation of HMPG from VMA on anion-exchange resin.

AG l=-X2, acetate form.

(2) Two 24 hour rat urine samples were combined and
hydrolysed with afg-glucuronidase—sulphatase preparation
as described abové; The urine was then centrifuged and
divided into 2 equal portions, to one of which was added
HMPG (lgpg) and VMA_(lﬂug) respectively. After passage
of the urine samples through AG 1-X2 acetate (4z) as above,
the effluents were discarded and the columns were eluted in
three separate fractions with 20 ml water, 10 nl water and
finally 30 ml 1M ammonium acetate buffer (pH 4.8).

The soluiions were adjusted to pH 1 and extracted
with cthyl acetate for 5 minutes on a mechanical shaker as
followss 20 ml water eluent - extraction with 25 and 20 ml
ethyl aoetatevrespectiVely; 10 nl water eluent - 20 and 15
‘ml ethyl acetate; 30 ml 1M ammonium acetate buffer (pH 4.8)
eluent - 35 and 30 ml ethyl acetate. The combined ethyl

. 20 -
acetate extract was evaporated in wvacuo at 35°C on a rotvary
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evaporator and the dry residues were dissolved in lSO/ulg
methanol. Ascending chromatograms were run overnight in
isopropanol: . ammonia (0.880): water (160 ml : 8 ml : 32 ml)
and then after drying, were run again at right angles to
the original direction in anisole: glacial acetic agid:
water (140 ml : 54 ml : 6 ml). After running for about

5 hours the chromatograms were dried for 1 to 2 hours in a
current of warm air (about 35-4000). HMPG and VMA were
located by spraying the paper with 10% Nazcos, drying, and
then overspmying with a mixture prepared from ice cold
solutions of 5 ml Eenitraniline (0.2%) 50 m1l 0.1 N HCl and
1 ml sodium nitrite (5%), to which 10 ml 10% Na,CO5 solution
was added aftér 2 to 3 minutes. The mixture was used

immediately.
HMPG, but not VMA, was present in the 20 ml water

eluate after passage of both urine and urine plus added
standards through the column. Neilther dompound was detected
in the 10 ml water eluates. VMA, added to the urine as an
intexinal standard, was found in the 1M ammonium acetate
eluate, but was barely detectable ih the chromatogram of
urine alone.

These results indicated an effective separation;
of VMA and HMPG in the column fraction procedure outlined
above. They also co.firmed that HMPG is present in much

groater guantity in rat urine than VMA and stressed the
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importance of removal of HMPG from samples of rat urine
in which VMA was being estimated, since both compounds

are converted to vanillin by NaIO4.

(b) To confirm the findings obtained with paper
chromatography, samples of rat urine to which had been‘
added VMA (Z%Pg) and hormetadrenaline (Z%Pg), which can
also be coaverted to vanillin.by treatment with NaIO4, were
carried through the entire procedure for estimation of
HMPG, No increase in optical density was observed
compared with untreated control urine, whereas addition of
HMPG (2%pg) gave a marked increase in extinction,

Similarly, HMPG (ngg) did not interfere in the VMA esti-

mation.
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Differential estimation of normetadrenaline and

metadrenaline in rat urine.

This method was a modification of that described
by Anton and Sayre (1966).

Chemical reagents
() - Metanephiine ((%)-metadrenaline) hydrochloride

(Calbiochem, Los Angeles, Calif.).

(%)~ Normetanephrine ((%) - normetadrenaline) hydro-
chloride (Calbiochem),
Adrenaline Hopkin and Williams, Ltd.).

Standard solution metadrenaline containing 1 mg base per

1ml 0,01N HCl,  Storage at -15°0Q.

Standard solution noxﬁetadfehaline containing 1 mg base
per 1lml 0.1N HCl.] Storage at -15°¢.

Standard solution adrenaline containing lmg base per lml
0.01N HCl. Storage at -15°C. |

(¥£) - Normetanephrine - 7H3 ((¥) - normetadrenaline - 7 - 3H)
hydrochloride (3,700 mec/m-mole) in 0,0LN acetic acid.
(New England Nuclear Corp., Boston, Mass.).

S - adenosyl - (-~) = methionine (S-methy1-140) (approx.
40 me/m-mole in dilute HZSO4 (New England Nuclear Corp.).

Liquid scintillator: FPO (2,5 =diphenyloxazole), 10g, POPOP
(1,4-di{?-(5—phenyloxazolylﬂ benzene), 600 mg in 2 litres

toluene.,
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Citric acid-sodium acetate buffer, 0.80 M, pH 5.0 was
prepared by adjusting a 2.0M citric acid solution to pH 5.0
with a 2.,0M solution of sodium acetate and then diluting
with distilled water to 0.80M.

Borate buffer, 1.0M, pH10, was prepared by dissolving 3%0.92g
of Dboric acid in 450 ml of distilled water and adjusting

t0 pH 10 with Solid and 5,.,0N NaOH. The solution was
saturated with NaCl and pn-butanel, readjusted to pH 10,

made up to 500 ml with distilled water and filtered through

two sheets of Whatman No, 1 paper.

Alkaline ascorbate. Digssolve 10 mg of ascorbic acid
(British Drug Houses Ltd.) in 0.1 ml of distilled water,
add 10 ml of 10N NaOH and mix thoroughly. This was

prepared freshly. s

Distilled water. The water was redistilled in all-glass
stills a totgl of four times. The second distillation

was carried out in the presence of EDTA (lg per litre).

Preparation of 14C-methoxy-labelled metadrenaline

14C-Methoxy-labelled metadrenaline was prepared
by a procedure based on the work of Axelrod, Albers and
Clemente (1959) and Inscoe, Daly and Axelrod (1965). With
14C-S-adenosyl—L—mefhionine as methyl donor, adrenaline was

O-methylated in the presence of rat liver catechol=0-methyl-
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transferase. The resulting methoxy-amine was isolated
and purified by extraction followed by chromatography.

Rat liver (5g) was homogenized in 5 vol. of cold
(0-4°¢C) isotonic K01 (1.12%"/v) centrifuged (14,000 g for
20 minutes at O~4°C) and a portion (0.lml) of the supernatant
added to the following mixture: water (0.5ml), O.SM.phos?hate
buffer (pH 7.8) 0.2ml), 0.1 MgCl, (0¢1m1), 0.1% (Y/¥)
adrenaline in 0.01N:iACl (O.lml) and 14C-S—adenosyl—(—)—
methionine (approx. yuC). |

After incubation at 37°C for 90 minutes, the
labelled metadrenaline was extracted into isoamyl alcohol
(2 X 5 ml) from the mixture, which had been prcviously made
alkaline with 0.5 M borate buffer (0.5 ml, pHLO).  The
combined extracts, acidified with glacial acetic acid (0.05
ml) were evaporated under vacuum at 40 - 45°C. 14C—Metadre-
naline was isolated from‘the residue by paper chromatography
(n-butanol:glacial acetic acidiwater, 12:3:5). It appeared
to be chromatographically pure in this solvent and in tert.
~amyl alcohol:0.880 ammonia, 4:1l. The product was stored

in solution (0.1W HCi) at -15°C.

Procedure for estimation of metadrenalines

(2) Hydrolysis and extraction

Rat urine (3.0 ml) was adjusted to pH 0.90 with

5.08 HCL in a 10 ml beaker. The cample was transferred
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to a stoppered test tube (B24 socket,lengthyl50 mm) and
placed in a boiling water bath for 20 minutes to hydrolyse
the metadrenaline conjugates.

To overcome inaccuracies due to. erratic recoveries
which were found using the original zxtraction procedure of
Anton and Sayre (1966) labelled ‘*C-metadrenaline (0.3 ml
of solution giving 25,000 d.p.m.) and ~H-normetadrenaline
(0.3 ml of solution giving 115,000 d.p.m.) were added aé
'internal standards to the hydrolysed urine before extraction.
The amount of non—radioactiﬁe compound present in these
standards was insufficient to affect the accuracy of the
assay. The sample was pouréd back into the same 10 ml
beaker, 1.0 ml of tris buffer (1.0M) added, and the pH
adjusted to 6.8 to 7.2 with HCl or NaOH. The pH-adjusted
solution was returned to the same @324 tube, and shaken with
5 ml of isoamyl alcohol for 5 minutes on a mechanical shaker
to remove a fluorescent contaminant. After centrifugation
at 1,200g for 5 mihutes, the organic phase and the pigmented
precipifate betwecen the organic and aqueous phases were
aspirated and discarded. |

The treated urine was transferred to fresh B 24
tubes and 1;le of 1.0 M borate buffer, pH 10, was added
with thorough wmixing. The solution was saturated with Tg
of dipotassium hydrogen phosphate (KQHPO4) powder, mixed
for 20 seconds to saturate the sample and vigorously shaken

with ether (15 ml) (2 minutes vortex mixing and 10 minutes
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mechanical shaking) to extract the metadrenalines. After
centrifugation, the ether layer was transferred to a tube
containing 4 ml of 0.1 N HC1l into which the metadrenalines
were back-extracted (2 minutes vortex mixing and 10 minutes
mechanical shaking). The ether was discarded and the acid
phase transferred with a 5 ml pipette to a fresh B24 tube.
Borate buffer, 0.1 M, pH 10 (1 ml) and K,HPO, powder (9g)
were added and mixed for 20 seconds, and the solution
extracted with 15 ml ether as described above. After cen- -
trifugation, the cther layer was transferred to a fresh B24
tube containing 1.5 ml of 0.01N and shaken for 2 minutes

on the vortex mixer and 10 minutes on the mechanical shaker.
The ether phase was discarded after centrifugation, and the
acid phase was stored in a small tube at -15°C until
required,

The overall recovery of the procedure was calcu-
lated by comnaring the initial counts édded with those from
each isotope meaéured in the final 0.0 HCl extract. An
alignot (0.1 ml) of the‘latter solution was dissolved in
4 ml of methanol and 15 ml of toluene liquid scintillator
in a counting vial and its rzadioactivity measured with a
"ppi-Carb™ liguid scintillation spectrometer (Packard Co.

Inc., La Grange, Illinois, U.S.A.) set for double-labelled

countving. Quenching was measured by addition of ldc-

toluene (4.31 X 19° d.p.m./ml, packard) and SH-toluene
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(2.28 x 106

d.p.m./ml, Packard) respectively (usually 0.1
ml) as internal standards to the solutions after the first
count.» From these counts, after correction for background
(0.1 ml of 0,01N HCl added to scintillator plus methanol),
the radioactivity in the wvials was calculated.

The recoveries of the labelled metadrenalines
after the extraction procedure were thus determined accurate
ly and were found to vary over a wide range, with an
average recovery of about 40%. Vigorous mixing at the
various stages of the extraction procedure was imperative
since the overall recovery_dropped from values as high as
60 ~70% to as low as 5% when a horizontal mechanical

shaker was used for equilibration.

(b) Fluorophor formation

Fluorophor formation in aliquots of the final
extract in 0.01N HCl was carried out essentially as descri-
bed by Anton and Sayre (1966). Aliquots (0.1 ml) diluted
to 0.4 ml with 0,01 N HCl were assigned to test, test plus
external standard (non-radioactive metadrenaline (1Ong) or
normetadrenaline (30ng) as appropriate) and blank tubes
respectively. Two sets were prepared, one for periodate
oxidation after adjusting to about pH 5.0 to determine
metadrenaline plus normetadrenaline, and the other for

oxidation at about pH 1.5 for the estimation of metadrena=-

line alone.
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EDTA (~disodium, dihydrate, 50 mg/ml) (0.1 ml)
wasg added to the test, test plus standard and blank samples
respeétiVely, followed by 0.05 ml of citric acid—-acetate
buffer, 0.80 M,pH 5 O (high pH) or 0.05 ml 0.85 M citric
acid solution (low pH). Periodate solution (Na104, 20
mg/ml), 0.5 ml, was added with thorough mixing to the tests
and test plus standard and 0.50 ml, water added to the
blanks, and the samples were allowed to stand for exactly
4 minutes. Sulphite solution (Na2803, anhydrous powder,
100mg/ml), 0.1 ml, was then quickly added tc stop the reac-
tion, followed by alkaline ascorbate (0.3 ml) with thorough
mixing after both additions. The solutions were transferr-
ed to a gquartz cuvette and the reiative fluorescence inten-
sity (RFI) was determined at 409 and‘Slgyﬂuncorrected acti-
vation and fluorescence wavelengths) for metadrenaline plus
normetadrenaline at about pH 5.0, and at 422 and 531 9u for
metadrenaline at about pH 1.5, using an Aminco-Bowman spectr-
ophotofluorometef (American Instrument Co., Inc., Silver
Spring, Maryland, U.S.A.) with slit arrangement no. 4.

Neglecting any fluorescence due to normetadrena-
line in the sample oxidised at pH 1.5, the amount of
metadrenaline or normetadrenaline in the test aliquot was
calculated from the RFI of the appropriate external standard
and test after correction for blank, Urinary levels of
metadrenaline and normetadrenaline were calculated from

these values and the overall recovery determined radioiso=-

topicallye.
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- The estimation of total metadrenalines in rat urine

(Ruthven and Sandler, 1965)

Chemical reagents and materials

'Amberlite' CG - 50 (H) Type I (100 - 200 mesh) ion exchange

resin (British Drug Houses, Ltd.).

Preparation of cation exchanre resin (pH 6,0 - 6.5)

'Amberlite' CG~50 (250 ml) in the acidic form
and 750 ml water Qere stirred for 10 minutes. After
settling (30 minutes) and removing the supcrnatant solution,
water was added to make up theoriginal volume. The process
of suspension and sedimentation was repeated (about 8 times),
until the supernztant liquid was clear or almost clear
after allowing the resin to settle (15 minutes). The
supernatant solution was removed and 750 ml water added to
the resin, toiether with 500 ml 10N NaOH, run in with stir-
ring over a period¢ of 15 minutes. The stirring was contin-
ued for two hours, the resin was allowed to settle (15
minutes), the‘supernatant removed and the resin washed by
decantation five times with 750 ml water. The resin, now
in the sodium form, was then reconverted to the acidic form
by adding 1,250 ml 6N HCl with stifring (30 minutes).
After allowing to settle, the excess acid was sucked off
and the resin washed five tires, a2gain by decantation, with

750 ml water, after which it was converted back to the
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sodium form as described above. The washed (four times
with 750 ml water) sodium resin was suspended in 750 ml
water and glacial acetic (25 ml approx.) was added with
'continuoﬁs stirring, until the pH of the solution remained
steady for 30 minutes at approximately 6.2 - 6.3. The

prepared resin suspension was stored at 400 until required.

Procedure

Two 24 hour rat urines were pooled, divided into
equal portions ang, if necessary, diluted td 10 ml with water,
One half was estimated directly and the other after addition
of normetadrenaline (20/ug). The samples were then hydro-
lysed with a/g-glucuronidase—sulphatase preparation as
described in the HMPG/VMA method. |

The hydrolysed urines were centrifuged, and after
ad justing the pH of the supernatants to 6.2 - 6.3 with 0,1
N HCl or 0.l NaOH, were passed at less than 1 ml / 1 minute
through a column (10 mm bore and 5 cm bed, prepared from
approx, 6 -'7 ml or resin suspension) of cation exchange
resin (pH 6.0-6.5) previously freed from buffer by running
15 ml water through the column. After the hydrolysate
has passed through, the column was washed with 5 ml water.
The effluent from the column and the water wash were discar-
ded. The metadrenalines were eluted from the washed column
with 4N NH,OH (10 ml). The gélpate was mixed and divided.
5 ml was pipetted into a small beaker (capacity 25 ml) to
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gperve as test and the remainder was transferred to a similar
beaker to act as blank., The test was treated with 2%
M/v) NaloO, (0.1 ml) to convert the metadrenalines to
vanillin and after 3 minutes the excess reagent was removed
by adding 10% (Y/v) Na28205 (0.2 ml), Wafer (0.1 ml) and
10% (/v) Fa,$,05 (0.1 ml) were added to the blank. The
pH of test and blank was adjusted to 7.4 - 7.5 by the
addition of 50% (V/v) H5PO, . The adjusted solutions were
transferred to stoppered test tubes (B 24 socket, length 150
mm) and the vanillin extracted by shaking for 5 minutes
with toluene (20 ml). After centrifugation at 1,200g,

15 ml of the toluene layer was pipetted into a similar
stoppered test tube and the vanillin returned to the
aqueous phase by shéking for 5 minutes with 1.5 ml 1M Ké003.
The carbonate layer, separated by centrifugation, was
transferred with the aid of a Pasteur pipette to a 10 mm
cuvette (capacity 3.5 ml). Any haze which occasionally
appeared in the solution was dispersed by partiélly inmer-
sing the cuvette in water for a few seconds at 5060. The
partly filled cuvette was plaéed in its carrier, its base
“raised 5 mm and the incident light partly masked when
necessary to ensure an unobstructed light-path through

the fluid in the cell, The optical density (0.D.) of the
solution was then read against water at two wavelengths,

360 9& and 380 9u, using a Unicam SP 500 spectrophotometer.
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If the extinctions at wavelength}pf the final
K2003-extract,derived from test and blank after the estima=-
tion of f ml urine (V ml mean 24 hour volume) are indicated
by TX and TB)\and the corresponding extinctions after the
addition of internal standard by S) and SB), then the
amount of metadienalines in the specimen (24 hour),

expressed as mg normetadrenalines, was:
?

("360~T380) = (TB360 ~ TBss0) * 20 .
[(560 ~ S380) — (SBzg0 - SBs807]  ~[W360-T350) (18360~ D580 ]

¥
=y
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Bstimation of homovanillic acid (HVA) in rat urine

A large proportion of the HVA excreted in rat
uriné occurs in the free state (Shaw, McMillan and Armstrong,
1957)., Indeed, according to weight, the albino rat
excretes about 3 times as much free HVA as the adult
human. In the present studies the semsitive fluorimetric
procedure of Szto (1965) wes used to quantify free HVA

output in rat urine,

Chemical reagents and materials

Homovanillic acid (4-hydroxy-3-methoxyphenylacetic acid,
@va) (Calbiochem, Los Angeles, Calif,).

Standard solution of HVA, 1 mg per ml water.

Anion exchange resin AG 1-X4 (100 - 200 mesh), chloride

form. (Bio~-Rad Iaboratories, Richmond, California).

Ammonium acetate buffer (0,1M), pH 4.5: preparcd by dissol-
ving 3.85 g ammonium acetate in about 400 ml of water,
adding glacial acetic acid to pH 4.5 and making up to 500

ml with water.

prig buffer (0.05 M), pH &.5; prepared by dissolving %.025g
tris-(hydroxymethyl)-amino methane (Koch-Light Laboratories,
Lid.) in about 400 ml water, adding glacial acetic acid to

pH 8.5 and making up to 5.0 ml with water.



146.

Procedure |

Two 1 ml aliquots of rat urine (24 hour), omne
untreated and the othgr to which had been added SPg HVA,‘
vere used as tééﬁ and test plus internal standard respec-
tively. They were mixed with 0.1M acetate buifer, pH 4.5
in a 10 ml beaker and adjusted to pH 4.5 with NaOH (2.5H
and 0,1N) using = glass electrode. The camples were then
zpplivd to an anion cxchange AGl-X4 ciloride column (0.55
cm bore, 3 cm bed) followed by a 3 ml water wash. Both
effluents and washings were diséarded and the column was
eluted with 18 ml 1.5 N %El. The recovery of HVA added to
urine and passed through the column was fouud to be about
84%.

The elvates were collected in B 24 tubes (200 mm)
acidified with 2 ml 2N HCl, saturated with NaCl and extracted
twice with 20 ml toluene-chloroforam mixture (4 parts of
toluene to one part of chloroform) for 1 minute on a vortex
mixer and 5 minutes on a mechanical shaker. After centri-
fugation at 1,200 g and removal of 2 x 15ml. of the organic
phase, the extracts wers combined and the HVA back=-extracted
inte 0.CSK tris buffer, pH 8.5 (4 ml) by the shaking proce=
dure outlined above. The mixtures were centrifuged and
ti.e upper organic phase removed by suction on 2 water pudpe.
Phe recovery of HVA after extraction into the toluene=

chloroform mixture was found to be approx. 425,
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One ml of the tris buffer extract was placed in
a test tube for the form:ation of the fluorophor while a
sccond ml portion served as the sample blank. To the
test sample was added 1 ml of 5N ammonia and 0.2 ml of
potassiuvam ferricyanide (0.01%) with thoroush mixing. After
exactly 4 minutes, 0.2 ml L-cysteine (0.1%) was added to
stop the reaction. The blank was treated in the szame
manner as the test except that the secuence of the addition
of cysteine and potassiunm ferricyanide was reversed; The
relative flunrescence intensity of the samples was measured
in an Aminco-Bowman spectrophotofluorometer at 320 9u
(activation) and 420 mp (fluorescence) respectively

(uncorrected wavelengths).
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Gas chromatographic measurement of 4=hydroxy=3

methoxyphenylglycol and homovanillic acid in rat urine

(Based on the methods of Karoum, Ruthven, and Sandler, 1968;
Karoum, Anah, Ruthven and Sandler, 1969)

Chemical reagents and materials
Siliconized acid-washed celites (85/100 and 100/120 mesh)

(W.G.Pye, Ltd., Cambridge, England).
Methyl phenyl silicone gum (SE 52) (W.G. Pye, Ltd.).
1,4~Dioxane (Specially dried) (British Drug Houses, Ltd.).

Hexamethyldisilazane (HMDS) (Koch-Light Laboratories,ILtd.).
Trimethylchlorosilane (BMCS) (Hopkin and Williams, ILtd.).

Ethereal diazomethane (approx. 100mg/ml) was prepared by
the reaction of p=tolylsulphonylmethylnitrosamide (Koch-
Light Laboratories,Ltd.) with an ethanolic solution of KOH
(Vogel, 1961). The solution was stored at -10°C when not

in use.

Equipment and preparation of columns

~ Pye Panchromatograph (W.G. Pye, Ltd.) fitted with an argon
ionisation detector.
Glass U=-tube columns, 7ft x 5mm (internal diameter), were

siliconised before packing by allowing them to stand over-
night with a mixture of petroleum ether (B.P. 40/60°)
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TMCS : HMDS (100 : 4 : 2) before emptying and drying in a
stream of argon gas at 20000.‘

The columns were packed evenly with siliconised
| celite coated with SE 52 (10%). TFreshly packed columns
were preheated for 48 hours at 250°C in a stream of argon.
The detector temperature was kept at 250°C with an ionising
potential of 1250V. The sensitivity was varied between
1078 4o 10774, full scale deflection.
"Procedure | |

For the determination of free HVA, a 24 hour
rat urine sampie was divided into two equal portions, to
one of which had been added Zng HVA as internal standard.
Total HMPG was determined after’the pooling of two 24 hour
rat urine samples, to one of which was added 29Pg HMPG as
internal standard, and hydrolysis of the urine with a
ﬁ—glucuronidase—sulphatase preparation as described in
the previous HMPG/VMA method.

The urines used for estimation of HVA were adjus-
ted to pH 3 with NaOH (5N and 0.5N), saturated with NaCl,
and extracted twice with ethyl acetate (30 ml, 1 minute
vortex mixing and 5 minutes mechanical shaking). For
the determination of IMPG, the urines were similarly extrac-
ted with ethyl acetate (2 x 20 ml) at pH 6. Aliquots of
each ethyl acetate extract (HVA, 2 x 25ml; HMPG, 2 x 15ml)

were combined and evaporated to dryness under vacuum at

359G,
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The methyl ester /trimethylsilyl ether (ME/TE)
of HVA was formed as follows; the dry residue from the
extracted urine in a B 24 tube was dissolved in methanol
(0.2m1) and methyl esterified with 1.5ml of ethereal dia-
‘zomethane for 1 mihute. After evaﬁoration in a stream of
nitrogen, the dry residue was dissolved in 0,3ml of a 1:2
mixture of HMDS and dioxane, followed by 0.,05ml of TMCS,
and the contents were mixed thorougﬁly. The preparation
was transferred to a 2ml test tube which was tightly
stoppered with a plastic cap and left for 30 minutes at
room temperature for completion of the reaction. The
trimethylsilyl ether (TE) derivative of HMPG was prepared
by dissolving the residue of the urine extract in 0.5ml |
methanol to wash down the sides of the tube; evaporation
of the organic solvent with nitrogen and silylation of
the residue with HMDS/dioxane and TMCS were performed as
described above.

After centrifugation, 0.§n1 volumes of the clear
gupernatant fluids were injected into the column with a
Hamilton syringe. The derivatives of the phenolic compounds
including HVA and HMPG, were separated isothermally on the
7ft 10% SE 52 column at 190°C. The peaks were character=
ized from their methylene unit value (MU) as described by
Dalgliesh, Horning, Horning, Knox and Yarger (1966). This

involved calibration of the chromatogram by the introduction
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of even numbered straight chain hydrocarbons (016 to 022),
n-alkane reference standards, into the column. Any peak
MU value = n+2y/x, where y is the distance (mm) from the

bo thalek & neghbouring rderence standerd Coand « is the dickzace(aum)lhwaake peak
peakxof,this: tandard and that of a second hydrocarbon of
chain length C,+2. Quantification of HVA in the rat urine
was achieved by measurement of peak height (mm) of test
and test plus internal standard, with calculation of endog-
enous HVA and HMPG based on the relative height of the

added standard. The results were expressed aS/ug free

HVA or total HMPG excreted per 24 hours.
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Estimation of S-hydroxytryptamine (5-HT) in rat urine

Free 5-HT in rat urine was estimated essentially by the

method of Oates (1961).

Chemical reagents and materials
Serotonin creatinine sulphate (Koch-Light Laboratories Ltd. ).

Standard solution of 5-hydroxytryptamine (serotonin) 1 mg

base per 10 ml water.

"Amberlite' CG-50 (H) Type I (100 - 200 mesh) (British
Drug Houses, Ltd.).

Preparation of 'Amberlite'! CG=50, pH 7.0

tAmberlite! CG~50 in the acidic form was stirred
with distilled water (3 vol.) for 10 minutes. After
settling (10 minutes) and decanting the supernatant solution,
water was added to make up the original volume. The
process of suspension and sedimentation was repeated 3
times. The supernatant solution was removed and distilled
water (3 vol,) was added,and 10N NH4OH (2 vol.) was run in

with stirring over a period of 1% minutes, after which

stirring was continued for 2 hours. After the resin had
settled the supernatant was removed and the resin washed |
by decantation 3 times with water (3 vol.) és described

above. The resin, now in the HH4+ form was reconverted to

the acidic form by stirring for 30 minutes with 6N HC1
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(5 vol.,) and, after settling, the excess acid was removed.
TheAresin was then washed 3 times by decantation with water
and conve;ted back to the NH4+ form, as above, by stirring
for 2 houfs with 10 N NH4OH (2 vol). The washed (3 times
with 3 vol. water) NH4+ resin was suspended in water (3 vol.
and glacial acetic acid added with continuous stirring
until the pH of the solution remained steady for 30 minutes

at approximately T.O.

Procedure

Two 24 hour rat urine samples were pooled, centri-
fuged and divided into two equal portions, to one of which
had Deen added Jug 5-HT (10pg of standard solution) as an
internal standard. The urines were adjusted to pH 7.0
(NaOH) and applied to 'Amberlite' CG-50 (NH4+ form), pH
7.0 columns (0.55 cm bore, 5 cm bed), previously washed with
25 ml glass-distilled water. After passage of the sample
through the columns, the latter were washed with 25 ml
glass-distilled water. The 5-HT was then eluted from the
columns with 3 ml of 3N HClv. After mixing, 1 ml of the
eluate was added to a small test tube containing 0.3 ml
concentrated HC1l and the fluorescence intensity of the solu-
tions was read in an Aminco-Bowman spectrophotofluorometer
(s1it arrangement no.4) at 295 %p (activation) and 540 mp
(fluorescence), both uncorrected. Water, equal in volume
to the urine portion estimated,was carried through the

procedure as a blank. éhe amount of 5-HT in the urine
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sample was calculated with reference to the internal
standard.
The recovery of 5-HT added to the urine and |

carried through the procedure is about 90%,
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The estimation of 5-hydroxyindoleacetic acid (5-HIAA)

in rat urine

Free 5-HIAA in rat urine was determined by the

method of Contractor (1966).

Chemical reagents and materials
5~hydroxyindolyl-3-acetic acid (Koch=Light Iaboratories,Ltd.

Standard solution of 5-HIAA, 1 mg per ml water. Storage
at -15°¢C.

Sephadex G-10 (Pharmacia Fine Chemicéls, Uppsala, Sweden).

Procedure

Sephadex G-10 (1lg) was slurried in 0.1 N HC1l and
allowed to settle in a glass column (1 cm bore). Two 1 ml
aliquots of a 24 hour sample of rat urine, to one of which
had been added 5 mg 5-HIAA as internal standard, were mixed
with 0.1 N HC1 (10 ml) and applied to two separate Sephadex
colunns. The latter were then washed with 10 ml 0.1 N HC1,
followed by 5 ml distilled water. The absorbed 5-HIAA was
eluted with 5 ml 0,02 N NH4OH; 1 ml aliquots of test and
test plus standard were diluted with 1 ml 6N HC1 and the
relative fluorescence intensity (R.F.I.) of the solutions
determined in an Aminco-Bowman spectrophotofluorometer

(slit arrangement no. 4) set for activation at 295 mu and

fluorescence at 535 qp (uncorrected wavelengths). One
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drop of a saturated solution of potassium persulphate in
water was added to the samples which were well mixed.
After 15 minutes, the blank readings were steady and their
RFI was measured 20 minutes after persulphate addition.
This blank value was .subtracted from the original RFI to
give the fluorescence intensity of 5-HIAA in the sample.
The recovery of 5-HIAA added to urine and carried

through the procedure was about 95%.

Estimation of S5-hydroxytryptophol (5-HTOH) in rat urine

Total 5-HTOH in rat urine was determined by a

method developed by Ruthven (1968).

Chemical reagents and materials

S5-Hydroxytryptophol (Regis Chemical Co., Chicago, Ill.,
U.S.A.). o

For experimental use, 5-HTOH (5 mg) was dissolved in water
(5 ml) plus ascorbic acid (2 - 3 mg). Portions of this
solution (0.1 ml) were dispensed into vials and freeze-dried

so that each contained 100 g 5-HIOH.
Sephadex G-10 (Pharmacia).
Sephadex G-15 (Pharmacia).

Procedure

Two 24 hour rat urine collections from the same

rat were pooled and, after mixing, the solution was divided
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into 2 x 10ml portions. If necessary, walbter was added

to make the portions up to this wvolume. One sample was
‘estimated directly and the other after addition of 5-HTOH
(lO%ug) as internal standard. For hydrolysis, the urines
were adjusted to pH 6 with NaOH (2N, dropwise), thus
avoiding alkaline conditions under which 5-HTOH is very
unstable. Saturated Ba012 (0.8ml) was‘added to precipitate
inorganic phosphate and sulphate and, after centrifugation,
the supernatant was adjusted'to PH 6.4 - 6.5 and incubated
for 18 hours at 3700 with ﬁ-g1ucuronidase-sulphatase |
preparation (Suc d'Helix pomatia).

After incubation, the solutions were centrifuged
and the pH adjusted to pH 7 with NaOH (0.1N). Sephadex
G-15 (3%) was allowed to swell in 0.2M ammonium acetate,
pH 7, (15 ml) for 30 minutes and was then poured into a
glass column (lem bore, height 35 cm) and was allowed to
settle by gravity on a base of cotton-wool over a glass=—
bead, avoiding air bubbles in the process. The h ydrolysed
urine samples were applied to separate columns and the
effluent was collected into a calibrated measuring cylinder.
Thig effluent included inorganic salts and aliphatic com=-
pounds present in rat urine. The columns were then eluted
with 0.2M ammonium acetate, pH 7, (75 ml) and the eluent
measured until a total volume of 40 ml fluid (i.e. urine
effluent plus ammonium acetate eluent) had passed through

the columns. This fraction, which was discarded, included
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5-hydroxytryptophan (5-HTP) 5-HT and 5-HIAA present in
rat urine (Ruthven, personal communication), but not
5=-HTCOH which.was retained on the coluﬁn. The next fraction
of the eluent (46 - 50 nl) was collected separately but
again did not contain any 5-HTOH. This was checked by
taking an aliquot (1 ml) of it, adding conc. HC1l (0.5 ml)
and measuring its fluorescence intensity in couparison with
that of the blank as described later. Similar test and
blank readings indicated that no 5-HTOH was present in
this fréction.

The final 0.2 M ammonium acetate fraction (50 =
85 ml), containin  the urinary 5-HTOH, was collected and
applicd to a Sephadex G-10 column (2g, 1 cm bore), the gel
having been slurried in water before placing in the column.
The effluent was discarded, the column washed with water
(10 ml) and 50% aqueous methanol (2.5 ml), and B-ﬁTOH was
eluted from the column with T75% aqueoﬁs methanol (25 ml in
5 ¢ 5 ml fractions). An aliguot (1 ml) of each of these
fractions was'diluted with 0.5 ml of concentrated HCl and
the relative fluoréscence intensity of the samples deter-
mined within 15 minutes on an AmincofBowman gpectrophoto-
- fluorometer (slit arrangemcnt no. 4) set for activation
at 295 mp and fluorescence at 535 T (uncorrected wave=-
lengths). One drop of a saturated solution of potassium
persulphate in water was then added to the samples, which

were well mixed to aid blank formation. After 5 minutes
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the fluorescence intensity reading was taken to determine
tblank! values. The individual readings for the 5 x 1 ml
samples were added together to obtain the total test and
blank readings. The calculation for the estimation of
total 5-HTOH in rat urine was based on the reading obtained

with added standard.
The use of 75% aqueous mcthanol to elute 5-HTOH

from Sephadex G-10 has been found to increase the final

* fluorescence intensity of 5-HTOH 2.5 fold compared with
elution using the same volume of water. The average
recovery of 5-HTOH added to urine and earried through the

procedure was 53% fnean of 10 experiments).
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Estimation of dopamine (3-hydroxytyramine) in rat urine

Free dopamine was estimated in unhydrolysed
urine essentially by the method of Sourkes and Murphy
(1961).

Chemical reagents and materials

3-Hydroxytyramine hydrochloride (Kock-ILight Laboratories,
Itd.).

Standard solution of dopamine, 1 mg base'per 1l ml O0.01N
HCl. Storage at -15%c.

-

Acetate buffer, pH6; prepared by adjusting iM Na acetate
to pH 6 with 1M acetic acid.

Aluminium oxide (alumina), neutral (Hopkin and Williams,

Ltd.).

Preparation of alumina, acid-washed, for chromatographic

use SCrout, 1961bz¢

Alumina (200 - 300g) was refluxed with 2N HCl

(1 litre) for 30 minutes . The cloudy supcrnatant was
poured off, the alumina stirred briefly in 1 litre of dis-
tilled water and the supcrnatant again decanted after 5
mninutes. This washing and decanting process‘with distilled
water was repeated until the water wash cleared after 5

minutes of settling, and had a reaction of pH 4-5. The

alumina was allowed to dry overnight in an open pan at room
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temperature and was then heated in an oven at 100°%¢ for

2 hours.

Procedure

A 24 hour rat urine was diluted to 25 ml with
distilled water. Two 10 ml portions of the solution, to
one of which had been added %ug dopamine as internal stan=-
dard, were transferred to 25 ml beakers; after 10% EDTA
(2.5m1) and alumina (0.5g) had been added, they were
quickly adjusted to pH 8.4 on a glass electrode with HaOH
(5N and 0.5N). The contents of the beakers were poured
into B 24 tubes (150 mm) and sheken for 20 ninutes on a
mechanical shaker. When the alumina had settled, the
supernatant was removed by suction (water-pump) and the
" alumina washed with 2x 5 ml portions of glass-distilled
water, (manual shaking). The supernatants were again dis-
carded and the adsorbed dopamine eluted with 0.5 M acetic
agid (5ml) for 15 minutes on the mechanical shaker. After
centrifugation, the clear supernatant was used for estima-
tions.

Aliquots (2 x 1 ml), designated test and blank
respectively, of the acetic acid extracts were mixed with
2 ml acetate buffer, pH 6; the final pH was about 5.3,
Dopamine was oxidized with 0,01 N iodine solution (0.5 ml).
At exactly 3% minutes, the oxidation of the test samples was
terminated by adding 0.5 ml 4.5 N NaOH which was 0.2M with

respect to Na sulphite. The dopamine fluorophor is
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obtained by rearrangement in alkali in the presence of
sulphite. The blanks were identical, except that the
alkaline sulphite solution contained in addition ascorbic
acid (2‘mg), prepared freshly; this substance interferes
with the final fluorcscence when added at this stage.
. Phree minutes after addition of the alkali, 1.0 ml of
5N HUl containing 2 mg ascorbic acid was added to the
test samples to stabllize and‘intensify the dopamine
fluorophor. Bhe blanks received 1 ml of SN HC1 alone.
After transfer to ~: 25 ml beakers, the samples were
irradiated under an ultraviolet lamp for 10 minutes at
254 3p to produce maximal fluorescence and the relative
fluorescence intensities were measured on an Aminco-Bowman
spectrophotofluorometer (slit arrangement no. 4) at 330 mp
(activation) and 375 mp (fluorescence) (uncorrected wave=-
lengths). Endogenous free dobamine in the urine was
estimated in relation to the values obtained with the
internal standard.

The dopamine fluorescence was linear between 0.1
and 0.5 ug per ml and the recovery of dopamine added to

urine and carried through the procedure was approx. L8%.
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CHAPTER

STUDIES ON ENDOGENOUS CATECHOLAMINE AND 5-HYDROXYINDOLE
METABOLISM IN IMMUNOSYMPATHECTOMIZED RATS

Noradrenaline is released at mammalian postgang-
lionic sympathetic nerve endings (von Euler, 1956), but is
also present at other sites in the body, including the
adrenal gland (Holtz, Credner and Kroneberg, 1947) and dis-
crete areas of the brain (Vogt, 1954). The permanent |
destruction of a major proportion of sympathetic neurones
following administration of NGF antiserum‘to newborn animals
(Levi-Montalecini and Booker, 1960b) provided suitable experi-
mental conditions for the study of the metabolism of amines
agssociated with the sympathetic nervous system,

Previous observations of endogenous catecholamine
metabolism in the immunosympathectomized animal have been
mainly confined to the measurement of tissue catecholamine
levels (Levi-Montalcini and Angeletti, 1962; Hamberger,
Levi-Montalcini, Norberg and Sjogvist, 1965; Klingman, 1965;
Visscher, Lee and Azuma, 1965; Zaimis, Berk and Callingham,
1965); some data have also been published on the output of
free noradrenaline and adrenaline (Brody, 196L; Carpi and

Oliverio, 1964; Schonbaum, Johnson and Sellers, 1965, 1966).
Unchanged amines form only a minor proportion of total
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catecholanine derivatives in the urine, however, so that
little is known o the overall effect of immunosympathectomy

on cndéogenous catecholamine production and metabolism. In

3

2]

the present wvork the quantities of some of the major metaboli-

tes of noradrcenaline and adrenaline excreted in +the urine

of normal and immunosympathectomized rats hav: been compared.
The urinary output of the noradrenaline precurcor, dopamine,
and its O-methylated, oxidatively deaminated metabolite,
homovanillic acid, has also been estimated in these animals
in an atteupt to estimate the proportion of urinary

dopamine wizich is derived from ithe sympathetic nervous
system.

An inecreascd conccentration of 5-HT has been
reported in the gastro-intestinal tract of immunosympathec—
tomized animals (Hamberger, Levi-liontalcini, Norberg and
Squvist, 1965; Iversen, Glowinski and Axelrod, 1966;
Thompson and Campbell, 1966b). The 5-HT content of the
heart and submaxillary glands of the immunosympathectomized
rat is similarly raised (Xlingman, 1969). As these sites,
particularly the gastro-intestinal tract (Lrspamer, 1954b),
countain a large proportion of total body 5-HT, the urinary
output of 5-HT and its metabolites, 5-HIAA and 5-HTO0H, has
been measured in immunosympathectomized and control rats to
deteruine whether or not the increase in tissue 5-HT levels

is ascociated with changes in 5-IUT metabolism.
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Proccdure

(2) Catecholonine and S-~hydroxyvindole nmetobolites in the

urine of immunocympathectomized rats

Twenty four hour urine sanples were collected from
e (455-775 g body weight) and femecle (210-585 g body
ueight), histologically proven immunosympathectomized
(8. Zeinis, personal communication) VWistar rets,and their.
litter-nate controls, 211 zged 18-20 months. The treated
rats had been injected subcutancously with nerve growth
factor antiserum (Abbott ILaboraztories, Worth Chicago,
Tllinois) for five days after birth, and the controls
with an equivalent volune of 0,9% w/v NaCl. As supplics of
an effective NGF antiserum in rots were scarce, these animals
were kindly put 2% the author's disposal for urine collection
by Professor E. Zainis at the Royal Free Tospital School
of Medicine, Tondon. The degrec of immunosympathectomy
atteined in such rats is illustrated in Fig. 5, showing the
relative size of the superior cervical ganzlion in a treated
rat os cowpared to that in o control animal,
Male rote only were used for the determination
of normetadrenaline, metadrenaline, HMPG and ViTA in the
urine of immvnosympathectomized rats and their litter-mate
controls, vhereas urinary dovnamine, HVA, 5-HT, 5-HIAA and
5-HT0H was estimated in rats of both scxes,

(b) Urinary ¥'PG determination in rats with a nartial

.

immunosyanathcetony
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The urinary cxcretion of HIPG was also determined
in grovpe of rate which had undergone a jartisl immunosympath-
ectomy. To achieve this condition, the rats werce treated
with & nerve growth factor antiserum which deprives mice
of the bulk of their syupathetic nervous syclem, but which

ig much less efiective in rats (D.C. Zdawards, personal

169

communication). The antiserum used was & sterile freeze-
dried preparation (Burroushs Vellcome and Co., Tondon),
wiich had been prepared by injecting a horse with purified
nerve grovtu factor from the submaxillary gland of the
advld mele nouse. Gro ps of robs werc either injceted with
an isovoni. solution of antiserum (3B.V. 'normal strength!'),
prepared by recoanstituting the serum in 10 ml of sterile
distilled water, or with a hypertonic solution (B.W. 'double

on in 5 ml water.

ol

strengtn') preparced by reconstitut
Control ruts, of the sane age, received an egulvalent

volume of 0,9% w/v HaCl.

Roﬁborn rety, mole end female, vere Injected
subcubaneously for the fivst 5 days of life with either
'B.V. normel strength! antiserwa, 'B.W. double-strengﬁh'
anbtiserum or 0.9 w/v HaCl respectively, in doses which
increagsed as follows: 0.2 ml, 0.25 ml, 0.30 nl, 0.35 nl
and 0.40 ml. TUrine was collected for HMPG determination
when the 'normal sirength' rats and their regpective

controls were 8 months old, whercas, for the determination

of H¥MPG output in the 'double strength' animals and their
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controls, 5 of the animals in both the ecxperilueital and
control groups were aged 2.5 months, whilst the remaining
rats (3 in each group were 6 months old.

To ascertain the erfectiveness of the Durroughs
Wellcome antisarum in rats, the size of superior cervical
ganglie dissected frowm both ‘'norizal' and 'double strength’
antiserum~treated animals was compared with that of ganglia
taken from conitrol rats ox the same age. ITypicai results
are illustrated in ¥Fig. 6 and Fig. 7. Although there is a
reduction in the size of the treated genglia, this is not
as pronounced as that found in fully immunosyupathectomized
rats (Fig. 5). Comparative photogrephs of supevior cervical
ganglia of mice treated with the Burroughs Wellcoue
antiserum are shown in chupter 5 (Fig.8 ).

(¢) Conjugation ofi ViA in rat urine

The conjugation of ViA as a glucuronide in ratv
urine was reported by Armstrong and bcilillan (1959). In
order to confirm and, ifi necessary, extend this Iinding
the following investigation was uundertaken.

In two separate experiments, urinc from fifteen
(220 ml) an¢ fourteen (231 ml) rats, respectively, was
pooled. ‘‘hrec duplicate 25 ml portions of each specimen
were taken, onc sample of each pair contaiuing ZOng VilA
added as interunal standard. TFree VilA vas estimated in a
pair of unhydrolysed urvine samples. IFree VIIA plus ViA

glucuronide was determined in a second pair of duplicate
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semples, following preliminary hydrolysis of the urine
with af3~g1uouronidase preparation (Typc, II, Sigme
Chemical Company, S%. Louis, U.S.A.) at pH 6.8. Finally,
'total' ViiA was measured in the third pair of urive sanples
after hydrolysis with a/3—glucuronidase—sulphatase engymne

preparation. VMA was ectimated by the spectrophotometric

texr 2.

()

mnethod deseribed in chax

R

Results

izeretion ol matabolites of noradrenaline snd sdrenaline

in the urine of immunocynocthectonized and control rats.

The levels of normetadrenaline, netadrenaline,
HiPG and VifA excreted in the urine of immunosympathectomized
(Abbott antiserun) and control rats are chown In Table 1.
The results are cxpressed in fterns of/kg per 24 hr snd
/Ag, kg per 24 hr.

HIPG output was significantly decreased (P < 0.001)
in the urine of immuncoympathectomized rals coripared with
controls. In countrast, VA exeretion, when expressed as Mg

oy ko r 24 hr, was slizghtly increased in the treated

*‘d

rats, clthouzh the Jifference wan sigmiiicant only at the
f level.
The YR LS O norncts T-a A e B -
The leveis of noractadrenaline and meiadrenaline
tected in the two groups oi raits weve now signilicantly

different. Yo check the wveliability of the fluorimetric
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TABLE 1.
Bxeretion of metabolites of noradrenzline and adrenaline in the urine of
immunosympathectomized (Abbott antiserum) and control rats.
Immunosympathectonized rats Control rats
Metabolite liean excretion &£ S. .M. Mean excretion T S.B.M.
Free plus No.of jpg per kg No.of ug per kg

conjugated = expts. ,J.g per 24 hr per 24 hr expts. Pg per 24 hr lper 24 hr

Normetadrena~—

I+

2.18 £ 0.13 3.89

line 6 0.35 7 2.54 ¥ 0.54  4.02 T 0.87
Metadrenaline 6 0.77  0.08  1.36 £ 0.16 7 0.87 £ 0.15  1.36 ¥ 0.21
HIPG 7 30.32 £1,11% 58,97 £a.71* 6 . 67.73 % 3.73 108.00 ¥ 4.19
VHA 6 10.55 ¥ 0.84 19.99 % 6 9.20 ¥ 0.77 14.83 Z 1.40

1’54*-2{‘

lMale rats only used in the experiment. Age 18-20 months
* P( 0.001 compared with controls

** PL0.05 compared with controls
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procedure described in chanter 2, and used above to assay
the differential metadrenslines, total wmetsdrenaline

output (i.e. normetadrenaline »nlus nmetadrenaline) was also
measured in the urine of five normal rats by the method

of Ruthven end Ssndler (1965) (see chapter 2). A mean
excretion velue of 3.70 * O.65)1g ner 24 hours was obtaiued,
which is in good agreement with the combined noxmal output
of normetadrenaline plué metadrenaline shown in Table 1.

The concentrations of HMPG execr:2ted in the urine
of rats treated with cither ‘'normal strength' or 'double
strength! Burroughs Wellcome NGF antiserum at birth did
not differ significantly from their controls (Table 2),
although there was some tendency towards a decreased output
of this metabolite in the urine of animals treated with the
more concentrated antiserun. The mean 24 hour excretion
of HHMPG in the combined 2.5 and 6 month old control rats
was lower than of the 8 month and 18-20 month control
(Table 3) but, expressed on & weight basis, the mean level
of HMPG found in the urine of the first group of rats
tended to exceed that of the 18-20 month controls, although
this finding was not statistically significant.

The results of the VA conjugation studies in
rat urine (Table 4) indicated thet over sixty per cent was
excreted in the form of a glucuronide, whilst about twenty
per cent was fouygd as a sulphate conjugate. Aprroximately
twenty per cent of total VMA in the urine was present in the

free state.
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Excretion of total PG in bthe urine of rats treated

nerve growth factor antiserum.

Treated rats

lMean excretiion T 5.E.M.
No.of ng per kg
Ixperiment expts. pg per 24 hr per 24 hr

B.W. 'ormal 68.57 ¥ 13.58 —

6
strength! (667,-g)
B,W.'Double 3
strength? (407, 49)

31.43 £ 7.44 111.20 % 18.65

TABLE 2.

with Burroughs liellcome (B.VW.)

Control rats

- '3 -+ ~- 7
Mean excretion - S.T.M.

No.of
expts.

6
(667, -9)

8
(567, 3q)

B.W. 'normal strength' rats ani controls - age, 8 months

Ag per kg
Jg prer 24 hr per 24 hr
65.70 £ 9.48 —_—

36,43 £ 5.74 132.37 28,1

B.W. 'double strength! rats anuy controls - age, either 2.5 months (5 rats) or

6 months (3 rats).
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TABLE 3.

Variation of HUPG excretion with age in the urine of normal

rats.

No. of Age in
rats months

307, 29 2.5t
24", 19 6.0%
60" 8,0%
607  1s-20t

+

Mcan excretion ¥ £.3.

Pg per 24 hr
* 8.16

30.39
46.50
65.70
67.73

-+

2.37
9.48
3.73

measured by spectrophotometry

137.40
123,96

108,00

¥ measured by gas liquid chromatography

I+

42.77
27.09

4.19
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Total
Free VHMA

Free VHMA +
VA zlucuronide

ViA glucuronide
(by difrference)

VMA sulphate
(by difference)

'Total' VIA was
sulphatase prep
VilA+glucuronide

TABLE 4.
Conjugation of VIMA in rat urine.
Urine No. 1 | | Urine No. 2
pg per 25 ml % total VMA pg per 25 ml % total VIA
28.4 10C.0 18.3 100.0
4.4 15.6 3.4 13.5
22,1 78.0 14.9 8l.4
17.7 62.4 | 11.5 62.9
6.3 22.0 3.4 18.6

estinated after enzymatic hydrolysis with a f-glucuronidase-
aration. Tree VMA was measured in unhydrolysed urine, and free
assayed after hydrolysis wiﬂnezﬁ~glucuronidase preparation.
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Txcrevion of frec dopaminec and HVA in the urine of

imnunosympathectomized and control rats.

Although there was = tendency for the immuno syi=-
pathectomized rats to excrete lover cmounts oi Vi in the
urine comparzd vith the coantrols, this difference was not
statistically significant (Téble 5). ihe urinery output

oi dovanine wag similar in both groups of rats.

Exeretion of S-hydroxyindole mctabolites irn the urine of

immunosympathectomized ond conbrol rais-

Ho 81Ln?ILcunL differences wers cbserved in the
urinary excretion of free 5-HT and 5-HIis betveen
jmmunosympathectomized and control rats (table 6). In
contrast, althouzh the amounts of 5-HTOH detected in the
24 hour urinc samples used in tho present expepinent were
similar for the two groups, vhen the results were expressed
in terms of body weisght, immunosympathectomized animals

tended S0 excrete less then controls (P = 0.05).

Genceral comment on the resulis.

There we- o btendency for the animal o animal
variation in bHoth catecholemine and S-hydroxyindole me >tabo-
lite output values to be less in imnunosympathectcomized
aninals than in control ¢ H5-IITAA (Pg per kg per 24 hr),
normetadrenzline gpg per 24 hr) and IMPG gpg per 24 hr)
showved a signifiéant reduction in variation (P 40.05), and

all the other compounds meacured exhibited this trend.
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TABLE 5.

Excretion of free dosamine and HVA in the urine of imuuncsympathectomized and

control rats.

Imnunosympathectomized rats
g e 2 + Pl I 1 B
Mean excrevion - S.h.M.

Fo.of pe per kg
Compound expts. pg per 24 hr per 24 hr

Dopamine 2,90 X 0.29 5.47 £ 0.44

10
(847, 23)

HVA 25.35 £ 3,15 52.77 ¥ 9.32

9
(797, 29)

Mean excretion fs.mHM.

No.,of
exptse.

8
(65", 20)

9

Control rais

o

Z per kg
pg ver 24 hr per 24

3'62 - 0042 6.62

31.97 £ 4.07 71.62

-+

i+

hr
0.79
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TABLE 6.

Excretion of 5-hydroxyindole metabolites in the urine of immunosympathecitomized

and control rats.

Imnunosynpathectomized rats

tlean excretion X Selt M.

Yo.of ng per kg
Compound expts. »ng per 24 hr per 24 hr
Free 5-0T 5 1.39 £ 0.39  2.30 % 0.15
(48, 1)
Free 5- 1 44.48 £ 5,09 87.77 £ 6.69
HIAA (658, 19)

Free + con-
jugated 5-

5 4,63 £ 0,96 3.88 % 1.31%
HTOH (38", 29)

*P = 0.05

Cortrol rats

Mean exeretion ¥ 5.1.M.

No.of
expts.

(36", 29)

| (65'? 19)

5
(20% ’ 52)

g per

1.60

48,40

5.15

+

x

&

nz per kg
24 hr

24 hr per
0.22 3.04

8.93 86.31

0.43 13.99

+

I+

4

t
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Discussion

HMPG was the only catecholamine metabolite, of
those studied, to show a signi’icant reducfion in urinary
ocutput after imcunosymvathectomy. The observed decrease
tended to run in parallel with the fall in free noradrenaline
levels, previously reported in imaunosympathectomized
animals (Brody, 1964; Carni and Oliverio, 1964; Schonbaum,
Johnson and Sellers, 1965, 1966), suggesting thet, since
HMPG is the predominant metabolite of noradrenzline in rat
urine (Kopin, Axelrod and Gordom, 1961), measurcment of the
concentrations oi this metabolite in urine may provide a
convenient index, during life, of the extent to which
sympathetic nerve growth hac been retarded in immunosympathec-
tomized rats.

On appraisal of the results obtained in the
partially immunosympathectomized fats, howevér, where no
significant reduction in HMPG excretion was observed compared
with controls, it would appear that the extent of the
degeneration of the sympathetic nervous system resulting
from the administration of NGF antiserum must be extensive
(Fig. 5) before a fall in urinary HMPG output can be detected.

L)

Althouszh the size of the affected sympathetic ganglia in
rats trested with this lest effective Burroughs Vellcome
antiserum may bz reduced by 50% or more, as shown in Fig.6

and Fig.7, the urinary output of HMPG, and presumably of
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noradrenaline, in these animals can be effectively maintained
at epproximately normal levels. Wheth r or not an iacreased

synthecis of noradrenziinc cccurs in the residual adrenergic

[

nerves arising from the partially alfiected parvavertebral
ganglia, which would have shown alsost complete atrophy
after treatment .ioh the more effective NOF-antiserum
(Abbott), is unknown.

The present studiecs also esteblish a set of normal
velues for the urinery excresvion of PG and other catecho-

lamine metabolites in nornal =2dult rat where fiprm data of

w

[

tuis noture had previously been scanty. The daily output
of PG in wormal rat urine was seen 0 incrcase with age.
the urinary levels of the motabolite were expressed

L)

etween

fete
B
-

erms of body weight, howover, the differences
age groups diseppeared. The youngest rats examined
( ) exhibited a much wider scattor of individual
HMEG values, particularily when expresces in terms of ng per
kg per 24 hr, than the oldest ruts (18-20 months) investigated.
Although different experimentel tcchniques were used to
meacure metebolits levels in the urine of 8 month and
18~20lmonth old normel rats, the wmean daily exerebtion of
HubG was simllar in the two groups of asnimals.

The daily excretion oi noradrernzlinc has pre—
viously becn éhown to be similar in 8 and 20 menth o0ld rats

(Herbeuval, lass: anc Chollot, 1962), but in terms of body
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weleght, the 8 month 0ld rats had a greater urinary éutput
of the catecholamine.

The enzymes in the rat responsible for oxidatiﬁe
deamination and O-methylation of catecholamines, MAO and
COMT respectively, undergo azge changes depondiﬂg'on the
tissue. For example, the MAO activity of rat heart increases
with age (Noviek, 1961; Studer, Baumgartner anc Reber, 1964;
Gey, Burkard and Plefscher, 1965;‘Iorita, 1967; Prange,
Whits, Lipton and Kinkead, 1967; de Champlain, Axelrod,
Krekoff and Mueller, 1968) vhereas the levels of COMT in
this orgen are independent of age (Gey, Burkard and
Pletscher, 1965). In mid-aged rats (9 ~ 35 weeks), there
is an increase in MAO and a relatively greater one in
COMT activity of the liver. CONT activity in the kidney
decreases with age (Pranze, White, Lipton and Kinkead,
1967). These authors havce also shown that the activity of
both enzymes in brain is constant for all age groups. The
net result of the various changes in engyme activity with
ase on overall HMPG prouuction can be seen in the resulis
of the present investigation. (Changes in urinary excretion
of normetadrenaline with age are discussed in the next
chapter). The groups of 2.5 and 6 months old rats, used
for investigation of normal umirary HMPG levels, included
animals of both sexes whilst fhe older rats studied,

8 and 18 - 20 months o0ld respectively, consisted entirely
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of males. Since the MAO activity in both heart (Skillen,
Thienes and Strain, 1962) and liver (Wurtman, Kopin and
Axelrod, 1963) is greater in male than in female adult
rats, this factor, as well as that oi age, may contribute
to the results obtained inthe present studies.

The comparatively low output of endogenous VMA
in normal rat urine is further confirmation that reduction
of the aldehyde formed by MAO, rather than oxidation as in
the human, is the favoured metabolic route in this species
(Kopin, Axelrod and Gordon, 1961). Whatever the species,
several lines of evidence indicate that HMPG or DHPG, rather
thean VMA or DHIA, may be preferentially formed from noradrena-
line in many peripheral tissues. This is true for such
diverse tissues as rabbit atrium (Rutledge and Weiner, 1967),
guinea-pig vas deferens  (Weiner and Rabadjija, 1968), and
rat submexillary and sublinguél glands (Jonason, 1969)., The
recent studies of Breese, Chase and Kopin (1969a) in rat
brain, indicate that the presence of a/S-hydroxyl group on
the side chain favours intermediate aldehyde reduction, a
finding which may apply equally well to the brains of bther
species in which a preferential formation of glycol | |
metabolites from either exogenous or endogenous noradrenaline
(ilannarino, Kirshner and Nashold, 1963%; Rutledge and Jonason,
1967; Maas and Landis, 1968; Schanberg, Breese, Schildkraut,
Gordon and Xopin, 1968; Jonason, 1969; Sharman, 1969a,b) is
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well documented. The predominant output of VMA in human
(Armstrong, McMillan and Shaw, 1957; La Brosse, Axelrod and
Kety, 1958) and guinea-pig urine (Smith, 1961) may thus
involve a secondary conversion of HMPG to VMA, a reaction
which has beer demonstrated in vivo in patients with
neuroblassoma (LaRBrosse, 1966; Ia Brosse, Schweisguth and
Bohuon, 1968).

The presence of a sulphate conjugate of HMPG and
glucuronides of metadrenaline and normetadrenaline in rat
urine is well established (Axelrod, Senoh and Witkop, 1958;
Axelrod, Kopin and Mann, 1959), but the author is unaware of
similar observations on VMA conjugation in the rat, apart
from a passing reference of Armstrong and Melillan (1959)
which states that the metabolite is conjugated as a glu-
curonide in the white rat. In the more detailed investigation
reported herein, a small but significant proportion of the
total quantity of VMA present in rat urine was found to be
excreted in the free state; the major proportion of the acid
was conjugated as a glucuronide, but a lesser degree of
sulphate conjugation was also detected,

Despite an overall reduction in noradrenaline
production in immunosympathectomized animals, as shown by
the reduction in the endogenous tissue levels of the
catecholamine (Levi-Montalcini and Angeletti, 1962; Hamberger,

Levi-Montalcini, Norberg and Squvist, 1965; Klingman, 19653
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Visscher, Lee and Azuma, 1965; Zainis, Zerk and Cellinghem,
1965), the urinary output oi VMA and normetadrenaline was
notc reduced. Indecd, V:IA excrevion, eﬁpresseﬁ in terms

of body weight at least, may ceven have tean increzsed in
the treated rat. Additional viA could arise from an
increasoed adrenaline secyetion Irom thoe adrenal medulla,
but tiis possibility is unlikely since adrenaline oulput

is normal in +the urine of immunosympatihcectomized rats
(Carpi and Oliverio, 1$64), and no increase was detected in
the urinary levels of metadrenzline in the present investi-
gallon. Adrenal noradrenalinc concentration is raised,
however, in immunosympathectomized animals (Berk, Filipe
and Zsimis, 19653 Carpl and Oliverio, 1964; Vigscher, Lee
and Azuma, 1965) and, sincé the turnover of adrenal medullary
catecholamincs is more than coubled in immunosympathectomized
wice (Iversen, Glowinski end Axelrod, 1966 ), it is likely
that an incrcesed secretion of noradreneline into the
cireulation accounts for the anomalously high normetadrena-
line and ViA which has been observed. Such an explanation,
hovever, would demend a relzstively greater production of
acid at the expensc of glycocl from amine ori.inating Ifrom
the atrenal medulla compared with that derived from other
tissues; this is unlikely since there is no chaznge in the
output of VHA in the urine of adrenclectomized rats (see
chapter 5). The tendency for a greater proportion of amine
secreted directly into the blood stream, compared with that

metabolised within the cell to undergo primary O-methylation,
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1

however, (Kopin and Gordon, 1962, 1963%) could well make a

proportionally largze contribution to the nermetedienaline

(¢

cutput. There is also evidence, arising from studles on

the retentisn and nmotarolism ol radioactive noradrenaline

in imzunosympathectonized enimcls (Iversen, Glowiaski and
- N SR . o .
Axelrod, 1966 ; Sioqviect, Teylor and Witus, 1967), which

indicates that an incrczsed metabolism of the aunine oeccurs
in affected tisoues, mainly accounted for by un increase in
lebelled normetadrenalin- and acid metabolites. Thus any
circvlating noradrevaline secreted by the adrencl medulla,

and taken up by imwunoesymnavhcctomized tissues, would tend

-

a
to undergo O-methylation rather then binding within the

tisave ., COMT activity in mcusce tiscues is not affected
by immunosympathectomy (Iverssn, Glowinskl and Axelrod,
1966:.).

The pattern éf catecholamine m.tabolism in the
treated animal could b2 alterod in faveour of an increase in
nornetadrenaline outnut 1f I1AD activity was decreased.
Althourh such reductions in the activity of the enzyme have
been ronorted, there is conflicting evidence rorarding the
gites affected and the extent of the decrease (Lovi-Montaleini
and Aneceletti, 1962: Iversor, Glowinski and Axelrod 1966
Klingman, 1666a). The resvlts renorited in chooter 5
concerning the effacts of NEGP antiserum on MAD activity of
the tissues of immumosyanathoctomized mice do not clariiy the

eituation, »ossibly bacausce a different preparction of anti-

ar
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serum was used from that empnloyed in the other investiga-

ions
Tha output of the noradrenalinc precurcor and
enaogenous catecholenine, dopaminc, and its wmain

O-mnthylated deaminated metabolite, HVA, was noi signifi-

(@)
ct
Q
=
N
o
foX)
3
O]
ot
9]

canvly altercd in the urine of lenunogymnaths

view that the amount of dopomine assceiated with the
syapathetic nervous system is at most o smell percentage
of the total body depot. Apert from its widespread distri-

.

bution ir various tissucs (wc' chanter 1), & proportion of

+

the amine excroted in the urinﬁ nzy arise from the direct
renal decarboxylation of L-DCPA (Ifurshy and Sourkes, 1961).
Conjugated EVA was not estimeted in the present investigation,
because in the rat the endogenous acid iz mainly excreted

in the frez state (Shaw, Melillen and Armstrong, 1956), the

0]

rat excreting about three times ac much free VA as the

adult human accordin~ to welsht.,  Sinee indtrancuronal

catecholamines wav be nreferentially exnosed to netabolic
N ] Y ;

L.'}

degradation by IMAO, it is rosgin~le that the estimation of
the oxidatively deeminated acid rnetabolite of dopaumine,
DOPAC, which is excreted in rele 2bively large quantities in
rat vrine (Sourkes, steman~Distler, lioran, Murnohy and
Saint Cyr, 1264), may arovide 2 hette agssessment of the

effeect of inmunosympathectony on the motaboelism of

intranevronal donanine than dows measurelent oi ITVA,
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The increased concentration of 5-HT in the
gastro-intestinal tract (Hamberger, Levi-Montalecini,
Horberg and Squvist, 1965; Iversen, Glowinski and Axelrod,
1966; Thompson and Campbell, 1966b) and submaxillary glands,
heart and caecum of immunosympathectomized animals (Klingman,
1969) was not reflected in the present studies by a raised
urinary output of 5-UT or 5-HIAA. The daily excretion of
5-HTOH, the alcohol formed by oxidative deamination of
5-HT and reduction of the intermediate aldehyde product,
was also unchanged in the treated animal; when expressed in
terms of body weizht, however, the levels of this metabolite
in the urinc of the immunosympathectomized rat were reduced.
This finding could be linked with decreases in MAO activity
which have been described in various tissues of the
immunosympathectonized animal (Levi-Montalecini and
Angeletti, 19562; Iversen, Glowinski and Axelrod, 1966;
Klingman, 1966a; see also chapter 5). Since the excretion
of the quantitatively more important metabolite, 5-HIAA,
is unchanged, however, it is unlikely that a reduction in
MAO activity is responsible for the increased tissue
concentrations of 5-HT found in these animals. In support
of this conclusion, Xlingmen (1969) reported that adminis-
tration of an MAO inhibitor {to immunosympathectomized rats
did not accentuate the rise in tissue 5-IT levels,

Recent observations (¥Xlingman and Klingman, 19G9)

indicate that absence of sympathetic innervation may, in



189.

fect, be responsiblc for {the increesed concentration oif

[ o8}

7

tisusue 5-HT efter imnunosy.patiliectomy; surgical syumpathectomy

of rat submaxilisry glanvs rceculbed in signilicant increases

4.

of their 5-H% concentraticn and total 5-ET conbtent. The
raised concentratvion oi the auine could thus rosulit from a

"

reduced ability of Tue

ilesue sveras wo discharge their

recviy weclated to

[N
e

5-nl content, an efrcet which might b
the dupairment of the sympathetic nerve supply in the
munosyupelnectomized animal., In the gastro-intestina

tract, at least, thove Lo ovidence that such a relationship

may oxist botween 5-HT storage end release, and sympathetic
inuvervation. On the becls ol Listochemical studies

HgK&nSOh, Lilja and Owmen (1969) . have provided cvidence
indicating that gastric enterochroralfin cells receive an
adrenergic innervation. [uriherwmorce, siimulation of
syupathetic ncrves to the vasculature oi isolated canine
intestinal seguents cauced a signilicant release of 5-HT
(Burks and Longz, 18646).
In <he normal rad the cudogenous excrebion of

frec 5=k .o secn te bo very lovw in cowmparison with that of

o=

ils deaminated mevabolites. Similar valucs for the urinary
ouvput of the amine in ths ra’t have becn reported by
Alrakginen, Passoncn and Feuitola (1960). Unlilke adrenaline
or unoralrenalinc motabolisii sn the rat, wheve bhe glyecol

rataer shan the acld is th prodomiuent oxidatively deaminated

metabolite (Kopin, Axcleod aud Gowrdon, 1961) the levels of
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eutogorows 5-HIAA irn tle urine are much niglh o than those
OF 5=bW0IH.  Eowever, ohe relavive preoporiion of H-HYUH
cucretod in ret urine i grester thon thet repoited to
L preseny in huwen wrine after cliwinistration of radioac-—
tive 5-i% (Davis, Carhew, Luif and Broun, 15985).
An expianation or the tendc Crey che animal to

enloed variation of excreted compounds 10 be Leps in

lneunosyrpeainectonized than in control vats is notb readlly
crpretation is wade wore cifiiculdt by the

1
7

generallvy of ite cifect. Whc eifect was noted not cnly

in studies ol catecholamine motab bolites, but aivo of
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CHAPTER 4

CATECHOLAMINE METABOLISM IN ADRENALECTOMIZED RATS

In chapter 3 the urinary output of catecholamine
metabolites was determined in rats deprived of a majorxr
portion of their sympathetic nervous sytem. The present
account deals with a similar investigation in adrenal-
ectomized rats.

Changes in the urinary output of adrenaline and
noradrenaline have been reported after bilateral adrenalec—
tomy in man (von Zuler, Franksson and Hellstrom, 1954) and
rat (Immns and Jones, 1967), or following medullo-adrenalectomy
in the dog (Schaepdryver, Preziosi and van der Stricht,
1959), raf (Biscardi, Carpi and Orsingher, 1964; Carpi and
Oliverio, 1964), monkey (Harrison and Seaton, 1966) and cat
(Sakai, 1967). Adrenaline excretion is abolished
(Schaepdryver, Preziosi and van der Strieht, 1959; Carpi and
Oliverio, 1964) or significantly reduced (von Euler, Franksson
ond Hellstrem, 1954; Harrison and Seaton, 1966; Sakai,

1967), whereas uricary noradrenaline levels are significantly
unchanged (Schaecpdryver, Preziosi and van der Stricht,

1959; Sakai, 1967) or increased (von Euler, Franksson and
Hellstrgm, 1954; Harrison and Seaton, 196¢). In the present
study & number of quantitatively important catecholamine

metabolites have been measured in the urine of bilaterally
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adrenalechonized wat: ia order to study, ih wowe detail,
thhe efsect ol tnls proceduvre i overall catecnolamine

DTeducvion.

Proceduie

(a) Totel HIFG (specirophotumetric mathod), Vik,
petadrensline aud soroetadrenaline were csiincted in 24
hour urine spociners fron adrenclectomized and centrol
2ets by weilods decceribed in chopier 2., Free urinary HVA
ven neosurcd by gas-liguid chromatogravhy. Bilatcerally
sdrenclectonized male VWistar rats (Scientvific rroducts
Parm, Canterbury, “ngland) of the soane age and weight renge

(280-~-550

UT

&y

=) wore used in thoe otudy. he rass vwere housed

#n

under warm conditions and the trewced anivals 2llowed Iree
access to solid food and 0.9 (w/v) Iall solution. Control
aninals were jiven tay wascr inssead of {HaCl soluvion,
During the urine collectlon period, animals were Fasted Irom

solid Fuvoéd but allowed 0.9 FaCl solution or vwater ad libitum.

(b) Later, the adirenalectomnizel rats, now weizhing
372~-522 gz, were each treated deily for scven days wifh a
gubcutancous injection ol 10 m. per kg body weizsht hydro-
cortisone ("Bfcortelan Soluble! - hyCrocortisons sodium
succinate Tor injeection, B.P.) ar veplucenent tlerapy.. The
concentrations o»F total PG and frec HVA were re-estimated

in adrenalectomized :nd control rat urine duving sreatment.
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There wac a highly significant increare in
vrineyy ouvhnt ol RUPGE and, to & legoer extent, in that of
VA, in adrenalechowmized rats cograrad with controls
(Tanle 7). VHA and noranetadvsnaline axcretion values vere

not sisuficantly alierss by adrecnaleciony.

Adviinistratio

=

of hydrocoriiszcna Tor seven days

to adrenalectomized rats abolished the rise in urvinary

HUMPG sand HVA oubvut (Pable 3): indeed, whon oxsressed in
terna of weisht, the output of HIPF and Hya dromwed signifi-

cantly bhelow normal levels., In accordance

tions noted in chaoniter 3, thoe mean 24 hour
of HiPG in %he control rats increased with axz, although
this inerease was not significant vhewm expressed in teras
of weilicht (Tobles 7 and 8). Urinary EVA, houever, was
siznificantly reduced (p< 0,001) in the older controls
whon expressed on a weisht basis,

VMetadreneline excretion was drastically decreased

’I

in adrenalectomized rats (ablse 9), althouzh measurable

quantities of the metabolite could be detected in the urine

of four out of six rats investiznted.



194.

TABLE 7

Exeretion of total HMPG, VMA, normetadrenaline and free HVA in the urine of

adrenalectomized and eontrol rate.

Adrenalectomized

Mezn excretion ¥ S.E.M.

' Métaboiité Expts,'“ . ng. per 24 hours -  Expts.

HMPC* Sl gl Tny gty Y yues . 6
B (508,742 20,0)

VMA 6 11.72 £ 1.43 6
A 4 S 2ius s
HVA* 6 - 55.92 % 4.68 6

, (207.0 * 18.0)
* p< 0,001

+,9 £0.05 (M'amif-Whitn,ey test)

Values in parenthesis fepfesent ug per kg per 24 hr
HMPG estimated by speetrophotometry. ;

Hn _estimated by gas-liquid chromatography. |

Controls

Mean excretion ¥ S.E.M.

- pg per 24 »houra- '

' 34.54
(187.6

13.50
5.10

44.45
(160.2

i+

I+

I+ i+
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TABLE 8

Txeretion of total HiPG and fres HVA in the urine of adrenalicetonized rats acrlter

treatuwent with 10 mg per k¢ hydrocortisone daily for 7 days,
Adrenalectomized rats ' Control rats
liean excretion £ 3.E.M. ‘ vean excretion T 5.T.M.
No.of pg per kg ol of o oper kg

letabolite expis. P per 24 hr ner 24 hr expis. T pox 24 hr per 24 hr

PG 5 48.50 £ 5.09 90.4 £ 16.4% 6 60.06 £ 5,05  147.9 £ 13.0
HTA 5 29.58 £ 2,21 65,6 & 5.3% G 34,77 £ 2,07 86.5 + 6.6

#*P £0.05
HIMPG estimated by spectrophotometry

VA estimeated by gas-liquid crromategrarhy
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TABLE

in due urine of adrenslecto-

\J1 >
OO
- L Z
-~ W =3
~1 U W

(83
(&
L]
oo
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0.20 g2 ver 24 hr

Below limits of sensitivity of the method
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Discussion

The paradoxical incrcase in noradrenaline output
after adrenalectomy in human (von Euler, Franksson and
Hellstrom, 1954) and rat urine (Imms and Jones, 1967)
respectively, is accompanied by a significantly elevated
HITPG excretion in the rat at least. The cause of this
effect is unknown, although Imms and Jores (1968) have
suggested that bilateral adrenalcctomy in rats results
in an increase in sympathetic nerve activity, secondary
to a decrease in blood pressure. In agreement with this
hypothesis, it appears that a significant increase in rate
of synthesis of cardiac noradrenaline occurs in adrenalec-
tomized rats compared with normal or sham-operated controls,
and that this rise can be prevented by ganglionic blockédde
(Westfall and Osada, 1969). An increased turnover of
noradrenalince in rat heart has also been observed by
TLandsberg and Axelrod (1968) after hypophysectomy and
adrenalectomy and, recently, Landsberg, de Champlain and
Axelrod (1969) have demonstratcd that increased de novo
biosynthesis of catecholamines in the heart occurs concomi-
tantly with the increased turnover. The raised urinary
BMPG output afiter bilateral adrenalectony reported in the
present studies might also arise, at least in part, from an

increased production of noradrenaline in such sites as the



.bratn (Javoy, GloW1nski ‘and Kordon, 1968).
s HMPG, the ma;or mefabolite of adrenaline and

“-noradrenaline in rat urine (Kopin, Axelrod and Gordon, o

1961). apgeaxsto provide a better index of noradronaline

X turnover than VMA or normetadrenaline, the urlnary excre-

tion cf whlch wag unchanged by adrenalectomy. A similar :
' gorrelation wae noted 1n rats after immunosympathectomy

 (see chapter 3), where & significant fall in urinaty

J5 noradrena1ine'output is matched by a parallel changq in

HMPG excretion without any onrresponding alteration in VMA
or norﬁetadrenalinc output. ' :
Treatment of the adrenalectomized rats with

ﬂydrocortisone resulted in a reduction of the elevated HMPG

A': output to control values. There was.even a tendency for the

excretion values of this metabglite to drop below thqpo‘af
thencontfoi_gréup, reaéhing-ﬁighificanée (2'40.05)‘Qh§n

| gxpt§ss§d 1#‘terﬁs‘of body weight, 1he§e findings are '
_compatible with the observations of Imme end Jones (1967)
who showed that‘éhe'chronic‘administfatioﬁ'of corticosteion.'
to aﬂrpnalectomized rats, in'doses as 1ow as 50 pg’per 100 e
twice daily, reduced the previously 1ncreased catecholaminn
excretion to almost normal 1evels.} Furthermore, West!all
and Osada‘(1969) demonstratu&\that i 7 4 adrenalectomized rats
are tréated with‘réplacemaﬁt doses of elther hydrocortisone
or désoxycorticosterone acetste no inerease in the rate 01 

< synthesis‘bf ecardiac noradrenaline is observed.
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These findings strongly suggest that the absence
of adrenal cortical hormones in adrenalecctomized rats is
responsible for the changés observed in urinary noradrena-—
line and HMPG excretion. Neff, Ngai, Wang and Costa
(1969), however, have recently reported a four fold increase
in cardiac noradrenaline synthesis in the adrenal demedulla-
ted rat, whilst Harrison~and Seaton (1966) observed a
three-fold increase in the urinary levels of noradrenaline
in demedullated monkeys. These results cast doubt on the
physiological role, if any, of cortical steroids in the
regulation of noradrenaline synthesis and excretion in the
adrenalectomized animal. There is some evidence, however,
to suggest that in demedullated rats the function of the
adrenal cortex may be impaired for a period of time
following surgical removal of the medullae; Imms and Jones
(1967) reported an initial hish rate of catecholamine
excretion in rat urine after demedullectomy,which fell to
ﬁormal levels as the cortex regenerated. In a similar
experimentyBiscardi, Carpi and Orsingher (1964) observed
an increased output of noradrenaline during two wecks
Eoliowing Surgery, but normal levels of the amine were
detected six weeks after removal bf the medullae, If the
effects of adrenalectomy on cardiac synthesis and urinary
excretion of noratrenaline were to follow a similar time
course, it is possible that cortical function was still

impaired in the demedullated rats used by Neff, Ngai, Wang



and Costa (1969), even though theilr experiments were not
conducted until at least fourteen days after surgery.

Such an explanation would not appear to be
tenable, however, to explain the increased noradrenaline
excretion in demedullated monkeys described by Harrison and
Seaton (1966), since urine collections were made four
months after surgery. In other gpecies the effect of
medullectomy on noradrenaline output in the urime appears
to follow a different pattern. Thus, after bilateral
adrenal medullectomy in cats, Sakai (1967) observed an
increased noradrenaline excretion in the first twenty~four
hours, but thereafter the output returned to normal levels.
In thevdog, no considerable changes were observed in the
quantity of urinary mnoradrenaline excreted following removal
of the medullae, although a tendency towards postoperatively
increased values of the amine was detected (Schaepdryver,
Preziosi and van der Stricht, 1959).

Regarding the tendency for HMPG levels in the urine
of adrenalcctomized rats to fall below those of the controls
efter treatment with hydrocortisone, it is of interest to
note that Luft and von Buler (1952) reported a significant
depressilon of noradrenaline excretion after chronic cortisone
treatment in arthritic patients, though not after desoxycor-
ticosterone adminiatration; there were no effects on
adrenaline excretion. The effect of hydrocortisone on the

levels of urinary HMPG in the normal rat was not examined



.

rozent investigation, bul future siudices along

nes, oxamining as nany diffcerent cotecholanine

&

c”’

Q
PRI
(-Ja

L .‘

e ab pessible, would appesr to be dndicated.
in contrast wilh HilG, the delly excrotion

normetadrenclineg in the uwrince of the sdrenslectomnized

bilzateral adrenslcectomy in rats (Lvakian and C=llinghaa,

5N D S R . SN UL U P Va i) I I S
186 0l . Sosdiznt reouctliin io nepatic COLT acvivi Ys

N
',..
o]
-
Ll'
O“
[

48]
o
(@)
i
£
[-J
i3

4
}....l

o
()

\f\

g
*
¢
S
'
[a]
L
Q
[ ]

wnd Lmelrod,

not Coull activivy in The liver is slmilarly decreased after

il certalin tissues

ravour thne formation

netavolites. Tiore-

over, additvional noraetadrencliin

e, which may be Iformed in
whe brain as & result of the increased noradrencline
turnover occurriny in that site after audrenslecioay, (Javoy,

K IR B PR SN - ey S e el P 1 I PR ~
ki =nd Zopden, 18968), would be unliikely o pass out

R — 3 [ | N e gyt - - .- - o EN

0xE the brein ac unchanged cmine to any great exten
[T s A A e b . o ewem e g T oy S "V-’t"\ . .
wOln -».9‘31';_; 3 uC;"llﬂ_‘.ﬁ!‘i’\..l?c;&l 9 LXeese L‘,[L(}. LLOAlell’ 1 SIS ) e CO‘aJa,l’d 2

Sudsh, Viloon end Rebincon (1562), using o paper ehromnalo-
srepeic procedure, noved thoet urinary noreetadrenzline

excrevion scemcd to be nodiceably i



202.

bilateral adrenalectomy than in normal man. These differ—
ences between the human and the rat may be species dependent.
It is noteworthy that the mean dailj urinary
excretion of normetadrenaline in normal control Wistar
rats weighing 280-350 g (Table 7) was greater thzn +that
observed for animals weighing 455-775 g (Table 1). Thus
total normetadrenaline excretion appears to decrease with
age. This finding may depcnd to some éxtent on the fact
that MAO activity in certain tissues increases with the
age of the rat (Novick, 1961; Studer, Baumgartner and
Reber, 1964; Gey, Burkard and Pletscher, 1965; Horita,
1967; Prange, White, Lipton and Kinkead, 1967; de Champlain,
Axelrod, Krakoff end Mueller, 1568),whereas renal COMT
activity falls off with age and hepatic COMT increases only
up to middle age (9-35 weeks), after which it is reduced
(Pranze, White, Lipton and Kinkead, 1967).
Four of the six adrenalectomized rats used in
this investigation put out measurable amounts of metadrenaline
in the 24 hour urine sample, a further indication of the
existence of extra-adrenal sources of adrenaline. Other
studies (von Buler, Franksson and Hellstrgm, 1954; Schaepdryve:
and Smets, 1961; Harrison and Seaton, 1966; Sakai, 1967)
have shown that extirpation of the adrenals or adrenal
medullae is not followed by a complete disappearance of
adrenaline from the urine. Coward, Smith, Wilson and

Robinson (1962) detected urinary metadrenaline on the paper
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chromatograms of the urines in two out of fourteen patients
with bilateral adrenalectomy. The detection of phenyle-
thanolamine KN-methyltransferase, the enzyme which converts
noradrenaline to adrenaline, in rabbit heart (Axelrod, 1962a)
and the demonstration that labelled noradrenalinc can be
converted to adrenaline in rat heapt (Potter, Bogaert

and Schaepdryver, 1966), show thai adrenaline may be formed
in peripheral sites other than the adrenal medullza., Whilst
there ls substantial evidence indicating that brain tissue
can form adrenaline (McGeer and McGeer, 1964; Ciaranello,
Barchas, Byers, Stemmle and Barchas, 1969; Pohorecky, Zigmond,
Karten and Wurtman, 1969), and low endogenous concentra-—
tions of the amine have been identified in the brain (von
Euler, 1946¢c; Vogt, 1954; Holtz, 1959; Gunne, 1962),
metadrenaline formed within the central nervous system may
not casily cross the blood brain barrier so that only small
amounts of the metabolite derived from this source may be
present in the urine.

Dovamine forms a small proportion, only, of the
catecholanine content of the adrenal medulla (Holtz, 1959),
but has been detected in the adrenal venous effluent of the
cat under in vivo conditions (Hempel and Mgnnl, 1967).
Paradoxically, adrenalectomy gave rise to an increased
daily urinary output of the major mebtabolite of dopamine,
HVA, which, however, Wwas not significant when expressed

in terwus of body weight. This rise, proporticnally not as



204.

great as that of HMPG, may reflect accelerate? production

of precursor dopamine involved in the increacsed turnover

and gynthesis of noradrenaline in adronaloctonmisnsd aninals
(Tandsberg end Axelrod, 19683 MNefs, Woei, Vansg ond Costa,
1969; Westfall and Cszda, 1969). The accelerated furnover
of noradrenalinc in the brains of zdrenszlectomirad rats
(Javoy, Glowinclki =nd Kordown, 1968) could olazo ho ascociated
with an increased turnover and synthesls of domamine, the
metcabolism of which cowld, in turn, lead to increoced levels
of brain HVA; since this metabolite can vnass out of the
brain by an active transport crocess (Sharman, 19563
Verdinius, 1964) it could contribute Lo ur%inary HVA levels.,
Adrenalcctomy has been rcenorted to cause an increase, and
hydrcortisone treaiment a decrease, in +he amine content

of the tubero-infundihuler dopeninc neuromnes (Almayer and
Donath, 1965). 1In s similar histochemien® oovdy, however,
Fuxe and llokfolt (1.967) were unable to confirm these findings.
¥ioreover, an increase of fluorescence intensity observed in
rdouamine cell bodies in such swudies does not necessarily
indicate an incresssd Fformation of aminc. The civinistration
of hydrocortisone to adrenalectomized rots in the present
studiec did, however, abolish the rige in urinsry HVA output
and, indeed, in terms of body weisht, sigrilicantly reduced
the urinary exeretion of this meitzbolite holow that of the

controls.

The resulvo chown in Yabiles 7 and 8 shou that, in
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contrast o HMIG, but like nermetadrenaline, the excretion

of HVA in rat urinc is decreased with age. It would be of
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ing compare the urinmry excretion of DCOPAC in rats
of different age with thet of HVA to see 1f the change in

VA execrction can be correletod with MAO and COMD activity.
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CHAPTER 5

Studies on monamine oxidase

Current opinion favours the view th:t monoamine
oxidase (MAO) activity within the sympathetic nerve is
responsible for the deamination of intraneuronal noradrenaline,
thereby modulating the level of the amine in the tissues
(Kopin, 1966). Drugs such as reserpine which deplete
catcholamine stores without arousing much sympathomimetic
response greatly increase the excretion of deaminated
metabolites, whereas drugs such as tyramine which evoke a
sympathetic response cause some release of unchanged
noradrenaline into the circulation; tyramine-released
catecholamine is predominantly O-methylated (Kopin and
Gordon, 1962, 1963).

Apart from intraneuronal enzyme, sympathetically
innervated tissues also contain variable amounts of extra-
neuvronal MAO activity. The question arises as to how much
intraneuronal engzyme activity there is in a particular
tissue. After surgical sympathectomy, falls in MAO
activity ranging from 10% to 60% have been described for
various animal tissues (Burn and Robinson, 1952; Waltman and
Sears, 1964; Snyder, Fischer and Axelrod, 1965; Iversen,
Jarrott and Langer, 1968), although some authors detected

no significant change (Armin, Grant, Thompson and Tickner,
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1952; Burn, Philpot and Trendelenburg, 1954). The
greatest reductions in MAO activity were observed in
tissues with a rich sympathetic innervation such as
nictitating membrane, iris, pineal gland and vas deferens.
Results obtained in studies on immunosyupathectomized
animals have tended to be conflicting. Levi-Montalcini
and Angeletti (1962) described large decreases (up to

70% of control values)in MAO activity of the spleen, heart
and submaxillary glands after administration of NGF
antiserum to animals. Significant, though smaller,
decreases in MAO activity of the spleen, submaxillary
glands, kidneys and liver of immunosympathectomized rat
were also noted by Klingman (1966a). Iversen, Glowinski
and Axelrod (196€ ), however, found decreased activity
only in the salivary glands of the immunosympathectomized
mouse, but no changes in other tissues examined. Thus it
appears that only in tiscues where intraneuronal enzyme
constitutes an apprecciable portion of total MAO activity is
it possible to demonstrate a decrease after sympathetic
nerve destruection.

Some recent investigations, using differential
centrifugation and continuous sucrose gradient techniques,
have shown that a considerable fraction of MAQO activity in
such tissues as heart, salivary glands, vas deferens and

splenic nerve is present in the microsomal fraction; whether
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or not this activity actually lies within the noradrenaline
storage particles has tended to give rise to conflicting
data, and may differ from ticsue to tissue (Roth and Stjarne,
1966;‘Stjgrne, Roth and Giarman, 1968; Jarrott and Iversen,
1968; de Champlain, Mueller and Axelrod, 1969). Because

of these considerations, and the difficulty of separating
intraneuronal from extraneuronal MAO activity in a crude
tissue homogenate, it was decided to investigate the effect
of a variety of procedures known to decrease tissue norad-—
renaline levels on MAO activity in subcellular compartments.

Investigations were therefore carrisd out in
reserpine-treated and immunosympathectomized mice, as well as
in mice pre-treated with 6-hydroxydopamine which causes a
f"chemical® sympathectomy (Thoenen and Tranzer, 1968) in
animal tissues.

Parallel with the studics on catecholamine
metabolism in the adrenalectomized rat described earlier,
MAO activity in subcellular iractions of several tissues
of these animals has been measured., In contrast with the
experimental conditions listed above, which are associated
with a 1aék of tissue noradrenaline, adrenalectomy brings
about increased urinary concentrations of this catecholamine
(von Euler, Franksson and Hellstr8m, 1954; Imms and Jones,
1967) as well as enhanced turnover (Landsberg and Axelrod,

1968) and biosynthesis (Westfall and Osade, 1969) of cardiac
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noradrenaline, and an increase in the MAO activity of rat
heart (Avakian and Callingham, 1968; Westfall ana Osada,
1969).

Methods
Chemicals

Kynuramine dihydrobromide (Sigma Chemical Company,
St. Touis); 4-hydroxyquinoline (Koch=Light Laboratories
Ltd.).
Drugs
"Serpasil" (res:rpine) ampoules, 2.5 mg per ml. in reserpine
diluent (Ciba). Reserpine diluent (citric acid (1 H20),
2.75 mg; benzyl alcohol, 20.6 mg; polyethylene glycol 300,
112.2 mg; water for injection to 1 ml). The author is
grateful to Dr. R. Chambers (Hoechst Pharmaceuticals, Ltd.)

for the supply of reserpine ampoules.

6-Hydroxydopamine hydrobromide was kindly supplied by

Dr. A. Pletscher, Hoffman-La Roche and Co, Ltd., Basle,
Switzerland. Prior to injection, the drug was dissolved
in 0,001 N HCl saturated with nitrogen. 6-Hydroxydopamine
is highly susceptible to oxidation at neutral and alkaline

pH.

Antiserum to nerve growth factor (Burroughs VWellcome and
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Co., London); this is a sterile freeze-dried serum, prepared
by injecting a horse wifh purified nerve growth factor
from the submaxillary gland of the adult male mouse., The
contents of the bottle were dissolved by adding 10 ml of
sterile distilled water and allowing the mixture to stand

until solution was complete.

Drug treatment of animals.

(i) Reserpine

Male albino mice, Ash/Porton strain, weight

30-40 g (Scientific Products Farm, Canterbury, England),
were used in the study. Each group of mice contained

5 animals. Separate groups of mice were injected with
reserpine (5 mg per kg i.p) and killed at the following
times after injection - 0, 1, 2, 4, 8, 12, and 24 hours.
Control groups of mice were injected with reserpine diluent
(0.25 ml i,p.) and killed at O, 2, 8 and 24 hours. Iiver,
heart and brain were removed immediately and treated, as
‘described below, for the estimation of MAO activity in
subcellular fractions.

(ii) 6~Hydroxydopamine

Male and female albino mice (ratio 2:1 respectively)
IO strain (A. Tuck and Son, Rayleigh, Essex), weight 30 -
40 g, were used as test and control animals. The test mice

were injected intravenously with 2 x 50 mg per kg of
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6-hydroxydopamine nydrobromide within a 24 hour period,
and one week later with 2 x 100 mg per kg. This was the
dose schedule found to be optival for the most extensive
destruction of adrenergic nerve endings in rats. (Thoenen
and Tranger, 1968). The animals were sacrificed 9 days
later, the required tissues were removed immediately, and
treated as described for estimation of MAO activity in
subcellular fractions.

(1ii) Immunosympathectomy

Newborn male and female albino mice (ratio 1:1,
respectively) TO strain, were injected subcutaneously for
the first 5 days of life with increasing doses as follows:
0.07 ml, 0.1 ml, 0,1 ml, 0.12 ml, 0.15 ml. Thus, each
received Just over 0.5 ml. Dosage is not critical, and can
be varied within wide limits and still give satisfactory
results (D.C. Edwards, personal communication). The
animals were allowed to mature for a 3 month period, after
which they weighed 30 - 40 g. They were then killed, and
tissues were immediately extracted and treated as described
for estimation of MAO activity in subcellular fractions.

To prove that immunosympathectomy had in fact
occurred, superior cervical ganglia were dissected fronm
two treated and two control animals, A drastic reduction
is size was shown to occur in the ganglia of the animals

treated with NGF antiserum (Fig. 8). This feature is
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characteristic of imrunosympathectomized animals.

(iv) Adrenalectomized rats

The adrenalecctomized and control rats used in the
studies described in chapter 4 were xept for 8 weeks after
the administration of the final dose of hydrocortisone. They
were then sacrificed, the required tissues obtained immed-

iately, and MAO activity estimated in subcellular fractions.

Subcellular fractionation of tissues

After removal from test animals, tissues were
washed with ice~cold normal NaCl solution, quickly weighed,
and stored at 4°C until required, The tissues were
homogenized in ice-cold 0.3 M sucrose solution in a glass
homogenizer with Teflon pestle. They were then subnmitied
to subcellular fractionation by a method based on that
described by Hawkins (1952). Cell debris was removed by
centrifugation at 1000 x g for 30 minutes  (M.S.E. "High
Speed 17" Refrigerator Centrifuge) and discarded. This
treatment sediments unbroken tiscue cells, largze cell
fragments, nuclei and red blood cells. The supernatant,
containing soluble cell components and particulate elements,
was centrifuged at 17,500 x g for 1 hour to sediment the
"mitochondrial" fracktion which was retained. The second
Supernatant was centrifuged at 108,000 x g for 1 hour
(M.S.E. Automatic "Superspeed 50" Refrigerator Centrifuge)

to sediment the "microsomal® fraction.
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Both the mitochondrial and microsomal fractions
were suspended in phosphate buffer (0.05 M, pHT.4) and
stored at ~15°C. The final "supernatant® fraction after
centrifugation at 108,000 g was also retained. All

operations were carried out between 0°c and 400.

Comment on the procedure

The subcellular fractionation procedure employed
in this study is arbitrary. Auny MAO activity present in the
gross cell debris was not measured. Activity ascribed to
the so-called final "supernatant" fraction was shown to be
mainly associated with particulate matter, Samples of
normal mouse heart, brain and liver final "supernatant" were
subjected to centrifugation at 200,000 x g for 1 hour. 73,
64 and 71% respectively of the MAO activity was found to
be agsociated with the sediment, the remainder in the
supernatant. There is no reason to suppose that centrifuga-
tion at a sufficiently high force would not remove all the
enzyme activity from solution. With these considerations
in mind, it is obviously important to standardize conditions
as far as possible. Test and control tissues were therefore
homogenized in the same manner, at the same intensity, and

for the same length of tine,

Estimation of MAQ activity

The MAO activity of the various tissue fractions

was estiwated spectrophotofluorimetrically, using kynuramine



as substrate. The experimental procedure was the same as
that employed by Kraml (1965), except that half-quantities
of reagents were used. In this method the fluorescence
intensity of 4-hydroxyquinoline (4HQ), which arises from

the spontaneous cyclization of the intermediate aldehyde
formed by the oxidative deamination of kynuramine (Weissbach,
Smith, Daly, Witkop and Udenfriend, 1960), is meésured.

Thus, the assay does not depend on the tissue sanmple contain-

ing aldehyde dehydrogenase.

Procedure

Aliquots of tissue fractions were used with MAO
activity yielding a fluxrescence intensity lying between
0.1 and 1 pg 4-hydroxyquinoline on a standard curve. A
linear response could, however, be obtained for values up
to 10 pg 4-hydroxyguinoline. Phosphate buffer (0.05H,
pH 7.4) was added to meke the volumc up to 1.25 ml. The
solutions were placed in a metabolic incubator at 3700 and
allowed to equilibrate. Kynuramine (0.25 ml) was added
at timed intervals, and the mixture incubated for a period
of 20 minutes with air as the gas phase. The reaction was
stopped by adding 1.0 ml 10% trichloroacetic acid (rca),
and precipitated proteins were spun down at 1,200 x g.‘ To
1.0 ml of 1N NaOH in a gquartz cuvette was added 0.5 ml

supernatant. The solution was activated at 315 mp and the
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fluorescence measured at 380 mp on an Aminco-Bowman
Spectrophotofluorometer, using slit arrangement No.4.
Blanks, consisting of enzyme preparation mixtﬁre to which
10% TCA hazd been added before incubation, were carried
through the entire procedure. Standard 4-hydroxyquinoline
(0.1 pg, 0.25 pg, 0.5 pg and 1.0 pg, all in duplicate)
plus phosphaté buffer to 1.5 ml were similarly incubated,
with the addition of TCA after the incubation. Standard
blanks consisted of buffer alone plus 10% TCA., MAO activity
in thé tissue fractions was read from a standard 4-
hydroxyquinoline curve, and expressed'in terms of pe of
4~hydroxyquinoline formed per minute incubation per g wet

weight of tissue.

Regults
In the following section, the term 'total MAO

activity' refers to the sum of mitochondrial, microsomal
and supernatant enzyme activity, but does not include any
activity which might be associated with the gross cell
debris.

(i) Mouse MAQ activity after reserpine treatment

Total MAQ activity increased significantly in
the heart and the liver, the maximum effect in both
occurring 2 hours after reserpine administration (Fizs.9
and 10). The increase in cardiac activity was followed by

a fall which continued until at least 24 hours after
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treatment with the drug. As the mitochondrial activity is
large compared with the other fractions, changes in total
activity in heart and liver homogenates mirror those of the
mitochondrial fraction (Table 10). Thus, after an initial
rise reaching its peak at 2 hours, activity of the heart
mitochondrial fraction fell, and at 24 hours after injection
was significantly less (P {0,001) than that of control
samples. On the other hand, despite there being no signifi-
cant change in total MAO activity in the reserpinized mouse
brain homogenates compared with control values, alterations
in enzyme activity were detected in the subcellular fractions
of this organ; mitochondrial activity showed an increase,
(Table 10) which was still significant at 24 hours. In the
1liver, the increase was more rapid,and by 8 hours had fallen
to control levels. |

In contrast to the mitochondrial fraction, MAO
activity of the microsomal fraction of both brain and heart
showed a significant and prolonged fall after reserpine
treatment (Table 11). After 24 hours, activity was signi-
ficantly less (P 0.0l in the heart and {0,001 in the brain)
than control values. Liver microsomal activity, however,
showed a threefold increase 2 hours after injection. The
increase observed in the cOntrol.liver microsomal fraction
was slower in onset, and had declined to initial values

after 24 hours.
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TABLE 10.
MAO adtivity (pg 4-hydroxyquinoline formed per min per g wet weight) of mouse brain,
heart and liver mitochondrial fractions after reserpine (5 mg per kg i.p) and

reserpine diluent.

TISSUE TIME AFTER INJECTION
0 _HR 1 HR 2 _HR 4 HR 8 HR 12 HR

RESERPINE 6.33%0.31 7.04%0.18 7.00%0.11* 7.37%0.30 7.21%0.138& 6.73%0.15

CONTROL  5.98%0.13 —_— 6.00%0.27 — 6.34%0.10 —

_ RESERPINE 3.15%0.10 4.17%0.33 5.64%0.41% 4.34%0.40 2.77%0.12 2.72%0.20
HEARE CONTROL  3.04%0.25 —_ 3.12%0.31 _— 3.37%0,29 —_
LIVER RESERPINE37.70%4.63 54.67%3.18 54.36#4.30% 48.69%6.99 44.08#:2.70 34.21%3.99

CONTROL 34.43%3.36 ——  29.51%5,3%6 — 44,11%4.52 —
24 HR
BRAINRESERPINE 6.52%0.09% ‘ The valuss are the mean of 5 experiments
CONTROL  5.87%0.17 * s pLM.

SE 06 i . ‘
HEARTRESERPINE 1.65-0.15§ , * P<0.0L

NTR .85%0.18
CONTROL 3.85%0.1 § <P 0.001

RESERPINE 32.47%4.70
LIVER .
T CONTROL 30.4131.61
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TABLE 11.

MAO activity of mouse brain, heart and liver microsomal fractions after reserpine

(5 mg per kg i.p.) and reserpine diluent.

TISSUE

RESERPINE
BRAIN
CONTROL

RESERPINE
HEART
CONTROL

RESERPINE
LIVER
CONTROL

RESERPINE
BRAIN -
ONTROL

RESERPINE
HEART
CONTROL

RESERPINE
LIVER _
CONTROL

0 _HR
2.40%0.03
2.45%0.12
0.82%0.05
0.85%0.11
3.72+0.32
4.89%0.72
24 HR
1.5140.12 8
2.76+0.24
0.3610,04%
0.903.11

S

4.57%0,22

1 HR
2.3%2+0.08

0.86%0.06

TIME AFTER INJECTION

2 HR
1.77%0.15
2.31%0.22
0.73%0.04
0.83%0.08

4 HR
1.54%0.06

0.62%0,02

7.58%1,11 11.96%0.828 6.99%0.07

3.25%0.36

Ser———

8 HR

For explanation of legend see Table 10.

12 HR

1.31%0.098 1.35%0.06

2.54%0.11
0.60%0.07
0.77*0.07
6.32%0.92
7.77¥0.91

0.58%0,04

6.22%0.65

The values are the mean of 5 experiments

£ 5.BE.M.

¥ P<0.01
€ P<0.00L
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Enzyme activity of the supernatant fraction
(Table 12) increased signifiéantly in the brain and the
liver; the peak in the former occurred_at about 2 hours ,
after reserpine, and in the latter at 4 hours. Supernatant
activity in the heart was not altered significantly in the
reserpinized animal.

(ii) Mouse MAD activity after 6-hydroxydopamine treatment

Treatment with 6~hydroxydopamine significantly
decreasad the MAQ activity in the microsomal fraction of
both the heart and the liver (Table 13), but only in the
latter tissue was there a significant decrease in total
tissue activity. In the vas deferens, however, a signifi-
cant increase in the microsomal activity was detected. The
mitochondrial fraction of the brain similarly showed an
increase, in contrast with significant decreases in microsomal
and supernatant activity.

The only other tissue fraction showing any altera-
tion in MAO activity was the duodenal supernatant, where a
significant fall occurred after é=hydroxydopamine. No
alteration was detected in subcellular fractions of
submaxillary gland, spleen and kiéney.

(1i1) MAO activity in immunosympathectomized mice

Total MAO activity was significantly decreased in
heart and liver (Table 14), whercas significant increases

were observed in the submexillaery gland and, to an even
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TABLE 12.

MAO activity of mouse brain, heart and liver supermatant fractions after reserpine

(5 mg ﬁer kg i.p) and reserpine diluent.

TISSUE

RESERPINE
BRAIN
CONTROL

RESERPINE
HEART
CONTROL

RESERPINE
LIVER
CONTROL

RESERPINE
BRAIN
CONTROL

RESERPINE
HEART
CONTROL

RESERPINE
LIVER
CONTROL

0 HR
1.01%0.03
1.10%0.04
0.30%0.02
0.42%0.03
1.50%0.51
1.44%0.44
24 HR
0.94%0.11
1.01%0.05
0.31%0.04
0.41%0.04
1.80%0.75
2,01%0.25

TIME AFTER INJECTION

2 HR

1.62%£0.19% 1.34+0.08

0.98%0.16
0.37%0.07
0.46%0.05

1.69%0.47* 3.88%0.74

1.41%0.09

4 HR

0.36%0.02

8 HR
1.30%0.07
1.13-0.16
0.41%0.04
0.38%0.02
2,11%0.62
1.94%0.44

For explanation of the legend see Table 10.

The values are the mean of 5 experiments

t S.E.M.
* P (.05
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MAO activity in the tissucs of mice treated with 6-hydroxydopamine.

TABLE 13.

Activity express—

ed in terms of pg 4-hydroxyquinoline formed per min. per g wet weight of tissue

£ 5,E.M.
TISSUE MITOCHONDRIAL MICROSOMAL SUPERKATANT
- “~“FRACTION “FRACTION “TRACTION
CONTROL 10.40%1.73, 3,03%0.30 0.86%0.08
HEART e tn. Blo5t1.2a¥-S-  1.80%0.197€0-01 1 ozx0.11M-5-
CONTROL 20.3%9%0.49.,. 2.49%0.14 0.17%0.20, ,
BRAIN D 54 00kt .1180-02 5 g3x4.77P<0-001  §113x0 01F 9-0°
: CONTROL 28.98%3,52 12.3731.71, £.66%0,49
LIVER ¢  pp. 53.4%1.270 S+ 7.90%1.0170-05  4l17%0 76" -5
SUBMAXILL=CONTROL 1.98%0.36, o  0.71%0.16y 0.23%0.05y o
ARY GLAND 6 - HD. 1.76%0.247°°° 0.65%0.127°"° 0.22+0,02% "
. CONTROL 1.85%0.20 0.39%0,09,, 0.24%,10
SPLEEN ¢ _“mp. 2.02¢0.208-5+  0.25%0,02" 5" 0.24%504 -5+
. CONTROL 8.56%3,11 3.12%0.76. 0.42%0.,13
DUODENUM  ¢°_"sp, 7.42%1.447 -5+ 20374003575 0.16%0.02F<0-05
VAS CONTROL 2.56%0.54 0.36%0.09 . 0.27%0.07
TEeERENS 6 - 4D, 2.1080.337-5+  0.8020.207<C+05  0l15t0,047 5"
CONTROL 2.50%0.27 0.24%0,02 0.03%0.01,
KIDNEY  ¢"_“pp. 2.56%0.230-5: N.S. 0.04+0. 008 -5+

5 animals in each

0.29%0.04

control and 6-hydroxydopamine group.

For detsils of 6-~hydroxydopamine dosage achedule see text.

¥.S. Not significant at a 5% level of probability.

SUM _OF

FRACTIONS

10.78%1.107" %"

23,05%0.47
04.95%1.00"-S-

46,01%3,06.,
35.49%1 ., 447<0-02

2.93%0.52,,
2,650,340 5-
2.48%0.21

5.51%0, 225 *Se

12.21%3,92
9,95%1.73

3,19+0.60
3,05%0,37

2.77%0.28
3.05%0.23

N.S.

N.S.

N.S.
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TABLE 14.

MAO activity of immunosympathectomized and control mouse tissues. Activity expresséd
in terms of pg 4~hydroxyquinoline formed per min per g wet welght of tissue * S.E.M. -

TISSUE MITOCHONDRIAL  MICROSOMAL SUPERNATANT SUM OF
== ~FRACTION — —TRACTION FRAGITON FRACTIONS
| CONTROL 6.51%0.52 3.7720.31 0.71%0.06 10.99%0. 25
HEART TMONG. 497408585 3. 09%0. *3580.0057 7 S5 0N . 5. 8 3740, 49P<o.oo5
- CONTROL 22.43%0.37 11.31%1, 82 4 04%0.34 37. 78—2 25
LIVER FMUNO. 14, 29ts 53R 001 31ty 75RL0. 05 T7rgxg  55BL0. 0055, 4745 (aPL0. 005
SUBHAXTLI~CONTROL 0.69%0.10 0.21%0,04 C — 0.91%0.09
ARY GLAND TMNMUNO. 1.58%0.428+S+  §l36%y.04PLC-05 1.91%0. 25PL0+05
‘ CONTROL 1.33%0.13 0.16%0.02 0.16%0.01 1.65%0.15
SPLEEN  Imvuno. 1.10%0.1385+  0.20%0.02%-5-  0.19%0.01N-S- 1.48%0.147 5"
SMALL CONTROL 0.51%0.18 0.26%0.08 0.38%0.08 1.15%0.29
INTHSTINE LuNo. 4. 51%0.74BK000L 5 5g¥a 5 P(0.0055"50¥ "1 oN.S.  7757% 5aP40.005
VAS CONTROL 1. 6110 56y o 0.66%0. 21y o —_— 2. 2710 66y o
DEFERENS IMMUNO. 1.48%0.55"-°  0.58%0.21 —_— 1.65%0.67N+5S-
. CONTROL 1. 39 5.25 0. 49*0 09 C. 28 0.10. 1. 73 0.36
UTERUS  rmnmo. 2.01%0.95%-S-  o.23%o.coN-S+  o.70tc.43V-S- 2. 94 0.73N-S.

Control and immunosymnathectomized mice - 5 animals per group.

N.S. Not significant at a 5% level of probability.
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greater extent, in the small intestine. ©No change in
enzyme activity was detected in the subcellular compart-
ments of the splecn, vas deferens and uterus, Whilst the
decreace in liver was a reflection of reduced activiity in
all three subecellular fractions, microsomal activity,only,
was significantly depresced in the hecrt., Submaxillary
mitochondrial activity was unaffected, but enzyme activity
increased in the microsomal fracticon. In the smell intes-—
tine the activity of both mitochdndrial and microsomal
fractions was substvantially increased. Enzyme levels were
too low to be detected in aliquots of submaxillary gland o J

-and vas deferens supernatants taken for assay.

(iv) MAQ activity in adrenalectomized rats.
Total MAO activity of heart, brain and vas defermns

ignificantly increased in adrenalectomized

3

homogenates was
rats (Table 15), but there was no significant overall change
in other tiscuc: examined.

There was a greater than two-fold increase in mitoch-
ondrial activity in the heart, and significant increases were
detected in the mitochondrial fraction of the brain, vas
deferens and duodenum. The rise in duoderal mitochondrial
activity was counter-balanced, however, by a significant
decrease ctivity in the supernatent, similar to that

of a
noted in the submaxillary gland supernatant. Only in the

heart was supernatant activity increased after adrenalectomy.
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TABLE 15.

MAO activity of adrenalectomized and control male rat tissues. Activity exnressed
in terms of ug 4~hydroxyquinoline formed per nin. per g vet weight of tissue * S.E.M.

TISHUES MITOCHONDRIAL MICROSOMAL SUPERVATANT SUM OF

- T FRACTION TFRACTION FRACTION PRACTIONS
mne SOUIOL 0212040000, 001 2365035, 9130180 0u05 18D 1R 000
mam O 3702005 836-8 Grs. $ATSns.  LIR:ec.0m
TAS mms  oMNOL 1-300-0%e(0.01 §:¢210:02eCos 9:300:0Mns. 35D
owoomrm SONTNOE 2.150-0bp 0,01 9:20%0-Chws. 220 kkeco.000 2988 4Tvs.
UL ovmoL 2oi0dfns.  OECfws. 0750wz 23:3505Tvs.
o S e R L BN
Sl U R R
Confrol - 6 animals per group.

Adrenalectomized - 5 animals per group.

N.S. DNot significant at 5 level of probability.
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Microsomcl MAQO activity was not sigrnificantly
altered by adrenalectomy in any tissue =zpart Ifrom the vas

¢eferar, where zn inecreace was obgerved.

Discussion

Several factors may influence the MAO activity of
e tissue, including differcnces in strein, sex and age within
an animal species; In the present work, for instance, total
heart and brain HA0 activity wes lower in one strain of
nouse investigated, Ash/Porton (Fig. 9) then in the other,
70 (ebles 1% and 14); within e strain, mean tissue enzyme
activity in a group of mice with a higher proportion of
males {Pable 13) tended Ho be zreater then corresponding
values in a group. (Teble 14) where the mele/female ratio was
equal. Others have shown that MAO activity in the adult rat
heart (Skil.en, Thienes and Strain, 1962; Prange, White,
Lipton and Kinkead, 1967) and liver (Wuritman, Kopin and
Axelrod, 1963; Prange, Wnite, Lipton and Kinkead, 1967)
is related to sex, nales having significantly more enzyume
activity per wnit weight of tissue or tissue protein,; and
similar considerations may apply fto mice. The influence

t in the ratf, wvhere heart

HAQ activity is kaowa to increase narkedly during growth
(Vovick, 1961; Studer, Dauwgartner and Rebsr, 1964; Gey,

Iurkard an{ Pletscher, 1865; Horita, 1967; Prange, White,
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Lipton and Kinkead, 1967; de Champlain, Axclrod, Xralkoff
and Mueller,‘l968). Phic nrocess appears to be specifie
for the heart, and appears to be specics specific for the
rat, sincc it has not been observed in other animals,
including the mouse (Studer, 1966; Horita, 1967). In the
present study, possible difficulties in interpretation of
results stemming from these factors, werc largely overcoume
by using in each experiment control and test animals of
similar strain and age, and in the same scx ratio.

Studies of subcellular distribution of IMAO in rat
lLiver have shown that the enzyme is predominantly mitochon-
drial (Cotzias and Dole, 1951; Havkins, 1952; Baudhuin,
Beaufay, Rahman-Li, Sellinger, Wattiezux, acosues and de Duve,
1964; Ostwald and Strittmatter, 1963; Zile and ILardy, 19593
de Champlain, Mueller znd Axelrod, 1969), and during the
present investigation, MAO activity was also found to be
mainly localized the mitochondrial fraction of rat and mouse
liver. The presence of abouvt 16% of normal rat liver 1AO
activity in the microsomel frection is a finding in broad
agreement, also, with the receults of other wcrkers (Ostwald
and Strittmatter, 1963; Baudhuin, Besufey, Rahman-ILi,
Sellinger, Wattiauvx, Jacgueg and de Duve, 1964; Jarrott and
Iversen, 1968), As the rat liver mitochondriazl enzyme 1s
probably assdciated with the outer membrane of ths mitochon-
drion (Schnaitman, Frwin and Greenawalt, 1967; Sottocasa,

Kuylenstierna, Ernster and Bergstrand, 1967; Tipton, 1967;
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Boadle and Tloom, 1969) it is possible that apparent
microsomal activity arises frow a shearing off of the
mitochondrial menbrence durinz homogenisation; it appears,
hovever, thet the subcellular distribution of rat liver MAO
mey not exactly parallcel thet of succinic dehydrogenace
activity (Ostwald and Strittumatiter, 1963; Baudhuin, Beaufay,
Rehman-Li, Sellinger, Wattiaux, Jacques and de Duve, 1964)
which is usually counsidered to be a marker cenzyme for
nmitochondria (Slater and Planterose, 1960). Thus, a true
extra-~mitochondrial location for a proportion of the MAO
activity cannot be ruled out.

The results preseanted in this chapter confirm
previcus fiandings (Bogdanski, Weiss
1957; Weiner, 1960; Rodriguez de Loresz Arraelz =nd
de Robertis, 1962) that brain ¥MAO is also predominantly

associated with the mitochondrial fraction. The proportion
of microsomal IAO activity in the brain of onc strain of
control mouse (Ash/Porton) wvag, however, merkedly higher
than in the otlhier strain (T0). Mhe possible sirmificance

£ the brain microsomal fraction is ciscussed later, in the
light of effects produced by resernine administration.

Although considerable activity wos observed in
the microsomel frection of the heart and svbmaxillary glands
after differential centrifugation, a greeter proportion

was again located in the mitochondrial compartment. This
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finding = does not confirm ithe observations of

de Champlain, ilfuclicr and Axelrod. (1969), who reported that
MAO activity in the rabt hcart is mainly localized in the
microsomal fraction. 4his Qisagreement may be accounted
for, in part, by cifferences in rat strain and in the
efperimerntal procedure adopted. The major portion of
enzyme activity was localized in the mivochondrial fraction
of 211 other wormal mouse or rat tissues investigated
including vas deferens, in agreeuent with previous findings
(Jarrott and Iversoun, 1968; de Champlain, tiueller and
Axclrod, 1969).

Although depletion of tissue noradrenaline levels
ig an effect common to reserpivized, ivmunosympathectomized
and 6—hydroxydoyamine~tfeated animals, the ultrastructural
alterations induced by these drugs is essentially different.
The precise mode of action of reserpine is still largely
unlmowvn. It does not appcar Lo damage the external membrane
of the necurone; its effect appears to be related in some
way to lmpairment of catecholamine uptake and release
mechanicms associated with the amine sitorage granules
(For rcferences see chapter 1). Reserpine-induced changes
in the ultrastructure of hcart mitochondria are discussed
later. The anstomical lesicns produced by antiserum to
NGF are more extensive. Iliistological studies have shovwn

thet the cell population of paravertebral sympathetic ganglia



231.

is markedly reduced (Levi-lontalcini and Booker, 1960b;
Hamberger, Levi-Montalcini, Norberg and Squvist, 1965)
with resultinz atrophy of the postganglionic sympathetic
axons. Administration of 6-hydroxydopamine, in sufficiently
hish dosage, has bheen shown to produce'ultrastructural neuronal
damage in cats (Tranzer and Thoernen, 1968) and rats (Thoenen
and Trangzer, 1968),but the derenerative process appears to
be confined +o adrenergic nerve endings. Non-terrinal
axone .and cell bodies seemed to be reletively unaffected
(Malmfors and Sachs, 1968). Such differences in drug
action must be borne in mind when considering the effect of
thesge drugs on MAO activity. For example, if intraneuronal
MAO is distributed alonz the length of the postganglionic
sympathetic neuroye, it is likely that the quantitative
effect on MAO activity might differ in immunosympathectomilzed
mice compared with animals treated with 6-~hydroxydopamine,

During the present work reserpine appeared to
cause both increacses and decreases in MAO activity, and the
time after injection at which the meximum effect was seen
differed not only from tissue to tissue, but 2lso beiween
the subecellular fractions of a single organ. It is
difficult to correlate changes in tissue MAO activity with
regerpine-induced depletion of monoamine levels (see
chapter 1) because of differcnces in specles, dosage and
route of administration.

Recent studies (Izumi, Oka, Yoshida and Imaizumi,



1957, 1969; Youdin and Sandler, 1963) have shown that
reserpine can enhance tac activity of MAO ia tissues, The
increased enzyme cctivity in the hesrt and brain iitochon—

o

drial fractione observed by these authors, is in general
agreement with the present r:sults, although the increase
reported by Youdim snd Sandler (1968) in the combined
microsomel~-supcraatant activity of rat heart and brain,

5 hours after rcoerpine, could aot be confirmed by exira-—
peclation of the precent data. On the otlhierhand, Cervoni
(1569) hLas zeported a fall in the MAO activity of cat
nietitating membranc 24 hours after reserpine administrations
total MAC sctivity in wmouse hcart is also siguilicantly
reduced et bhis time (Pigz.9). The results pr.osented here
ghow thet chenges in AC activily after rescrpine are time
dependent, vhereas data of other authors were obiained at
one specific time after reserpine administration.

Wherecas MAO activity of the microsomal fraction

of both the brain and heart showed a signiiicant and
prolonged fali after reserpine, that of the liver was
markedly increased. The maximum increase of béth mito-
chondrial and microsomal MAO activity in the liver was obser-
ved at 2 hours. This paralliel behaviour of the liver
subcellulay fractions is coupatible with the view that the
liver microsomal fraction is part of the large mitochondrial

fraction, which has become cheared off frowm the outer membrane



during homogenisation. Althoush an incerease in mitochondrial
MAQ activiiy was obsevved in th: heart and the brain, the
decrease in microsomal HMAQ activity of mouse heart and brain
after reserpine wmakes it more dilficult o accept this
explanation for the findings in these organs, despite the
fact that, hitherto, brain A0 hes been thought to be associa=-
ted exclusively with mitochondria (Bopzdanski, Weissbach and
Udentfriend, 1957; Weiner 1960; Rodrféuez de Lorez Avrnaiz
and de Roberiis, 1962)., <she enzywe activiiy of the
supernatant fraction ircreased significantly in all three
tisrues after recerpine administration. JThe drug thus
appears to cause a decrease in the ratio of nicrosomal to
supernatant MAD ectivity in both heart and bdrain as opposed
to liver, where its zdministration results in a shaxrp but
transient increace in ratio. Reserpine thus seems, in
heart and brain at least, to cause a leakae uf‘MAO from
the microsomal to the supevnatant fractions. Il is
interesting to note that in the hearts of reserpine-pre—
treated animals, exogenous noradrenaline appears to
accunulate in the supernatany as opsosed 4o the microsomal
fraction (Campos an¢ Shidemen, 1962; Iversean, Glowinski and
Axelrod, 19€5h),

It is dirfficuld to weight the relative importince
0f the MAO activity aswociated with cach subecellular

a
fraetion with respect bo the imactivation of physiclogically
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relcased erdogenous monoeminecsg and of amiacs celeased by

resorpine. A close asvseiaticn has Toea noted beuween

D)

miernaomal WAQ activity and noradreanaline sitovage particles
L - . “ - 0]

in the heart (Stjsrnc, Roth and LGisrnmen, 1968; de Champlain,

Mueller and Axelrod, 1989) and in bovine wplenic nerve

(Roth end Stisrne, 1966). The trencicnt lcerease in HMAO

(&)

activity of the mitochondricl frzcticng of 211 three ticcues
after reserpine, varallels the monoesnine release (for refer-
ences, sce review by Cerlsson, 1966), These couwpcounds
misht act as substrate activators of the enzjue. Un the

. - -

other hand, the apparent increase in activity mig t derive

D7 e
from increszed access of cubstrate to ensyue, d.c¢ to meubrane
permeability chunges cnused by reserpine. Histocnemical
evidence exists of a derengerent in 1lipid ¢ud glycogen
etabolism, ond dzpression of mitochondrial oxldetive
enzymes, in the myocardium of reserpinized mice (Sun, Sohal,
Goleolough =nd Burch, 1968); - ultrastruvctural studiles
‘have shovn szisnfficant changes of mitochondrial architecture
in the hearts of rezervine-treated animals (Wilcken, Brender,
MacDonald, Shorey and Hinterberger, 1567; Sun, Soial,
Colcclough and Burch, 1963). In the fovacr study,
mitochondrial changes paralleled noradrenaline depletion.
Biochemical evidence also points to the existence of

abnormzl mitochondrial function after lorge doses of

reserpine, uncoupling of oxidetive phosphorylation having
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been obhserved in the mitechondria of the heart (Schwartsz

and Lee, 1960), brzin (Abood and Romanchel, 1957) and liver

(Xirnckar anc¢ Lewis, 1960). Vhether or not the shift of
MAO zetivity from microsomsl to svpernatent fractions in

the brain znd heert is similerly duec to a direct physical
effect of rrasronine on the particle membranes, leading to
rupture onfd rélease of coluble enzyme, is unknown,

The effecte of immunceovmpethectemy on adrenergic
dezenaration are pormangnt,whereas thoge due to_6-hydroxydopa—
anpesr to be reversible. In the sy sent study, mice
vere rot ¥illezd wntil 9 dayc after the last dose of
6-hydroxydoremine. This docage schedule was, however, the

ame ac that used in rates by Thoernen and Tranzer (1968)

jos]

to obtain the most complefc gympathectomy. Two weeks after
the lagt injection of é-hydroxydopamine they found, at most,
only an insignificent recovery in noradrenaline content of
all organs studied. ILaverty, Sharman and Vogt (1965) found
that the level of mouse hcart noradrensline was still low,
after 2 single injection of 10 m¢ per kg 1.V., as long as
14 days aftcr the injection. Thug, in the prosent study, it
is not unreasonable to assume theat trere was still a
substantial'degeneration of adrenergic nerve terminals in
trented mouse tissves 9 dave after the finel adnministration
of 6~hydroxydopamine.

A significant rsduction in total hepatic MAO

activity was observed in both immunosympathec%omized and
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6-hydroxydopamine~treated mice. Whereas this decrecase
was spread through all subcellular fractions in immunosym-
pathectomized mice, it was confined to the microsomal
fraction in animals treated with 6~hydroxydopamine.
Similarly, although MAO activity was significantly reduced
in the cardiac microsomal fraction in both groups, only in
immunosympathectomized mice was a significant reduction in
total activity observed. It is noteworthy that a significant
reduction in heart microsomal MAO activity occurred in
animals tre:-ted with reserpine, antiserum to NGF, and
6-hydroxydopamine, pointing to an association between this
fraction and intraneuronal MAO activity, at least in mouse
heart. The reductions observed in liver MAQ, which have also
been reported by Klingman (1966a) using crude liver
homogenates, are more difficult to explain. Intraneuronal
MAO activity might be expected to form a small proportion
of the total MAO activity of this organ, if the relatively
low noradrenaline content ofi rat liver (Klingmen, 1965)
compared with other organs is used as a guide; thus the
presenf findings are rather unexpected.

No alteration in MAO activity was observed in
subcellular fractions of vas deferens and uterus ffom
immunosympathectomized mice. In the vas deferens of

6=-hydroxydopamine-treated mice, a rise in microsomal enzyme
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activity was detected, which was not, however, mirrored by
the total activity. The peripherally located adrenergic
ganglia,which supply nerves to the vas deferens and the
uterus (Sjostrand, 1965; Sjoberg, 1967), are relatively
resistant to the effects of NGF-antiserum (Hamberger,
Levi-ilontaleini, Norberg and Squvist, 1965; Levi-lontalcini
and Angeletti, 1966) so that a decrease in MAO activity of
these organs would not be expected. The decrease in
noradrenaline content and ultrastructural alteration of the
vas deferms induced by 6-hydroxydopamine in rats, were less
extensive than similar changes in other organs (Thoenen
and Tranzer, 1968; ILaverty and Phelan, 1969) but it is
difficult to explain the increase in microsomal MAO activity
detected in this organ.

As noted previously, the lesion produced by
6-hydroxydopamine appears to be mainly confired to adrenergic
nerve endings. 4AO activity may, however, have a wider
distribution along the postganglionic neuron. These
considerations might help to explain why MAO activity in
organs with a rich sympathetic innervation, such as the spleen
or submaxillary glands, is not reduced after 6-hydroxydopamine
treatment. Other workers have reported variable, but signifi-
cant, reductions in MAO activity of spleen and salivary or
submaxillary glands of immunosympathectomized animals

(Levi-Montalcini and Angeletti, 1962; Klingmen, 1966a;
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Iversen, Glowinski and Axéirod, 1966 ), but their findings
could not be confirmed in the present study; indeed, an
increase in activity was observed in microsomal and total
fractions of the submaxillary gland of the treated mouse.
BEqually puzzling is the marked increase in enzyme activity
detected iﬁ the small intestine of the immunosympathectomized
mouse. Although an increase in intestinal 5-HT has been
reported in animals treated with NGF-antiserum (Hamberger,
Levi-Montalcini, Norberg and Squvist, 1965; Iversen,
Glowinski and Axelrod, 1966 ; Thompson and Campbell, 1966b),
this finding is not mirrored by a rise in the urinary
output of deaminated metabolitcs of this monoamine (chapter
3). The efficacy of the antiserum used in the present
study is proved, however, by the drastic reduction observed
in the size of the superior cervical ganglia of treated
mice. No previous work, however, has been published in
which this barticular antiserum has been used. Unlike NGF
antisera of rabbit (Levi-Montalcini and Angeletti, 1966)
and bovine origin (Abbott Laboratories, Chicago, Ill., U.S.A.),
used to prepare immunosympathectomized animals previously,
the present antiserum derived from the horse. At present,
however, no explanation for the inecreases in MAO activity
observed in certain tissues of the immunosympathectomized
mouse can be put forward.

These studies indicate that MAO activity in the

duodenum of the mouse is greater than that found in more



distal regions of the small intestine. Histochemical
studies in the rat and other animals heve previously shown
that a large proportion of duodenal MAO is located in
extraneuronal sites, particularly in the mucosal epithelium
(Glenner, Burtner and Brown, 1957); drug-induced changes in
intraneuronal MAO activity may be therefore difficult to
detect.

Kidney levels of MAO are low in the rat (Bhagvat,
Blaschko and Richter, 1939) but, in confirmation of other
work (Hope and Smith, 1960), vigorous enzyme activity was
detected in mouse kidney. Subeellular MAQ activity was,
hovever, unaltered in this organ following administration of
6-hydroxydopamine. Sysﬁemic administration of 6-hydroxydopa-
mine has previously‘been shown to reduce the noradrenaline
content of the kitten hypothalamus, but the drug had no
effect on whole brain concentrations of noradrenaline in the
mouse (Laverty, Sharman and Vogt, 1965) when administered
by this route, 6-Hydroxydopamine is thus unlikely to cross
the blood-brain barrier. The cause of the shifts in enzyme
activity observed in the subcellular fractions of mouse brain
after 6-hydroxydopamine is unknown, but, since the drug is
unlikely to enter the brain, and total MAO activity is
unaffected, it may arise from homogenisation artifacts.

Total MAO activity in a number of different organs
was significantly increased in adrenalectomized rats,

confirming and extending the findings of other workers in
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the heart (Avakian and Callingham, 1968; Westfall and

Osada, 1969). Indeed, the heart was the organ most affected
and the only one to show'a rise in supernatant MAO activity.
Whether the increased enzyme activity and compartment shifts
are adaptive responses to facilitated production of its
substrate is unknown; in rat heart (ILendsberg and Axelrod,
1968) and brain (Javoy, Glowinski and Kordon, 1968) an
enhanced noradrenaline turnover is known to accompany the
potention of MAO activity bbserVeG after adrenalectony.
Alternatively, they might stem from an action of glucocérti—
coids on the permeability of intracellular membranes to
amines. The reduction of MAO levels in the adrenalectomized
heart to normal, following treatment with hydrocortisone
(Avakian and Callingham, 1968), is a pointer in this

direction,
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CHAPTER 6

SOME INVESTIGATIONS Ou THE METABOLIC AND BIOSYNIHETIC

ACTIVITY OF NEUROBLASTOMA TUMOUR Il TISSUE CULIURE

The urinary excretion of catecholamine metabolites
in rats treated with antiserum to NGF has been desceribed in
a previous chapter. Contrasting with the deficiency of
noradrenaline and the consesuent effects on cotecholamine
metabolism in the immunosympathectomized animal is the over=
production of catecholamines and their metabolites found in
functional neural crest tumours. Moreover, evidence has
been reported by Burdmen and Goldstein (1965) that HGF acti-
vity is higher in the sera of neuroblastoma patients than in
normal sera, and incre.ses with the size of the tumour. This
establishes an involvement,though not necessarily a role;for
NGF in the pathology of the tumour (Varon, 1968).

Barly observations on the increzsed urinary excre-
tion of catecholamines and their major metabolites in patients
with tumours of neural crest origin (Mason, Hart-llercer,
Millar, Strang and Wynne, 1957) have been confirmed many
times (Isaacs, Medalie and Politser, 1959; Greenberg and
Gardner 1959; Stickler, Hallenbeck and Flock, 1959; Sandler
and Ruthven, 1959; von Studnitz, 1960; Voorhess and Gardner,
1961bs Ia Brosse and Karon, 1962.,).  Tumour tissue analysis
has becn scanty. La Brosse and co-workers (La Brosse,

Belehradek, Barski, Bohuon and Schweisguth, 1964) incubated
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tritium-Jabelled noradrenaline with isolated neural crest
tumours in tissue culture. Following paper chromatography
of the culture medium, the developed chromatograms were
scanned for radioactivity. The authors claimed to detect
the formation of 4-hydroxy-3-methoxyphenylglycol and normet-
adrenaline as well as the sulphate conjugate of normetadrena-
line, but not of VMA. In this experiment, labelled noradren=-
aline was incubated with the tissue culture for 48 hours at
379C. It is known that adrenaline and noradrenaline are
destroyed within a few minutes in Krebs bicarbonate buffer,
pH 7.4 at 37°C (H4ggendal and Svedmyr:, 1967), although the
presence of tissue‘(rat diaphragm) has an inhibitory effect
on the destruction of adrenaline. On the othér hand, nora-
drenaline can be stored for at least four hours without des-
truction at room temperature in sterile sodium bicarbonate
solution, pH 7.9 (H#ggendal and Johnsson, 1967). Neverthe-
less, the lengthy incubation period of 48 hours may have led
to some breakdown of noradrenaline in the experiment of La
Brosse, Belehradek, Barski, Bohuon and Schweisguth (1964).

In addition, no initial fractionation of possible metabolites
of 3H.—noradrenaline,prior to chromatography;was undertaken
in the experiment. Removal of residual 3Hi-noradrenaline is
desirable because of the large initial count (7.5 Pc) added
to the medium. The salts and nutrients, in addition to the
protein present, in the medium, are likely to interfere with

the running of a paper chromatogram and lead to erroneous

conclusions as a result of the high JY4-noradrenaline count
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present.

Because of these objections,it wc. decided to re=-
investigate the metabolism of labelled noradrenaline incu-
bated with a continuous cell line of a neuroblastoma tumour,
using a more detailed analytical approach.

As an extension of these studies, labelled DOPA
was similarly added to a neuroblastoma tissue culture and the
supernatant was examined after incubation to detect the

possible presence of labelled dopamine and noradrenaline.

Investigations

A. Incubation of 14C-noradrenaline with neuroblastoma
tlssue culture

Specification of ‘4g-noradrenaline

DI~Noradrenaline (carbinol—l4c) DI~bitartrate (14C-NA)
crystals; Specific activity, 41.2 me/m mole. (Radiochemical

Centre, Amershanm).

Preparation of solution of 14C-noradrenaline for incubation
wI%ﬁ Tissue cuiture. .

The 14C-noradrenaline,as supplied, was dissolved in 1.0 ml of

0.1 N acetic acid. To prepare sterile 14C—noradrenaline for
the 48 hour incubation experiment, a portion of the solution
was passed through a millipore filter into a sterile bijou
bottle and the sterile filtrate was stored at -15°¢.

Breakdown Qi_}4c-noradrenaline during incubation at 37%¢

This experiment was conducted in an attempt to

£ind the longest period of incubation of:ub-noradrenaline
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in culture medium at 37°¢ compatible with minimal breakdown

of the compound.

Procedure

"(a) Incubation and paper chromatography
l40-noradrenaline solution (20/u1‘, Z/uc) was
added to each of four 15 ml samples of Eagle's tissue culture
medium (Burroughs Wellcome and Co., Ltd.,(London) which
included 10% calf-serum. The preparations were incubated
at 37°C and pH 7.4~7.5 for periods of 30, 60 and 120 minutes
and 48 hours respgctively. After incubation, 50/&1 of each
sample was applied as a 2 cm streak to a 4 cm wide strip of
Whatman No. 1 paper.  Chromatograms were developed overnight
by descending chromatography ih butan-l-ol: acetic acid:
water (4: 1: 1); SO/ul of 14C-noradrenaline solution in 15 ml
of Eagle's medium plus calf—serum, which had not been incu-
bated at 37°C prior to chromatography, was used as control.
Authentic noradrenaline (10/ug) was used as carrier and marker

on the chromatograms.

(b) Location and measurement of radioactivity by automatic
scanning. S SASSnet VY Oy gntonavie

Developed chromatograms were dried and labelled with
l-Pl of a non-volatile highly active 140 —‘compound, the 'hot
spot! being placed at a point 2 cm from the origin on the side
remote from the solvent ffont. Chromatograms were then joined

end to end with adhesive tape,and the first and last strips

attached to feeder spools of a windowless £IT Geiger gas-flow
automatic scanner ("Scanogram II" Model RSC -~ 160 - Baird
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Atomic, Cambridge, Mass., U.S.A.). This instrument was
coupled to a research ratemeter (Model 432 A-Baird Atomic)

and a rectilinear recording milliammeter (Texas Instruments
Inc., Houston, Texas,U.S.A.). Chromatograms were scanned in
an atmosphere of Geiger gas (helium 98.5%, butane 1.5%), after
which the 'cold' noradrenaline was located by spraying with
ferricyanide ~ phosphate buffer (pH 7.4) reagent (potassium
ferricyanide (K3 Fe (CN)G), 0.44 g per 100 ml prepared in 0,1
M phosphate buffer (pH 7.4)). With the aid of the 'hot
spot!, the charts éhowing the location andfintensity of radio=-
active peaks on the chromatograms were aligned with the sprayed
strips, so that radiocactivity due to 14C-noradrenaline and/or

its degradation products could be demonstrated.

Results

Incubation with culture medium for 48 hours led to
virtually complete breakdown of 14C--noradrenaline. Whilst -
there was some degradation of this compound after 60 minutes
incubation, this was less marked than that observed after 120

minutes. No break down of 14C-noradrenaline was detected

after 30 minutes incubation.

Incubation of ;4C—noradrenaline with neuroblastoma tissue

culture af 37°C
An incubation time of 30 minutes at 37°C was chosen

for a detailed study of the metabolism of 14C—noradrenaline by

neuroblastoma cells in tissue culture since, under these con=-
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ditions, no breakdown of the compound was detected in the
experiment described above. Some preliminary work was also
carried out employing an incubzstion time of 48 hours as

used in the original study of La Brosse, Belehradek, Barski,
Bohuon and Schweisguth (1964), in addition to an intermediate

period of 2 hours.

Incubation procedure
- The author thanks Dr. A. E. Claireux (Dept. of

Morbid Anatomy, The Hospital for Sick Children, ILondon),
who supplied the tissue culture material and provided lab-
oratory facilities for the incubation experiments. The
neuroblastoma tissue cultures were continuous cell lines
derived from histologically-proven differentiating tumours.
The incubations were carried out by Mrs. G. Adron and Miss
D. Chambers, to whom the author is very grateful.

In each experiment, 14C—noradrenaline solution was
added to 15 ml of the following: Eagle's tissue culture
medium alone (including 10% calf serum); control non-catechol-
amine secreting tumour cells in tissue culture, plus medium;
and neuroblastoma cells in tissue culture, plus medium,
Ependymoma tumour cells were used as control for the 30
minutes experiment, and He La cells for the 2 and 48 hour
experiments. After incubation of 10/uc (0.1 ml) 46 pora-
drenaline test and control samples for 30 minutes at 37°0,
or 2/uc (ZO/ul) in the 2 and 48 hour experiments respectively,

the pH of the decanted supernatants was adjusted to between

1 and 2, after which they were stored at ~15°G until required.



247,

Column fractionation of 14C-noradrenaline metabolites

Reagents and materials

0.2M Sodium acetate reagent: 27.2 g hydrated (A.R.) salt
dissolved in 1 litre distilled water.

Sodium acetate solution of hydrated (A.R.) salt dissolved
in distilled water, 5.% (Y/v).

Ascorbic acid, 5% (¥/v) in distilled water, freshly prepared.

Ethylenediamine tetraaceétic acéid (EpTA) (disodium salt, A.R.)
10% Y/v) in water.

0.2M Sodium acetate, pH 8.6, containing approximately 0.2%
(W/v) EDTA and 0.1% (Y/v) ascorbic acid. To prepare,add
104 (Y/v) EDTA (2 ml) and 5% (Y/v) ascorbic acid (2 ml) to
0.2M sodium acetate (100 ml), adjust the pH to 8.6 with
0.1N NaOH: prepared freshly. |

Alumina (aluminium oxide, MFC, pﬁﬁfied neutral) was prepared
for chromatographic use (Crout, 1961b) as described in

chapter 2.

Amberlite CG50 (H) Type 1 (100 -~ 200 mesh) ion exchange resin
(pH 6.0 to 6.5) was prepared as described in chapter 2,

DI-Noradrenaline bitartrate (Koch-Light Laboratories ILtd.,

Colnbrook, England).

(DL) - Normetadrenaline hydrochloride, (Calbiochem, Los
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Angeles, California,U.S.A.).

(i) ~4~Hydroxy-3-methoxymandelic acid. (British Drug Houses
Ltd., Poole, England). (viIA)

Bis (4-hydroxy-3-methoxyphenylglycol) piperazine salt
(mMPG) (Regis Chemical Co., Chicago, Ill., U.S.A.). (HMPG)

DL~3,4-Dihydroxymandelic acid., (Calbiochem. TLos Angeles,
California, U.S.A.) (DHMA).

Dikydroxyphenylglycol was a gift from Dr. J. Axelrod,
National Institutes of Health, Bethesda, Maryland, U.S.4.
(DHEG).

Standard solution noradrenaline, 1 mg per ml in 0.01N HCl.

Standard solution 4-~hydroxy-3-methoxymandelic acid, 1 mg

per ml in water.

Standard solution 4-hydroxy=-3~methoxyphenylglycol, 1 mg

per ml in water.

Standard solution dihydroxymandelic acid, 1 mg per ml in
0.01N HC1.

A1l solutions stored at ~15°C when not in use.

Standard solution dihydroxyphenylglycol, 1 mg per ml in
0.01 N HC1l, was prepared freshly before use.

Liquid seintillator (Davis, Brown, [fuff and Cashaw, 1967):
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500 ml1 toluene, 500 ml methyl alcohol, 500 ml p-dioxane,
100 g naphthalene, 6g 2,5-diphenyloxazole (PP0O), and 150 mg
1,4~bis~2 (S-phenyldxazolyl)-benzene (poPOP).

Standard scintillator: PPO (10g), POPOP (600 mg) in 2 litres

toluene.

15 ml of standard scintillator was added to the radioactive

sample in 4 ml of methanol before counting.

Procedure

Sodiﬁm acetate buffer (50%, 0.2 ml) and non-radio=-
active carriers (100 pe each of noradrenaline, normetadrena-
line, DHMA, HMPG and VMA) were added respectively to 5 ml
of neuroblastoma supernatant, control culture supernatant,
and the medium control. After the solutions had been care-
fully adjusted with NaOH (0.1 N) to pH 8.4, they were poured
on to separate columns (bore 0.55 cm) of alumina (0,5 g)
previously stirred with sodium acetate reagent. Column

effluents were collected, the columns washed with 4 ml of

., godium acetate reagent and 4 ml of water, and the washings

added to the effluents. Adsorbed 14C~noradrenaline was
eluted from the alumina columns with 3.5 ml of 0.2K acetic
acid, followed by 3 ml water which was added to the acetic
acid eluate. Any catechol acids formed from 14C—noradrena—
line were then eluted with 3.5 ml 0.2N HCl,followed by 3 ml

of water. whiqh was added t0 the HC1l eluate.
| Smalliportions (0.5 ml) of each of the effluents
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plus washings from the alumina columns were set aside for
liquid scintillation counting. The remainder of the solu-
tions, adjusted to pH 6.5 with 0,1N HCl, were passed through
an Amberlite CG 50 column, pH 6.0 - 6.5 (1 cm bore, 6-7 cm
bed). Effluents were collected,and 0.5 ml of each set
aside for estimation of rcdioactive count. This fraction
would contain any 14C-VMA or 14G~HMPG formed by the neuro-
blastoma tissue culture cells.

In order to remove any 140-noradrenaline which may
have passed through the alumina column into the column
effluent, and which thereafter had become adsorbed on the
Amberlite resin, the latter columns werewaéhed with 3
separate 10 ml quantitices of 4% (¥/v) boric acid (Mattok
'and Wilson, 1965), followed by 2 separate 10 ml water washes.
Any 14Genormetadrenaline adsorbed on the columns was then
eluted with 4N NH4OH (Ruthven and Sandler, 1965). From
each fraction, 0.5 ml was used for estimation of radioacti-
vity in a Tri-Carb liquld scintillation spectrometer set for
14C—counting. The solution was dissolved in‘16 ml of
liquid scintillator (Davis, Brown,Huff and Cashaw,j1967),
using 045 ml of water in 16 ml scintillator as a blank.
Correction for quepching was made by re-counting each
fraction after the addition of an internal standard of
14C-toluene. From these counts, after correction for back-
ground, the corrected recovery of 14G—radioactivity in each

fraction was calculated and expressed as a percentage of
the original radioactivity in the supernatant.
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Results

The distribution of radioactivity in the various
column fractions, following incubation of 14C-noradrenaline
for 30 minutes,iz hours and 48 hours respectively, is shown
in Table 16, The amount of radiocactivity present in the
30 minute acetic acid traction represents the major propor-
tion of the counts in both neuroblastoma and control super-
natants. This is due to residual “*C-noradrenaline activi-
ty. The distribution of radioactivity'observed in the two
conbrols is similar to that seen in the neuroblastoma
culture supernatant and, whilst 4C-norddrenaline breakdown
would appear to be insubstantial,there is no major fraction
of radioactivity in the neuroblastoma supernatant which is
not also preéent in the controls. This finding indicates
that no significant conversion of 14C-noradrenaline to its
metabolites has occurred during the 30 minute incubation.

After 2 hours incubation, the distribution.of radio-
activity in the neuroblastoma fractions and in the medium is
similar. The small percentage of the total count present
in the acetic acid fraction indicates that substantial oxi-
dative degradation of 14C—noradrenaline has occurred in the
medium. Over 50% of the recovered activity was present in
the acetic acid fraction of the control culture supermatant,
however, so that a lesser degree of breakdown occurred in

this control.

Following incubation for 48 hours there was a
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TABLE 16,
Incubation of 14C-DL-noradrenaline with neuroblastoma tissue culture

for various incubation times at 37°C. Analysis of radioactivity
after column fractionation of supernatant.

Percentage radioactivity after incubation times of 30 min.
2 hr and 48 hr.

Fraction Eagle's lMedium | Control Culture Neuroblaggi¥%re

30 min 2 Hr 48 Hr 30 min 2 Hr 48 Hr 30 min 2Hr 48 Hr

0.2N Acetic Acid T77.79 15.08 8,17 178.03 44,11 25,30 83.17 17.53 17.16

0.2N HC1 15,06 20.67 18.59 14.97 17.19  9.33 1lL.14 19.95 14.18
CG 50 Effluent 6.64 30,49 45.57  5.09 11.64 42,45 4.72 30.15 42,71
Boric Acid I 3,75 11,67 15,05 2,62 6,15 16.86 3,27 12.57 18.55
Boric Acid II 0,29 0.95 1,04 0.21 0,64 0,60 0.25 1,69 0.88
Boric Acid III 0.15 0.47 0.43  0.15  0.23  0.37 0.23 0,53 0.34
Water Wash I 0,16  0.27 0,38 0,10 0,05 0,28 0.10 0,26 0.28
Water Wash II 0,04 0,17  0.50 0,05 0,15 0.25 0.08 0,16 0.32
4N NH; Eluate 1,90  10.32 12,80  2.07  5.39 14,37 1.32 11,63 12.21

Total Recovery 103,78 90.09 102.53 103.29 85,55 109.81 104,28 94.47106.63
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further decrease in the proportion of residual 14C-nora~
drenaline activity present in the acetic acid fractions of
the conitrols and the ncuroblastonma supernatant, compared with
the results obtained in the 2 hour expériment. As in the
2 hour investigation, relatively less breakdown of added
14C-noradrenaline was detected in the control culture
supernatant, |

Any metabolism of 140—noradrenaline oceurring in the
neuroblastoma tissue culture was therefore difficult to
detect in the latter two experiments because of extensive
breakdown in the controls. In each study, no major fraction
of radioactivity was present in the neuroblastoma supernatant

which was not also presemnt in one or both of the controls.

Analysis of column fractions by paper chromatography.

This investigation was restricted to analysis of the
column fractions obtained in the 30 minute and 2 hour experi-
ments, :

(a) Examination of the 0.2N HC1l eluate for 14C-dihxdrogxman—
delic acid (*4c-pHma) |

Portions of the acid eluates of the 30 minute experi-

ments,containing the same radioactive count, were taken to
dryness in Vacuo on a rotary evaporator (Rotary Evapo-Mix,
Buchler Instruments, N.Y.) at 40°C and the residues were

dissolved in 0.2 ml methanol. A slight modification of

this procedure was adopted for the 2 hour acid eluates.

They were initially extracted with 25 ml ethyl acetate by
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90 seconds vortex mixing, followed by 5 minutes mechanical
shaking. The organic phase was removed and taken to dry-
ness in vacuo on a rotary evaporator. The residue was
dissolved in 0.1 ml acidified methanol (1% (V/v) glacial
acétic acid in metharol). Portions of the methanol solu-
tions, 100 ml (30 minute experiment) and 50 Fl (2 hour
experiment) respectively, were applied as a 2 cm streak to

a 4 cm strip of Whatman No. 1 paper. Chromatograms were
developed by descending chromatography overnight in butan-l-
ol: acetic acid: water (4:1:1), with 10 ug authentic DHMA
added as carrier and marker. The developed chromatograms
were dried and scanned for radiocactivity on the automatic
scanner as described earlier,

| When compared with controls,no additional peaks of
radioactivity were visible on the neuvroblastoma chromatogram
charts, indicating that no large scale conversion of 140—
noradrenaline to 14G—DHMA had occurred in either experiment.
The sensitivity of the automatic scamner was not high enough
to detect 14C—compounds present in small amount. The
following procedure was therefore adopted for this purpose;
chromatogram strips were cut longitudinally into 2 halves,
éach'z cm wide. One half was sprayed with ferricyanide-
phosphate buffer (pH T.4) reagent to locate the marker DHMA,
The equivalent test area on the unsprayed duplicate strip,

plus areas of equal size immediately preceding and following

the test area, were cut out and immersed in 4 ml methanol
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in 2 counting vial. Standard liquid scintillator (15 ml)
was added, and radioactivity was’determined in a Tri-Cardb

ligquid scintillation spectrometer. An average was taken
of background readings from the two adjacent areas to each

test area,to give a mean background count.

Results

In the 2 hour experiment, after correction for
background, the counts in the bHMA arca of the neuroblastoma
chromatogran exceeded those obtained in the equivalent
position of the control strips (Table 17). High background
~radicactivity present in the chromatograms of the 30
minute experiment"was responsible for a negative count in
the test area of the controls and prevented a meaningful

evaluation of the results,

(b) Exami&at%§§ of Amberlite CG50 effluent for T4C-HMPG
an -

Portions of the resin effluents giving the same
radioactive count were adjusted to pH 1 (5N and 1N HC1),
saturated with NaCl, and extracted with ethyl acetate
(2 x 20 ml, 30 minute expt; 1 x 30 ml, 2 hour expte).
After separation and evaporation to dryness of the organic
phases, the residues were taken up in methanol. (0.2m1,
30 minute expt; 0.1 ml, 2 hour expte). | In the 30 minute
experiment, 2 x O.1 ml portions of the methanol extract
were applied to separate strips of Whatman No. 1 paper as

described above. Chromatograms were developed by descend-



TABLE 1

Incubation of 140-—DL-7noradrenaline with
negro‘blastoma tissue culture for 2 hours at
37°C., Radioactivity in area of chromatogram
corresponding to authentic dihydroxymandelic
acid. (DHMA).

25Q.

Experiment Count per 10 min *8
Neuroblastoma - 1352
He e Control 283
Medium | 380

% Correscted for background
& Uncorrected for solvent quenching.

Sdivent system:- butan-l—oi: acetic acid: water
(4:1:1)
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ing chromatography overnight in isopropanol: ammonia (880);
water (8:1:1) and butan-l-ol: acetic acid: water (4:1:1)
solvent systems respectively. Authentic HMPG (10/ug)

and VMA (lo/ug) were added as carrier and marker substances.
In the 2 hour experiment SO/ul of methanol extract was
chromatographed in the isopropanol-ammonia solvent system.
On development of the chromatograms, scintillation»édunting
of the test areas of the strips, corresponding to marker
HMPG and VMA, was undertaken as described under (a).
Nitraniline reagent was prepared as follows; p—nitraniline
(0.25 g) Wwas dissolved in 2 ml conc. HCl and 98 ml water

(5 vol). Sodium nitrite, 0.5% (Y/¥) in water, was added -
until the g—nitranilinewas decolorized, and the mixture was
then diluted with water to 20 vol:. The dried isopropanol/
ammonia chromatograms were sprayed with sodium carbonate
(anhydrous, 10% (Y/¥) in water) and, after drying in a
gtream of warm air, were over-sprayed with diazotized D-
nitraniline to locate cold VMA and HMPG; ferricyanide-
phosphate buffer (pH 7.4) reagent was employed for location

of marker compounds on the butanol/ acetic strips.

Results

The findings of the 30 minute incubation experiment
are presented in Table 18. There was no evidence of the
presence of L4c-via or l4c-mipe.

Similarly in the 2 hour experiment, no additional
radioactivity was detected in areas of the neuroblastoma



TABLE 18.

Incubation of 14C-DL--noradrenaline with
neuroglastoma tissue culture for 30 minutes
at 37°C. Radioactivity in areas of
chromatograms corresponding to authentic
VMA and HMPG.

VMA counts per 10 minﬁ'§ HMPG counts per

Experiment isoprop/NH3 butanol/ 10 min * §
acetic Isoprop/NH3 Butanol/
Acetic
Neuroblastoma 429 222 -15 1586
Ependymoma 1025 217 2 1553
Medium 775 327 T4 1316

* Corrected for background

§ Uncorrected for solvent quenching.
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chromatogram corresponding to authentic VMA and IMPG
greater than the counts found in equivalent areas of the

control chromatrograms,

(¢) Examination of 4N NH,OH eluate for 140-normetadrenaline

Portions of the 30 minute eluates, with the same
radioactive count, were evaporated to dryness in vacuo on
a rotary evaporator at 40°¢c. To exclude an unwanted
white deposit present on evaporation of the solution,and
soluble in methanol, the residues were extracted twice with
2 x 10 ml volumes of ether (Anton and Sayre 1966). Ether
was removed by evaporating in vacuo and the residues were
dissolved in 0.2 ml methanol. Methanol extracts were
chromatographed overnight as described above, using isopro-
panol: ammonia (880): water (8:1:1) as solvent system and
10/ug authentic NMA as carrier and marker. Nitraniline
reagent was used to locate cold NMA. The procedure for
scintillation counting of test areas of the strips,described

previously, was used to estimate the radioactivity on the

chromatograms.

Results.
The count in the test area of the neuroblastoma

chromatogram exceeded that of both the controls (Table 19).

144_

Further analysis of neuroblastoma supernatant for
ro en yco - an -normetadrenaline
activ .

Sodium acetate reagent (3 ml) was added to
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TABLE 19

Incubation of 14C—DL-noradrena1%ne with neuroblastoma
tissue culture for 30 min at 37°C. Radioactivity
in area of chromatogram corresponding to authentic

normetadrenaline.

Counts per 10 min.*§

Experiment
Neuroblastoma 667
Ependymoma control 52

8

Medium

* Corrected for background.
§ Uncorrected for solvent quenching

Solvent system:~ isopropanol: ammonia (880):
water (8:1:1).
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portions, containing the same radioactive count, of the
30 minute neuroblastoma and control supernatants respectively
The pH of each solution was adjusted to 8.4 and catechol
compounds were : adsorbed on alumina as described previously
- in this chapter. . The effluents were set aside for 140-
normetadrenaline analysis,together with sodium acetate
reagent (1 ml) which was used to wash the columns. The
latter were then eluted with 3.5 ml 0.2N HC1, followed by
3.5 ml distilled water. The eluate was adjusted to pH 7
with NaOH (2.5N and 0,1N), saturated with solid NaCl and
shaken with 25 ml ethyl acetate (2 ninutes vortex mixing
and 5 minutes mechanical shaking) to extract any 14 _prpe
present. The ethyl acetate was taken to dryness in vacuo
on a rotary evaﬁorator at 35°c.k The residue was dissolved
in 0.1 ml methanol which was applied to a chromatogram for
overnight descending chromatography in the solvent system
butan=-l-o0l: acetic acid: water (4:1:1) by the procedure
described earlier'in this chapter. Authentic DHPG (10,ug)
was used as carrier and marker. Liquid scintillation
counting of the radioacﬁivity present in the test areas
of the strips was_estimated as before,using ferricyanide-
phosphate buffer reagent (pH T7.4) to locate cold DHPG on
the strips.

The effluents from the alumina column were

treated as follows: 3 ml borate buffer, pH 10, was added,
and the samples were adjusted to pH 10 with 0.5N and 0.1N
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NaOH. Any 14C—normetadrenaline present was then extracted
with 25 ml isoamyl alcohol (2 minutes vortex mixing, 10
minutes mechanical shaking). After centrifugation, the
isoamyl alcohol layers were removed and evaporated in vacuo
on a '"Rinco" evaporator in round-bottomed flasks. The
residue was taken up in 5 ml of methanol, which was re-evapor-
ated in vacuo on a rotary evavorator at 35°¢. The residues
were dissolved in 0.1 ml methanol and were chromatographed
overnight, using 10 ug authentic normetadrenaline, in the
solvent system isopropanol: ammonia (880): Water (8:1:1).
Radioactivity in areas of the chromatograms corresponding to
authentic NMA was estimated by the procedure described

previously.

Results

The amount of radioactivity in the area of the
neuroblastoma chromatogram corresponding to authentic DHPG
was of a similar order to that found in equivalent areas of
the controls (Table 20), indiccoting that no conversion of
14C-noradrenaline to 14G-DHPG had eccurred.

High background radioactivity was present in all
3 chromatograms of the 30 minute normetadrenaline experiment,
the counts in the neuroblastoma‘and control culture strips
being lower than those of the adjacent areas of the strips
used to estimate background. Thus the presence of 140-
normetadrenaline in the neuroblastoma supernatant, suggested

by the findings in Table 19, was not confirmed.
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TABLE 20

Incubation of 14C-DL-noradrenaline with
neuroylastoma tissue culture for 30 minutes
at 37 °C. Radioactivity in areas of the
chromatograms corresponding to authentic
dihydroxyphenylglycol (DHPG).

Experiment Counts per 10 min * §
Neuroblastoma . 20
Ependymoma control 13
Medium 52

* Corrected for background
§ Uncorrected for solvent quenching

Solvent system:=~ butan~l-ol: acetic acid:
water (4:1:1)
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Further investigation of the neuroblastoma supernatant

for the presence of 14C-digydroxymandelic acid.

Portions (5 ml) of the 30 minute neuroblastoma
and control supernatants, including 1oo‘pg authentic DHMA
in each sample as carrier, were treated as described on
page 24¢ of this chapter up to the collection of 0.2N HC1l
eluates of the almmina column plus water washings.  The
eluates were then investigated for 14C-DHMA activity as
descPibed on page 253 except that 0.1 ml portions of the
final methanol extract (0.2 ml) were chromaﬁographed in
the solvent systems butan-1-ol:HCl (upper phase of n-butanol
saturated with 1N HCl) and methanol: butanél—ol: benzene:
water (4:3:231) respectively. Authentic DHMA was located
in each case with ferricyanide~phosphate buffer (pH Ted) -

reagent.

Results
The results obtained using the methanol:butanol:

benzene: water solvent system are presented in Table 21.
The count obtained for the neuroblastoma exceeds that of
the control culture,but is less than that of the medium.
In the other solvent system used, butanol-:HC1,
high background radioactivity resulted in a negative count
in the DHMA test areas of all 5 chromatograms, so that no

conclusions could be drawn from the experiment.

General conclusions

The main conclusion of the investigation is that
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TABLE 21

Incubation of 140—@L—nor&drenaline uith
neuroglastoma tissue culture for 30 miunutes

at 37T Ce Radioactivity in area of chromato-
gram corresponding te authentic dibydroxymandelic
aeid (DHIL)

Experiment Counts per 10 min &
Heuroblactoma 2748

Esendymoma 1334
HMedium 5495

¥ Qorrected for bLackground
§ Uncorrccted for solvent quenching.

Solvent systems=~ mothanol: butan-i=-ols
benzene: water, (4:3:2:1).
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no large scale conversion of 14C-noradrena1ine to 140-
normetadrenaline, L4c-pmma, 14c-pupe, 4c-mipe or 4o-vMa
by neuroblastoma cells in tissue culture coﬁld be detected
in the present study. There was little evidence of even

a minor amount of 14G—noradrena1ine metabolism, The
presence of traces of 14C-DHMA in the neuroblastoma super-
natant after 30 minutes and 2 hours incﬁbati&n was indicated
after chromatography in a butanol: acetic acid: water solvent
system, but was not confirmed in butanol: HC1l and methanol:
butanol: benzene: water systems (30 minutes expt).
Similarly, a small amount of additional radioactivity was
found in the normetadrenaline position of the neuroblastoma
chromatogram in an isopropanol: ammonia: water solvent
system after initial ether extraction, but this finding

was not éubsequently confirmed in the same solvent systen,
after initial extraction of the eluate with isoamyl alcohol
at pH 10.

B. Incubation of “4C-DOPA with neuroblastoma tissue culture
Specification of 14c-popa

DL~3-(3, 4-dihydroxyphenyl )-alanine-2- +4c (14c-poPaA)
erystals; specific activity 31.2 me/mmole (Radiochemical

Centre, Amersham).

Preparation of 14C’-DOPA golution for incubation with tissue
culture.

The 14¢-poPA (50 mc) was dissolved in 0.5 ml of



0.1N acetic acid.

Incubation procedure
146_popa solution (0.1 ml, 10uc) was added to

15 ml of control ependymoma tissue culture cells in Eagle's
medium plus 10% calf-sefum, and to neuroblastoma tissue
culture cells in medium (15 ml) respectively. The
samples were incubated at 3700 for 30 minutes,after which
the pH was adjusted to 1-2 with 6N HCl. The solutions

were stored at -15°C until required.

Separation of 140_popa_from **c-noradrenaline and 14c-
dopamine |

The large radioactive count of 14C-DOPA used as
precursor in the experiment means that a satisfactory sepidr-
ation of this compound from both of its metabolites, ~#C-
dopamine and 14C-noradrenaline is necessary, particularly
when, at best, only small amounts of metabolites are likely
to be formed. An efficient system to separate 14C-dopamine
from 14C-noradrenaline was also required; that described by
"Rutledge and Weiner (1967), based on a procedure by

Higgendal (1963), was satisfactory.

Reagents and materials
Cation exfhange resin AG 50W-X8 (100-200 mesh, hydrogen form)

(Bio-Rad Laboratories, Richmond, Calif.)
Ethylenediamine tetraacetic acid (EDIPA) (dicodium salt,A.R.)
0.1% (Y/v) in water.
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Di-sodium hydrogen orthophosphate, Na,HPO,. 12 H,0 (A.R.).

Sodium dihydrogen phosphate, NaH,PO,. 2H,0 (A.R.).
4 2

0.1M sodium phosphate buffer (pH 6.5): prepared by mixingO.l
M NaZHPO4. 12H20 and O.,1 M NaH2P04. ZHQO solutions to obtain

a pH of 605-

Preparation of analytical grade cation exchange resin

AG 50W - X8 (100~200 mesh) Nat form from the hydrogen form.

‘Resin (100 g) in the HY form was poured into a large column,

3 cm in diameter, plugged with absorbent cottcom wool. For
conversion to the Nat form, the resin was washed with 2
volumes of 1N NaOH / 1 volume of resin,at a flow rate of

1 ml/min/sq.cm of bed. Complete conversion to the Na+‘form
was indicated when the column effluent was pH 9 or over.

The resin was then washed with 2 volumes of distilled water

t0 one volume resin.

Test of procedure

It was necesszary to test the system used to
separzate }4C—DOPA from 14C-dopamine and 14C—noradrenaline
because of theilarge count of 14G-DOPA used in the experi-
ment. This was done by carrying a solution of pure 14C—DOPA
alone through the procedure, monitoring the radioactivity
recovered at each stage. 1l 144_pora solution (128,000
Cc.p.M., uncorrected) was added to 5 ml of Bzgle's medium,

with 100‘pg cold DOPA as carrier. The pH was adjusted to



269.

6.5 on a pH meter using HaOH, and the adjusted solution was
paaaéa through a Towex 50 «~ X8 colunn (Ha+ rory 5 by 55 mm,
previously prepared by mixing the resin with sodium phosphate
buffcr, pH 6.5). Tor separation of 148—ﬁ93ﬁ from 14&—
dopanine aand 14C~noradrenaline, the effluenﬁ was collected,
after which the resin wos washed with 15 ol 0,19 (M/v) Ha,
BPTA, 15 ml of O.1 M Ha shosphate buffer (pi 6.5) and 10 ml
glass Uistilled water, all of which werc colliccited separately,
The column w8 then eluted with 18 wml 1M HC1 and 20 ml 2N
HCl, which were also collected zerarately. The initial
coluzn effluent (0,1ml) plus 0.9 ml water, ond 1 ml of each
of the other eluates wore counted for 10 minutes in scinti-
1lation fluid (equal parts by volume of cthenol, dioxane,
xyleneg PP0, 5 g per litrep POPOP, 50 mg per litre, napthae
lene 80¢g) for 10 minutes in the Tri-Carb liguid-scintillation
gpectrometer: 1 ml wetor in scintillotion fiuild was used as
a blanlk. Cosrection for guenching wog maéa Wy rocounting
each fraction aifter {the cddition of an intornal standord of
14C~%cluene. The coyrogted roecovery of 14§~3aﬁiaactivity
in caeh frection was calewlatedy and expressed as a nercentage
of the orlsinal rodioactivity added to the colwm,. (Table 22).
wable 22 showe that about 25% of 140-DOPA is
adsorbed by the resin on possase through the column, Most
of thisc, however, is renoved by subscquent elutions with 0419
DA @nd phosphate buffer. “he large count of eonopa
added %o the colummn will zot, thercfore, cause a major lnter-
| ference In the detection of any 14C~dapamine or 140-
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TABLE 22

Percentage radioaqzivity in column frections
after passage of ~%C=-DOPA solution (0.1 jc)
through a cation exchange resin AG 50W-X8

Na® form.

Eraction | | % Radioactivity
Column effluent 75;59
0.1% EDTA ‘ 19.54
0.1M Phosphate buffer 2.88
Water wash 0,17
1N HC1 elution 0.85
2N HC1l elution 1.72

Total 14C recovery 100,75
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Noradrenaline eluted from the column with 1 and 2N HCI,
since paper chromatography will remove any residual amounts
of DOPA still contaminating the dopamine and noradrenaline

fraction.

Analysis of neuroblastoma tissue culture supernatant on

cation exchange resin AG S50W - X 8 Na+'form

Neuroblastoma tissue culture superhatant (5 ml)
and ependymoma tissue culture sﬁpernatant (5 ml) were
adjusted to pH 6.5 after the addition of 100 mg. each of
authentic DOPA, dopamine and noradrenaline ag carriers.

The solutions were passed through the cation exchange resin
and treated exactly as described for 14C-DOPA in the test
experiment. The 1N and 2N HCl fractions were retained
for further analysis by paper chromatography.

The percentage radiocactivity found in each
fractiorn after the passage of the supernatants through
the cation exchange resin is shown in Table 23,

There was no marked difference betvcen distribution
of radioactivity found in fthe different column fractions,
after passage of the neuroblastoma and'ependymoma super-
natants through the cation exchange resin. This suggests
that no significant conversion of 14O—DOPA to 14C~catechola-

mines has occurred in the neuroblastoma tissue culture.

Identification of sources of radioactivity in 1IN and 2N
elutes by paper chromatography.
Portions of the 1N HC1l eluates containing equiva-
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TABLE 23

Incubation of T#C-DOPA (10 mec) with neuroblastoma

tissue culture for 30 minutes at 3700.

Percentage

radioactivity in column fractions after vassage of
supergatant through cation exchange resin AG 50W -

X8 Na" form.
% Radioactivity
Fraction Ependymoma Heuroblastona
Supernatant Supernatant
Column effluent 64.04 69.13
0.1% EDTA 28442 21,31
0,11 phosphate buffer 2.80 2.79.
Water wasgh 0.26 0.09
1N HC1 elution 0.35 0.39
2N HCl elution 0.36 0.41
Total 14g recovery 96.23 94,12
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lent amounts of radioactivity were evaporated to‘dryness
in vacuo on a rotary-evaporator at 40°¢, A white éolid
residue was present which proved to be goluble in methanol.
Any catechol compounds present were thereforc extracted |
into 2 ml of zcid acetone (0.5 wl concentrzted HCLl made

up to 100 ml with acetlone)y leaving the white residue behind.
The acid acetone exlrazct was re-evaporated wo dryness as |
above, the residue dissolved in 0.1 ml methanol, and chroma-
" tographed ovarnight (descending) in the solvent system
methanol: butan-l-0l: bengene: water»(4:5:2:1),with 10 ug
cold DOPA, dopamine and noradrenaline respectively as
markers, The catechol compounds were located on one half
of the chromatogram, as described previously, with ferricya=-
nide~phosphate buffer (pH T.4) reagent. The location of
noradrenaline was additionally coniirmed by the fluorescence
of ite oxidation product under ultra-violet light at 254
and 345 mu. DOPA is well separated Iron noratrenaline and
dopamine in this systen., Radioactivity in areas of the
chromaztograms coiresponding to authentic dopamine and
noradrenaline was estimated by the procedure described on
page 254 The 2N HC1l eluate was trcated in the came
manner to determine radioéctivity in the area to which

authentic dopamine runs on the chromatogram.

Regsults

On the neuroblastoma 1N HC1l eluate chromatogram,

the radiozctivity in positions corressonding to authentic
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noradrenaline and dopamine exceeded that present in
equivalent positions of the ependymoma chromatogram (Table
24)., Radioactivity in the dopamine position of the neuro-
blagstoma 2N HCGl eluate chromatogram was, however, lower

than that present in the ependymoma control.

Purtier analysis of the 11 HC1 eluate by chromatography in

butanol: acetic acid: water.

The previous experiment on the 1N HC1l eluate was
repeated up to extraciion of the residues into 0.1 ml
methanol. Overnight descending paper chromatography of
the exbracts was undertaken using the solvent system butan-
1-0l: acetic acid: water (4:1:1). The authentic catechola-
mines were located with ferricyanide~phosphate buffer
(pH 7.4). Redioactivity in areas corresponding to dopamine

and noradrenaline was estimated as before.

Resuits
No additional counts could be detected in the

area of the neurohlasltoma chromatogram corresponding to
noradrenaline but, again, radiocactivity found in the neuro-
blastoma dopamine position exceeded that prusent in the

ependymoma control (Table 25).

General conclusions

1 K|
o significent conversion of ~¥C-DOPA to l4oa

dopamine'and 14C—noradrenaline could be detected in this
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TABLE 24

Incubation of 14c-DOPA (30 me) with neuroblastoma tissue
culture for 30 min at 37°C. Radioactivity in areas of
the chromatograms corresponding to authentic dopamine

and noradrenaline.

Experiment

*8

Neuroblastoma 1N HCL1l eluate

Ependymoma 1N HC1l eluate

Neuroblastoma 1N HCl eluate

Ependymoma 1N HC1l eluate

Neuroblastoma 2N HCl1l eluate

Ependymoma 21 HCl eluate

Arca examined Counts per 10 min.
Noradrenaline position 253
Woradrenaline position 35
Dopamine position 623
Dopamine position 298
Dopamine position 3884
Dopamine position 4094

* Corrected for background '
§ Uncorreccted for solvent quenching
Solvent system:- mothanol: butan-l-ol: benzene: water (4:3:2:1).
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TABLE 25,

Incubation of 140-DOPA with geuroblastoma tissue
culture for 30 minutes at 37 C. Radioactivity
in areas of chromatogram corresponding to authentic

dopamine and noradrenzaline.
Experiment Area examined Counts per 10 min.g
Neuroblastoma Noradrenaline position 1954
1N HCl eluate
Ependymona Noradrenaline position 2486
1N HQl eluate
Neuroblastoma Dopamine position 9709
1N HC1 eluate
Ependynona Dopamine position 7596

18 HC1 eluate

¥ Corrected for background

§ Uncorrected for solvent quenching

Solvent systenm
water (4:1:1)

:=- butan-l~ol: acctic acid:
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study. The presence of traces of 14C—dopamine in- the

1N HC1l eluate was sug ' ested by experiments using 2 different
solvent systems but, since the counts in the dopamine
position werelalso relatively high in the control, this
additional radioactivity could fall within the range of
experimental error. There was no evidence of any 14C~
dopanmine in the 2N HCl eluate. Chronatography in‘a butanol/
acetic acid/water solvent system did not cnfirm the possible

presence of traces of 14C—noradrenaline,indicated previously

in =2 methanol/butanol/benzene/Water system.

DISCUSSION

In this chapter, the ability of a ccontinuous cell
line of neuroblastoma cells to metabolize 14C~noradrenaline
and toc synthesize 14C-dopamine and 14C-noradrenaline from
precursor 14C—DOPA,has been examined by a variety of experi-~
mental techniques, As only a small proportion of patients
with secreting neuroblastoma show a marked elevation in
blood pressure (Voorhess and Gzrdner 1962; Sourkes, Denton,

. Murphy, Chavez and St. Cyr 1963; Von Studnits, K#ser and

Sjoerdsma, 1963), and because this situation points %o meta-
bolic breakdown of pressor noradrenaline b:fore release into
the circulation, studies on the metabolism of 14C-noradrena—

line within tumour cells in tissue culture assume added

significance.
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No significant conversion of 14'C-—noJs'ad:c'e:naline
t0o any of the 14C-metabolites investigated could be conclu-
sively demounstrated in the present experiments. The
results fail to confirm the findings of La Brosse, Belehradek,
Barski, Bohuon and Schweisguth. (1964), who reported the
presence of 3H~HMPG, 3H-normetadrenaline and the sulphate
conjugate of 3H—normetadrenaline in the culture medium,
after incubafion of Bﬂknoradrenaline with neural crest
tumour in tissue culture for 48 hours. A further study
(La Brosse, Schweisguth and Bohuon, 1968) again pointed to
3H—HMPG formation under similar experimental conditions.
It is possible that the neuroblastoma cells used in the
present work may be derived from a tumour which was a rela-
tively inactive secretor of noradrenaline. Cases, although
extremely rare, have been reported of neuroblaoctoma patients
with an elevated urinary excretion of dopamine or HVA,but
with no increase in VIHIA excretion (Bell and Steward, 1961;
‘won Studnitz, 1961b). A more plausible explanation would
be loss of metabolic activity during the cuurse of countinuous
sub-culturing of the original tumour cells. In their
studies, La Brosse, Belchradek, Barski, Bohuon and Schweisguth
(1964) had access %o fresh post-operative tumour tissue.
There are, however, other noteworthy differences
between the latter exporiments and those reported in this
chaptexr. Chief among these is the lengthy incubation

period, 48 hours, employed by La Brosse, Belehradek, Barski,
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Bohuon and Schweisguth (1964),compared with the shorter

times of 30 minutes or 2 hours in the present investigation.
Complete degradation of added 14C-noradrena1ine was observed
~after 47 hours in the initial breakdown studies reportcd
herein and, even after periods as short as 1 or 2 hours,
considerable breakdown was found to occur. This might
suggeot that radiocactivity attributed by Iia Brosse, Belehradek,
Barski, Bohuon and Schweisguth (1964) to noradrenaline meta-
bolitese,might in fact be due to breakdown products; This
view is reinforced by bthe fact that unlike thc present work,
they did not exclude the presence of residual 3H—noradrena—
line counts by column chromatography prior to paper chroma-
tography. Close examination of their chromatograms does,
indeed, reveal sone 3H—noradrenaline breakdown after 48 hours,
hut if metabolie products were formed relatively early

during the incubation time, particularly methoxy compounds,
these would tend to be far wmore stable than the labile 3H--
noradrenaline precursor. Tn addition, the protein content
of the culture fluid used by La Brosse, Belehradek, Barski,
Fohuon and Schweisguth (1964) (30% pooled humen plasma oOr

a mixture of 15% pooled human plasma and 15% calf-plasma)

was about 3 times as high as that in the fluid in the present
studies (10% calf-serum),vhere noradrenaline broke down
completely in 48 hours; on the other hand, since the stabil-
ity of noradrenaline in nlasma is comparatively high (Bain,

Gsunt and Suffolk, 1937; Cohen, Holland end Goldenberg, 1958),
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It is possible that breakdown may have been less in the
medium of ILa Brosse, Belehradek, Barski, Bohuon and
Schweisguth (1964).

Lack of essential co-factors in the medium is
another possible explanation for the inability to detect
metabolites in the present study, although a similar criti-
cism can be levelled against the experiments of La Brosse,
Belehradek, Barski, Bohuon and Schweisguth, (1964).  Thus,
Goldstein, Anagnoste and Goldstein (1968) found that p-
hydroxyphenylacetaldehyde was the major deaminated metabolite
of 3H@tyramine incubated with neuroblastoma cells in tissue
culture at 37°C. Addition of'NADPH2 was, however, necessary
for further conversion of the aldehyde to p-hydroxyphenyle-
thanol. FTurthermore, aldehyde dehydrogenase activity was
found to be very low in cultured neuroblastoma cells.
Investigation of neuroblastoma cells incubated with 140-
noradrenaline for aldehyde products of MAO activity, rather
than acid or alcohol metabuwlites, might thus be more fruit-
ful in future studies. La Brosse, Belehradek, Barski,
Bohuon and Schweisguth (1964) tentatively identified 3H--4-
hydroxy-B-methoxymandelaldehyde in one of their experiments.

It may be inferred from the observations of

Goldstein, Anagnoste and Goldstein (1968) thet MAO is
present in cultured neuroblastoma cells, but studies showing

the presence of enzymes involved in catecholamine metabolism
in the tumour tissue have been limited to those of Amar—

Coetesec, Bohuon and Schweisguth(1965) for MAO, and La Brosse
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and Karorn (1962) for COMT, Dvidence is not yet available
concerning the intracellular localization of these enszymes
in neuroblastoma tissue.

Incubation of thc neuroblastoma tissue culture
Gells with Y#C-DOPA was restricted to a period of 30 minutes
in the present work. This served a dual purpose; it mini-
mized degradation of the added cowmpound, and decreased the
tendency for any 14C-dopamine or 14C-noradrenaline formed to
undergo further metzbolism on longer incubztion. However, no
significant conversion of 14C—DOPA to either compound wés
detected although there was a suggestion that traces of 140—
dopamine might have beeu formed. Any small amougt,which
might have been present, was eluted from the cction exchange
resin with 1N HC1, and not with 2N HCLl as previously described
(Rutledge and Weiner, 1967). Comparison was made with one
control, ependymoma tissue in culture, and not with the medium
also,as in the noradrenaline cxperiments. The presence of
14C-dopamine,without its further conversion to 14C-noradrena-
line,is quite possible; patients with neuroblastoma have been
described in whom urinary dopamine and IVA coucentrations
were elevated, but noradrenaline metabolites were present in
normal amount (Bell and Steward, 1961; von Studnitz, 1961b).

The finding presented here with 14C—DOPA,coupled
with those obtained during the l4C—noradrenaline experiments,
are compatible with the interpretation that we are dealing

with non-secreting ncuroblastoma tissue in culture; the same
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continuous cell line was used in both studies. In future
investigations with more active material, it will probably
be worth bearing in mind the observation of Goldstein (1966)
that dopamine—ys-hydroxylase activity was not high in
tissue from his case of mneuroblastoma. Thus there may be
little tendency for T4C-DOPA to be converted o +4g-

noradrenaline in this type of experiment.

In conclusion, the results described in this
chapter show that previous findings in this area of research
(Ia Brosse, Belehradek, Barski, Bohuon and Schweisguth, 1964;
La Brosse, Schweisguth and Bohuon, 1968) must be treated
with caution,and that further investigatlion and refinement
of techniqgues is necesscry before any definite conclusions

may be drawn.



CHAPTER 7

General discussion

Despite permanent and specific destruction of
a major portion of the sympathetic nervous system, the
immunosympathectomized animal develops normally in most
respects (Levi-~Montalcini and Angeletti, 1966). Thus, there
did not appear to be any secondary changes which might have
exerted any influence on the present studies. It would not
appear unreasonable to regard the observed changes as
stemming from the degree of sympathetic denervation effected
by immunos sympathectomy. The adrenal medulla is the other
main peripheral source of catecholamlnes in the body
(Malmedac, 1964), so that a similar study of overall
catecholamine metabolism in the adrenalectomized rat was
undertaken for comparative purposes.

The separate investigations undertaken in the
immunosympathectomized (chapter 3) and adrenalectomized
(chapter 4) rat appear to be complementary to each other
in many respects. Despite the fact that a significantly
reduced output of noradrenaline occurs in the urine of
immunosympathectomized rats (Brody, 1964; Carpi and Oliverio,
1964; Schonbaum, Johnson and Sellers, 1965, 1966), no change
was observed in the urinary excretion of normetadrenaline
(chapter 3). Iversen, Glowinski and Axelrod (1966 ),

however, have reported an increased turnover of catecholamines
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in the adrenal medulla of immunosympathectomized mice, so
that normetadrenaline arisins from the O-methylation of
noradrenaline released from the adrencl medulla, may
contribute to the unchanged urinary concentration of this
metabolite recorded in the immunosympathectomized rat. It
is possible that an increased relcase of catecholanines from
the adrenal medulla could be involved in the maintenance
of homeostasis in the immunosympathectomized animal.,
Conversely, the increased concentration of catecholamines
in the urine of adrenalectomized rats (Imms and Jones, 1967)
has been attributed to an increase in sympathetic nerve
activity (Imms and Jones, 1968),secondary to a decrease in
blood pressure, The reported increase in noradrenaline
turnover (Landsberg and Axelrod, 1968) and synthesis
(Westfall and Osada, 1969) in the hearts of adrenalectomized
rats is probably reflected in the raised urinary output of
HMPG, as may be the increased turnover of noradrenaline in
the brairs of such animals (Javoy, Clowinski and Kordonm,
1968); since, however, the brain is unaffected by NGP
antiserum (Levi-Montalcini and Angeletti, 1966), the
contribution of HWPG arising from this source 4o the levels
of the metabolite excreted in the urine is unlikely %o be
changed in the immunosympathectomized animal,

The presont investigations also revesl that under
canditioné such as immunosympathectomy, vhere the activity
of the sympathetic nervous gys em is impaired, or adrenalec—

tomy, where its activity may be increased, the urinary
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excretion of HNMPG, rather than noradrenaline itself, may
be utilized as a convenient index of noradrenaline produc-
tion by the nerves. Relatively large quantities are
present in normal rat urine. The increased amounts found
in the urine of adrenalectomized rats appear to be more
closely related to removal of the adrenal cortex, rather
than the medulla however, since, on treatment with
hydrocortisone, the urinary output of the metabolite
returned to normal levels. This aspect has been discussed
in chapter 4.

A logical extension of the studies reported herein
would be an investigation of overall catecholamine metabolism
in rats following combined immunosympathectomy and adrenal
demedullétion. Whether or ndt such an investigation would
shed light upon the precise source of the VMA and normeta-
drenaline detected in the immunosympathectomized rat is
doubtful, however, since adrenal demedullation was shown by
Carpi and Oliverio (1964) to bring about a constant
eliminiation of noradrenaline in the urine of the immunosym-
pathectomized animal; these authors have suggested that in
such animals there exists a noradrenergic system, the
activity of which, latent in basal conditions, becomes
evident in emergency conditions. An assessment of
endogenous catecholamine metabolism in rats which have

undergone chemical sympathectomy with 6=hydroxydopamine
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(Thoenen znd Tranzer, 1968), would also extend the present
studies in the immunosympathectomized animal. The finding
of measurable quantities of metadrenaline in the urine of
adrenalectomized rats (chapter 4) provides further evidence
for extra-adrenal so@%es of adrenaline. In contrast with
the PNMT of the adrenal medulla (Wurtman and Axelrod, 1965,
1966), however, the enzyme laft in the rat after adrenalec—
tomy does not appear to be dependent on the presence of
corticosteroids for its activity.

Of the two main enzymes involved in catecholamine
metabolism, COMT is thought to have an exclusively extira-—
neuronal location in peripheral tissues (Kopin and Gordon,
1962; Iversen, Glowinski and Axelrod, 1966; Iversen, Jarrott
and Langer, 1968), whilst some MAO activity, at least, resides
within the sympathetic neurone (Kopin, 1966). Pharmacolo-
gical investigation of enzymic activity was therefore
restricted to the latter enzyme in the present studies.

Treatment of mice with some drugs which are known
to interfere with the function of the sympathetic nervous
system, nomely NGF antiserum, 6-hydroxydopamine and reserpine
(see chapter 1), resulted in changes of MAO activity in
various subcellular compartments of certain tissues
(chapter 5). The pattern of results obtained was complex,
but allthree drug-trecatments caused a reduction in cardiac
microsomal MAO activity, a finding which may be of signifi-

cance, in view of a postulated association of intraneuronal

MAO activity with the heart microsomal fraction (Stjgrne,
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Roth and Giarmsn, 1968; de Champlain®@ixelrod(and fuellery

1969). Increased MAO activity particulsrly in the mitochon-
drial fraction, was observed in hcart, brain and vas
deferens of adrenalectomized rats. Since an increased
turnover of nbradrenaline is known to occur in the heart
(Landsberg and Axelrod, 1968) and brain (Javoy, Glowinski
and Kordon, 1968) of such aniﬁals, an increased turnover of
the amine might also be expected to occur in the vas
deferens. Furthermore, administration of hydrocortisone
abolishes the increased cardiac MAO activity in adrenalecto=-
mized rats (Avakian and Callingham, 1968; Westfall and
Osada, 1969); it remains to be seen whether or not the
corticosteroid would have a similar effect on the MAO
activity of the brain and vas deferens.

There was no significant change in the output of
deaminated metabolites of 5-HT in the urine of immunosym-—
pathectomized rats (chapter 3), apart from a small reduction
in 5-HTOH excretion when expressed in terms of rat veight,
These findings suggest that the increaced concentration of
5=-HT found in the gastrointestinal tract (Hamberger, Levi-
Montalcini, Norberg and Sjlqvist, 1965; Iversen, Glowinski
and Axelrod, 1966: ; Thompson and Campbell, 1966b) and other
tissues (Klingman, 1969) of immunosympathectomized animalé,
is not related to an alteration in MAO activity. A possible
relationship between increased 5-HT content and impairment of

sympathetic innervation in these animals was discussed in
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chapter 3. Such a postulate might also be tesied in animals
which have undergone a chemical sympathectomy with 6-hydroxy-
dopamine. Very recently, Klingman and Klingmén (1969) report—
ed that after sympathetic denervation of rat submaxillary
zlands by means of superior cervical ganglionectomy, the

5-HT concentration per unit weight and total 5-HT content

of the organ was increased,

In addition to the information on‘the urinary
output of important catecholamine and 5-hydroxyindole
metabolites in imnunosympathectomized or adrenalectomized
rats (chapters 3 and 4), these studies provide a comprehen=~
sive set of data on the endogenous output of these compounds
in normal rat urine. Relatively few studies of this nature
have been undertaken in rats, in contrast with the large body
of similar information available in man., A detailed study
of the extent of VMA conjugation, however, such as that
described herein for rat urine, might profitably be made on
human urine; it is generally assumed that the endogenous
acid is excreted exclusively in the free stale in man, but
Goodall and Alton (1968a) have recently identified the 4-0
sulphate of VMA in human urine as a metabolite of noradrena-

line formed from infused dopamine. The ne=d for such a study

is emphasized by the fact that although HiPG was shown to
be a catecholamine metabolite by Axelrod, Kopin and Mann in
1959, only recently has its glucuronide been detected as a

major conjugate in man (Shimizu and ILaBrosse, 1969).
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In contrast to the adrenaline and noradrenaline
degradation pathway, the intermediate aldehyde formed from
endogenous 5-HT by MAO was preferentially oxidised to
5-HIAA, rather than reduced to 5-HTOH (chapter 3). The
urinary output of catecholamine metabolites in the rat
appears Lo be related to the age of the animal, but experi-
ments conducted throughout the life-syecle of the rat are
required for a more completc knowledge of this relationship.

Unlike the excretion pattern of catecholamine
metabolites in the immunosympathectomized rat, a raised
output of these compounds is a constant finding in the
urine of neuroblastoma patients (see chapter 1). In addition,
an increased NGF titre is found in sra of children with
neuroblastoma (Burdman and Goldstein, 1964). The failure
to demonstrate further mctabolism of noradrenaline on incu-
bation of labelled amineg or its precursor, with a continuous
cell line of neuroblastoma in tissue culture (chapter 6),
may indicate that it is necessary to use fresh tumour tissue
for such studies. A future re-investigation of the problem
might also include an evaluation oi co-factor requirements

for noradrenaline metabolism in tissue culture,
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