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THE EFFECT OF SODIUM AND CALCIUM IONS ON THE RELEASE OF

CATECHOLAMINES FROM THE ADRENAL MEDULLA :

Abstract

Bovine adrenal glands were perfused in vitro. Immediately
after switching the perfusion medium to a Na+—free solutioa, a
sharp increase in catecholamine output was obtained (6-10 times
over control values). This increase was linearly related to the
logaritgm of thexexcracellular Na+ concentration, aﬁh was tt
reduced in the presence of atropine and hexamethoniuﬁ thus [indicat-

1

ing that Ach from preganglionic nerve terminals 4s not responsible

: + +
for this release. Excess Mgz reduced (lO’mM—Mg2 ) or blokked (20

M Mgz+) the Na+—free induce@ amine output both in the presence and
absence of extrace¥ular Ca2+. » Depolarizing the chromaffin cell
membrane with 56 mM K+ did not affect the N;+~free induced amine
release. Perfusion with a N5+-ffeg medium in the presence or absence
of calciun, relefséd catechslamines, DBH and ATP in the same proport-
iﬂns as measured in the soluble contents of isolated chromaffin

grénules. LDﬁ, a cytosol-localized enzyme was not released. These

results provide phy31ological and biochemlcal evidence that exocytotic

. release of catecholamines from the adrenal medulla can be induced by

Na//;mission in the abseunce of extracellular Caz+. ’
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- physiologique et biochimique que la lib&ration, par exocytose de

Anna Lastowecka .
Department of Pharmacology & Therapeutics “n M.Sc.
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L'EFFET DE5 IONS SODIUM ET CALCIUM SUR LA LIBERATION:bEa
CATECHOLAMINES PAR LA MEDULLOSURRENALE
. : '\
Condensé - \
‘Des -glandes surrénales de bovins ont &té perfhsées in viéro,
Aussitdt aprés le changement du médiqm de perfusion pour une sol-
ution ne contenant pas de Na+, on obtient une augmentation de la
libération &e catécholamines (6—1% fois les valeurs contrdles). .
Cette augmentation est reliée linégifement au logarithme de la

+ . '
concentration extracellulaire de'Na,, et n'est pas modifiée par la

présence d'atropine et d'hexaméthonium, ce qui indique que cetEe'

.

*libération n'est pas die & 1' ACh venant des terminaisons nerveuses

préganglioniques. Un excés de Mgz* réduit (10 mM*Mgz+) ou bloque
(20 mM Mg2+) la 1ibération de catécholamines causée par 1'abscence
de Na+, en 1'abscence et en présence de CaZ+ extracellulaire. La

. )

dépolarization de la membrane dela eellule chromaffine & 1'aide de

" 56 mM xt n'affecte pas la libération causée par l'abscence de Na'.

. ) ) +
La perfusion avec un médium ne contenant;pas de Na , en présence ou

eﬁﬂi'abscgnce de Ca2+, libéte les catécholamines, le DBH et 1'ATP

i

dans les mémes proportions que celles determinées dans le contemu

soluble de granules ¢hromaffines isolés. Le LDH, un enzyme localisé
LY

dans le cytosol, n'est pas libéré. Les résultats procurent 1l'évidence

[y

catécholamines, par la médullosurrénale, peut &tre induite par 1'

omission de Na+ en 1'8bséech'de Ca2+ extracellulaire.
.
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The adrenal medulla or more precisely its anatomical unit -
the chromaffin cell - can be considered from a physiological .

point of view as a peripheral bridge between two of the main

regulatory mechanisms of the‘higher living organisms; the endo-
crine axis and the nervous system. In fact the adrenal medulla

represents, at’ the peripheral level, the best example of a neuro—
endocrine transdycer as the hypothalamus does at the central nervous
Al

system. A feature of this endocrine tissue, embryologically derived

I
from neuroblast cells is that it synthetizes, stores and secretes

to the internal medium substances with an identical chemical struc-

¥

ture to the neurotransmitter released by sympathetic neuroms

(Coupland, 1956). ' . : i

The following introduction is a brief review of the structure

and function of this tissue and an attempt to integrate and describe

. in a concise way the main known steps involved in the catecholamine

release-reaction. The possible role of ions in the stimulus-secretion

3 .

coupling mechanism within the chromaffin cell is also described.

2

Embryology & Anatomy ]

.

In higher vertebrates, including man, the adrenal glands are

small, paired structures lying on either side of the midline of the .

* abdominal cavity above the kidneys, Each gland is a double organ

composed of two distinct types of tissue of differént origin and
function, an outer cottex of mesodermal origin and an idner medulla

of neuroectodermal origin. The medullary chromaffin cells develop

e )

v PO ST S
R .‘-*}A‘g.@“‘iﬁm \

SN

Ao
Ve 43

;



-2-

from primitive cells of the sympat'hetic ganglion originating
from the neural crest and remain intimately connected with_ the
splanchnic sympathetic system. Thus, the medulla is considered
to be part of the post-ganglionic sycmpathetic system and shares
some properties with the adrenergic neurons (Kohn, 1902; Soulié,
1903a, b; Yntema & Hammond, 1947; Coupland, 1956; Wurtman, 1965).

Chromaffin tissue similar to that of the adrenalﬂ medulla is
also found in the organ of Zuckerkandl, in the thorax, neck and
carotid body, and in small bodies adjoining the paravertebral

L
sympathetic ganglion chain ("paraganglia") which in some lower

vertebrates represents the adrc;.nal Enedulla:'y tissue. In !;lammals,
most of these cells atrophy after birth, whereas those of the
adrenal medulla mature into medullary cells and become the major
source of circulating adrenaline (Zuckerkandl), 1912; Wurtman, 1965). )
The close anatomic association of cortex and medulla in higher
mammal; was suggested to be functional in that the adrenal ‘glucocort—
icoids may inf luence adrenaline biosynthesis in the medulla (Shepherd
& West, 1951; Coupland, i953). For example, foetal medullary tissue
cannot sypthetize adrenaline until it establishes anato;nical and |
circulatory contact with mesodermal cortical tissue (Shepherd & West,
]:J951; Brundin, 1965), and, in the.dogfish, the steroid secreting cells
are anatomically distant from the .chromaffin ceils which contain only
noradrenaline (Coupland, 1953). Iiecent evidence has shown that the

concentration of glucocorticoids draining from the cortex to the

medulla maintain the activity of the phenylethanolamine-N-methyl

" transferase (PNMT), an enzyme which catalyses the conversion of nora-
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drenaline to adrenaline (Kirshner & Goodall, 1957; Axelrod, 1962;
Wurtman & Axelrod, 1966). Furthermore, in the snike, "Xenodon

merremii”, the regions containing adrenaline and noradrenaline can

be separated and only the part which forms adrenaline contains PWMT ‘
(Wurtman ég‘gl., 1967). Thus, a recognition of the adrenal cortico-~
medullary interaction and its physiological signigicaﬂce was estab-

lished. More recently, immunofluoreséénce microscopy studies have

also shown that in mammalian afdrenal medullae the adrenaline storing :

cells were the richest in PNMT, (Goldstein et al., 1972).

Histology & Innpervation

The medulla is composed of interlacing cords of densely inner-
vated granule-containing cells called 'chromaffin' cells due to their
characteriétic brown colour when exposed to potassium bichromate
"(Kohn, 1992). Early microscopic studies reported the presence of two
'different and distinct typés of cell-which differ histologically and

histochemically; for example the noradrenaline-dtoring cells can be

,selectively stained by the fodate reaction which leaves the adrenaline-
storing cells uyncoloured (Hillarp & Hﬁkfelt,ll953); also, the nora-’
drenaline-storing cells show a formalin-induced -fluorescence when ex—
posed to ultra violet light (Eranko, 1955b). Each type of cell was
given several names: adrenaline-containing and nbradrenaline—contain- -

. . ' . : 1
ing cells\/@nké, 1955a, b); Type I and Type II -cells (Kanno, 1959);
adrenaline-storing and noradrenaline-storing cells (Couplend et al.,

1964); light and dark cells (Benedeczky et al., 1966). Using differ- %

ential staining t:echniq;nes the medullary distributions of the two

types of cells have been obtained (Coupland et al., 1964). Electro-
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. microscopic observations have shown that both types of cell
‘ contain specific amine-storing vesicles ('chromaffin’ granules)
in addition to the normal cell organelles (Blaschko & Welch, 1953;
Lever, 1955; Banks, 1965; Coupland, 1965). Further support for
two types of chromaffin cell is in the s;tudies on snake adrenals

.

showing that amines are stored in two distinct ribbons of cells,

N

The noradkenaline-storing cells run in cords along the hlood
vesselvs derivpd from the adremal medullae arteries; their granules
are electron dense with eccentrically placed cores. The adrenaline-
storing cells, arrangeﬁ in palisade fqrm along the cortico-medullary
:lenous sinuses, have well—tiefi:;ed arterial and venous poles; their
granules are less dense and centered in the cell (Coupland, 1965).
The adrenaline-containing cells have been found to have a larger
number of secretory granules per cell than the noradrenaline-colntain—
ing cells (Pohorezky & Rust,’1968).

| Unlik;a the adfenal cortex which is controlled by hormonal inpuc
(eg. AC’I"H from the pitufitary gls;nd), the adrenal medulla ‘secretes its

proc'iqcts in re—s;;nse to neural input reaching the gland via the greater
tboracic splanchnic nerves (Dreyer, 1899). These nerves are derived
. from th; spinal cord segments T3 to L3. The nerves pass through the
adrenal cortex, run adjacent to large blood vessels, and finally form

a plexus from which fine nerve fibres emerge and pass between adjacent

chromaffin cells. Terminal boutons from these fibres form tn'Je syn-

apses with the chromaffin cells, with their. plasma membranes corres—
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‘ por{ding to the pre~ and to the post-synaptic thickenings (Maycock

& Heslop, 1939; Young, 19-'39; Lever, 1955; Coupland, f962, 63, 65).
Although the splanchnic nerves regulate the secretory activity of
) the medulla, they have no trophic ‘jﬁfluence on the cells; denervat- L
ed or isolated-perfused glands secrete just as well in responsge to
- acetylcholine or other'secretagggues that directly influem:elthfa
chromaffin cell (Houssay & Holin-elli-, 1925, 1926; Cannon & Roseni:lueth,

\ .
1937; Douglas & Rubin, 1961).

Blood Supply
The adrenat medulla is irrigated by an intra-adrenal por tal

circulation alt{h(‘)}ugh there is species and individual variations,

the.z mammalian gland is richly supplied by a number of artéries that

. - _— enter the gland from different points. The major ones arise from the
aorta or one of its major somatic or splanchnic branches, or \from the
adrenolumbar artery. .From these, multiple small adrenal arteries

“converge on the gland; these arteries form a plexus in the gland

capsule and then form an anastomosing sinusoidal network of cortical

-~

arteries surrounding the cortical cells. The sinusoids becan;e pro-
gre‘ssivel); wider an_d,coales.ce as tﬁey approach the med'ulla centedly
A few caﬁsular arteries penetrate the medulla directly where they,
too, hra;lch tep;atedly to form a capillary network around groupé of _
chromaffin cells. The me;iullary capillaries empty into the samé
“yenous system as that draining the cortex-and which eventually forms

the. single adrenolumbar vein (Harr:lsoh & Huey, 1960; Coupland, 1965).

. The significance of the speclalized vascularization of the

«
v
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adrenal medulla is that: a) the blbod passing from the cortex to
. V

the medulla is undiluted and rich in cortical steroids and b) the

chromaffin cells have become speclalized to secrete their products

into the general circulation to interact with distant receptors -

hence the term "hormones" for the medullary catecholamines.

A

L]

Physiology

-Oliver & Schdfer (1894) first observed that ex;:racts of adrenal -
glands of sheep and dog had powerful vasopressor actions., Moore
(1895) showed that the active substance was confined to the medulla
of the gland. The active principle was isolated and identified
chemically by Aldrich (1901) and Takamine (1901) who named the sub--
stance "epinephrine" and "adrenaline" respectively. A pressor sub-
stance was also ,ext‘racted fl:om the 'organ of Zuckerkandl' and assumed
to be adrenaline (Biedl & Wiesel s 19”02). Adrenaline thus became the »
fi hormone to be identified.
}IWork on the nature of the pres/s/or’subst:ance secreteci by the
adrenal medulla pro.éeg\ded in parallel with i.nvestigétions“of chemi cal
mediators at sympathetic nerve endings, and adrenaline and noradrenaline

were found to be separate chemical mediators released at adrenergic

nerve endings (Elliott, 1904, 1905; Greer et al., 1938; Bergstrom et

al., 1949). A noradrenaline-like substance was later demonstrated
" :

4

in adrepal gland extracts (Holtz et al., 1947). Finally, both
adrenaline and ho;’adrenaliixe were demonstrated in the cat's adrenal:
, )

" -venous blood during splanchnic nerve stimulation (Bulbring & Burn,

1949), and both amines were also extracted from fresh cattle adrenal

glands (Euler & Hamberg, 1949).

B
e TP ald
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In addition to adrenaline and noradrenaline, small quantities

. K Ofo dopamine (Goodall, 1951) and N-methyladrenaline (Axelrod, 1960)
] ’ . have been extracted from mar;unalian adrenal glands. No major physiol-
ogical role wa; assumed for‘ these substances. | ,
The ?unction of adrenomedullary activity has been thought by E
+. Cannon and others to be one of adaptation - an emefgency t;ne::hanism
hélpful in preparing an animal for "flight or fight" or other form
.of stress (Cannon, 1931). St;[mulation by pain, cold, anoxia, emot-
ional excitement, exercise, hemorrhage, hypotension or by hypoglycemia,
showed a greatly increased secretion of the adrenomedullary hormones i
(Houssay & Molinelli, 1925; Cannon, 1931; Buler, 1956). All of these
stimuli to adrenomedullary secretion are transmitted via hypothalamic
nerv;)us centers and the sympathetic innervatfon of the gland which
‘then differgntially control the indiv\idual secretion of adrenaline
and noradrenaline (Houssay & Molinelli, 1925; Magoun et al., ’1937).
I§ccording to Folkow & Euler (1954), stimulation of certain areas in
) , . the hypothalamus enl;ances the secretdon of adrenaline more than that

of noradrenaline, whereas stimulation of other areas nearby has the

b
-

converse effect. Furthermore, different external stimuli may elicit
adrenal - secretion in which the proportions of the two hormones differ
characteristically O(almeja.ac, 1964; Euler, 1967). Thus, two distinct

systems may exist for the control of adrenomedullary activity (Euler

& Luft, 1952; Holtzbauer & Vogt, 1954).
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The Secggtory Process . Y

The endocrine and the nervous systems function as a complex
process of handling different kinds -of bioiogical information.
These biological messages are handled by a dynamic interplay of .

excitation and inhibition within an? between highly developed cellst \
Generally speaking, most bieological communication 1s structured on

a series of transduction processes involviﬁg mainly chemical and
electrical energy. In focusing these events to a specific endocrine
tissue such as the adrenal medu%la one should point out that the main
consequence of the physiological stimulation of the chromaffin cell

is the extrusion of catecholémines and other soluble constituents

of the granules to the cell exterior as the result of the secretory
process. Although many attempts, using multidisciplinary methodology,
.” have been done to clarify the release reaction in exocrine and endo-

E crine glands as well as herQous tissue, many ‘of the event; associated

E' " with this process of secretiqn still remain to be elucidated.

Therefore for tlie sake of simplicity one should divide the

secretory process, regardless of importance or priorities, as schemat-

|
-

; f » . ically composed of fouf main events: a) synthesis of the hormone or

B 2

neurotransmitter; b) storage of the hormone in granules; c¢) mechanism -
of hormone release and d) hormone inactivation mechanisms. A brief

description of these events is given below. Furthermore, as an’

integrative attempt, the role of iong, and the series of events

Il o oY

triggered by the interaction of acetylcholine with the cholinergic, ¥

receptors of the chromaffin cell is briefly discussed under the

b K

generally accepted denomination of "stimulus-secretion coupling".

,
‘ 1
.
- ! -
.
:
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a) Biosynthetic Pathway:

The in vivo formation of adrenaline and noradrenaline is from
,the dietary source of phenylalanine and f£-tyrosipe (Gurin g Deluva,
1947; Udenfriend et al., 1953) which are taken up by the chromaffin
cells. Q-Ty;osine {s then hydroxylated to i-dopa by the enzjme
tyrosine hydroxylase (Blaschko, 1939; Nagatsu et al., 1964). This
Eirst enzymatic‘step of the biosynthetic pathway is the slowest and,
physiologicalfy, represents the main regulatory reaction of all the
sequential enzymatic pr;césses in the synthesis of catecholamines
(Spector et al., 1963a; Levitt et al., 1965). It is ag this level
where cytoplasmic noradrenaline or adrenaline, and perhaps some
metabolites, exert the so—called feed-back end product inhibition
on this rate-limiting step (Nagatsu gg_gi., 1964 ; ‘Stjarne, 1966;

' Udenfriend, 1966). This effect could be mediated directly on

\

\\\“\tyrodine hydroxylase or by inhibiting the pteridine cofactor of this

enzyme (Thoenen gg_glf, 1969). Actually, several different kinds -

“ of stiguli or- conditions have been shown to be capable of altering
the tyrosine hydroxylise activity within the chromaffin cell, not
only modifying the enzymatic activity but also the levels of the
enzyme as well (Bygdemén et al., 1960; Gordon et al., 1966; Thoenen
et al., 1969). °
| A second step in this synthetic pathway is the decarboxylation .,

. of 2-dopa to dopamine byhthe enzyme L-dopadecarboxylase or also N

‘ known as aromatic amin;acid decarboxylase (Holtz, 1939;*:oodall, 1951;
‘Udenfriend & Wyngaarden, 1956; Goodall & Kirshner, 1957). Like tyrosine
hydroxylase, this enzyme seems to be 1;Ealized in the cytosol of the:

0 chromaffin cell (Lovenberg et al., 1960). . N

Ry e - -
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The* third step; the biocatalytic cbnversion of dopamine to ,
noradrenal%ne requires the presence of dopamine B-hydroxylase, an
enzyme present within the storage granules (Blaschko; 1939:
Kirshner, 1957; Gvodall & Kirshnery 1957; Levin et al., 1960;
Goldstein et al., 196 ) ' .

The chromaffin cells of the adrenal medulla, espe‘ci.ally in
manm}afs, has develo?ed a synthetic step capabie of synthesizing
adrenaline from nqradrenaline as a final step of the biosynthetic
pathway. The enzyme phenylethan'olamine N-methyl transferase (PNMT)
converts noradrenaline tc; adrenaline by transfering a methyl group,
from S-adenosylmethionine to the amine nitrogemn of noaradrenaline v
(Bilbring, 1949; Kirshner & Goodall, 1957; Axelrod, 1962). PNMI
seems to 'be a soluble component within the chromaffin cell (Kirshner
& Goodall, 1957; Axelrod, 1962). The physiologic importance of this
enzymatic step results in th;: ability of the xixedulla\ to have two
distinct functional populations of cells, one containing adrenaline
and the other storing noradrenaline, This characteristic seems to
be mainly the result of the anatomical and endocrine interrelationship
begween the adrenal cortex ‘and the medulla (Kil:shner & Goo&all, 1957,
Axeltrod, 1962; Wurtman & Axelrod, 1966). As has been mentioned above,
glucocotticoids r—elease:d to the adrenal port;al system in high con-
centrations are responsible for the inductic'm of PNMT activity

{(Coupland, 1953; Wurtman & Axelrod, 1965,1966). ’
p) .

b) Storage of éatecholamines

It is now well established that the chromaffin cell stores

2
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catecholamines in special intracytoplasmic membrane-limited
" organelles (chromaffin granules) which are inVol;rea in the uptake,
biobsynthesié, st.orage and secretion of homor;es. This feature is
shared with other secretory tissues such as some endocrine glands
/and nerve endings (Coupland, 1956). These gr?mules are, from the
‘ physiological point of view, a celﬂlu’lar mechanism able to store

and prepare hormones and transmitters for release and at the same
v .

-~

Biochemically, thesg’ granules contain mainly water (70X), proteins ,

¢ -
-+ (11.52%), 1ipids (7Z), catecholamines (6.7%) and ATP *(4.5%) (Kirshner,

1974). Isolated chromaff¥n granules can be separated into water’
o e

‘ Sc;luble and water insoluble cémponents .after lysis by hypoosmotic
a0 shock- followed by centrifugation. ’Among the soluble constituents
the main feature is the striking and unusually high concentrations

of adenine nuclebtides, ATP being the major component. Smaller

amounts of ather nucleotides such as ADP, AMP, UTP, etc. have also

been detected (l:lillarp & Thieme, 1959; Da Prada & Pletscher, 1970).

Different experimental evidence has suggested tha_t\ndcleotides are

involved in the storage process forﬁing a non-diffussible complex

with catecholamines within the chromaffin gramules (Hillarp, 1958).

: ratio of 4:1. This catecholamine—-ATP complex is stabilized by soluble

proteins (chromogranins) :present in the granules (Blaschko et al.,

1967a; Smith & Kirshner, 1967).  The main component of this group of

. proteing, which represents 707 of the total gx‘:anular proteins, is

\
chromogranin A, an acidic protein having a MW of 80,000, (Smith &

- ’

time protect thaose substances from degradation by cytoplasmic enzymes.

This compl.egc consists basically of catecholamines and ATP in a molar
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a
Kitshner, 1967; Smith & Winkler, 1967). Amothet ‘soluble protein
is éopamine f-hydroxylase (DBH). 1In the bovine adrenal medulla
half of the total granul"ar\ enzyme is presen.t as a so\luble component
whereas the other 507 is membrane bound (Winkler et al., 19703 Duch

x

et 9_1_., 1968). As has been mentioned above this enzyme is involved
in the gonversion of "dopamine to noradrenaline\ (Blaschko, 1939;
Goidstein et al., 1965). The catalytic site of the enzyme faces the
interior of’ the granule, so the subgtrate must enter the vesicle
before it %an be oxidized (Kits};ne , 1962; K:l(\t:shner et 31_.,‘,‘1967;
’ Stjarne & Lishajko, 1966). In connecti\mfto this event it i;\\import—
W ant to point out that a transport mechanism (uptake) for catecholamines
has been al;'eady described at the level of the membrane (Taugner, ‘1971,
1972). This is an ATP-Mgz+ dependent :th transport which seems to
7. be the'resuit of the activit‘y of a memBr'ane-bound ATPase (Kirshner
et al., 196%). ’I'he‘.kineticsg,of this transport system would suggest
that a carrier molecule might be involved ‘in this uptake process
™~ ~(Slotkin & Kirshn:ar, 1973). However, evidence for the possibl;: role

of the.granule membrane ATPase in the release preocess has also been

published (Poisner & T‘rifato’, 1967 ; Trifard & Poi%ner, 1967; Trifard

-

e

- . B D&mrkind 1971) Anotheyr enzyme, ;‘>resent ih. the granule membrane
; h is phosphatidylinositol kinase/('rrifaro, *1973; Trifatcf & Dworki d,
"1975; Muller & Kirshpner, 1975). This enzyme cata]yzeS\ the trans-
phosphorylation from ATP to moncphosﬁhatidylinositol wiﬁh the -form- , A
ation of diphosphatidylinositol (Trifar3, 1973; Trifad & Qworkind

1975; Mullér & Kirshner, 1975). Among the granule membraneibound

N ’
L
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pi‘oteins’ @en-electron tramsport system of unknown function has also
been identified. This consists of cytochrome b561 and a NADH:
cytochrome b561. reductase (Spiro & Bail, 1961; Flatmark &/ Terland,
1971).

The: electrophoretic studies of the membrane proteins of

LI

chromaffin granules done by Winkler et al. (1971, 1972) indicated

-

the c?stence of at least two main proteins. They have proposed

the name chromomembrins A and B for these proteins (Winkler et al.,
1976; Hé'rt:nagl et al., 1972). Chromomembrin A has been identified
as c‘iopa;xnine B~hydroxylase (Hortnagl et al., 1972; Winkler & Hortaggl,
1972). The remaining protein, chromomembrin B, has not yet been
characterized. Phospholipids and cholesterol are the main lipid

o

components of vesicle membranes. These membranes are very rich in
.cholesterol and hoave an unusuaily high content of lysolecithin .
(Blaschko et al., 1967b; Trifard, 1973)-

Finally, the origin of these secré:tory granu‘les‘ is not(clearly)"
understood. ectron microsgopic,stﬁdieé have suggested the Co]:gi
apparatus the pla.ce of origin o% the chromaffin granules .(De

Robertis ¥ Vaz Ferreira, 1957). However there 1s no biochemical

. evidence to substantiate, this hypothesis.

s c) Mechanism of hormbne release
Is C

o
- * 2
N

The release to cohe extracellular medium of the soluble com-

ponents of the chromaffipn granules represents the culmination of
N .
the secretory process. From the physiological point of view,

catecholamine release from the adrenal medulla is the last of a sequence
’ e I > . - ) i
of events of an homeostatic autonomic neuroendocrine reflex. Normally,

.

9

the adrenal medulla seems to maintain a low rate of relegse of cate-

-
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cholamines to the blood; the gland being the main source of
' circulating adrenaline. Catecholamine levels in plasma increase

several fold as a reflex response to any stressing stimuli (Smith

t ‘ & Winkler, 1972). From a subcellular and molecular point‘of view
£ the chromaffin cell has rendered uséful information about the

release process (Trif”aro/, 1970; Smith & Winkler, 1972). At

>

present, strong experimental evidence supports the idea that the

adrenal medulla secretes.its products by a cellular mechanism known ‘

as exocytosis (Smith & Winkler, 1972). This proces;, originally 4

7 called reversed pinocytosis or emiocytosis, involves the attachment
and fusion of granular and plasma membranes coupled with a molecular

r

rearrangment resulting in a transient membrane discontinuity through

which the soluble intragr€nular content can reach the extracellular

medium. This mechanism of %elease, which does not seem to be re-

stricted to the adrenal medulla, has received solid and relevant
N support mainly from morphological and biochemical studies (Trifard,
1§70; Smith & Winkler, 1972). Biochemical evidence in favour of the
3 exocytotic mechanism has been prov‘id’ed by analysing catecholamines
~ }rhd other granular and extragranular constituents from the whole
gland, or from the different particu],af:e fractions following stim-
ulation of tuhe t.:i:ssu Trifaro, 1970; Smith & Winkler, 1972). Another
useful exp'eri;mental approach was the ;mdy of chromaffin cell ct;mpon-
‘ ents:\ present in the effluent of biood lea’vin,g the gland before, during
: and after acetylcholine or spg@t'\c,hnic nerve stimulation .(Douglas &
Po}.sner, 1966; Viveros et al., 1568). Summing up the numero;:;s and f:"
- ferent kinds of evidence, one may ;:.onqlude that during stimulation, )

A}

the soluble components of the nucleotide~rich ci'aromaffin granules dis-~ "
¥

4
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appear from the gland and are quantitatively recovered in the

effluents escaping from the gland (Douglas & Poisner, 1966;

- I3

Viveros et al., 1968). Equally important, is the evidence sug-

gesting that the insoluble membrane-bound components o{ the chromaffin
. granules are not released to the extracellular medium but are quant-
1£ative1y ret;ined within the chromaffin cell (Trifard et al., 1967;
Poismer et al., 19674 Schneider et al., 1967). This conclusion on
the fate of granular components correlates with electron-microscopic
figures of exocytosis obtained in the hamster adrenal gland (Diner,
1967) and with the fact that there is no detectablé increase in
release of cytosol marker-enzymes (Schneider et él., 1967) associated
with catecholamine secretion, thus strengthening the idea of an all-
or-none exocytotic mechanism of release in the chromaffin cell.

The exocytotic mechanism was useful in explaining a crucial

step in the release mechanism, but at the same time it has raised

F'
;
i

many unanswered questions. Practically nothing 1s known of the

intimate process of attachment or how, and for hofle long, the chromaffin

~rly

granule remains Eused to the cell membrane. Furthermore, there is
digagreement concerning the fate of chromaffiﬁ'granules~after they
release their contents. There is some evidence suggesting a re-
.‘trieval process from the plasma menbrane with subsequent reincorpor-
ation into the cytoplam, but conclusive evidence on the final fate

and the possibility of reusage of the granules is still lacking.

\ . {

There are two enzymes within the organism that are xespongible

§ I - ¢5’1nactivation of catecholamines
¥ +
¥
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for the initial metabolic transformation of most of the catechol-
amines that enter the circulation. These are monoamino-oxidase
(MAO) and catechol-O-methyltransferase (éOMT).\.Both enzymes are
widely distributed in the organism, specially MAO, which in the
liver and the kidney is intracellulary localized in the mitochondria,
whereas COMT is present in the cytosol (Blaschko et al.; 1937;
Blaschko, 1952; Axelrod, 1957; Axelrod & Tomchick, 1958). 1It has
been shown that most of the catecholamines coming from the adrenal
medulla or from exogenous administration are first methylated by
COMT into metanephrine ang normetanephrine (Axelrod, 1959). However,
MAQ contributes also to the metaboliﬁ disp;sal of catecholamines.
This is reflected in the urine where the major metabolite of cate-
cholamines excreted is 3-methoxy-4 hydroxymandelic acid (VMA)

. .

(Axelrod, 1957; Axelrod et al., 1958). The quantitive relationship

between enzymatic pathways involved in the metabolic disposition of

catecholamines reveals that 407 is excreted as VMA, 40X as metanephriﬁe

(free and conjugated), 77 as 3-methoxy-4 hydroxyphenyl glycol sulfate
and small amounts as unchanged epinephrine and 3-4 dihydroxymandelic
acid (Kopin & Gordon, 1963). It is aldo important to point out that
the chromaffin cell 1acks' an active amine uptake mechanism such
as that present in - adrenergic nerve terminals (lversen,
1965). This mechanism is also involved in the inactivation process

of catecholamines that have reached'the internal medium~(xalsqer &

Nickerson, 1969b).

B CRT Y V9 e .,
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Stimulus-secretion coupling

One of the common and striking features of the secretory
process in different cell; which store their secretory product; ;
in granules 1is the physiological dependency of the release process -
on extracellular calcium (Douglas & Rubin, 1961). This well
demonstrated and established fact has allowed some researchersto
speculate about the different steps taking place in the chromaffin
éell ~ from the interaction between acetylcholine and membrane
receptors to the final exocytotic release of intragranular soluble
contents. All these events have been conden;ed by Douglas and
sRubin (1961) in the widely accepted expression "stimﬁlus—secretion:
coupling' patterned kro% the previous phrase "excitation—conéraction
coupling” intro&uced by Sandow (1952)5to describe the chain of events
occuring during muscle activatioq‘.452 quoted by Douglas (1968):
"the true stimulus-secretion coupling is thus intended to embrace

all the events occurring in the cell exposed to its immediate stimulus

e

that lead finally to the apﬁearance of the characteristic secretory

o b

ﬁroduct in the exéracellular environment.” One of the most important
consequences of the release mechanism by exocytosis is that all the
steps involved in the stimulus-secretion coupling are directly or

hY

indirectly related to the plasma membrane. The aim of this section .

B T TS

[ R

is to describe the known events taking place at the plasma membrane

22

during stimulus—secretion coug}ing,(especially those associated with
the role of ions). At the same time, it is important to notice that
the sequence of steps, illustrated in the following scheme (modified

from Smith & Winkler, 1972),13 far from being complete, definitive‘




- ———— —

‘ -18-
“

or totally correct. Many different experimental subcellular and

X

molecular approaches are required in order to obtain new evidence

‘ « to elucidate this fascinating chaln of events.

Interaction between
acetylcholine and the receptor

J,

Increased Fonic permeability of :
plasma menmbrape

i

Depblarization

- d

- Increased Calcium Influx ) ¢

~L

Attachment of the chromaffin ;
granule to the plasma membrane

- ‘L .
Fusion of granular and N
plasma membranesg /// . i

' Transient Membrane discontinuity
allowing a direct communication
between intragranular and extra-

cellular compartments
' Release of granule soluble
| contents to the extracellular medium
e I
.. . TFiseion of granular membrane
from the cell membrane .

.
* Jr
.
7
.

Granules Recycling ?

~

L

®

N ’

o The earliest event in stimulus-secretion coupling involves the

o

interaction between the acetylcholine released from the pre-

b o R RGO o

%

¥ , K .- ganglionic autonomic fibres and the cholinergic receptors of the

gig‘ ' . ' y )
- X . * - ) ¢ -
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+  plasma membrane. By extrapolating from electrophysiologfcal

evidence obtained by Del Castillo & Katz (1§55) in the neuro-
muscular junction, iE.is now accepted that acetylcholine exerts

its action on the outéf surface of the chromaffin cell membrane
(Douglas, 1968). It is important to point out that,similar to the

v

sympathetic ganglion; the cholinergic transmission in the adren;l
medulla is a consequence of the activation of nicotinic and mus-
carinic receptors (Douglas & Poisner, 1965; Lee & Trendelenburg,
1967). Furthermore, in the cat adrenal gland, it has been postulated
that release of adrenaline occurs in response to muscarinic stimulat-
ion whereas nicotinic receptors are involved in the secretion of both
adrenaline and noradrenaline (bouglas & Pojisner, 1965).

Regarding synaptic transmission, it is generally accepted that
changés in fonic permeability accompanied by a concomitant modificat-
ion in cell polarizat%on follows the activation of postsynaptic
receptors (Eccles, 1964). Electrophysiological studies done in the
adrenal medulla have shown that acetylcholine acts at the medul}ary
'synapse similar to its actions at other synapses (Douglas, 1968).

It has been demoﬁsttated in isolated gerbil chromaffin cells (which
have a resting potential of 30 mVi, that those cells undergo a“
tta;sient, non-spike membrane depolarization in the presence of
acetylcholine. By modifying the ext?acellular ionic composition,
ig was- found th;tqthe depolarizing effect ‘induced Py acetylcholine
was due to inward currents of sodium and caicium (Douglas, Kanno

& Saupson,.1967a, b). Although in other exéitable tiss;es, such

as muscle, depolarizatién represents a necessary requirement in

the genesis of the final response this does not seem to be the case

B SR
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c in the chromaffin cell. This statement is fundamentally important i

Y
3

because, dalthough an inward sodium current is mainly responsible
for acetylcholine depolarization,‘ihg omission of this cation from

the extracellulaf fluid falls to modify the magnitude of the release

response to acetylcholine (Douglas, 1968). Moreover, tetrodotoxin,

, @ specific blocking agent of the inward sodium current, does not

inhibit the release of catecholamines from perfused ox adrenals -

stimulated by carbamylcholine (Smith & Winkler, 1972). 3urthérmore,

k}

Douglas and Rubin (1961, 1963) found that omission of either K+,
+ . '
Mgz or C1” fikom the perfusion medium does not prevent the acetyl-
L 'choline—induced release of catecholamines from the .cat adyenal

gland. It is at this point-where the crucial physiological role

of extracellular éalcium should be emphasized. .

b
The role of calcium in secretion

La

’ Douglas and Rubin (1961) showed that the inward calcium
) » '
current assoclated with acetylcholine depolarization wds an

essential link in the chain of .events leading to catécholamine

secretion id the adrenal medulla. They demomstrated that omission
of Ca2+ from the extracellular medium abolished the secretory re-
sponse to acetylcholine in the in situ perfused édrenal gland of
the cat. Convincing evidence linking Ca2+ eﬁtry to the action of
’ acetylcholine came from experiments éhowing increased 450a2+ uptake
{nto adrenal ‘glands during stimulatiou.wiph acetylcholine (Douglas

& Poisner, 1963). This role of Caz+ has been degscribed as ‘ion-

specific', 1.e. it is a gufficient and essential requirement for

o. o
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the secretory process in the adrenal medulla (Douglas, 1968).
Thig same requirement for Caz+ has béén shown for other sec;eta-
gogues such as histamine, serotoni;, high e;tracellular concentrat-
ions of K+, angiotensin; and others (Poisner & Douglas, 1966).
Reintroducing Ca?+ into the medium ;fter perfusiﬁg adrenal
;lands with a Ca2+-free solution %esults in a marked release of
catecholamines (Dougla; & Poisner, 1961). Electrophysiological
investigation of this interesting observation revealed a small
depolarizing current of about 5 mV when the chromaffin cell is
exposgd to acet&lcholine in the absence of extracellular Na+.
This current has been interpreted to be due to.inward movement of
Ca2+ (Douglas et al., 1967). Furthermore, both the Ca2+ inward

current and the assocliated release proce&s can be blocked by tetra-

cdine without altering the magnitude of the imward depolarizing Na+

— current (Douglas & Kanno, 1967).

« These and pther observations have led to the conclusion that

" the inward movement of calcium, rathér than depolarization per se,

'

is required fér secretion (Douglas, 1968). L .
The -‘;ngché‘uiam by which Ca2+ promoteg the release of catechol-
amines ﬁrom adrenal chromaffin cells is still unknown. Many hypotheses’
have been put forward, e.g., a charge neutrglization effect (Banks,

1966; Matthews gg_g!,; 1;72); inducing changes 1in viscosity (Poste
and Allisc;n, 1973) ; an interaction with microtubules (Schmitt, 1968;
Lacy et al., 1968),‘br with a contractile mecﬁanism of release
associated w;th a membrane ATPase -(Poisner and Trifaréz 1967).
However,, such evidence is indirect, and there 18 no clear agreement

regarding the molecular mechanism lit;king influx of extracellulax

© e
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Ca2+ to final exocytotic release of granular components, nor do
they indicate how Ca2+ is involved in tﬂ; attachment and fusion of
granular and plasma membranes. The;e questions require more
experimental evidence, :
Experiments in other cells can offer some ciues on Ca2+ action.
An increase in intracellular C32+ by iontophoresis, in a Caz+~free
medium was shown to induce release in mast ceils (Kanno gg_g;,;‘l973;
Cochrane and Douglas, 1974), and in the giant synapse of the squid
(Miledi, 1973). From these and other studies (Baker, 1974), the
idea that the intracellular Ca2+ concentration may belthe main
regulatory factor modulating the release process 1s progressively‘m
gaining acceptance. In connection with this hypothesis, it is mow
recognized that the inward movement of extracellular Ca2+ is oniy one
.of many factors affecting the intracellular Ca2+ concentration (Baker,
1572; 1974). A Na+—dependent Caz+ transport through the plasma

©  membrane has been shown in different excitable tissues (Baker, 1972;

) . + .
Reuter, 1974). Furthermore, intracellular Ca2 buffer systems such

g .

as those localized in mitochondria and endoplasmic reticulum have been
postulated to play an important role in maintaining”a low intracellular

free Ca2A+ concentration (Baker WM Reuter, 1975). i

3

i -

i
' -] }l
Role of other ions in 7gecretion - 5

~

The activities of other ions have provided information on the
role of Ca2+ in'secretion. Hagnesj.um is known to be a competitive,
antagonist of Ca%’- in biological sydten;. In the adren:tl pedulla,
ng+ intexferes competttiyely with Caz+ entry and inhibits the
secretory response to acetylcholine (Douglas and Rnbin,‘ 1963). ' This

. P 2% -
effect is reversed by increasing the‘ Ca2 concentration in the extra-

< )f":,lr.;:m~ ¢ g, .
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cellular medium. Recent evidence indicates that Mg2+ has an

intracellular site of action (Rubin, 1975).
2+ 2+ '
It has also been shown that Ba~ can replace Ca” and will,
2+ ¢

release acetylchowline from ci\olinergic ‘nervga. By adding Ba o

th-e exti'acellulér'.medium, it can evoke E:é_itecholamine release in the

adrenal medulla; this effect is ’blocked by ng-': this indicating

that Baz+ ;n some way mimics the Ca2+ action’ (Douglas & Rubin, 1963).
The removal of. Na+ or i(+ from the extracellular médium potentiates

the responge of the adrenal medulla t:.b acetylcholige stimulation

(Douglas and Rubin, 1973). Possible explanations of this effect

could t;e that low Na+ or K+ solutions ‘fékcilitate Ca2+ movement into

cells, or that removal of Na+ hyperpolax;izes the cell membrane.” In

" support of the latter, Na+ omission was shown to raise the membrane

potentiai of chromaffin cell’ (Douglas g_g_s_.l., 1967b). This hyper-
polarizing effect of lavor Na+-free solutions suggested that the
‘chromaffin cell membrane may be pore ’pérmeable to Na+ than other cell
membranes and that it has prope;rties si;:zilar to .those of mammalian

C fibers (Douglas et al., 1967b3. '

. 2 : -
Another interesting observation is that acetylcholine can induce

secretion from the chx;omaffin cell which has been already depolarized ™
l;y exposure to high K+ concentrations (Douglas and Rubin, 1963).
Rglate;l to this observation, acet;vlgholine has been shown to

increase. membrane permeability in depolarized wembrane pr;parations .

(Del Castillo and Katz, 1955).

Several ions are intricately involved in the spontaneous

}'elease of catecholamines. In Caz+—free solutions, the spontaneous

T Mo st FE

release ‘of patecholamine is 1ow (Douglas and Rubin, 1961; Banks, 1967),

s
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"and Ca2+. The cbservation that ouabain (Bank, 1967) can increase

—24-

) + - . [
but. in Na -deficient solutions, an increase in spontaneous release

. 1s féﬁnd which was not abolished by Ca2+ omission (Douglas and

Rubin, 1961; 1963). These stimulant effects of Naf and K+ were
thought- to represent a competition ‘between these monovalent ions
tﬁe spontaneous releasé of nledullary catecholamines should be borne
in mind as this indicates the presence of an active Na+;i+ pump in
the chromaffin cell membrane (Rubin, 1970).

Finally, it has been shown that Ca2+ has little stimulant effect
on isblated chromaffig granules (Banks, 1966 Poisnet and TrifarJ:
1967), however, ATP causes a dose-dependent release of catecholamines
from the chromaffin granules in vitro (Poisnmer and Trifaro: 1967).

»

These fiqdings suggest that the secretory action of Ca2+ is energy-

- dependent and also implicating a Ca2+ interaction with high~energy

. /
phosphates as a critical event in the secretory process.

&
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STATEMENT OF THE PROBLEM #

\ ¥
<

In the last detade, a great deal of information has accumulated
to show that Ahtomaffin cells secrete catecholamines by exocytosis.
Howeve;, the ionic mechanisms involved have nog been fully: resolved.

It has been well established that extracellular calciuﬁ is
required for the acetylcholine-induced release of catecholamines,
but the role of sodium ions in resting o} stimulatéd release 1is
not clearly understood. During perfhsion of cat adrenal glands{
with Na+-free medium, a potentiation of acetylcholine-induced
catecholamine relgase was found (Douglas & Rubin, 1963). On the

other hand, perfJTion of bovine adrenal glands with Na+—free solut-

ions for longer periods of time resulted in a decrease, or almost

L

abolished, the response of the adrenal medulla to cholinergic stim-
ulation (Banks et al., 1969). In both of the above studies, an
increase in catecholamine output was nPted immediétely af ter switch-
ing the perfﬁsion from ndérmal to Na+~free medium. This subs;éhtial,
but transitorx, rise in catecliolamine secretion in the absence of
secretagogues was on{y briefly alluded to and suggested to be due to
the removal of the sodium inhibition of calcium influx into the chro-
maffin cell (Dpuglas & Rubin, 1961, 1963 Banks et al., 1969).

The present investigation was undertaken to examine the role of
sodium ions in catecholamine release, and especially to ;tudy in more

detail the release induced by Na+—free nedium.
- 3

Some of the results presented in this thesis h§ye already been

published by the author (Lastowetka & Ttifaré, 1974).
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A. Preparation of adrenal glands for perfusion

Fresh bovine adrenal glands were obtained from the local slaughter- -

house, they were placed intb plastic bags on ice for transport and usédd with-
‘ 4

in two hours po;t—mortem. Glands of an average weight ofg 12 + 2 g were used.
They were cleaned of excess adipose and connective tissue, and the capsule
u‘aembraﬁe was removed as efficien\tl'y as possible, taking care not to damage
the -cortex. The adrenolumbar vein was trimmed and f;eed‘from the base of
the gl;md to facilitate tying aroynd a cannula. Only glands with a single

venous orifice were used,

B. Preparation of perfusion fluids

q

1) The regular perfusion fluid was a phosphate buffered Locke solution

of the following composition (mM): NaCl 154; KCl 2.6; CaCl2 2:2; KHZPOI.

0.85; KZHP04(2.15; dextrogse 10. The final concentrattox: of K+ was 5.6 mM.
In solutions co;xtaining excess K+, the NaCl was teducedkby an equivalent
amount. 2) Na*-—deficient a;ld Na'-free solutions had ;‘“‘3 same composition
as regular Locke except that NaCl was partially or totally réplaced by equi-
molar concentrations of lithium chloride or choline chloride, or by an os-
motically equivalent copcentrationoof sur;rose. The ctyoscopic point of the
solutions wa; ;:letermined to show that 0.9 g NaC1/100 mls 'HZO was equal to
9.25 g sucrose/100 mls RZO This same conversiom factor had been calcu-
l;ted from osmotic coefficients listed by Lifsot; fnd Visscher (1944).

3) Ca2+-free Locke solution was xlegu,lar Locke w;thont CaClz, and to which
2.0 mM EDTA of 0.1 mM EGTA was added. 4) High potassium Logke solution

~

contained 56 mM of which 53 mM was as KCl1 and 3 mM as K2HPO 4 and KHZPO 4

o

Ty .
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In this solution NaCl was reduce;l by an equivalent amount (50.4.mM). All
solutions were equilibtated with 5% CO2 in 02 and their pH adjusted to
7.0 - 7.2 by the add&dition of NaOH (1N) to regulatl' Locke anci KOH (1N) to
Na+—deficient solutions. Overall‘tﬁo{xange in molarity due to addition of
alkali did not exceed 2 mM. Acetylcholine chloride (10-4 M) and other drugs
were added to the solutions prior to pH adjustment, / ]
Throughout all the experiments and preparations of solutions, the water
source used was deionized ar;d purified by means of special columns supplie<§
by Hydro Service and Supplies, Durham, N. Carolina.

)

C.” Perfusion protocol

(
Adrenal glands were perfused in vitro at room temperature (250 c),
retrogradely via the adrenal vein according to the method described by

Trifaro’g_g_g_l_. "(1967). Perfusates were introduced through a cannula of

’nan;,/ow polyethylene tubing (gauge No. PE 205) one end of which was inserted

into the vein and fixed by means of a strong nylon thread passed around and
tied at the base of the vein.. The other end of the cannula carried a 16
gauge needle, 2 inches long. The needle was inserted into the rubber tubing

which waé pulled over the outflow tube of Marriot flasks containing the solu-

tions. This last procedure was carried out prior to insertion of the cannula

, into the vein thus eliminating the dead space by the issuing fluid under

i

pressure; this also ensured absénce of air bubbles entering the gla.nd which
may block capillary’passa'ges. ‘ Perfusion was speedily switched from on;a
solution to another b; manually inserting the needle into the rubber tubing
of another solution flask. Perfusion pressure was generated by eonnecting
the perfusion bottlens to a d);linder containing 5% CO2 in 02, and the flow

rates were between 10 - 20 mlimin - which were maintained constant in each

Rl YO AL PR R N m%f':ﬁ? £
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experiment by adjusting the perfgsion pressure over the range of 90 - 130
mm Hg.

In all experiments peljfusic;n for the fir;t 40 mit;utes was with regular
Locke solution. This allowed washout of blood and ensured a steady resting

¢

output of catecholamines. Durir;g this time, final adjustments of flow rate
and perfusion pressure were carried out. The glands were placed int.o poly-
ethylene funnels fixed onto clampstands . Samples were colhlected at one or
two Eninute intervals in test-tubes stan&ing on ice. To each t;xbe, 1.9 N HC1
(10 ul/ml perfusion fluid) was added to prevent oxidation of the catechol-
amines. Samples of the perfusates were stored at -15° ¢ for future catechol-~
amine determination. After t_he initial 40 minutes perfusion, the glands
were subjected to a period of stimulation lasting from three to fifteen
minutes. Usually three stimulations were performed. Drugs to be fested,
or any changes in the'compos;ition of the perfusion fluid, were introduced

during the second period. Each stisiulation period was followed by a wash- .

1y r f
out with regular Locke soluti_pti for a period of 30 minutes, thus comparison

v !

of drug effects could be made. .
Other modifications of the protocol will be described in detail in the

@

" Results section.

D. Preparation of adrenal homogenates

A sample of. medullary tissue (2 g) was dissected from the glar}ds and
chopped finely with sc;lssors.’ All pr'eparatiof\s were carried out over ice
and ice-cold solutions were used. The medullary tissue was then h)mogenized
in a 0.3 M sucrose s?lution {pH 7.0) {4 volumes to 1 g tissue) using é smooth
glas‘s tube with Teflon pestle (clearance 0.075 mm). A motom driven homoge-

nizer (Cole-Parmer Model 4420) at a speed of 3000 rpm was used, and the

s
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pestle was passed up and down three times to, ensure uni,formity and consis-
tency in homogenization procedures. The homogenate was then centrifuged at
800 g for 10 minutes in a refrigerated centrifuge. Rotor head No. 870 of an
International Model B-20 was used. The obtained pellet containing intact
cells and nuclei was discarded, and the supermatant ('low speéd supernatant')

was further utilized in the preparation of the 'crude granule fraction'.

E. Isolation of chromaffin granules

Differential centrifugation of the 'low speed supernatant' at 20,00q0 g

_ for 20 minutes in the same rotor head yielded a supermatant, which was dis-

carded, and a pellet ('crude granule fraction', CGF). This sediment was fur-
\

ther suspended iI 2.0 mls of ice-cold 0.3 M sucrose and then layered onto

7.5 ml of a 1.6 sucrose solution (pH 7.0). The tubes were centrifuged at

100,000 g for 60 minutes in a No. 40 rotor head of a Beckman Model L ultra-

.centrifuge. This proceduyre of discontinuous density gradient centrifugation

separates intact granules from broken or emiatied granules, mitochondria and
iysosomes (Smith & Winkler, 1967). The supernatant was decanted off and the
pell';t containing purified chromaffin granules was?xéd with 1.6 M sucrose
twice and the loose white upper sediment on the pellet discarded. The rest
of the sediment was lysed - a procedure which breaks th;a membranes of the
chromaffin granules. Lysing was carried out by suspending the grax:mltlal peklet
in 2.5 mls of weak phosphate buffer (0.005 M, pH 6.0). The conten;s were
transferred into Sorval tubes whit_:h were then placed into acetone on dry ice
'(-800 C) for one minute. Thawing wa;: attained by.placing the tubes into

water at 370 C, after which they were centrifuged at 100,000 g for 60 minutes

to remove the granule membranes. The supernatant containing soluble pro-

teins, catecholamines and ATP was decanted and retained and the remaining




pellet subjected to the lysing procedure a further Qéree times to ensure
total lysis of the granules. The supernatants after each lysing stage were
collected, pooled, and al%quots removed fo; catecholamine assay. The remgin-
ing supernatant was diélyzed against a weak phosphate buffer for 24 hours,
and finally concentrated by lyophilizing to a volume of 1 ml. Aliquots fr;m
this concentrated solution were taken for dopamine g-hydroxylase assay.

F. Determination of catecholamines in perfusates

The total catecholamine (adrenaline and noradrenaline) content of the
pe;fusates was determined using the quantitative method as described by.Anton
& Sayre (1962): This is a very sensitive analytical method, is direct and
speedy, and is adaptabl&'for the e;timation of catecholamines in a variety
of biological material. 'The procedure also allows the simultaneous esti-~
mation of adrenaline and noradrenaline in the same sample. As the perfusates
contained large quantities of catecholamines, there was no need to concen-
trate the amines by absorption onto aluminium oxide. The specific reaction
forming th& basis of this asgsay is usually termed the trihydroxyindole (THI)

procedure resulting in the formation of highly fluorescent hydroxyindole

derivatiyes of adrenaline (adremolutine) and noradrenaline (noradrenolutine).

Potassiun ferricyanide,bis used as the oxidizing agent to form the aminochrome
derivatives which have the fluorescent characteristics. Oxidation at two
different pH's differentially analysgs ‘adrenaline from moradrenaline. Addi-
tion of strong alkaline ascorbic acid solutioﬂs stops the reaction and_;ields
the trihydroxyindoles stabilized by the ascorbic acid:

Frozen perfusate samples were thawed carefully at room temperature by
rigorous shaking in a mechanical vibrator. Sample dilutions of 1 ml in 20 mls

of ice-cold water were made and the tubes placed on ice throughout the analygis. -
o

~
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-the following formula:

Estimation of the diluted sample fraction took place in the following

‘sequence; 0.2 ml aliquots were pipetted intq small test—tubes containing

0.1 ml buffer solution (phosphate buffer 0.5 M, pH 7.0 or acetic acid 1.6 M, _
pH 2.0). Then 9.02 ml of K3Fe(CN)6 (a 0.25% solution) was added and the .

contents allowed to stand for exactly one minute. 0.2 ml of alkaline

4scorbic acid (10 mg of sodium.a§corbate in 10 mls of 10 N NaOH) was added
and the volume made up to 1 ml by addition of 0.5 ml of water. Thé sample
was transferred to a quartz cu&ette (10 mm light path) and the fluorescence
read in&not less than one minute or more than 5 minutes after addition of

the alkaline ascorbate. .
3 - 1

Readings. were taken in an Aminco-Bowman Spectrophotofluorometer (SPF-125)

using slit arrangement #2. Optimal activation and fluorescent wavelengths

)

at pH 7.0 were 400 and 500, and at pH 2.0 they were 415 and 520. Series
of ten samples were assayed at ane time. Internal blanks for both pH's

were made using the same water source as in the preparation of the dilutions,

and the bkankstere assayed in‘a similar manner, except that the ferricyanide
w

was omitted.

¥

Standard catecholamine solutions were prepared by dilution of 6 mM stock ‘
so'utions of commercial adrenmaline and noradrenaline; they:were assayed at

the beginning and end of the experimental series and the mean of the readings

were taken.,

\

Values were corrected for blanks and results calculated according to

El v

v
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where 'I = Total catecholamines in nanomoleséga

A= Difference in speécific fluorescence between standard.

Adrenaline and Noradrenaline' at pH 2
(Ezsp.— stp.)

B = Difference in specific fluorggcence betweenn standard

1]

C= N7sp.Ezsp - stp.E7sp.,

a = Blank at pH 7

d = Blank at pH 2 .

X, = Test fluoréscence at pH 7

X, = Test sample fluorescence at pH 2

2
This formula is a modification of the one used by Anton & Sayre, 1962.

This formula was programmed obnto a#ﬁagnetic card. An Olivetti Underwood Pro-
1 - .
b 3 gramma 101 electronic desk computer was used for all calculations. Total

catecholamine output was expressed as. nanomoles/minute.

G. Determination of catecholamines in soluble contents of chromaffin granules

~
' Adrenal chromaffin granules were prepared as described in E. After

t lysing the granules, 0.5 mls aliquots of the supernatant were each treated
with 0.5 mls of perchloric acid (0.8 N) to precipitate. the proteins. The

‘preparations were centrifuged at 15,000 g for 10 minutes and ‘the supernatants

thus obtained were kepc'for citecholamine assay. The supernatants were diluted -

with ice-cold water (1 ml in 10 mls of water) and the assay followed the
pame procedure as described in the previous section for perfusates.

. H." Determination of dopamine 8- hydroxylase in perfusates

Dopamine B-~hydroxylase (DBH) was assayed by the method of Friedman &

o«
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Kaufman (1965) as modified by Viveros et 9_:];., (1969). The technique measures
' .tbe amount of H3—octopamine formed from H3—,t:yramine in the presence of DBH.

Tyramine has been shown to replace dopaminer and can'be hydroxylated by DBH

to form octopamine in the chromaffin ceil (Schumann & Phillippu, 1962ab;

Musacchio et al., 19.66)‘. ‘

Since resting levels of DBH in adrenal medulla perfusates are very
low, the assay procedure required the pooling of corresponding one-minute
samples of perfusates.from several glands in order to obtain sufficient en-
zyme quantities for measurement. The pooled perfusates were then dialyzed
0 . .
against a weak phosphate buffer (0.5 mM, pH 6.0) for 48 hours to remove
catecholamines and ATP, and then concentrated by lyophilization. The con-
cent;:ated preparation was dissolved in 1 ml of weak phosphate buffer
(0.005 M, pH 6.0) and an aliquot was taken for assay. H3—Tyramine was used
as substrate. The final concentration of tyramine in the incubation medium
was 10 uM and'the ‘gpecific a;:tivity of this isotope was of 10 Ci/m-mole.
Other conﬁditions were as pggviously des;:ribed (Viveros et al., 1969).
Radioactivity was measured in a Nucléar Chicago Liquid Scintillation Spec-
trometer using "Aquaéol" as gcintillation fluid. The coun;:ﬂing efficiency
was between 20-35%Z, and corregtion for quenching was made to 100% effici-
ency by the external cl;annel—ratio method.
DBH activity was expressed in units whereby 1 unit re%resents 1 picoT‘

mole of octopamine formed per hour.

1. Determination of dopamine B-hydroxylase in the soluble contents of
chromaffin granules

Adrenal chromaffin grnnulés were prepared as described in Section E.
The supernatants obtained after lysing tf\_e granules were dialysed and then

lyophilized and assays were performed according to the same procedure as
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described 1in the preceding s&;n.

J. Determination of lactate dejhydrogenase in perfusates

The enzyme, iactalte dehydrogenase (LDH) is found in the cytosol of
all mammalian cells, and its function is to convert pyruvate to lactate
in the presence of reduced nicotive adenine dinucleoéide (NADHZ).

The method used for the determination of the enzyme was the U.V. tech-
nique of WrSblewski & La Due {1955) which is based on the measurement of
the decrease ifx optlical density .of NADH2 during conversion of p\yruvate to
lactaht:e. ;Rea‘dings were taken at a wavelength of 340 om in a Zeiss PMQ II
Spectrophotometer. Quartz cells of 10 mm.light path were used. The unit
of measurement of LDH activity used was the amount of enzyme which will pro-

duce a fall of'0.01 OD units/minute.

NK. Determination of lactate dehydrogenase in adrenal homogenates

Adrenal glands were perfused for 20 minutes with Locke solution and

then the medullae were separated from the cortices, Both tissues were

¢ /

separately homogenized in Locke solution by means of a glass homogenator.

The preparations were centrifuged at 20,000 g for 20 minutes and aliguots

per gram of wet tissue.

.L. Determination of ATP

Adenosine triphosphate was determined by Douglas and Poisner's modifi-

cation (1966) of the firefly technique of Streller (1963). The reaction

vag carried out in a 5 ml quartz’ cuvette (0 mm light path) and the 1light

produced during the enzymatic reaction was measured in a modified cuvette

TN i PSR e 325 1P ool AR5 -
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(Aminco-Bowman) and recorded with a linear pen recorder. The standard curve
was prepared with concentrations of ATP ranging from 0.2 to 2 nmoles ATP/ml.

.

M. Determination of calcium .

+ .
When necessary, Ca2 levels in the solution were measured by atomic

1)

absorption spectrophotometry as described by Gimblet et al. (1967).

o

N. Chemicals
The chemicals were obtained from the following sources:
Reduced nicotinamide adenine nucleotide phospHate (NADHZ), adenosine

triphosphate (ATP), eserine sulphate, and firefly tail powder, Sigma Chemical

Company;

Acetylcholine chloride, Welcker LAbbratorigﬁ;

»

Ascorbic acid, atropine gulphate and hexamethonium chloride, Nutritional
Biochemical Corporation; ’
Ethyleneglycol-bis-{(8 amino-ethyl—ether)—N,N'-tetra—acetié acid (EGTA)

and dextrose, J.T. Baker Chemical Company; -

s ]

Disodium ethylenediamine-tetra-acetate (EDTA), LiCl, Phosphate buffer

' 80-8-109, Phenol SO-P-24, Fishef Scientific Company;’

s

/

Choline Chloride, The British Dfug Houges Limited;
S

Sucrose (density gradient’ grade), Schwarz-Mann;’

H3 ~tyramine (10 d&{m—mole), New England Néé&ear;
N . //
(-)-Arterenol bitartrate hygrade B grade, L—qpinephfing bitartrate B
grade, Calbiochem; , .
Total protein standa?d, Harlenko;
Acetic acid, Anachemia.

?

All other chemicals were Baker or Fisher anmalysed products.
[4

.
i



0. Calculatjion of results

w

.
.

‘Results were expressed as Mean * S.E. of the mean. Statistical signifi-

f

)
cance between the difference of two means was obtained by the Student's

3

t-test. '
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A. Effect’of Na+ onission on acetylcholine-gvoked release of catecholamines
Whelh adrenal glands weré perfused wfith Na+—free suc&ase medium for ' j
15-40 min and stimulated with acetylchaline (10~4 M) the output of catechol~
amines during stimulation wa} similar to that obtained during perfusion
with normal Locke solution (Fig. la). On the contrary, perfusion of adrenal
glands with Nat-free Locke solution for longer periods of time decreased . ‘ 1
or abolished the response to acetylcholine stimulation (Fig. 1b). Similar ) 1
results were obtained in six other experiments at each of the exposure
times to Na+—free medium. These results are in agreement with those pre-
viously reported by Banks et al. (19%\9, 1970), although in their experi-
ments, Na' was substituted by either éiﬁg]ine or L1t and"étimulation was by
carbamylcholine (10-.2 M). Banks et al. interpreted the diminishe'! response
to carbamylcholine stimulation as due to a decrease in the entry of Ca2+

into the chromaffin cell, this being a result of a progressive fall in the

B. Effect of Na+ omisgion on the output of catecholamines

In all of these experiments there was a sharp and signifi\cant risé in

%,

. catecholamine output (6-10 times over the control value) immediately after '»‘&
Ry ) ‘ kS
\the\perfusion mediuvm was switched to a Na+-free solu_tion (Fig. 1). There- }1

-

fore, it was decided to perform experiments to characterize this increase of
ami:ne output evoked by the omission of Na+. Adrenal glands were perfused
for three successive periods of 15 min each with Na+-free Locke solution,
and each of these 15 min periods was separated from the next by 20 min per-

fusion with normal Locke solution. Fig. 2 summarizes the results of thir-

teen experiments. During the firkt 2 min of \p\eq:fusion with Na+-ftee Logke
. - . \

~

~
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(Fig. 1. . Effect of Na omissioq. on acetylcholine-evoked release

of catechqgmims. In thig, and in all subsequent Figures,

the graphs s:lT; the rate of catecholamine output (n-mole/

min) from petfused bovine adrenal glands. ~(a) and (b) show

the atimulant effect of acetylcholine (104 M) in the pi¥sence
of eserine (1075 M) (&> ), \during perfusion with Locke solut-
ion (), or Na'-free Locke solution (®m). The second acetyl-
choline stimulation vas applied :Ln (a) after 15 min - and in (b)
after 80 min of perfusion with Na -frae solution. Gllnds were
perfused at room temperature (25° C) with a flow rate of approx-
imately 15 ml./min. The perfusing solutions were g‘ucsed’ with

8 mixture of 52 C0, in 0,. Samples were collected from the
pprfusages at 1 min intervals;. these were assayed for catechol-
anine content as indicated in the Methods, ) '

£




P

2

f
Cea e L s R SV LTEERE s R

o

B e Sy appeay eI

e+

Y

™

WO,

v
.4

~~

-39~ ¢

Y O Locke
—- 700 - NotFn‘ Locke
[
. ‘E 600
»
[ ]
o 500 .
E -~
[ -4
< 400
2
a
5 300 g
o
£ 200 - ,
£
i 1
L
v ’
$ 0
Y, 40 49 55 75 84 90° " MO ne 125 Time

{mins)

Fig. 2. Effect of Na+ omission‘ on the output of catecholamines.
) Bovine adrenal glands (m = 13) were perfused alternately
with Locke solution ([J) and N;+—free Locke solution.
(M) for periods of 20 and 15 min respectively. The
vertical bars represént.the mean+S.E, of mean of cz;te— -
.cholamine outputs expreased:iﬁL‘rx—mole/mir?dte. Other
conditions w'e;e as described in Fig. 1.
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solution the catecholamine output increased 864 * 65%, 805 * 93%, and

611 * 62% in the first, second and third stimulation periods respectively.
Catecholamine output returned to control levels after 12-15 min of perfusiqn
with a Na+?free so%ﬁ%ion"(Fig. 2).

It is known tﬂat during repeated stimulation of the adrenal glands with
acetylcholine, the increase in catecholamine output in response to écetyl—
choline decreafes with time (Douglas & Rubin, 1961). To see if a similar
pattern in catecholamine output could be observed during successive expo-
sure to Na+—free solutions, nine other adrenal glands were perfused with
normal Locke sélution for a period of 20 min followed by ten successive 15
min periods of perfusion with Na+—free Locke solution. As with acetyl-
choline stimulation, the response to the omission of Na+ from the extra-
cellular environment decreased with time (Fig. 3). The increase in the oﬁt*
put of catecholamines produced during the ninth zﬁd tenth periods of perfusion
with Na+;free L;cke solution were of 200 * 30% and 180  25% respectively.

)

C. Effect of anticholinergic drugs on the release of catecholamines pro-
duced by Na* omission :

During the in vitro perfusion 65 ﬁovine adrenals, the splanchnic nerve
terminals which remained within the gland are closely associated with the
chromaffin' cells. Therefore, the possibility exists that the increased
catecholamine output observed during the omission of Na* from the extra-

cellular fluid was secondary to the effect of acetylcholine released from

the cholinergic terminals. If this were the case, the response should then

s
be blocked by stropine plus hexamethonium, but this was not so. The r;sults
obtained in four experiments showed that when atropine ('10"5 g/ml) and
hexamethonium (5 x 10—4 g/ml) were present in the perfusion fluid the in-

crease in catecholamine output in response to ka+ omission was not

- . . i
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The effects of successive introductions of Na-free Locke

solution on catecholamine output., Bovine adrenal glands

were perfused ten alternate periods with Locke solution

and Né:free Locke solution, 20 and 15 minutes respectively.
Each point represents the Mean * S.E. of nine different .}
experiments. Other cogditions were as described in Figure 1.
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G diminished (Fig. 4).

D. Effect of graded substitution of Na+ in the perfusion fluid omn the *out-
put of catecholamines i \

gk Sa e S

Experiments were carried out to determine if partial. substitution of a
Na+ in the extracellular medium would profluce an intrease in catechdlamine

output, and if this were the case, to see if thig increase in amine output

-+
was proportional or related to the extracellular concentration of Na . The

catecholamine output rose between 40 - 168%, 200 - 250%, and 360 - 676Z, in
+
glands perfused with solutions containing 100, 50 and 10 mM-Na respectively

+
. . (Fig. 5). When the logarithm of extracellular concentration of Na was

4

K‘@“plotted against the percentage increase in catecholamine output during the

.
first 2 min of perfusion with Na+ deficient solutions, a linear correlation

was obtained (Fig. 6).

E. Differences obgained in the outputs of catecholamines during the sub-
stitution of N&™ in the perfusion fluid by osmotically equivalent

amounts of sucrose, choline or Lit

In the experiments described above, Nat was substituted by osmotically

equivalent amounts of sucrose. Therefore, experiments were also performed

‘ {n which Na%t was replaced by either choline or Lt fons. When a Na'-free
(choline) Locke solution reached the gland, the-re was a significant f{ncrease
in catecholamine release (Fig. 7a). In three experiments the increase .in *
ul;ine°output was between 300 and 4501, On the other hand, substitution of '
Nat by L1t did not produce a rise in catecholamine output (Fig. 7b), al-

though switching the perfusion fluid from Li+-t.ocke solution to a Lit-free

(suckg??"hacke golution produced a significant increase in catecholamine

output.
F. Effect of successive stimu s wit £ cke soluti t
o responses of the adrenal gland to acetylcholine k

As during acetylcholine stimulation, successive exposure of the adrenal”
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Fig. 4. The lack of effect of anticholinergic drugs on thé

release of catecholamines produced by the omission
of Na+ from the perfusion fluid. A bovine adrenal

gland was perfused alternately with Locke solution
(C3) and Na+-free Locke solution (M) for periods

of 20-15 min respectively. During the second per-
fusion period, the Na+-free Locke solution also con-~
tained atropine (10'-5 g/ml.) and hexamethonium (5 x
107 g/ml). Similar results vere obtained in’ four
other experiments. Other conditions were as described
in Fig. 1. , o
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. A comparison of 3 different concentrations of sodium

in the perfusion fluid on catecholsmine output. Bovine

_adrenal giands (a), (b) and (q) were perfused with Locke

solution and. the perfusion fluida were switched three
times 'to modified Locke solutiong. A1l glands were per-
fused during the firgt .and ghird stimulation periods with
Na -tree Loc&e solution, During the second stimuldtion
period, glands (a), (b) and (c) were perfused with mod-
i1fied Locke solution co&taining 100, 50 and 10 mM NaCl
rupectiv..ly. In these aqlultion‘s,‘Nam wvas repiaced by

osmotically equivalent smounts of sucrose. Other con—
ditions were as described in Fig. 1.
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Fig. 6. Effect of graded substitution of Na+ in the perfusion

fluid on the' output of catecholamines. Bovine adrenal
T

glands (n = 18) were first perfused with Locke solution
for 40 min. At the end of this perfusfon period samples
were collected for 2 win and assayed for cjtecholamine
content. The values thus obtained were considered equal
to 1007 ( @ ). After perfusion with Locke solution the
glands were then perfused with modified Locdke solutions
(O ) and samples were collected during the first 2 min
of perfusion and assayed Eor catecholamines. The mod-
ified Locke solutions contained between 5 and 125 mM-
NaCl. In these solutions NaCl was replaced b& osmot -
ically equivalent amounts of sucrose, The ordinate
represents catecholamine output as the percentage of
the value obtained during perfusion with Locke soliution.
The abscissa represents the logarithm of the extracellular

concentration of Na+ iong. The line was computer fitted

(correlation cpefficient = ~0.90). Other conditions were
as described in Fig. ‘1.

e N

R - PR, P




—45-—

R AN T e e 0y ™
_ | | | | ] -
g & §&§ & 8 h
(104ue) %) inding SuUIWD|GYIND)




Catecholamine Outputinmoles/min)

~46-

{J tLocke No'-Free Lithium Locke

5 No-Free Sucross B No-Free Choline locke
Lock®

} 808 8

3 8 5 8

A L
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0 S5 75 9% M 125 M5 Time .
{mins)

Differences in catecholamine outputs obtained during
the substitution of Na' in the perfusion fluid by

osmotically equivadent amounts of sucrose, choline or
_I.Li:. Bovine adrenal glands & and b were first perfused
with Locke solution (3 ). ThEI; gland a was perfused
alternately with Locke solutfon and Na*~free (choline)

- Locke solution (E8) for periods of 20 and 15 min res-

pecﬁively. Gland b was perfused alternately with Locke
solution and two periods of Na+—free (L1) Locke solution
(E®). The perfusion was then continued with Locke sol-

ution for 20 min followed by a 15 min period of perfusion -

with Na+—free sucrose Locke solution (MR ). Sifiilar re-
sulta were obtained in three other experiments. Other
conditions were as described in Fig. 1.
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glands to Nat-free solutions decreases the responsiveness of the gland. It
was, therefore, decided to perfuse élands with Locke sélution and then ex-
pose the glands on five successive occasions to Na+¥free solution, followed
by\successiv? stimulatioﬁs with acetylcholine (10—4 M). It was observed
that the first acetylcholine stimulation, that is, the sixth stimulation;
GGince the five previous stimulations were done by Na+ omissions), produced

; greater increase in catecholamine output than the three or four preceding
stimulations done by Na+-free solutious (Fig. 8). Similar results were
obtained when the first five stimulationg were done by acetylcholine. The
sixth stimulation, that is, the first by N4+ omission, produced an increase

in amine output greater than the two preceding acetylcholine stimulations.

G. Effect of increasing the concentration of K+ in the perfusion fluid on
the increased output of catecholamines produced by Nat omission

It is well known that acetylcholine is capable of inducing release of
amines dﬁring perfusion of adrenal glands with solutions conteining 5§ oM-k*
(Douglas & Rubin, 1963). To see the effect of depolarizing conce&trations
of K* on the Na™free effect, glands were perfused with Locke solution,
stimulated for a first time by Na+~free'Locke solution, and after 20 min

o
of perfusion with normal Locke solution they were stimulated with 56 mM-k*
medium; perfusion was switched to a 56 mM-Kt Locke solution in which the
104 mM-Nat was substituted by an osmotically equivalent concentration of
sucrose. The omisslon'of Na* from a high K* solution during perfusion of
the adren;l glands produced the characte;istic increase In catecholamine

output (Fig. 9). : .

- + +
H. Effect of Mg? on the output of catecholamines ewvoked by Na omission

+ . .
If Ra 1s omitted from the extracellular enviromment there is an

increase in the ratio. between the fintrda~ and extracellular concentrations

*

%
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« Fig. 8.

[ SORUUU

Y

Effect of successive stimulations by Na+—free

Locke solutiop on the response of the adrenal

gland to acetylcholine. A bovine adrenal gland

was perfused 5 consecutive times alternately
with Locke ana Na+—free Locke solutions. This
was followed by four periods of perfusion using
Locke and acetylcholine-Locke solutions alter-
nately. Similar results were.obtained in four
other experiments. Other conditions were as

described in Fig. 1.
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14001 3 Locke ’

1200 | ~ Ml NJ-Free Locke. §‘
, _ I 56 mMK>-Locke
i A Nu*Fu-,SmeK:I.otko
800}

Time
(minl)

X

Effects of Na+-delrivation on‘&k output of catechola;nines during

depolarization with KCl. A bovine adrenal gland was perfused with
Locke solution for 40 min. Then perfueion was for 15 min with Na -
free Locke solution. Perfusion was continued for a further 20 min

with Locke solutioq followed by a 25 min period of perfuaion with
56 nﬁ-—K ~Locke solution. During the last 5 nin of this perfusion
period, 104 mH-NaCl was replaced by an osmotically equivalent?

, amount of sucrose. After this period, perfusion was switched to

" Locke solution, This was followed by anmother period of perfusion

with Nu+-free Locke golution. Similar results, were obtained in

four other experiments. Other conditions were as described in
Fig. 1.
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G, : of Na+ ([Na+]i/[Na+]o). This seems to be an ideal condition to increasé :
the entry of Ca2+ into cells (Baker, 1970). It ;aas, therefore, possible
that the increased amine 'outplut observed during Na+ deprivation was a result
of an enhanced Ca2+ influx into chrome‘l.ffin cells. If this were so, increas-
ing the extracellular concentration of Mg2+ should partially or totally
block amine released by Na+ deprivation because Hg2+ has been shown to de-~

etylcholine-evoked relegse of catécholamines from the adrenal

crease the
. + ‘
medulla by competing with the Ca2 entry into the cells (Douglas & Rubin,
( + . J
1963). When glands were perfused with Na -free Locke solution in the

+
presence of 10 mM—Mg2 there was a decrease in the catecholamine:output in

+ N
response to Na deprivation. Under these conditions, that is, in the

+ s
presence of 10 tuM—Mg2 » the catecholamine output during the first 3 min of

perfusion was 43.6 *6.1%Z (n ™ 4) of that obtained during the preceding

.

4+
stimulation in the absence of Mgz (Fig. 10). This figure is significantly .

different from the value 91.1 * 11.1% (n =13, P < 0.005) obtained when

-

‘ +
the second stimulation was carried out in the absence of Mg:Z . . Increaging

2% .
tlie concentration of M32 in the perfusion fluid to 20 mM produced a

[y

greater blocking effect (P < 0.001). The results obtained in five experi-

ments aré shown in Table 1. It should also be noticed that the third

ot
stimulation, which was carried out in the absence of Mgz » produced a
response of B4.7 + B.2Y. This figure is not significantly different from
the value of 73.7 % 11X, obtained for the third response when all responses
. + . v +
i to Na -free Locke solution were obtained in the absence of ng.‘
. + !
I. Effect of Ca’' omission from ‘the extracellular environment og the
release of catecholamines produced during perfusion with free
Locke solution o L

O ‘ ‘If the blockage in Na+-frée stimylated amine release produced by ,

B PR AT T T
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Catechoiomine Output (nmoles/min)
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Fig. 10. Effect of M32+ on the output of catecholdamines evoked
by Na+ omission. Both bovine adrenal glands (a) and > N

_ (b) were pgrfused alternately with Locke solution and
Na+—free Locke solutien for periods of 20 and 15 min-

utesftespectiveiy. During the Becond perfusion period,
the Na'—free Locke solution contained 10 and 20imM
MgCl2 in glands (a) and (b) respectively. Other con-

ditions were as described in Figure 2.
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~ Table 1. Effect of Mgz+ on the output of catecholamines evoked by Na+ omission.

Adrenal glands were perfused during the first and third stimulation periods with

N§+—free Locke solution. During the 2md stimulation period, the Na+—free Locke

. ‘solution contained 20 mM;MEClZ.

Increased catecholamine release

(n-mole/min)
4 Ratio Sf Ratio of
Expt. no. 1st 2nd 3rd 2nd to 1st 3rd to lst
. stimulation stimulation stimulation stimulation stimulation
(%) (7
1 +284 ” 11 +240 3.9 84.5
2 T +331 +33 +323 9.9 97.6
3 +504 +26 +312 5.2 , 62.0
: ‘g +734 +103 +788 14.0 107.4
5 41227 +10 +883 0.8 72.0

Mean + S.E. of mean é.8i2.3 84.718.2

_Zg_
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+
raising the extracellular coneentration of Mg2 is due to the competition

' +
between this ion and Ca2 , it should be possible to obtain similar results

+ + + +
when Ca2 is omitted from the Na -free solutions. In the Ca2 ~free, Na - *

& ©

free solutions, in which Na+ was replaced by osmotically equivalent amounts
| .
of sucrose, there was 9.96 * 0.9 WM (n =5) of Ca2 . This amount can easily

W

be chelated by adding EGTA or EDTA to the solutions.

Adrenal glands were perfused with Locke solution and three successive
stimulations were performed by switching to a Na+—f1:ee Locke solution. The
second stimulation was done In the absence of C32+ and the presence of
0.1 mM EGTA. 1In the absence of C32+ the amine output produced by thz Na+-
free medium was not diminished (Fig. 11). On ttle contrary, there was a
small increase in amine output during Ca2+ omission. The results of five
experiments are shown in Table 2. The value of 120 % 23%Z (n = 5) 1is not
significantly different from the figure 91.1 % 11.1Z (n = 13), obtained for
the second stimulation in the control experiments. Six other experiments
were done in which the C8.2+-free, Na+-free solut:’;.on contained 2.0 mM-EDTA.

&
Undex: these cox}dj,hig'ns, during the second stimulation, the Naﬂfree solu-
tion evoked release of amines was of 101 + 24X (n = 6). Two glands wyge
stimulated to' release catecholamines by acetylcholine; perfusion was thén
switched to Ca2+—frg¢e medium and catecholamine release by Na+-free medium
and by acetylcholine was tested. The results obtained with two glands wgere |
.simila'r , and the results obtained with one of them are shown in F}g. 12.
These results should be compared with those of Fig. 1 (a), and unlike thc‘)se@
experiments, the response to acetylcholine stimulati.on was completely kabo::l--

. + -
ished. However, Na deprivation still induced catecholamine release. Fur-

thermore, in order to see if the blockage of the acetylcholine response was

N
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Fig. 11. Effect of Caz+ omission from the extracellular environ-
ment on the release of catecholamines produced during

perfusion with Na+-free Locke solution. A bovine adrenal

gland waa perfused alternately with Locke solution ()
‘ 1 and Na -free Locke solution (mmB) for periods of 20 and
15 min respectively. During the second perfusion period,
Caz'F was omitted andd 0.1 mwM-EGTA was present in tl" Na+-
free Locke solution. Other conditions were as described

in Fig. 1. °.
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Table 2. Effect of Cat2 omission on the release of catechol-

amines produced during perfusion with Na+—free Locke solution.

Adrenal glands were perfused during the lst stimulation period
with Na+-free Locke solution containing 2.2 mM—CaClz. During

the 2nd stimulation period, CaCl, was omitted and 0.1 mM EGTA

2
was added to the Na+—free medium. Y
Increase& catecholamine release Ratio of ¢
(n-mole/min) 2nd to 1st )
stimulations d
Expt. no., . lst stimulation 2nd stimulation (2)
1 +388 +696 - ., 206
2 +372 +383 ‘ 103
3 +932 +930 99
4 +1004 s +688 . 69

5 . +1352 +1716 127

Mean + S,E. of mean 120+23
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Ef fect of Caz+ and Na+ omissic;n on acetylcholine—evoked release

of catecholamines. A bovine adreunal gland was perfused with

Locke solution and was subjected to two periaods of stimulation
by acetylcholine (). Between these two stimulation periods,
the gland was first perfused with Ca2+ -free Locke solution (£3),
and then there followed a 22 min perfod of perfusion with Caz+;
free, Na+-free Locke solution (@). During thée last 3 min of
this period, the gland was stimulated by acetylcholine (ff5)).
Similar ‘results were obtained with another gland. Other con-
ditions were as deacrtbed in Fig. 1. . '
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due to the long exposure of the glands to Ca2+—free médium, experiments were

also performed in four other glands. Here, during the period between the

-

two acetylcholine stimulations, the glands were perfused with Caz+-free
Locke solutiocn, an;i they were first exposed to acetylcholine for 3 min. Un-
der these conditions the response to acetylcholine stimulation was abolished.
However, switching the perfusion fluid to Ca2+—free, Na+—-free Locke solution
produced a characteristic increase in catecholamine output.'

Due to these unexpected results, it was decided to repeat the experi-

t

ments described in the precedglg section. However, on this occasion, the
effect of 20 mM—Mg2+ on the stimulation produced by Na' omisston was tested
in the absence of Caz+ from the perfusion medium. Here again, the Na+

+
deprivation effect on amine release was blocked by M32 . The response in

-

the presence of Mg2+ was 6.7 *+ 1.87 (n = 3) of that obtained in the absence

2+

of Mg"", and this value is,similar to that obtained in the presence of extra-

+
cellular Caz‘J (see Tgble 1, column 4).

J. Is exocytosis the mechanism of release of catecholamines during Na
omission? ' '

The results of the experiments shown i:n Fig. 8 seem to suggest that the
amines released during the omission of Na+ from the extracellular emviron-
meét came from different cellular pools or different cells than those amines
secreted during acetylcholine stimulation., Furthermore, unlike during
acetylcholine stimulation, the release produced by Na+ omission occurs in
the absence of extracellular Ca2+, although our gxperiments do not rule out
t'}}e  possibility of mobiMzation of intracellular Ca2+ during sodium omission.
Therefore, due to this discrepancy, it was decided to study the mode of

+
secretion during Na d vasion. This was done by perfusing adrenal glands

+
with Na —free Locke solutiop in the presence or abgence of extracellular

v

B

)

N
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Ca2+ and the perfusates were examined for other soluble constituents of the
chromaffin granules, i.e. dopamine B-hydroxylase (DBH) and adenosine tri-
~ phosphate (ATP")- .

(a) DBH efflux. Fig. 13 shows the results obtained with two glands:
gland a was stimulate® by acetylcholine whereas gland b was stimulated by
Na® deprivation. The increase in catecholamine output produced‘by both forms
of stimulation was assoclated with concomitant increases in DBH outputs.
The ratios between catecholamines and DBH determined in the perfusates dur-
ing either acetylcholine or Na+ omission induced release y-rere similar to
those ratios determined in the soluble content of isolkated chromaffin granules
(Table 3). Na+ deprivation also induces release of DBH in the
absence of extracellular Ca2+ (presence of EDTA), as indicated in Table 3.

(b) ATP ef‘flux. Under the conditions used in these experiments, that
is, absence of extracellular Ca2+ and Mg2+, extracellular ATPases should be
inhibited, and if catécholamines are released by exocytosis, ATP should be
recovered in the perfusates. Eighteen tests were performed on six gl’ands.
The results obtained with three of‘these glands are shown in Fig. 14? which

s

shows that, during stimulation, there was a parallel increase in boch) ‘
catecholamine and ATP outputs. The molar, ratios in the perfusates between
catecholaminés and ATP are shown in Fig., 15. The catecholamine ATP molar
‘ratio in the perfusates was of 3.97 * 0.18 (n =18), a figure which is not
significantly dihfferent from the value of 4.21 2 0.44 (n = 7), previously
reported for the sc;luble content of isolated chromaffin granules (Trifaro’
& Dworkind, 19705. In addition, perfusates were also assayed for lactate
. dehydrogenase (LDH), an enzyme used as a gytoplasmic marker. If stimiﬁ‘é\tion

, o
by Na+ deprivation damages or produces a non-physiological increase’ iw the

<
.

)
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Fig. 13,

Effect of Na' deprivation and acetylcholine stimulation on the

outputs of catecholamines, dopamine B-~hydroxylase, and lactate

dehydrogenase. 'l‘wo\l}ovine adrenal glands were perfused with

Locke .solution and stimulsted five corisecutive times for 6-8 min

by either acetylcholine (a) or Na+ deprivation (b). Samples$ of

the perfusates were cdollected before and during .the stimilations, . — |
at 2 min intervals. The Figure represents the catecholamine (0O ’

and dopamine B-hydroxylase ([3_?)) outputs after combining the samples

of the five stimulation periods in the following manner: samples

taken ciuring the first 2 min of the five stimulation periods were

combined; similarly, the samples taken during the second 2 min of

stimulation were also combined, etc. Aliquots were taken from

these pooled samples and assayed for catecholamines and lactate

dehydrogenase a& described in the Methods section. 'I“he rest of

the samples were dialysed for 48 hr against 0.5 mM phosphate

buffer (pH 6.5) and later lyophilized. The resultant dried pre-

cipitates were suspended and assayed for-dopamine B-hydroxylase as

described in the Methods section. One unit of the DBH activity |

r;epresénts the formation of 10 p-mole of octopamine per hour. The

Figure also shows the outputs of lactate dehydrogénase (Hatched bars,
), and for clarity, the units of LDH are not indicated in the .
graph. However, LDH outputs were si\ilar to those indicated in Table 4.
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Table 3. Ratios of catecholamines to dopamine B-hydroxylase °

1n the soluble content of chromaffin granules and in the pér—

fusates, from glands stimulated Ey either acetylcholine or ° T

+
Na deprivation.

Catecholamines ]
Ratio: —r
Dopamine B-hydroxylase
. * 0
Condition (n-mole/units ) .
ACh evoked releade 20.6 + 4.6 (n = 5)t
A ~
Na+-free evoked release 22.2 £ 4.6 (n=-7)
2+ + -
Ca” -free, Na —free evoked release 26.0 + 3.0 (n = 11)
Soluble granule contents 23.6 + 4.5 (n - 14)

, h I'd
////1 * 1 unit = 10 p-moles of octopamine formed per hour.

oy

t+ n = number of tests.
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Effect of Na' deprivation on the outputs of cate‘cho.lamines'

and adenosine triphosphate in the absence of extracellular
Q_q_f_l Three bovine adrenal glands were perfused with Ca2+—

free Locke solution ([]) and these followed a 3 min per-
fusion period with CaZ+—free, Na+—frbe Locke splution ().
Both solutions contained 1.0 mM-EDTA and 0.1 mM-EGTA. Samples
of the perfusates were collected at 1 min intervals and ‘they
were assayed for catecholamines ( Q) and ATP ( @) as described

in the Methods. ' Similar results were obtalined with three other

glands., Other conditions were as described in Fig. 1.
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- F_:Lg. '15. Correlation of catecholamine output with ATP efflux during

stimulation by Na' deprivation. A total of eighteen tests

were performed on six gklands where after perfusion with
Ca2+-fre'e Locke solution, the perfusion was swifghed to

Caz+—free, Nat-free Locke solution. Both solutions con- ‘
tained 1.0 mM~EDTA and 0.1 M-EG’fA. The results of tests
performed on each gland are.represented by the same symbol.

. The line was computer fitted (correlation coefficient = 0.95).
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permeability of the cell membrane which would account for the release of
catech}élamines together with DBH and ATP, one might expect a concomitan‘t
rise in the perfusates‘ of the levels of this cytoplasmic enzyme. Fig. 13
and Table 4 shows that as during ace:;yl‘gh?line stimulaticn, Na' omi ssion
did not produce an elevation in the IDH levels of the perfusates. The LDH‘
<‘:ontent of the medulla and cortex were of 4398 * 85 (n = 5) and 5380_ 24
(n = 5) units per gram of wet tissue resptactive%ly. The ratio of the cortex
to the medulla (w:w) in the adrenal gland was of 3.51 % 0.15 (n = 9).
;

Because the average weight of the perfused glam:l was 12 * 2 g, a gland of

an average weight would contain about 61925 units of LDH. The LDH levels

, )
detected in the perfusates were of 1.9 to 5.4 units/min (Table 4). These '
™
values represent 0,003 - 0.0097 of the total LDH content of the gland.
Therefore, in 2 hr of perfusion, the total LDH released wolild be about 1%
. 4
of the total content of the gland. - ~
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' Table 4. Efflux of catecholamines and lactate dehydrogenase during
. ' ) stimulation offﬁdrenal glands by either acetylcholine 01'. Na+ deprivatdon
. . . .
' A
- - ' Units /min
) w Gland 1 Gland 2 | Gland 3 Gland 4
Condition LDH CA IDH CA TA CA 1DH CA
" < Locke 2.9 140 2.0 106 4.3 142 5,1 246
Na'-free Locke 3.2 614 1.9 230 4.7 812 5.2 634
- Na+-fre‘e Locke . 3.2 690 1.9 458 4.4 822 5.3 988 &
, Na'-free Locke 3.2 576 42,0 <230 4.4 602 5.1 804 T
Locer ( 3.0 131 S — - —— 5.4 337
L Acetylcholine Locke 2.8 48* _—— e — -:- 5.4 464
‘ * ' Acetylcholine .Locke 2.8 110;2 W ——e e R 5.4 1753
Acgtylcholin‘e Locke 2.6 1271 —_— ——— ——— ——— 5.4 1771
o - 1 unit of lactate dehydrogenase (LDH) is the fall of 0.01 of an -
R ptical density unit per minute. 1 unit of catecholamine (CA) is 1 n-
. s |
° ) 5 \ ole. *
} - 1
: .
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+
The need of extraéellular Ca2 for the acetylcholine-induced release

of catecholami;es from the adrenal medulla has been well established
(Douglas & Rubin, 1963). _However, it is the role of Na+ on either the
'spontaneous’ or ;he acetylcholine-evoked release bf catecholamines which
has not been clearly established. The ;régent experiments have provided

" new evidence on the'effect of sodium ions on the release of catecholamines

from the adrenal medulla.

A: Na+.deprivat10n and the output of catecholamines g

During perfusion of the bov;ne adrenal glands, a sharp increase in\the
output of catecholamines was observed immediately upon switching the per-
fusion fiuitho one in which Na+ was substituted by either choline or sucrose.

- LN
+
v This effect of Na withdrawal from the exgrafallulat environment was briefly

mentioned in an early publication by Pouglas & Rubin (1961). They described

this phenomenon as an increase 1n the 'spontaneous’ release of catecholamines,

but they did not perform further experiments in order to study this effect
+ ‘ +
.of .the omission of Na . We thought that if this effect of Na omissfon was

hd -
not secondary to the effect of acetylcholine on chromaffin cells, it would

4
provide the opportunity of studying the role of Na+1on catecholamine release

in the. absence of secretagogues. Birks & Cohen (1968a, b) have shown that
~anvin;rease in the [Na+]1/[Na+]° ratio enhances the frequency of miniature
e.p.p.s. ;t the frog neuromuscular junction. Furthdﬁmore, evidence has
been published recently of an increased release of écetylcholine from para-
sympathetic nerves and from brain cortex during Na+-depr1vacion (Paton, Vizi

& Zar, 1971; Vizi, 1972). Proof that the effect observed on the adrenal

mgdhllé was not a gecondary effect of the acetylcholine released from the

3
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splanchnic nerve terminals during Na+ deprivation was obtained in the ex-

i

periments in which the increased catecholamine release was still observed

when glands were perfused with a Nat-free m&dium in the presence of atropine

and hexamethonium.
Unlike the increase in catecholamine release in response to ‘ouabain
(Banks, 1967), Na+ omission produces an imniediate and sharp rise in the out-

w_ag catecholamines, and as with the acetylcholine-evoked release, this
high output of catecholamines is not maintained and declimes to resting v
levels in 12 - 15 min. We have not investigated the reason why the response

of the gland died out with time. However, it is possible that if r{a+ depri-

+
vation somehow mobilizes and ,increases the intracellular ionized Caz , and

+
if the amount of Ca2 available for the release reaction is limited, and

once it is used, the release response would decrease. Another possibility

-

- + +
is thgt‘?a high intracellular Ca2 . level {s related to a higher [Na ]i/ [Na+]o

ratio, and that the releage response declines when the intracellular Nat is
being extruded .from the cell. In ejther case, pérfusion lwith regular Locke"
solution should then restore the cellular fionic equilibrium and make the

cell available again for release. "The results indicate that the response  +

+ '
to Na deprivaticn can be obtained 7 - 10 consecutive times provided that

a

short periods of perfusion with normal Locke solution precede the emission

+
of Na from the perfusien medium.

Our results also indicate that the release of catecholamines was pro-

v

+
portional to the concentration of the extraceltular Na ; the lower the con-
centration of this 1on, the greater the output of catecholamines. Decreasing

+ +
the concentration.of extracellular Na produces an increase in the [Na 14/

o+ +
[Na ], ratio, and perhaps a concomitant increase in the intracellular ca?

]
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levels, simce it is known that extracellular Na is necessary for a normal

+ H
Ca’ efflux (ngustein & Hodgkin, 1969).
+(. 4 w)m\ ‘
B. Na deprivation and the acetylcholine-evoked release of catecholamines

Douglas & Rubin (1963) have shown that when cat's adrenal glands were

+
perfused in situ for 14 min with a Na —free Locke solution, the response

to acetylcholine stimulation was potentiated. On the contrary, Banks et al.

(i969) were able to show that if bovine adrenal glands were perfused with
Na+—free solutions for longer perieds of time, gie response qgﬂzﬁé/giandé
'to carb#my}choline stimulation was decreased or completeiy abolished. The
results of our egperiments show clearly that if the acetylcholine stimulus
is applied during the 15 - 40 min of peéfusion with Na+—free Locke solutiunm,
the secretory response 1s neither potenti;ted nor decreased. However, per-
f\gion with I‘{a+—free meditm for longer periods of time (80 - 100 min)
decreases or completqlyy abolishes the acetylcholine-evoked release of
catecholamines. fhese latter results are in agreement with those published
by Bahks et al. (1969, 1970), who interpreted their observations to mean
that the diminished secretory response was due to a decrease in thg influx-
of C82+ into the chromaffin céll, which is a result of a fall in the intra-

2 + +
cellular ¢oncentration of Na rather than the absence of extracellular Na .

+ + .
C. Replacement of Na by Li , choline or sucrose and the release of
catecholamines.

Replacement of Na+ by Li+ failed to redease catecﬂolamines frop the
adrenal Qedulla. The effect of Na+ deprivation on release was observed
only when Na+ was replaced by either sucrose or choline. Our results with,
Ii éan be explained 1f we~assume that the external surface of the plasma

+
membrane of the chromaffin cell is not able to distinguish between Li and

+ v .
Nd ions. This assumption is not unreasonable if we consider that Keynes &

2
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N

Swan~(1959) have demonstrated that in the sartorius muscle the passive per-
meability mechanism responsible for generating the action potential does

not discrimihate between Na® or ti*. Other membranes show similar behaviour
to Li+, for it seems that, in human red blood cells, the passive influx of
Na+ or Li+-has s}milar rate congtants (Maizles, 1954). In conclusion, it
seems that Li+ enters the €ell as readil; as Na+, but that on the contrary,
as demonstrated b; Keynes & Swan (1959%, the active transport mechanism
extrudes L1+ much mgre slowly than Nat. Thérefore, Lit tends to accumulate
in excitable tissues at the expense of intracellular K+, and after a pro-
longed exposurejko Li+ the membrane potential would fall (Keynes & Swan,
1959). This latter fact would also explain the observation of Banks et al.
(1969) on the blockage of the cholinergic stimulation of the adrenal medulla
a%éerglong perfusion with solutions containing L1+.

+ + ’ ‘ syt
D. Ca2 and Mgz ‘long and the release of catecholaminegs induced by Na depri-

vation. ’ )

. - €
Douglas & Rubin (1963, 1964) have shown that increasing the concen>

+
tration of Mgz in the extracellular environment decreases or blocks the
. ‘ + + '

effects of acetylcholine, high X and Baz on the release of catecholamines.
They interpreted their findings as a result of a blockage of the“@ncry of

2+ 2+ 2+
Ca” or Ba” into the cells. Since our results clearly indicate that Mg ,

+

not only in the presence but also in the absence of extracellular Ca2 s

+
blocks the release of catecholamines induced by Na deprivation, here,

+
another explanation for the effects of ng. other than that of the competi-

+ +

tion with the entry of Ca2 must be found. Possibilities include: (a) Mgz
. + +
might block the combination of Ca2 with intracellular receptors; (b) ng

' +
might also block the intracellular release or translocation of Ca2 , 8ince
*

+ .
Mgz has been shown to be necessary for the upgiie and binding of 45C32+

.
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jnto adrenal medullary microsomes (Poisner & Hava, 1970). On the contrary,
Ba2+ interferes with Ca2+ binding by adrenal medullary microscmes (Poisner
& Hava, 19;0). These two explanélions of the effect of Mg2+ assume that
Na+ deprivationrwould hyperpolarize the ¢ells and that this would increase
the intracellular %gvels of Caz+. Douglas, Kanno & Sampson (1967) have
shownﬁthat withdrawal of Naf from the extracellular space produces hyper-
polarizatioﬁ of the chromaffin cells. In addition, it has been suggested
that hyperpolarization enhances transmitter release at other synapses
(del Castillo & Katz,\1954); (c) Mg2+ might inhibit the Mg2+—dependent
ATPase of the chromaffin granules. From ig.zigzglstudies it has been sug-
gested that the granule ATPase may play a role in the secretory processg
(Poiéner & Trifard, 1967; Trifaro & Poisner, 1967). The results show that‘
concentrations of Mg2+ of 10 mM or ﬁore blocked catecholamine release in
:response to Na+ deprivation. The same concentration range has been shown
to have an inhibitory effect on the chromaféin granule ATPase (Winkler,
- \

Hortnagl, Hortnagl & Smith, 1970).

+ .
E. Mechanism of release during Na deprivation

Previous studies have demonstrated that the releage of catecholamines
by acetylcholine from the adrenal meduila is8 by exocytosis. The evidence
for release by exocytosis included the demonstratfbn of simultaneous release
of catecholamines with ATP (Douglas & Poisner, 1966a, b), chromogranin A
(Banks & Helle, 1965), and~dopamin g-hydroxylase (Viveros, Arqueros &
Kirshner, 1968). On the contrary,?the membrane components of the chromaffin
granules are not released into the ihrfusate (Trifaro et al., 1967;

Schneider, Smith & Winkler, 1967), and are quantitatively retained within

the cell (Poisner et al., 1967; Viveros, Arqueros, Connett & Kirshner, 1969).




t This process appears also to be the mechanism by which noradrenaline is
released from sympathetic nerve endings (Smith & Winkler, 1972). 1In all
these systems extracellular Ca2+ seems to be essential for the release pro-

~ cess (Rubin, 1970). However, in the presence or in the absence of extra-
cellular C32+, the release induced by Na+ deprivation was apparently by
exocyFosis because catecholami&es released by Na+—freé[§edium were accom-
panied by ATP and dopamine g-hydroxylase. The ratio of catecholamines‘tb

&
dopamine B-hydroxylase or to ATP in the perfusates was similar to that in

was not accompanied by a parallel increase in the output of a cytoplasmic
protein of smaller molecular weighéw such, as lactate dehydrogenase. The

\

:
£
i
y
¥
¥
g
, ‘ the granules. Furthermore, the increased release of dopamine B-hydroxylase
. unchanged efflux of lactate dehydrogénase during the release of catechol-
amines induced by Na+ omission also indjicates that there was no cell damage
during pgrfusion with the Na+—free medium. While this thesls was in pre-
. paration, a study was published on the effect of Na+ deprivation on the
' content of catecholamines of cat's spleen slices (Garc{a & Kirpekar, 1973).
The éxperiméntal conditions used in these experiments did not allow, as
b +
they did in our case, the study of the lmmediate effect of Na deprivation

on the release of catecholamines. Furthermore, contrary to odr findings,

25 MM-MgZ

+ did not block the loss of catecholamines from the spleen slices
during 1hcubation,in Né+—free medium. The authors' conclusion was that-

' +
prolonged exposure to Na —free solution might cause damage to the storage
A

of noradrenaline in Bympathetic nerves. However, théy did not measure

L either any cytoplasmic marker, as for example, lactate dehydrogenase, or :
any other soluble components of the storage vesicles in order to determine

O &. if the loss of amines from the incubated slices®was due to release by §

. %, _1
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exocytosis, which is the case for the adrenal medulla, as our results indicate.

F. General inferences

Syt T

+
Release of catecholamines induced by Na deprivation has much in common
with acetylcholine-induced release of catecholamines: the release is by

exocytosis; the release is blocked by Mg2+; the release effect decreaqss with

S S LU

the time of exposure to the stimulus; the stimulation of release in the

+ .
presence of depolarizing concentrations of K . However, they differ in that,

during acetylcholine stimulation, the chromaffin cell is depolarized where- °
as Na+ substitution by osmotically equivalent ampunts of sucrose ﬁyperpoiar-
izes the chromaffin cells (Douglas et al., 1967), and, furthérmore, acetyl-
choline stimulation requires the presence of extracellular Ca2+ for release
i ) whereas Na+ deprivation does rot. Moreover, if we assume that, in }esponse

toydifferent stimuli, release by exocytosis would involve similar cellular

and molecular mechanisms, several questions arise from our results. First,

24+ ' ¢
is Ca~ a necessary requirement for exocytosis? If it is, we must assume

LN

that during Nd+ deprivation there is an increase in intracellular C§2+.

Experiments along this line deserve further study. Secondly, why 1s extra-
cellular Ca2+ necessaryvfor catecholamine release during acetylcholine
stimulation? Acetylcholine acts on the cell surface by combination with
specific’ receptors. It may be that it has no ability to affect the intrg—
cellular levels of Cazf directly, and only increases intracellular Ca2+ by
promoting the entry of Ca2+ into the cell. Pre-treatment\with ouabain, which
migh£ increase Ca2+ entry, has been fourd to potent%ate the release of
catecholamines induced by cholinergic agents (Banks, 1967, 1970). It se;%s,
therefore, that release by Na+ deprivation would depend on thé availability

of intracellular Ca2+ whereas release induced by acetylcholine would depend -1

wy
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&
on an increased entry of Ca2+. If this is true, experiments like those
shown in Fig. 8 may be interpreted as catecholamines released from the same
cells, but whose release is triggered b..two dif ferent mechanisms of in-
creasing Ca2+ levels, rather than catecholanines released from different

cells or different catecholamine pools.
B +
45032

With the exception of those experiments where the uptake of by

the adrenal medulla was measured (Douglas & Poisner, 1962; Rubin et al.,

)
1967), no studies have been done an the passive movement or active transport
of jons in this tissue and on the relationstiip between {on movements and

the secretory process. Therefore, it would be of importance to perform on

this tissue studies similar to those carrikg out by Baker (1970) on the squid“‘

axon. Such studies, 1f correlated to the events of secretion, should clarify

the role of ions in the secretory process.
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SUMMARY

1. Perfusing bovine adrenal glands with Na+*free Locke
solution for 15-40 min did not modify the increase in the
release of catecholamines from glands stimulated by acetyl-
cholirie. However, after 80-100 min of pgrfusion with Na+—
free solution, the response to acetylcholine stimulation was -
decreased or abolished.

2. Immediately after switching the perfusion medium to Na+-
free solution, there was & shaip increase (6~10 times over control
values) in catecholaming output,

3. G;aded szstitution of Na+ in the peéfusion fluid enhanced
the output of catecholamines. This increase in the output of amines
was linearly related to the logarithm' of the extracellular Na+—

»".

-
concentration.

4. The release of catecholamines in the absence of Na+ was
not reduced by the presence of atropine and hexamethonium nor by
the omission of Ca2+,in the presence of EDTA or EGTA. \

. ) 24 2+

5. Excess of Mg™ 1in the perfusion fluid reduced (10 mM-Mg™ )
or Hlocked (20 mM-Mgz+) thé increase in the output of catecholamines

induced by Na+ depriiatioh in the presence or absence of extracellular

et

Ca2+. t i

6. Nat deprivation induced release of catecholamines during per- . |
fugion of the glands with depolarizing concentrations (56 mM) of K+. C
7. In the presence or the absence of extracellular Ca2+, the*

-

increase in the output of catecholamines induced by Na+ deprivation

4
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was accompanied by an increase in the output, of dopapine B~
hydroxylase, but not of lactate dehydrogenase. In addition,
during perfusion with Caz+ free soluti/c’;n, Na+ deprivation in-
duced a parallel increase in both catecholamine and adenosine
triphosphate outputs.

8. The rézios of catecholamines to dopamine B-hydroxylase,
and catecholamines to adenosine triphosphate, determined in the
perfusates ;ollected from glands during perfdsion with\N§+-free
medium were similar to those measured in the soluble c;ntents of
isolated chromaffin granules. 'These results provided biochemical

evidence in favour of exocytosis as the mechanism of secretion

during Na+ deprivation. >
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EFFET ’ ' .
§ DES IONS SODIUM ET CALCIUM SUR LA SECRETION \ .
3 ‘ DES CATECHOLAMINES PAR LA MEDULLOSURRENALE: - -
; LA PRIVATION DE SODIUM ENTRAINE LA SECRETION : ‘
PAR EXOUYTOSE EN L'ABSENCE DE CALCIUM EXTRA- .
CELLULAIRE ¢

1. Si l'on effectue une perfusion dans les surrérnales d'un .
bovin 3 1'aide d'une solution de Locke désodée, pendant 15 a 40 mn, »
on ne modifie pas 1'accroissement de la sécrétion des catécholamines N
au nivéau.des glandes stimulées par 1'acétylcholine. Cependant,
apreés 80 & 100 mn de perfu31on avec une solution désodée, la réaction
4 la stimulation de l'acétylcholine se trouve d1m1nuee ou méme supprimée.

[+4

1
2, Immédiatement aprés avoir remplacé le liquide de perfusion
/par une solution désodée, on a constaté un fort accroissement dans la

production de catécholamines (6 & 10 fois par rapport aux chiffres
| témoins),
¥

-

3. Le remplacement graduel de Nat dans 1le liquide de perfusion
augmente la sécrétion des catécholamines. Cette augmentation est
fonction linéaire du logarithme de la concentration sodique extra-
cellulaire. . '

-
1

!

?. La sécrétion de catécholamines en 1'absence de Nat n'a pas
été diminuée par la présence d' atropine et d'hexaméthonium ni par
1'omission de CaZt en présence d'E.D.T.A. ou d'E.G.T.A.

)

5, L' excés de MgZt dans le liquide de perfusion a réduit
(10 mmol - Mg?*) ou inhibé (20 mmol - Mg?*) 1'accroissement de la }
production de catécholamines entrainé par la privation de Nat en
présence ou en l'absence de ca?t extracellulaire,
ﬁ\\ .
> ¥ 6. La privation de Nat a provoqué une .sécrétion de catécholaminmes,

\! pendant la perfusiOn des glandes, avéc dépolarisation des concentrations
"+(56 mmol) de Kt., -

7. En présence du en'l'absence de ca?t extracellulaire,
l'accroissement de la production de catécholamines, entrainé par la
privation de Nat a été accompagné d'une plus forte sécrétion de la.
dopamine ﬁ-hydroxylase mais pas de la déshydrogénase lactique. En
outre, pendant la perfusion avec la solution désodée, la, privation de

Nj: a provoqué un accroissement concomitant des sécrétions de catéchola-

mipes et de triphosphate d'adénosine,

7 <

|
i'

/ !
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8. Les rapports catécholamines/dopamine ﬁ-hyd‘roxylase

et catécholamines/triphosphate d'adénosine - déterminés d'apres
les prélévements effectués sur les glandes pendant la perfusion

3 1'aide de la solution désodée - étaient semblables 3 ceux que
1'on trouva dans le contenu soluble des granules de chromaffine
isolés, Du point de vue biochimique, ces résultats prouvent que
la sécrétion des catécholamines, dans les cas de privation sodique,
s'effectue par exocytose. -
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