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THE EFFECT OF SODIUM AND CALCIUH IONS ON THE RELEASE OF 

CATECHOLANlNES FROM THE ADRENAL MEDULLA 

Abstract 

Bovine adrenal glands wete 'perfused in vitro. llIIIIiediately 

+ after switch!ng the perf~sion medium to a Na -free solution, a " 

sharp increase in catecholamine output vas obtained (6-10 times 

over control values). This increase was 11nearly relaced to the 
1 

t 
. + 

logarithm of the,extracellular Na concentration, and was 

reduced in the presence of atropine and hexamethonium thus 

in~ that Ach from PfeganglionLc nerve tenninals. ~s not res 

2+ 2+ 
for this- re1ease. .Excess ~lg reduced (10 mH-Mg ) or blo ed (20 

'2+ + . 
m."l Ng ) the Na -free induced amine output both in the presence and 

" 2+ 
absence of extracel1u1ar Ca .' Depolarizing the chromaffin cell 

+ + 
~embrane vith 56 ~"l K did ~ot affect the Na -free in~uced amine 

release. 'Perfusion with a Na+ -fte,e medium in the presence or absence 

of caicium, releasèd catecholamines, DBR and AT~ in the same proport-

ions as m~asured in .he soluble contents of isolated chromaffin 

grànules. LDR, a cytosol-Jocalized enzyme was not released. These 
, , 

results provide physiological and biochemical evidence that exocytotic 

release of catecholamines from the adrenal medulla can be induced by 

-, Najlom~ss~on in the absence of extracellular Co 2+. 
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L'EFFET DES IONS SODIUM ET CALCIUM SUR LA LIBERATION' DE' 

CAfECHOLAMINES PAR LA MEDULLOSURRENALE 

Condensé 
\ 
\ 

l;1.Sc. 

, 
'D~s,glandes surrénales de bovins ont été perfusées in vitro~ 

Aussitôt après le changement du médium de perfusion pour une s01-

+ ution ne contenant pas de Na • on obtient une augmentation de la 

libérat~on de catécholamines (6-1~ fois les valeurs contrôles). 
J . 

Cette augmentation est reliée Lineairement au logatithme de la 

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

présence d'atropine et d'hexaméthonium. ce qui indique que cett~ 

'libéràtion n'est pas dûe à l' ACh venant des t~rminaisons nerveuses 

préganglioniques. Un excès de Mg2+ réduit (10 mM_Mg2+) ou bloque 

(~O mM Mg2+) la libération de caté~ho~amines causée par l'abscence 

+, • iIC. 2+ de Na , en 1 abscence et en pr~sence de Ca extrace11ulaire. La 
• 

dêpo1arizatton de la membrane de la E;ellule chromaffine à l'aide de 

'II. +.' '+ 56 mM K n'affecte pas la libération causée par l'abscence de Na • 

La perfusion avec un médium ne contenant/pas de Na+. en présence ou 

j., 2+ ~_ ~ , 
eT l absc~nce 4e Ca ,libere les catecholamines, le DBH et 1 ATP 

" 
dans les mêmes proportions que celles determinées dans le contenu 

soluble de granules ~hromaffines isolé~. Le LDH, un enzyme localisé 

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

. physiologique et biochimique que la libération, par exocytose de 

catécholamines, par la médullosurrénale. peut être i?rluite par l' 

omission de Na+ en l'abs~e~c~ 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 meehanisms of the'higher living organisms; the endo-

crine axis and the nervous system. In faet the adrenal medulla 

represents', at' the peripheral leve1, the best example of a neuro-

endocrine transdvcer as the hypothalamus does at the central nervous 

system. A feature of this endocrine tissue, embryologically derived 

from neuroblast cells i8 that it synthetizes, stores and secretes 

to the internaI medium substances with an identical chemical struc-

ture to the neurotransmitter released by sympathetic neurons 
(" 

(Coup land , 1956). 

The following introduction ls a brief revietIT of the st);Uctur~, 

and funetion of this tissue and an attèmpt 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 

coupling' mechanism within the chromaffin celi i~, also described. 
f 

Embryology & Anatomy 

In h~gher vertebrates, inciuding man, the adrenal glands are 

small, paired structures 1ylng on either -side of the midline of the 

.' abdominal cavity above the k,idneys. Each gland i8 a' double organ 

composed of two d~s~inct typ~s ~f tissue of differènt or~in and 

function. an oute.r cdhex of mesodermal origin and an irtner ~edull. 

of neuroec~odermal ,origin. The medullary chroma~fin ~11s develop 

"" 

. 
" 1 
1! 
i 

i 
1 
{ 

j' , 
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from primitive cells of the sympathetic ganglion originating 

\ 

from the neural crest and remain intimate1y connected with. the 

splanchnic sympathetic system. Thus, the medul1a is considered 

to be part of the post-ganglionic sympathetic system and shares 

Sorne properties with the adrenergic neurons (Kohn, 1902; Soulie, 

1903a, b; Yntema & Harnrllond, 1947; Coup land , 19?6; Wurtman, 1965). , 
Chromaffin tissue simi1ar to thàt of the adrenal medu11a is 

a1so found in the organ of Zuckerkand1, in the thorax, neck and 

earotid body, and in amall bodies adjoining the paravertebra1 
.. 

sympathetic ganglion chain ("paragangliaf
') which in sorne lower 

..(, 

vertebrates represents the adren<11 medullary tissue. In mammals, 
• 

l'nost of these ceUs atrophy after birth, whereas those of the 

adrenal medulla mature into medullary cells and become the major 

source of circulating a'arenaline (Zuckerkand1: 1912; Wurtman, 1965). 

The close anatomie associéiltion of cortex and medulla in higher 

mammals was suggested to be functiona1 in that the adrenal .glucocort-

icoids may influence adrenaline bios}rnthesis in the medulla (Shepherd 
\ 

& West, 1951; Coup1and, 1953). For example, foetal medullary tissue 

• 
cannet synthetize adrenaline until it establishes anatomica1 and 

circu1atory contact with mesodertnal cortical tissue (Shepherd & West, 

1951; Brundin, 1965), and, in t;he od<?Sfish, the steroid secreting ceUs 

are anatomical1y dis tant from the chromaffin cel1s which contain on1y 
, 

noradrenaline (Coup1and, 1953). Recent evidence has shown that the 

concentration of glucocorticoids draini?8 fr~ the cortex to the 

medulla maintain the act1vity 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 & Axe1rod, 1966). Furthermore, in the snake, "Xenodon 

merremii", the regions containing adrenaline and noradrenaline can 

he separated and only the part which forms adrenaline contains PNMT 

(Wurtman ~ al., 1967). Thus, a recognition of the adrenal cortico-

medullary interaction and its physiological significance was estab-
'. 

lished. More recently, immunofluorescence microscopy studles have 

a1so shotjn that in mammalian adrenal medullae t-qe adrenallne storing 

ce1ls were the richest in PNMT, (G~ldstein et. al., ,1972). 

Histology & Innervation 

The medu1la ls composed of interlacing corps of densely inner-

vated granule-containing cell~"called 'chr~affin' cells due to their 

characteristic brown co1our when exposed to potassium bichromate 

(Kahn, 1902). Early microscopie studies reported the presence of two 

different and distinct typès of cell·t.,hich differ histologically and 

histochemically; for examp1e the noradrenaline-~toring cells can be 

.selectively stained by the iodate reaction which leaves the adrenaline-
, . 

,storing cells ~ncoloured (Hil1arp & HOkfelt, 1953); also, the nora-' 

drenaline-storing cells show a forma1in-induced.fluorescence whèn ex-

posed .(:0 ultra violet light (ErankO, 1955b)'. Each type of cell was 
, 

given seve~al names: adrenaline-containing and noradrenaline-contain-

ing cell~~k5, 1955a, b); rrpe 1 and Type II,èells (Kanno, 1959); 

adrena1ine-storing and noradrenaline-storing cells (Coupland et al., - ' --
1964); light and dark cells (Benedeczky et al., 1966). Using differ-

. 
ential stairting techniques the 'medu11ary distributions of the two 

types' of cells have been.obtained (Coup land !!.!.!., 1964). Electro-

1 
t 

, 
j 
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microscopie observations have sh~ that both types of ceII 

contain specifie amine-storing vesicles ('chromaffin' granules) 

in addition to the normal cell organelles (Blaschko & Welch, 1953; 

Lever, 1955; Banks, 1965; Coupland, 1995). Further support for 

two types of chromaffin cell is in the studies on s~ake adrenals 

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

each ribbon stor one amine type (Houssay et al., 1962; Wassermann , 

& Tremazzani, 

cells run in cords along the blQod 

vessels deriv d from the adrenà1 medullae art,eries; their granules 

.. are electron dense with eccentrically placed cores. The adrenaline-· 

storing cells, arranged in palisade f~rm along the cortico-medullary 
. 
venous sinuses, have well-defi~ed arterial and venous poles; their 

granules are less dense and centered in the cel1 (Coupland. 1965). 

The adrenaline-conta1ning cells have been found to have a larger 

nutnber of secretory granules per cell than the noradrenaline-contain­

iog cells (Pohore~ky & Rust" 1968). 

Unlike the adrenal cortex wll1ch Is, controlled by honwnal input 

(eg. ACTH from the pituitary gland), the adrenal m~dulla'secretes its 

prod~cts in response to neul:al inpu,~ reaching ~he gland via the greater 

t\loracic splanchnic nerves (Dreyer. 1899). These nerves are derived ... 
from the spinal cord segments T3 to L3. The nerves pass through the 

adrenal cor~exJ run adjacent to large blood vessels, and finally forro 

~ pl~xus from which fine ne'IVe fibres emerge and pass betveen adjacent 

chrOlllaffin cells. Terminal boutons from these fibres fom true syn-

apses wlth the chr~affin cells J ,.,ith their. plasma 1\l~mbranes corres-

. " 
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ponding to the pre- and to the post-synaptic thick.enings (Hay co ck.' 

, ~ 

& ,Hes1op, 1939; Young, 1939; Lever, 1955; Coup land , 1962, 63, 65). 

Although the splanchnic nerves regulate the secretory activity of 

the medulla, they have no trophic ~~fluence on the cells; denervat­

ed or isolatedcperfused glands secrBte just as weIl ln response to 

acetylchQ1ine or other secrétatCl.1ues that directly influence the ,-
chromaffin celi (Houssay ~ Molinelli- t 1925, 1926; Cannon & Rosenblueth, , 
1937; Douglas & Ruhin, 1961). 

Blood Supp1y 

, 
The adfenal medu11a is irrigated by an intra-atlrenal portal 

circulation although there is species and individu al variations, 

the mamma1ian gland is richly s~pp1ied by a numbe~ of arteries 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 ~f cortical 

arteries sùrrounding the cortical cells. The sinusoids became pro-

gressively wider an~. coales~ as they approach the medul1a c.ente. 

A few oapsulai:' arteries penetrate the medulla directly where they, 

too, br4rtch repeatedly to form a capillary network around groups of 

chrOlllaffin cells. The" medullary capillar1es empty into the same 

'~enous system 8S that draining the ~ortex~and which eventually forms 

the, single adrenolumbar veln (Harrison & Huey~ 1960; Coup land , '1965). 

The signiffcance of the specialized vascularization of the 

.. , . 

4 
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adrenal medulla i5 that: a) the blbod passing from the cortex to 
. \ 

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

chromaf~in cells have become specialized to secrete their products 

ipto the gen~ral circulation to interact with distant receptors 

hence the tenu "hormones" for the medullary catecholamines. 

Physiology 

. Oliver & Schafer (1894) first observed that extracts of adrena"l 

glands of sheep and dog had powerful vasopressor acti,ons., Moore 

(1895) showed that the active substance was confined to the medul1a 

of the gland. The active princip1e was isolated,and identified 

chemica1ly by Aldrich (1901) and Takamine (1901) who named the sub-' 

Stance "epinephrine" and "adrenaline" respectively. A pressor sub-

stance was also ~xtracted from the i organ of Zuckerkandl' and assumed 

to be adrenaline ~iedl & Wies~l 1 1902). Adrenaline thus became the 

f~ hormone ta be identified. 

Work on th~ nature of the pres!lpr~ substance secreted by the 

adrenal medulla pro.~'eeded in para11el with investig~tions'of chemical 
" 

mediators at sy!upathetic' nerve endings, and adr:enaline and noradrenaline 

were found to be separate cheudesl mediators released at 8Ib:energic 

nerve ending~ (Elliott, 1904,1905; Greer et .!l., 1938j,Bergstram ~ 
, . 

àl •• 1949). A noradrenaline-li.ke substance was lat.er demonstrated 

in ~repal: 'g1and extraets (Holtz et al •• 1941). Flnally! both 

adrena1ine and noradrenaline were demonstrated in the cat t s adrenal' 
\ ~ 

'venous blood during splànehnic ~erve stimulation (BÜlbring'\ Burn~ 1 
1949), and both amines vere al,so extracted from fX'esh cattle adrenal ~ 

glands (Euler & Hamber& t ~'$49). 

l 

~_~""'~"":"r~ __ i 
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In addition ta adrena1ine and narad~naline, smal1 quantities 

of dopamine (Goodail. 1951) and N~ethyladrenaline (Axe1rod, 1960) 
e 

have been extracted from mamma1ian adrena1 glands. No maj or physiol-

ogiea1 raIe was assumed for these substances. 

The function of adrenomedullary activity has been thought by 
1 

, , 
Cannon and others ta be one of adaptation - an emergeney mechanism 

helpful in preparing an animal for tif light: or f igh t" or other f orm 

.of stress (Cannon, 1931). Stimulation by pain, cold, artoxia, emot-

ional exeitement, exe!cise, hemorrhage, hypotension or by hypoglycemia, 

showed a'great1y increased secretion of the adrenomedullary hormones 

(Houssay & Mo1ineUi, 1925; Cannon, 1931; fuler. 1956). AlI of these 

stimuli ta adrenomedu1lary secretion are transmitted via hypothalamie 

nervous cente~s and the sympathetic innervation of the glànd which 

'then differentially control the individu sI secretion of adrenaline 
\ 

and noradrena1ine (Housaay &- Molinelli, 1925; Nagoun ~ al .• 1937). 

According to Folkow & Euler (1954) ~ stimulation of certain arelas in 

the hypothalamus enhances the secren!on of adrenaline more than that 

of nar~dréna1ine, whereas stimulation of other areas nearby has the 

converse effect. Furthe~re, different external stimuli may e1icit 

adrenal- secretion in which the proportions of the two hormones differ 

characteristica1ly Otalmejac, 1964; Euler, 1967). Thus, two distinct 

systems may exist for the control of adrenomedul1ary activity (Euler 

& Luft, 1952; Ho1tzbauer & V~gt, 1954). 

• 



p -

• 

-

":'8-

Th~ Secrçtory Process 

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 in~erplay of 

excitation and inhibition within and between highly developed cells. . , 

Generally speaking, most'biological communication i8 structured on 

a series of transduction processes involving mainly chemical and 

electrical energy. In foeusing these events to a specifie endocrine 

ti'ssue such as the adrenal medulla one should point out that the main 

consequence of the physiological stimulation of the chromaffin cell 

Is the extrusion of catecholamines and other soluble constituents 

of the granules to the cell exterior as t'he result of the secretory 

proeess. Although many attempts, using multidisciplinary methodology, 

have been done to clarify the release reaction in exocrine and endo-

crine glands as weil as 'nervous tissue, many 'of the events associated 

with this process of secretion still remain to be eluci'dated. 

Therefore for tne sake of simplicity one should divide the 

secretory process. ~egardless of importance or priorities~ as schemat-

ically composed of four main events: a} synthesis of the hormone or 

neurotra~mitter; b} storage of the hormone in granules; c) mechanism 

of hormone release and d) hormone iriactiva~ion meehanisms. A brief 

description of these events i8 given helow. Furthermore, as an 

integrative attempt, the role of ion~t and the series of events 

triggered by the in~eraction of acètylcholine with the choline r&ic , 

reeeptors of the chromaffin cell i8 brlefly discussed under the 

generally accepted denominatlon of "stimulus-secretion coupling" • 

, ' . 

f 
j 
! 
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, 
a) Biosynthetic Pathway: 

The in vivo formation of adrenaline and noradren~line is from 

othe dietary source of phenylalanine and 1-tyrosipe (Gurin & Deluva, 

1947; Udenfriend et al., 1953) which are taken up by the chromaffin 

,cells·. R.-Tyrosine fs then hydroxylated to t-dopa by the enzYme 

tyrosine hydroxylase (Blaschko. 1939; Nagatsu et al., 1964). This 

first enzymatic step of the biosynthe tic pathway i8 the slowes-t and. 
, 

physiologically, represents the main regu1atory reaction of aIl the 
~ 

aequential enzymatic processes in the synthesis of catecholamines 

(Spector et al., 1963a; Levitt et al., 1965). It is at thi~ levei -- --, 
where cytoplasmic noradrenaline or adrenallne, and perhaps some 

metabolites, exert the so-called feed-back end product inhibition 

on this rate';"'limitfng 8tep (Nagatsu et al., 1964; 'Stjiirne, 1966; 

Udenfriend, 1966). This effect could be mediated directIy on 

-~-------- .. 
'~tyrosine hydroxy1ase or by inhibiting the pteridine cofaetor of this 

• 
enzyme (Thoene,n et al:, J..969). ActuaIIy, se~eral different kinds ' 

of stimuli or- conditions ha~ been shown ta be capable of altering 
, 

the tyrosine hydroxylase aetivity within the chromaffin cell, not 

oo1y modifying the enzymatic activity but also the levels of the 

~nzyme as weIl (Bygdeman ~ al., 1960; Gordon et al., 1966; Thoenen 

!E. al., 1969). 

A second step in this synthetic pathway 1s ,the decarboxylation 

of L-dopa to dopamine by the enzyme l-dopadecarboxyl;ase or- aIso 
~ 

'ü 

known as aromatic aminoacid decarboxy1ase (Haltz, 1939; Goodall, 1951; 
o 

'Udenfrlend & Wyngaarden, 1956; Gooda11 & Kirshner, 1957). Lik~ tyrosine 

hydroxy1ase, this enzyme 8eems ta be 10calized in the cytoso1 of, the , 

chroll14ffln cel! (Lovenberg.!!. al., 1960). 

, 
", 
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The'third step, the biocata1ytic conver~i~n of dopamine to 

noradrena1ine re~uires the presence of dopamine a-hydtoxylss~, an 
'1 "-. • 

, 
enzyme present, within. the storage granules (Blasch~o. 1939: 

f • 

Kirshner. 1957; G aIl & Kirshner, 1957; Levin et a.l •• 1960; 

Go1dstein et al., 196 .. 
, . 

The chrpmaffin ce1Is of the' adrenal medu11s, especia11y in 

m~afs. has deve10ped a synthetic step capable of synthesizing 
• ;Ii 

adren~line from noradrenaline as a final step of the biosynthetic 

patht"ay. The enzyme phenylethanolamine N-methyl transferase ~NMT) 

convert~ noradrenaline ta adrenaline by transfering a methyl group~ 

from S-adenosylmethionine to the amine nitroge~ of noaradrenaline 

(B~lbring. 1949; Kirshner &-Goodall. 1957; Axe1rod, 1962). PNMT 

seems to'he a soluble component within the chromaffin eell (Kirshner 

& Goodall. 1957; Axelrod. 1962). The physiologie importance of this 

enzymatic step results in the ability of the medulla ta have two 

distinct functionsl populations of cells, one containing adrenaline 

and the other storing noradrenaline. This characteristic seems ta 

be mainly the resuit of the anatomieal and endocrine interrelationship 
. -

between the adrenal cortex 'and the medulla (Kirshner & Gaodall, 1957; 

AxeHod; i962; Wurtman & Axelrod, 1966L As has been mentioned above. 

glucocort1coids r:eleased ta the adrenal portal system in h1gh con-

centrations are responsible for the induction of PNMT act1vity 

(Coup land, 1953; Wurtman & Axelrod. 1965,1966). 
') 

b) Storage of catecholamines 

It 18 now well established that the chromaffin cell stores 

\ 

" 
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catecholamines in special intracytoplasmic membrane-limited 

organelles (chromaffin granules) which are involvéd in the uptake, 

bioosynthesis, storage and secretion of hormones. This feature is 

shared with other secretory tissues such as sorne endocrine glands 

1. and nerve endings (Coupla.nd, 1956). These granules are, from the 
, , 

physiologieal point of vie.w,· a ce~lu1.ar mechanism able ta store 

a~d prepare hormones and transmitters for release and at the same 
~ 

time protect those substance.,s ,from degradation by cytop1asmic enzymes. 

Biochemical'ly, thesfl' granules contain mainly water (70%), proteins 0 

f 

- '(11.5%), lipids (7%), catecholamines (6.7%) and ATP '(4.5X) (Kirshner, 

1974). Isolated chromAffi:n granules can be separated inta water' 
,.; 

, Soluble and water insoluble components -after lysis by hypoosmotic 

shock followed by centrifugation. Among the soluble constituents 

th~ main feature is the striking and unusually high concentrations 

of adenine nuc!eotides, ATP being the major oomponent. Smal1er 

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

been detected (Hil1arp & Thieme, 1959j Da Prada & Pletscher, 1910). 
,~ 

Different experimental evidence h~s suggested t~t nucleotides are 

• invo1ved in the stQrage process forming a non-diffussible complex 

vith catecholamines within the chromaffin granules (Hi11arp, 1958). 

This complex consis ts basièally of catecholamines and ATP in a molar , . 

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

proteus (chromagranins) :present in the granules (Blaschko ~ al., 

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

proteins~ wh:ï..ch l'epresents' 70% of the total granular prote.ins r ia 
\ 

chrQIDogranin A, an acidic protein having a Mll of 80,000 1 (Smith & 

.' 

o 
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Kifshner, i967; Smith lX< \nnk~er, 1967). Anothe~'solùble protein 
Il 

is dopamine a-hydrox,yl.ase (DER). In the bovine adrena1 medulla 

Italf of the total granula.r enzym~ 15 present as à soluble component 

whereas the other 507. is membrane bound (\linkler ~ al., 1970; Duch 

~ aL, 1968). As has been ment.ioned abovE:, this enzyme ls involved 

in the conversion of'dopamine to noradrenaline (Blaschko, 1939; 

. 
Goldstein et al., 1965): The ~atalytic site of the enzyme faces the 

interior \ the granule, sa the suJ.tt;ate must enter the vesicle 

before it an be oxidized (Kirshne ~ 1962; K\rshner et • al., \1967; 
~ - \ 

Stjarne & Lishajko, 1966). In connection-'to this event it is\import-
\ 

\\1 ant ta point out that a transport mechanism (uptake) far catecholamines 

1/ 

has been already described at the 1evel of the membrane (Taugner, 1971, 

1972). This ls an ATP-Mg 2+ dependent ~ transport which seems to 

be the'result of the activity of a memBrane-bound ATPase (Kirshner 
1 

~ al., 1966). The kineti.cBet0f 1=his transport system "lou1d suggest 

that a carrier mQ.lecule mi.ght be involved in thi.s uptake 'process 

..... (Slotkin & Kirshner, 1973). Howeve.r, evidence {or the possible role 

-
of the granule membrane ATPase Ln the release pro cess has a1so been 

published (pOisner & TrifarO', '1967; Trifaro & Poi~nel:, 1967; Trifaro 
1 

1 \ \ 

& ~rKind, 1~71). Anothe~ enzyme, present ih, ~he\~ranule mémbrane 

la pljo~,hat~~ylinositOl kina.e~?r1fa~.··1973; Tr~f~~ & D""r~\" 
'1975; Muller & Kirslmer, 1975}., This enzyme cata]yzes.\ the trans-

l , 

phosphorylation from ATP to monophoS~hatidylinos'itol wl'i~h the -f~rm- '>'" , \ , 
\ "~ 

at.1on .of ~iphosphatidylinositol (Trifar0'. 1973; 'tri faro & '~work.ind, 

1975; Muller & Kirshner, 1975). Among the grànule membran~\bound 
\ 
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proteins ~n-electron transport system of unknown function has a1so 

been identified. This consis ts of cy tochrome b56l and a NADH: 

/ 

cytochrome bS6L reductase (Spiro & Ball, 1961; Fl'atmark & Terland, 

1971) . 

The- e1ectrophoretic studies of the membrane proteins of 

chromaffin granules done by Winkler et al. (1971, 197~_ indicated 
" - . 

the e;;ste~ce of at least two main proteins. Th~y have proposed 

the name chromomembrins A and B for these proteins (Winkler ~ al., 

197Ô; Hartnagl et al., 1972). Chromomembrin A has been identified 
, 

as dopamine B-hydroxylase (Hortnagl ~ al., 1972; Winkler & Hort~gl. 

1972). The rem~ining proteln, chromomembrin B, has not yet been 

characterized. Phospholipids and cholesterol are the main lipid 

components of vesicle membranes. These membranes are very rich in 
o 

cholesterol and have an unusually high content of lysolecithin 

'" (Blaschk.o et al., 1967b; Trifa1jo, 1973)". 

Finally, the origin of these secretory granul~s_is not,clearly 

understood . 

apparatus 

Robertis 

e~tron microscopic~stüdies have suggested the Goigi 

place of orig'in o~. the chromaffin granules (De 

Vaz Ferreira, 1957~. However th~re is no binch~ical 

evidence ta substantiate,this hypothesis. 

c) Mechanism of hormone release 

The re1ease to the extracel1ulàr med{um of the soluble com-
, 

ponents of the chro~affin g~anules represents the culmination of , ~ 

~ f \ 
the seeretory process. From the physio1ogieal point of view. 

" 

catecholamine release from the adrenal medulla ls the !a.st of a sequenc:e 
" J 

of 'avants" of an h01QeDstatic 8Ùtonomic neuroandocrine reflex". Nonnally, 

the adrenal medu!la seems ta maintain a l~ rate of rele~se'of c4te-
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cholami'nes 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 

& Winkler, 1972). From a subcellular and molccular point of vie,.; 

the chromaffin celi has rendered us~ul information about the 

release process (Trifar6, 1970; Smith & Winkler, 1972). At 

present, strong experimental evidence supports the idea that the 

adrenal medulla secretes,its products by a èel~lar mechanism known 

as exocytosis (Smith & Winkler, 1972). This process, orlginally 

called Leversed pinocytosis Or emiocytosis, involves the attachment 

and fusion of granular and plasma membranes coupled with a molecular 

rearrangment resulting in a transient membrane discontinuity through 

which the soluble intragrfnular content can reach the extracellular 

medium. This mechanism of ~elease. which does not seem ta be re-

stricted to the adrenal medulla. has received solid and relevant 

support m~inly from morphologie al ~nd biochemieal studies (Trifar6. 

-
1970; Smith & Wink1er, 1972). Bioehemieal evidence in favour of the 

exocytotic mechanism has been provided by analysing catecholamines 

ahd other granular and extragranular constituents from the whole 

gland·, or from the different partieul,ate fractions fol1owing stim-
t 

u1ation of the t:S~Tri.far~, 1970; .Smith & Wink.ler» 1911). Anotner 

useful experimental approach was the study of chromaffin cell compon-

~ enta present in t~ effluent of blood leav~ the gland before, during 

and after acety1chol1r~ê or sp~~chn1c nerve' stimulation (Dougl.as & 

-

""- ' Poisner, 1966; Viveros et: al., 1968). Spnllli.ng up the numer~s ançl 

_.~(!!r~nt kinds of e'l11dence, one may ~nclude that during stimulation, 

the soluble components of the Oucleotlde-r1ch chromaffin granules dis-
" 

, 
J't 
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appear from the gland and are quantitatively recovered in the 

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

Vivero$ ~ al., 1968). Equally important, i8 the evidence sug-

gesting that the insoluble membrane-bound components of the chromaffin 

granules are not re1eased to the extrace11u1ar medium but are quant-

itatively retained within the chromaffin cell (Trifaro et al., 1967; 

Poisaer et al., 1967,; Schneider !:! al.. 1967). This conclusion on 

the fate of granular components corre1ates with electron-microscopic 

figures of exocytosis obtained in the hamster adre~al gland (Diner, 

1967) and with the fact that there is no detectable increase in 

release of cytosol ~arker-enzymes (Schneider et al., 1967) associated 

with catecholamine secretion, thus strengthening the idea of an all-

or-none exocytotic mechanism of release in the chromaffin ce1l. 

The exocytotic mechanism was useful in explaining a crucial 

step ~n the release mechanism, but 'at the same time it has raised 

many unanswered questions. Practica11y nothing ia known of the 

intimate proc~ss of attachment or how, and for h~ long, the chromaffin 

granule remains fused to the celi membrane. Furthermore, there is 

disagreement concerning the fate of chromaffin granules after they 
• f 

re1ease their conte~ts. There i8 some evidence suggesting a re-

trieval process from the plasma membrane with subsequèpt reincorpor-

ation ~nto the cytoplam. but conclusive evidence on the final fste 

and 'the pOBsibility of reusage of the granules i5 still lacking. 

tt5 Inactivation of catecholamines 
/ i ,1 

The~e are two e~ymes with~n the organis~ that are ~esponsible 

II)' • ~. 

, 
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for the initial metabolic transformation of most of the catechol-

amines that enter the circulation. These are monoamino-oxidase 

(MàO) and catechol-O-methyltransferase (COMT). ~ Both enzymes are 

widely distributed in the organism, special1y MAO, which in the 

liver and the kidney i8 intracellulary localized in the mitochondria, 

whereas DOMT Is present in the cytosol (Blaschke ~ al., 1937; 

B1aschko, 1952; Axelrod, 1957; Axelrod & Tomchick, 1958). It has 

been shawn that most of the catecholamines coming from the adrenal 

medu1la or from exogenous adminiqtration are first methylated by 

COMT into metanephrine and normetanephrine (Axelrod, 1959). However. 
~ 

j • 

MAO contributes also to the metabo1ic disposaI of catecholamines. 

This is reflected in the urine where the major metabo1ite of cate-

cholamines excreted ls 3-methoxy-4 hydroxymandelic acid (VMA) 

(Axe1rod, 1957; Axelrod!! al., 1958). The quantitive relationshlp 

between enzymatic pathways involved in the metabolic disposition of 

catecholamines revea18 that 40% i8 excreted as VHA, 40% as metanephrine 

(free and conjugated), 7% as 3-methoxy-4 hydroxyphenyl glycol sulfate 

and small amounts as unchanged epinephrine and 3-4 dihydroxymandelic . . 

acid (Kopin & Gordon, 1963). It is aléo important ta point out that 

the chromaffin cell 1acks an active amine uptake mechanism such 

as that present in adrenergic.nerve terminaIs (Iversen, 

1965). This mechanism i~ a1so invol~ed in the inactivation process 

of catecholamines that have reached the internai medium' (Ka1sner & 

Nic~erson. 1969b). • 

/ . . -, 

., , 
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Stimulus-secretion coupling 

One of the cammon and striking features of the secretory 

process in differèmt ~lls which store their secretory products 

in granules is the physiological dependency of the release process 

on extracellular calcium (Dougl~s & Rubin, 1961). This weIl 

demonstrated and established fact has allowed some researchersto 

speculate about the different steps taking place in the chromaffin 

cell - from the interaction between acetylcho1ine ~nd membrane 

receptors ta the final exocytotlc release of intragranu1ar soluble 

contents. AlI these events have bean conden~d by Douglas and 

.Rubin (1961) in the widely accepted expression "sti~lus-secretion' 

coupling" patterned from the previous phrase "excitation-contraction 

coupling" intlioduced by Sandow (1952) ta describe the chain of events 

occuring du ring muscle activation~' quoted by Douglas (1968): 

"the true stimulus-secretion coupling i8 thus intended to embrace 

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

that lead finally ta the appearance of the characteristic secretory 

produet in the extracellular environment. Il One of the mast important 

consequences of the re~ease mechanism by exocytosls 18 that aIl the 
1 

staps involved ~n the stimulùs-secretion coup1ing are directly or 

indi.rectly related to the plasma membrane. The aim of this aec~ion " 

ls ta descrlbe the known events taking place at the plasma membrane 

duri.ng stimulus-secretlon cou~ling, ~spetially tbose associated with 

the raIe of ions). At the sarne time,' lt ls important ta notlce that 

the sequence of step~i.llustrated ln the following scheme (modified 

fram Smtth & Winkler, 1972»i8 far fr~ being complete, definitive 

l 
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l 

! 
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or totally correct. Many different expe~1mental subcellular and 

molecular approaches are required in order to obtain new evidence 

to elucidate this fascinating chain of events. 

Interaction between 
Acetylcholine and the receptor 

~ 
Increasad Ionie. permeabiiity of 

plasma membra~e 

J, 
Depé>lar1zat1on 

'Increased Calcium Influx 

Attachment of the chromaffin 
granule ta the plasma membrane 

~ 
Fusion of sranular and 

plasma membranes 

~ 
Transient Membrane discontinuity 
~low1ng a dlr~ct communication 
between intragranular and extra~ 

cellular compartments 

. ~~ 
Release of granule soluble 

contents to the extracellular ~edium 

~ 
l1 •• 10n of sranular-membrane 

from the cell membrane 

J, 
Grauules.Recycling ? 

/ 

Ybe ear11est avent in stimulus-secretion coupling inyolves'the 

luteractlon be~eell. the acetylcool1ne releas~ from' the: pre- <, 

.' aang110nic autonomio fibres and the cholinergie receptdrs of the 

[ 

-' 
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electrophysiologtcal piasma membrane. By extrapolating from 

evidence obtained by Vel Castilla & Katz (1955) in the neuro-
, 

mU$eular junction, it ,is now aeeepted that aeetylcholine exerts 

its action on the outer surface of the chromaffin celi membrane 

(Douglas, 1968). lt i5 important to point out thât,similar to the 
. 

sympathetiç ganglion, the cholinergie transmission in the adrenal , 
medulla i8 a consequence of the activation of nicotinic and mus-

carinic recepto~s (Douglas & Poisner, 1965; Lee & Trende~enburg, 

1967). Furth~rmore, in t~e cat adrenal gland, it has been postulated' 

that release of adrena~ine oceurs in response to musearinic stimulat-

ion whereas nieotinic receptor8 are invo1ved in the secretion of bath 

adren~ine and noradrenaline (Douglas & Poisner, 1965). 

Regarding synaptic transmission, it i5 gèneral1y accepted that 

chang'es in ionie' permeability accompanied by a concomitant mocliflcat-

ion in cell polarization followa the activation of postsynaptic 

receptors (Eccles, 1964). Electrophysiqlogical studies done in the 

adrenal medulla have shown that acetyicholine acts at the medullary 

synapse similar'to its aetions at other synapses (Douglas, 1968). 

lt has been demon$trated in laolated gerhil chromaffin cells (which 
.. 

have a resti~ potential of 30 mV), that those, cells undergo a 

trans1ent, non-spike membra~ depolarization in the presence of 

acetylcho1ine. By modifying the ext~acellular ionie composition, 

-
it was'found that the depolarizing effect induced by acetylcholine 

• 
was due ta inward currents of sodium ~ calcium (Douglas, Kanno 

, , 
& Saapson, 1967a, b). Although 111 other excitable tissues, su ch" 

as muscle, d~polarization repTesents a necessaTy requirement i~ 

the lenes1s of the final resp0ne.e this does not seem ta be the case 

• 
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in the chromaffin cell. This statement i8 fundamentally important 

because, although an inward sodiu~ current is mainly re~ponsible 
f 

for acetylcholine depolarization: th.e omission of this cation from 

the extracellular fluid fails to modify the magnitude of the release 

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

l, a specifie blocking agent of the inward sodium current, cioes not 

inhibit the release of catecholamines from perfused Ox adrenals 

stimulated by carbamylcholine (Smith & Winkler, 1972). ~urthèrmore> 

+ Douglas and Rubin (1961, 1963) found that omission of either K • 
2+ 

Mg or Cl- ff.ctm the perfusion m~dium does not prevent the acetyl-

choline-induced re1ease of catecholamines from the-cat adTenal 

gland. lt is at this potnt,where the crucial physiological raIe 

of extrace11ular calcium should be emphasized. 

,-
The raIe of calcium in secretion 

Douglas and Rubin (1961)' showed that the inward cal um 
'M 

- current asso~ate~ with acetylcholine an 

essential link in the chain of.events leading to ce 

secretion id the adrenal medulla. They demoastr,ated that omission 

f 2+ . d d a Ca from the extracellular me ium abolishe the secretory re-

sponse ta acetylcholine in the in situ perfused adrenal gland of 

the cat.' 2+ - 1 
Convincing evidence linking Ca entry ta the action of 

acetylcholine came from exp.eriments èbowing increased 45Ca2+ uptak.e 

into adrenal -glands during 8timulation,vith acetylcholine Olouglas . , 

&. Poisner. 1963). This raIe 'of Ca2+ bas been described as ~ion-

8peci~lcr, i.e. at la a ,ufficient and e8senti~1 requirement for 
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the secretory process in the adrenal medul1a (Do~glas, 1968). 

2+ . 
~his same requirement for Ca has been shawn for other secreta-

. 
gogues such as histamine, serotonin, high e~tracel1u1ar concentrat-

+ ions of K , ang10tensin, and others (Poisner & Douglas, 1966). 

. 2+ 
Reintroducing Ca. into the medium after perfusing adrena1 

G 2+ 
glands with a Ca -fr~e solution results in a marked release of 

catecholamines (Douglas & Poisner, 1961). Electrophysiological 

investigation of this interesting observation revealed a small 

depolarizing current of about 5 mV when the chromaffin cell is 

+ 
expos~d to acetylcholine in the absence of extracellu1ar Na • 

This current has been interpreted to be due to inward movement of 

Ca2+ (Douglas et al., 1967). 2+ 
~urthermore. bath the Ca inward 

current and the associated release proce;s can be blocked by tetra-

+ caine without altering the magnitude of the tnward depolarizing Na 

'- currtmt (Douglas & Kanoo, 1967). 

f' These and pther observations have led ta the conclusion that 

the inward movement of calcium, ratbér than depolarization per se, 
-'\ 

is required ~~r secretion (Douglas, 1968). ' . 

Tbe'~chinism by wbich Ca2+ promot~ the rel~ase of catechol­

amines from adrenal chromaffin ce11s ~s still unknown: Many hypotheses 

have been put forward, e.g., a charge neutralization effect (Banks, 

1966; Matth~ ~ al.~ 1972); inducing changes in viscosity (Poste 

and At1isen, 1973); an interaction with microtubu1es (Schmitt, 1968; 

tacy '.!! al •• 1968) ~. 'or with a coùt,ractile mechanism of release 
, 

a8sociated with a ueœbranè ATPase ·(Poianer and Trifaro, 1967). 

Boweve~, such evidence 18 indirect, and there 'is no c1eàr agreement 

reg_rding the molecular .echanl .. li~na influx of.extracellular 

. , 

l 
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Ca2+ to final çxocytotic release of granular components, nor do 

they indicate how Ca2+ is involved in the attachment and fusion of 

granular and plasma membranes. These questions require more 

experimental evidence. 

i 2+ Experiments in other celis can offer some eues on Ça action. 

2+ 2+ An increase in intracellular Ca by iontophoresis, in a Ca -free 

medium was shawn to induce release in mast cells (Kanno et al., 1973; 

Cochrane and Douglas, 1974), and in the giant synapse of the squid 

(Miled'i, 1973). From these and other studies (Baker, 1974~, the 

idea-that the intrace11u1ar Ca2+ concentration may be the main 

regulatory factor modul~ting the ce1ease process is progressively 

gaining acceptance. In connection with ~his hypothesis, it ls~ow 

2+ ' 
recognized that the inward movement of extraceI1uIar Ca ls on1y one 

2+ ' ,of many fa,c,tors affecting the intracel1ular Ca concentration (Baker, 

1972; 1974). A Na+-dependent Ca2+ transport through the plasma 

membrane has bêen shown in differént excitable tissues (Baker, 1972; 

Reuter, 1974). Fu~thermore, ~ntracel1ular Ca2+ buffer systems such 

as those localized in mit~~hondrLa and endop1asmic reticu1um have been 

postulated to play an upolttant role in maintainins" a low intracellulàr 

free Ca~+ èoncentration (Baker.d Reuter, 1975). 

Role of other ions ln 18ect'et1on 
; 

The activities of ather ions have provided informat~on 00 the 

2+ . 
role of Ca in' aèeretion. Magnesium 1& mown to be a competitive. 

2+ 
~tagonist of Ca. in biological s~stems. In the adreO,.!ll medulla. 

Mg2+ interferes ~ompe~ftively wit~ Ca2+ entrj and inhibits the 

ftCTe·tory respause to acetylchoU,ne (J?ov.g~as and JWbin, 1963).' This 

" 

~ 

effect i8 reversed by increasing the Ca concentration in the extra-· '. '2+ l' 

_I~~, 
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cellular medium. Recent evidence indicates that Mg2
+'has an 

!ntracelIular site of aceion (Ru~in, 1975). 

2+ 2+ lt has a1so been shawn that Ba cau replace Ca and will. 

. ~ 
re1ease acetylcholine from choli~ergic nerv~8. By adding Ba to 

the extracellulâr: medium, it can evoke catecholamine release in the 

, 2+ 
adrenal medullaj this effect 15 b10cked by Hg , this indicating 

2+ 2+ 
that Ba in some way mimics the Ca action' (Douglas' Rubin~ 1963) • 

.;) + '+ 
The removal of. Na or K from the extraceilular medium potentiates 

the respoO$e of the adrenal medulla to acetylcholiqe stimulation 

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

+ + " 2+ could be that low Na or K solutions f~ilitate Ca movement into 

+ ce~18, or that remova1 of Na hyperpolarizes the' cell membrane,' In 

+ support of the latter, Na omis~ion was shawn to raise the membrane 
. ) 

potentia1 of chroma.f fin cel!· (Douglas ~ .!l., 196 7b) • This hyper-

+ polarizing effect of lcwo~ Na -free solutions suggested tnat the 
. + 

'chromaffin cell membrane may be ~ore pérmeable to Na than other cell 
. 

membranes and that it has prop~ties similar to ,those of mammalian 

C fibers (Dou,&las .!!. al., 196 7b) • 
v 

Another interestlns observation 18 that acetylcholtne cao induce 

~ecretion from the ch~omaffin c~l which has been a1ready depolarized­

by ~osure to high K+ concentrations (Douglas and R.ubin'. 1963). 

Related to this observation, acetylcholine has been shQWn to 

increase. aellbrane penneabil~ty iq. depolarized œemhTane p-repantions . 
.. ,. . 

(Del Castille and Xat3, 1955). 

Sever al ions a~e intric~tely involved in' the spontaneoua 

ralease of catecholamines. 2+ 
In Ca -free solutions. the spontaneous 

. ' 
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but in Na+-deficient solutions, an increase in spont4neous rel~ase 
2+ " 

. i8 found which W'as not abo1ished by Ca omission (Douglas and 

Rubin, 1961; 1963). 
- + + 

These stimulant e~fects of Na and K ~ere 

thought· to represent a competition'between theae monovalent ions 

and Ca2+. The observation that ouabain (Bank~ 1961) can increase 

• the spontaneous release of medu11ary catecholamines should be borne 

+ + 
in mind as this indicates the presence of an active Na -~ pump in 

the chromaffin cel! membrane (Rubin, 1970). 

Fina11y, it' has been shawn that Ca2+ has,little stimulant effect 
\ , 

on isblated chromaffin granules (Banks, 1966; Poisner and Trifaro, 

1967), however, ATP causes a dose-dependent release of catecholamines 
, 

from the chromaffin granules in vitro (Poisner and Trifaro, 1967). 

2+ 
These f1~dings suggest that the sec~etory action of Ca la energy-

2+ . , 
dependent and also implicating a Ca interaction vith high-energy 

1 
phosphates as a criti~al event in the secretory process. 

~ 

Jo 

'1 
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STATEMENT OF THE PROBLEl-f .JI 

c 

In the la~t deéade, a great deal of information has accumulated 

to show that ~oinaffin cells secrete catecholamines by exocytosis. 

However, the ionie meehanisms involved have not been fully' resolved. 

It has been weIl established that extraeellular calcium Is 

required for the acetylcholine-induced release of catecholamines, 
, 

but the raIe of sodium ions in resting or stimulated release i9 

not clearly understood. Doring perfusion of cat adrenal glands( 

+ with Na -free medium, a potentiation of acetylcholine-induced 

catecholamine release was f.ound (Douglas & Rubin, 1963). On the 

other band, perfJrion of bOvine adrenal glands vith Na+-free solut­

ions for longer periods of time re~ulte~ in a decrease, or almost 
~ 
'''-./ 

abolished, the response of the adrenal medulla to cholinergie stim-

ulatio.n (Banks et' al., 1969). In both of the above studies, an 

increase in catecholamine output was noteo immediately after ewitch­

ing the perf~sion from 'normal to Na+-free medium. This substahtial, 

but transitory. rise in catecHolamine secretion in the absence of 
• • 1 

secretagogues was only brief1y alluded ta and suggested to be due tà 
, 0 

the removal of the sodium inhibition of calcium inf1ux'into the chro-
, 

maftin celI (Dpugias & Rubin. 1961, 1963; Banks .!! al., 1969) •. 

The present inve$tigation was undert~n ta examine the raIe of 
r 

sodium ions in catecho1aD!1.ne release. and_ espeCtally to study in more 
. + 

detail the release induced by Na -free medium. 
,\ 

Some of the resu1ts prese~~d in th1s thesis hjre already been 
, 

pub li shed 1>y the author (Lastowe~ & Tr1faro ll 1974). 
,. ", 

, ' 
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A. Prepar&tion of adrenal glands for perfusion 

Fresh bovine adrenal glands ~ere obtained from the local slaughter-' 

house, they were placed intb plastic bags On iee for transport and us~d with-
, ' Il' 

in two hours post-mortem. Clands of an average weight of 12 ± 2 g vere used. 

They were cleaned of excess adi~ose and connective tissue, and the capsule 

~embra~ was removed aS efficien~r~ as possible, taktng care not to damage 

the-cortex. The adrenolumbar vein was trimmed and freed'from the base of 

the gland to facilitate tying aroynd a cannula. Only glands with a single 

venous orific~ were used. 

B. Preparation of perfusion fluigs 

1) The regular perfusion fluid was a phosphate buffered. Lock~ solution 
, , 

of the following c~mposition (mM): NaCl 154; Kel 2.6; CaCl2 2.-2; KH 2P04 

0.85; K
2

HP0
4 

2.15; dextrose 10. 
" + 

The'final concentrat~on of Kwas 5.6 mM. 
~ 

In solutioos con~aining excess K+. the NaCl was reduced by an equivalent 

+ + . amount. 2) Na,-deficient and Na -free solutions had the s~e composition 
f< 

as, regular Locke except that NaCl,was partial!y or total!y r~p1aced by equi-

molar concentrations of lithium chloride or choline chloride. or by an Os-
o 

motically equ~valent concentration of sucrase. The eryoscopic point of the 

" soluti~n~ was detennined to show'that 0.9 S NaCl/lOOals' H
2
0 was equal to 

9.25 g sucrose/IDO mIs azo., Thi~ same conversion fao,tor had bean calcu-
l , ,I 

lated from osmotlc coefficients listed by Lifson \nd Visscher (1944). 

3) 
2+ . 

Ca -free Lock~ solution was regu~ar Locke ~thout ~C12' and to which 

2.0 mM EDTA or 0.1 mM 'EGTA was added. 4) Higb potassium Lo~e solution 

coptained 56 mM of which 53 mM was as KCl and 3 mM as K2HPO 4 and KHlO 4 • 
" 

1 
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In this solution NaCl was reduced by an equivalent amount (50.4 .mM). AH 

solutions were equilibtated with 5% CO
2 

in O
2 

and their pH adjusted to 

7.0 - 7.2 by the adc:t1tion of NaOH (IN) to regular Locke and KOH (IN) to 

Na+-deficient solutions. Overall.~ange in molarity due ta addition of 

alkali did not exceed 2 mM. Acetylcholine chloride (10-4 M) and other drugs 

were added to the Solutions prior ta pH adj us tment • 1 

Throughout aIl the experiments and preparations of. solutions, the water 

source used was deionized and pu:rif ied by means of special columns supplied . 
by Hydro Service and Supplies, Durham, N. Carolina. 

c,' Perfusion protocol 

( 0 
Adrenal glands were pedused in vitro at room temperature (25 C), 

retrogradely via the adrenal vein according to J;he method déscribed by 

Trifaro' et al. ' (1967) . Perfusates were introduced through a cannula of 

'narr#w polyethylene tubing (g'auge No. PE 205) one end of which was inserted 

into the vein and fixed by means of a strong nylon thread passed ara und and 

tied at the base of the vein.. The Qther end of the callnula carried a 16 

gauge needle~ 2 inch es long. The needle was inserted into the rubber tubing 

which was pulled over the outflow tube of Marriat 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 

pressure; this also ensured absence of air bubbles entering the gland which 

may block capillary'passàges. Perfusion vas speedily switched from one 

solution to another by manually inserting the néedle into the rubber tubing 

of another solution flask. Perfusion pressure was generated by.eonnecting 

the perfusion bottles to a cyllnder containing 5% CO
2 

in °
2

, and the flov 

" 
rates were between 10 20 ml/min - which vere 'maintained constant in each 

.. 

'" 

t , 
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éxperiment by adjusting the perfusion pressure over the range of 90 - 130 

Dml Hg. 

In aIl experiments pe~fusion for the first 40 minutes was with regular 

Locke solution. This allowed washout of blood and ensured a steady ~estin~ 

• o 

output of catecholamines. During this time. final adjustments of flow rate 

and perfusion pressure were carried out. The glands were placed into poly-

ethylene funnels fixed onto clarnpstands. Samples were colleeted at one or 
~ 

two minute interval& in test-tubes standing on iee. Ta each tube, 1.9 N HGl 

(10 ).Il/ml perfusion f luid) was added to prevent oxidation of the catechol-

amines. Samples of the perfusates were stored at _150 
C for future cateehol-

amine determination. After the initial 40 minutes perfusion, thè glands 

were subjected ta a period of stimulation lasting from three to fifteen 

minutes. Usually three stimulations were performed. Drugs to be $ested, 

or any changes in the -composition 0' the perfusion fluid. were introduced 

during the second periode Each st~ulation period W8S followed by a wash-
o r--

out with regular Locke 8oluti~ for a period of ,0 minutes.,thus eomparison 

of drug effects could be ma.de. 

Other modifications of the protocol will be described in detail in the , 
- Resulta section. 

n. Preparation of adrenal homogenates 

_A sample of_ medullary tissue (2 g) was dissected from the glands and 

chopped finely vith sc~ssors: AlI pr-eparations were carried out over iee 

and iee-eold solutions were used. The medullary tissue vas then ~ogenized 

in a 0.3 M sùcrose solution (pH 7.0) (4 volumes ta 1 g tissue) using a smooth 

glass tube with Teflon pestle (clearance' 0.075 mm). A motol"l driven homo ge-

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



l, 

t, '. 

" 
f o 
( , 

f{' 

.' 

-

-29-

pestle was passed up and down three times ta" ensure uniformity and consis-
1 

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 

Internàtional Model B-20 was used. The obtaim;d pellet containing intact 

cells and nuclei was discarded, and the supernatant ('low speed supernatant') 

vas further utilized in the preparation of the 'crude g~anule fractiofl'. 

E. Isolation of chromaitin granules 

DifferentiaI centrifugation of the 'low speed supernatant' st 20,000 g 

for 20 minutes in the srune rotor head yielded a supernatant, which was dis-

carded, and a pellet ('erude granule fraction', CGF). This sediment vas fur­
\ 

ther suspended i12.0 mIs of ice-cold 0.3 M s,ucrose and then layered onto 

7.5 ml' of a l.6 sucrase solution (pH 7. 0). The tubes were centrifuged at 

100,000' g for 60 minutes in a No'. 40 rotor he ad of a Beckman Madel L ultra-, ' 

. centrifuge . This procedqre of discontinuous density gradient centrifugation 

separ~tes intact granules from broken or emptied granules, mitochondria and 

\ 

\ -

\ 

lysosomes (Smith & Winkler, 1967). The supernatant was decanted off and the .~ 
. 

pelret containing purified chrolllaffin granules washed with 1. 6 M sucrase 

twiee and the loose white upper sediment on the pellet discarded. The,.rest 

of the sediment was lysed - a procedure which breaks the memb~anes of the 

chromaffin granules. 
,\ , 

Lysing was carried out by suspending the granule pel-Iet 

1n 2.5 mIs of weak phosphate buffer (0.005 M, pH 6.0). The contents were 

transferred into Sorval tubes which were then placed in ta Acetone on dry iee 

'(_80
0 

C) for one minute. Thawing was attainE?d by placing the tuIies into 

o 
water at 37 C, after whieh they were centrifuged at, 100,000 g for 60 minutes 

ta remove the granule membranes. The supernatant containing soluble ·pro-

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

;Î .' 
1 
1 

·1 
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pellet subjected to the lysing procedure a further ~hree times to ensure 
r 

total lysis of the g~anules. The supernatants after each lysing stage were 

collected, pooled, and aliquots removed for catecholamine assay. The rem&in-

ing supernatant was dialyzed against a weak phosphate b~ffer for 24 hours, 

and finally concentrated by lyophilizing to a vDlume of l ml. Aliquots from 

this concentrated solution were taken for dopamine e-hydroxylase assay. 

F. Determination of catecholamines in perfusates 

The total catecholamine (adrenaline and noradrenaline) content of the 

perfusa tes was determined using the quantitative method as described by Anton 

& Sayre (1962). This is a very sensitive ana1ytica1 method, i8 direct and 
~ 

speedy, and is adaptabl~ for the estimation of catecholamines in a variety 

of bio1ogica1 materia1. The procedure also al10ws the simultaneous es ti-

mation of adrenallne and noradrenaline in the same sample. A~ the perfusates 

conta1.ned large quantities of catecholamines, there was no -need ta concen-

trate the amines by absorption onto aluminium oxide. The specifie reaction 

formins th~ basis of this assay i9 usually termed the trihydroxyindole (THI) 

procedure resulting in the formation of highly fluorescent h~dro~yindole 

derivatives of adrenaliné (adrenolutine) and noradrenaline (noradrenolutine) • .. 
Potassium ferricyanide,is used as the oxidizing agent to form the aminochrome 

derivatives which bave the fluorescent characte!istics. Oxidation at two 

different pH's differentially analyses'adrenaline from noradrenaline. Addi-

tian of strong a1kaline ascorbic acid S91utions stops tbe reaction and yields 

the trihydroxyindoles stabilized by the ascorbic aeid. 

trozen perfusate samples were th~wed carefully at room tempe rature by 

rlgorouB shalc.ing in a mechan/ical vibrator. Sample dilutions of 1 ml in 20 mIs 

of ice-cold water were made and the tubes placed on ice throughout the analypis. • 
,p" 

" ' 
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Estimation of the d~luted sample fraction took place in the following 

sequence, 0.2 ml a~iquots were pipetted ihtQ small test-tubes contai~ing 

0.1 ml buffer solution (phosphate but fer 0.5 M, pH 7.0 or aeetic aetd 1.6 M. 

pH 2.0). Then 0.02 ml of K
3

Fe(CN)6 (a 0.25% solution) was added and the 

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

âscorbic acid (la mg of sodium ascorbate in 10 mIs of 10 N NaOH) was added . , 

and the volume made up to l ml by addttion of 0.5 ml of water. Th~ sample 

was transferred to a quartz cuvette (10 mm light path) and the fluo~escence 

read in not less than one minute or more than 5 minutes after addition of 

the alkal~ne ascorbate. , 

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

using slit arrangement fl2. Optimal activation and fluorescent wavelengths 

at pH 7.0 were 400 and 500, and at pH 2.0 tbey were 415 and 520.· Series 

of ten samples were assayed at nnp time. Interna! blanb; for both pH's 

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

and the b~nks.were assayed in a similar ~nne~ except that the ferricyanid~ .. 
was omitted. 

Standard' catecholami'ne solu~ioùs were prepared by dilution 'Of 6 mM stoèk 

so'.utions of commercial adrenal1ne and nOE'adrenaline; 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 

. the following' formula: 

T "~ (X1 - à)A - (Xl' - d)a 

c 
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where T = Total catecholamines in na~omOles/~ 
,,: / sta7 A Difference in spècific fluorescence between 

Adrenaline and Noradrenaline'at pH 2 '" 

(E
2

sp. - N
2
sp.) 

B = Difference in specific fluor:;cence between standard 

C N
7
sp.E

2
sp - N2sp.E

7
sp., 

a .. Blank at pH 7 

d = Blank ar pH 2 

'" 
X = 7 

Test fluorèscence at pH 7 

X
2 

Test sample fluorescence at pH 2 

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

, 
This ,formula was progranuned bnto a •. mélgnetic cardo An Olivetti Underwood Pro-

• • gramma 101 electronic desk computer was used for aIl calcu1a~ions. Total 

cateeholamine output was expressed as,nanomoles/minute. 

G. Determination af catecholamines in soluble contents of chramaffin granules 

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

lys1ng the granules, 0.5 mIs aliquots of the supernatant were each treated 
te 

vith 0.5 mIs Dt perchloric acid (0.8 N) to precipitate.th~ proteins. The 

preparâtions were centrifuged at 15,000 g for 10 minutes and 'the supernatants 
.. -

thus obtained wete kept for câtecholamine aasay. The supernatants were dtluted 

with iee-cold water (1 ml in 10 mis of water) and the assay fol1owed the 

sa.e procedure as described in the p~evious section for perfusa tes. 

H.· Determination of ddpamJ.llé e- hydroxylase in perfusates 

Dopamine a-hydroxylase (DRR) was assayed by the method of Friedman & 
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1 
; 

Kaufman (196.5) as modified by Viveros ~ ai., (1969). The technique measures 

3, 3 
• the amount of H -octopam!ne formed from H -tyraminl'l in the presence of DBH. 

Tyramine has been shown to replace dopamine and can 'be hydroxy1ated by DBH 
r 

ta form octopamine in the chromaffin, cell (Schumann &. Phillippu, 1962ab; 

-1 
Musacchio et al., 1966) ~ 

Since resting levels of DBH in adrenal medulla perfusates are very 

ldW, the assay procedure required the pooling of corrésponding one-minute 

samp1es of perfusates.from severa! glands in arder to obtain sufficient en-

zyme quantities for measurement. The pooled perfusates were then dialyzed 

against a weak phosphate buffer (0.5 mM, pH 6.0) for 48 hours ta remove 

catecholamines and ATP, and then concentrated by lyophi1ization. The con-

centrated preparation was disso1ved in 1 ml of weak phosphate buffer 

(0.005 M, pH 6.0) and aR a1iquot was taken for assay. 3 H -Tyr amine was used 

as $ubstrate. The final concentration of tyramine in the incubation medium 

was 10 ~M and the ~pecific activity of this isotope was of 10 Ci/m-mole. 

Other conditions were as pf,#vious1y described (Viveros ~t al., 1969). 

Radioactivity was measured in a Nuclear Chicago Liquid Scintil1a~ion Spec-
r 

trometer using Il},quasol ll as scintillation fluide The counting efficiency 

was between 20-35%, and correction for quenching waé made to ~QO% effici-

ency by the external channel-ratio method. 

DBR activity was expressed ip units, whereby l unit represents 1 pic<>'ï, 

mole of octopàmine formed per hour. 

1. Determ}nation of dopamine ~-hydrOxy1ase in the soluble contents of 
chromafUn granuleS 

Adreqal chromaffin granules were prepa~ed as described in Section E. 

The superna~ants obtained 'after 1Y9ing' t~e granules vere dia1ysed and then 

1yophilized and assays vere perfonued according to the same procedure as 
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described in the preeeding ~n. 
• 

J. Determination of lactate dehydrogenase in perfusates 
i 

The enzyme, iactate dehydrogenase (LDH) i5 found in th~ cytosol of 

aIl mammalian cells, and its function 15 to convert pyruvate to lactate 

in the presence of reduced nicotine adenine dinucleotide (NADH2). 

'l'he method used for the determination of the enzyme was" the U. V. tech-

nique of W~blewski & La Due {1955) which is based on the measurement of 
! \ 

the decrease in optical density .. of NADH
2 

during conversion of pyruva te to 

" lactate. ~Readings were taken at a wavelength of 340 nID in a Zeiss PMQ Il 

Spectrophotometer. Quartz cella of 10 mm.light path ~ere used. The unit 

of measurement of LDH activity used was the amount of enzyme which will pro-

duce a faU of\ 0.01 OD units/minute. 

~K. Determination of lactate dehydrogenase in adrenal homogenates 

Adrena1 glands were perfused for 20 .inutes with Locke solution and 

th en the medullae were separated from the cortices. Both tissues were 
& • 

separate1y homogenized in Locke solution by means of a glass 

The prepa~ation8 were centrifuged a~ 20,000 g for 20 minutes and a1i 

of the supernatants were taken for ass8y. Determinations were c ried out 

as indic8t.ed in the preceding section, and resu\ts were expr sed in units 

per graDi of wet tissue. 
1 • 

. L. Determination of ATP 

Adenosine triphosphate was determined by Dou a8 and Poisner's modifi-

cation .(1966) of the firef1y technique of Stre er (1963). The reaction 

vas carried out i~ a 5 ml quartz' cuvette ( 1IIIIi lig}1t path) and the I1ght 

prod~ced during the enzymatic reaction as measured in a modified cuvette 

holdel" (Douglas fa. fOlsner, 1966) by ~ans photomultiplier tube 

~- '. 
/ 

t 
1 
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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 ronoles ATP/ml. 

M. Determination of calc!um 

2+ 
When necessary, Ca levels in the solution were measured by'atamic 

absorption spectrophotometry as described by Gimblet ~ al. (1967)" 

N. Chemica1s 

The chemica1s were obtained from the following sources: 

Reduced nicotinami~e adenine nucleotide phosphate (NADH
2
). adenosine 

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

Company; 

Acetylcholine chl,oride, Welcker Labo~atories; 
·1 
,", 

Ascorbic acid, atropine ~ulphate and hexamethQnium cbloride, Nutritional 

Biochemical Corporation; 

Ethyleneglycol-bis-(B amino-ethyl-ethe~)-N,N'-tetr8-acetic acid (EGTA) 
, 

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

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

'50-13-109, Phenol SO,-P-24, Fishet Scientific Company;' 
" 

, 
/ 

Çboline CbIoride, The British Drug Houses Limited; 
/ 

Sucrose (density gradient" grade), Schwatz-Mann;/ 
3' , / 

a -tyramine (10 ~~-mole), New England ~clear; 
, -, / 

{-)~Arterenol bitartrate hygrade 13 grad~, L-~pinephfin~ bitartrate a 

grade, Calbio~bem; , 

« 
Total protein standard, Harlenko; 

Acetic ac::id, Anachemia" 

AIl other chemicals were Baker or Fisher analysed products. 
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O. Calculation of results 

'Result,s were expressed as M~an ± S.E. of the mean. Sta'tistical signifi-

caJ\ce between th.e difference of two means was obtained by the Student' s 

t-test. 

• 

" 

j 
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c ' 
A. Effect of Na + omission on acetylcholine-evoked release of catecholamines 

"+ l Wh. adrenal glands were perfused vith Na -free suc~se medium for 

15-40 min and st:imulated with acetylchelline (10-4 M) the output of catecho1-

amines during st:imulation wal similar to that obtained during perfusion 

with normal Locke solution (Fig. la). On the contrary, perfus,ion of adrenal 

glands wL th Na + -free Locke solution for longer periods of time decreased 

or abolished the response to ace~l:choline stimulation (Fig. lb). Similar 

resu1ts vere obtained in six other experiments at each of the exposure 

+ times to Na -free medium. These results are in agreement vith those pre-

viously reported by Banks ~ al. (19tS,9, 1970), although in their experi-

+ . + ments, Na was substituted by either cltoline or Li and" stimulation vas by 
--' 

-2 
carbamylcholine (10 M). Banks ~ al. interpreted the diminishe: respons"e 

ta carbamylcholine stimulation as due ta a decrease :1n the entry of Ca
2
+ 

into the chromaffin cell, this being a result of a progr~ssive fall in the 

intracellular concentrations of Na +. 

B. 
+ . 

Effect of Na omiss:1on on the output of catecholamines 
1 

, 
In a1~ of these eXperiments there was a sh~rp and significant risé in 

. catecholamine output .(6-10 times over the control value) immedi41tely after 

• • 
~erfusion medium vas' switched "to a Na+-free solution (Fig. 1). There-

fore, it waa decided ta perform e:léperiments to characterlze this increase of 

amine output evoked by die omission of Na+. Adrenal glands vere perfused 

for three successive periods of 15 min each with Na + -free Locke solution, 

and each of these 15 min periode was separated f rom the next by 20 min per-

fusion vith norma1 Locke- solution. Fig. 2 sutmllarizes the results of thir­

teen experiments. During the fint 2 min 'of ''P'e:r.:fùBion with Na +-free Locke 
" "-. ... 

" 
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,Fig. l,. Effeet of Na oadsslo~ on acetxleholine-evoked rel.ese 

of "C8teC;hol~nes, in this. and in aIl subseque1lt Figures. 

the graphs show the rate of catecho+am1ne output (n-molel 

ain) from perfus';d bovine adrenal glands. '<a) ~nd <b) show 

the at1mul.ant ~fect of ac:etylc:hoHne (10-4 H)' in 'the pl*Isence 

of eae.rtne (10.-5 M) c.,.). dur1.ng p'rfueion vith Locke solut­
+ :lon (r:::J), or Ha -free Locke solution (.). The second abetyl-

chOUne atimulat1.on vas appl1.ed iD Ca> after 15 JIlin' and in (b) . - + ' 
alter ~O min of perfusion vith Na -free solution. <?las were 

perfused at roOll -tâperature (250 C) wi th a flow rate of approx­

ilIately 15 m~.Ia:f.ll. The perfusing solutions wsre g._sed' with 

i aixture of 5% ,C02 in °2, S..pl •• were collected frpm the 

pertuaates at- 1 lIiD 1nt:erv~;. th ... 1H!re "-.ayed for. catechQl-
1 Il ~ l 

aa1ne cODtent .. incl1cated in the H41t:lIo4 •• - , -

-\. 
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+ ' Effect of Na omission on th~ output of catecholamines. 

Bovine adrenal glands (~ = 13) were perfused alternately 
--+ 

with LO,cke solution (0) and Na -free Locke solution-

( .) for periods of 20 and 15 min respecti vely. The 

vertical bars represent, the .mr,an±S.E. of mean 

.cholamine outp~ts expressed,in-h-mole!miritite. 

conditions were as described in Fig. 1. 
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solution the catecholamine output increased 864 ± 65%, 805 ± 93%, and 

611 ± 621 in the first, second and third stimulation periods respective1y. 

Catecholamin'7 output returned to control leve1s after 12-15 min of pe.rf'UsioQ.n 

+ with a Na -free sol~ion (Fig. 2). 
~ 

It ia known that du ring repeated stimulation of the adrenal glands with 

acetylcholine, the increase in catecholamine output in response to acety1-

choline decreases 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 ~ocke solution for a petlod of 20 min followed by ten successive 15 

+ min periods of perf~sion with Na -free Locke solution. As with acety1-

+ choline stimulation, the response ta the omission of Na from the extra-

cellular environment decreased with time (Fig. 3), The increase in the out~ 

put of catecholamines produced during the ninth artd tenth periods of perfusion 
4 

with Na+-free L~cke solution were of 200 ± 30% and 180 ± 25% respective1y. 
\ 

C. Effect of anticholinergic drugs on the release of catecholamines pro­
duced by Nà+ omission 

During the ~ Y!!!2 perfusion of bovine adrena1s. the splanchnic nerve 

terminaIs which remain~d within the gland are closely associated with the 

chromaffin' cella. Therefore, the possibility exists that the increased 

catecholamine output obseryed du ring the omission of Na+ from the extra-

cellular fluid waB secondery to the effect of acetylcholine released from 

the cholinergie terminais. If this were the caSe, the response should then 

" 

1 ~ 

be olocked by atropine plus hexamethonium, but_ this vas not so. The resylts ~ 

, -5 
obtained in four experiments showed that when atropine (10 g/ml) and 

hexamethonium (5 X 10-4 g/ml) were present in the perfusion fluid the ih­

- + 
crease ln catecholamine output in response to Na omission was not 

" 
.... ~- ..... ' • • !'"-:;" ..... - , " ... • vf 

.. 
" 

1 , , 
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The effects of successive introductionS of Na-free L~cke 
( 

• solution on catecholamine output. Bovine adrenal glands 

~ere perfused te~.alternate periods with LoCke solution 
.,.. 

and Na-free Locke solution, 20 and 15 minutes respective1y. 

Each point rep~e8ents the Mean ± S.E. of nine different 

experiments. Other conditions were as described 1n Figure 1. 
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diminished (Fig. 4). 

D. Effect of graded substitution of Na+ in the perfusion fluid on the~out­
put of catecholamines 

Experiments were carried out te determine if partial substitution of 

+ . , 
Na in the extracellular medium would pro8uce an increase in catecholamine 

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

+ was proportional or re1ated to the e~tracellu1ar ~oncentration of Na. The 

catecholamine output rose between 40 - 168%, 200 - 250%, and 360 - 676%, in 

. + glands perfused with solutions containing 100, 50 and 10 mM-Na respectlvely 

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

~lotted against the percentage increase in catecholamine output durlng the 

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

was obtained (Fig. 6). 

E. Differences ob ained in the out uts of catecholamines durin the sub­
stitutio~ of N in the perfusion fluid by osmotically equiva1ent 
am,ounts of sucrose, cho l1ne or Li + 

• 
In the experiments descrlbed above, Na+ vas substituted by osaotically 

equivalent amaunts of sucrase. Therefore, experiments were a1so perfo~ed 

ln which Na+ was replaced by either choline or Li+ ions. When a Na+-free 

(choline) Locke solution reached the gland, there was a significant increase 

in catecho1andne release (Fig. 7a). In three experiments the increasè.ln 

amine 'output was between 300 and 450%~' On the other hand, substitution of 

Na+ by L1+ did not produce a rise in catecholamine output (Fig. 7b). a1-

+~ + though switching the perfusion f1uid from Li -~ocke solution to a Li -free 

'-' (sucros~8ecke solution produced a significant increase in catecholamine 

output. 

F. Effect of successive stimulations Wi,th N,,+-free Locke solution sm the 
responses of the ,adrenal gland to àcetylcho1ine, 

As du ring acetylcholine stimulation, successive exposure of the adrena1" 

, 
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\ 
Fig. 4. The lack of effect 

release of catecholamines produced by the omission 
+ of Na fro. the perfusion fluide A bovine adrenal 

gland was perfused alternately with Locke solution 

(CI) and Na+-free Locke s~1ut1on '(.> for periods 

of 20-15 min respectively. During the second per-
~ + 

fusion period, the Na -free Locke solution alsQ con~ 

tained atropine (10-5 g/~l.) and hexamethonium (5 x 

10-4 g/ml). Similar results were obtained '~n'four 
other experiments. 

in Fig .. 1. 

Other conditions were as described 
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F!g. 5. A compariaon of 3 dUterent conéentrat:ioos of sodium 

in the eerfusion fluid on c.techôlamine output. Bovin~ 

adrenal giands (.), (b) .nd (c) were perfused with Locke 

solution cd. the peduIJion Uuida were sw.1tched three . \. 
timu 'to modUled Locke- solution~.. AlI glands were per-

o 1 

fuaad dur1ng the fir'st and ~rd stimulation periods w1th 
+ . " G 

Ua -free Locke solution. During the _econd stimulàt10n 

period. glands Ca), Cb) and (c) were' perfused with mod-.' 
ifUd Locke soluUon containing 100, 50 and 10 ~ NaCl 

reapectively. In these .Ql~t1~, NaCl wu rep~ced by 

a.aot~c:ally equ1valent _ountB of suero". Other con­

d1t1oDs vere .. d •• cribecl in Fig. 1. 
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Fig. 6. + Effect of graded substitution of Na in the perfusion 

fluid'on the: output of catecholamines. Eovine adrenal 
1 

glands (n = 18) were first periused vith Loclce solution 

for 40 min. At. the end of this perfusion period samples 

were collected for 2 min and assayed fOF c,techolamine 

content. The values thus abtained vere considered equal 

to 100% (.). Aiter perfusion vith Locke solution the 

glands vere then perfused vith modified Loéke solutions 

( 0) and samples vere collected during the first 2 min 

aI perfusion and assayed for cateçholamines. The mad-
i 

ified Locke solutions contained between 5 and 125 mM-

NaCI.. In these solutions NaCI was replaced by osmot­

ical1y equivalent amounts of sucrose. The ordinate 

represents catecholamine output as the percentage of 

the value obtained' during perfusion with Locke solution. 

The absc1ssa represents the logarithm of the extracellular 
+ concentration of Na ions. The line was computer fitted 

(correlation coefficient = -0.90). Other cond1tf:ons were""" 

as descr1bed in Fig. '1. 
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Fig. '7. Differences in catechola1De outp!!ta obtained during 
+ ' 

the substitution of Na in the perfusion fluid by 

osaoticallX -suivaient amounts of sucrase, choline or 
+ Li. Bovine air.nal ,lands a and b were tirst perfused - .' 

wi.th Loci:e solution (c ).' ' T&en glaud a W4S perfused 
, + 

alternàte.1y 1tUh Locke solution and Na -fr,e (choline) , 
Low 8Olution (Id> for periode of 20 and 15 min res-

pect1vely. Gland D. vas perfused alt'ernately vith Locke 
. + 

.,~t!on and t,", perioda of Ra -free (Li) Locke solution 

( .. ). l'be perfusion vas then continued vith Locke sol­

ution for 20 1ÛIl followea by a 'lS Dl10 period of perfusion 

W'tth Na+-fhe ncrose Locke solution (.). SiiUlar re­

sulta .. r,_ obtaiDad in thr •• other expenmenta. Other 
, -

conditioù. wue as described in Vig. 1. 
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+ glands ta Na -free solutions decreases the.responsiveness of the gland. It 

waSt therefore t decided to perfuse glands with Locke solution and then ex-

+ pose the glands on five successive occasions to Na -free solutian t followed 

\ - -4 
by successive stimulations with acetylcholine (10 M). It was observed 

'. 

that the first acetylcholine stimulation, that la, the sixth stimulation, 

~ince the five previous stimulations were done by Na+ apissions~ produced 

a greater Increase in catecholamine output than the three or four preceding 

+ ' stimulations done by Na -free solutions (Fig. 8). S~iIar results were 

obtained when the first (ive stimulations were done by' acetylcholine. The 

"+ sixth stimulation, that 15, the first by Na omission, produced an increase 

in amine output gréater than the two preceding acetylcho1ine stimulatLons. 

G. 
+ ' 

Effect of increasing the concentration of K in the perfusion fluid on 
the Increased output of catecholamines produced by Na+ omission 

It is weIl known that acetylcholine ls capable of inducing release of 

amines during perfusion of adrenal glands with solutions containing 56 mM-K+ 

(Douglas & Rubin, 1963). To see the effect of depolarizing concentrations 

of X+ on the Na+-free effect, glands were perfused with Locke solution, 

stimulated for a firat time by Na+-fl;'ee' Locke solution, and 'after 20 min 

of perfusion with norm~l Locke solution they were atimulateA with 56 mM-K+ 

medium; perfusion was switched to a 56 mM-K+ Locke solution in which the ' 

104 mM-Na+ was substituted by an osmotically equiva1ent concentration of 

sucrose. The omission 'of Na+ f~om a high X+ solution dJlring perfusion of 

the adrenal glands produced the characteristlc increase in catecholamine 

output (Fig. 9)~ 

H. 
- 2+ + 

Effect of Mg on the' output of catecholamines e ... oked by Na omission 

+ If Na is œ.ltted from t;.he extracellular envtronnÏent there 1,8 an 

increase in che ratio,between the Intr~- and extracellular concentrations 

1 
/ 
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, 
+ Effect of successive stimulations br Na -free 

Locke solutioy on the,response of the adrenal 

giard to acetylchbline. A bovine adren~l gland 

was perfused 5 çonsecutive times alternately 
- + 

withLocke and 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 ~ere as 

described in Fig. 1. 
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" 
Effects of Na+-deprivation on ~ output of catechol~ines during --depolarization with KCl. A bovine .adrenal gland W8S perfused with 

, + 
Locke solution for 40 min. Then perfugion was for 15 min ~ith Na -

free LoCke solution. Pe»fusion vas continued for a further 20 min 

with ~ocke 8olut10~, followed ,by a 25 min period of perfusion with 
+ .' 

56 mM~K -Locke solution. Durlng the last 5 min of this perfusion 

period, 104 mM-NaC! ~as replaeed by an osmotica1!y equivalent t 

t
i 

amount of sucrose. Af'ter this perlod, pe~fu8ion wu switc!ted to 

l 

Locke solution. This was followed by another period of perfusion 
+ with Na -free Locke solution. Similar resulta.vere obtained in 

four other elCl?eriments. Other condit·1ons were as described in 

Pig. 1. 
, . 
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+ + + of Na ([Na )i/[Na )0)' This seems to be an ideal condition to increase 

2+ 
the entry of Ca into ce Ils (Baker, 1970). -It was, therefore, possible 

+ that the increased amine 'output observed during Na depriv~tion was a result 

2+ 
of an enhanced Ca infl~ into chromaffin cells. If th1s were 80, increas-

2+ 
ing the extracellulàr conceQtration of Mg should partia1ly or totally 

+ 2+ . block amine released by Na deprivation because Mg has been shown to de-

crease the ety1choline-evoked rele~e of ëatécholamines from the adrenal 

, 2+ 
medu1la by eting with the Ca entry into the cells (Douglas ~ Rubin, 

+ ' 
1963). When glan were perfused with Na -free Locke solution in thé 

2+ 
presence of 10 mM-Mg there was a decrease in the catecholsmine.output in 

+ response to Na deptivation. Under these conditions, that i8, in the 

2+ 
presence of 10 mM~g , the catecholamine output during the firat 3 min of 

perfusion was 43.6 ± 6.1% (n • 4) of that obtained during the preceding 

2+ 
stimulation in the abaence of Mg (Fig. 10). This ftgure i8 significantly " 

different from the value 91.1 ± 11.1% (n = 1~, P < 0.005) ."btained when 

2+ the second stimulation was carried out in the absence of Mg • 0 Increa~ing 

,2+ , 
the concentration of Kg in the perfusion fluid to 20 mM pro~ced a 

greater blocking effect (p < 0.001). The resulta obtained in five, exp~ri­

ments aré shown in Table 1. It shou1d àlao be notiœd that the third . . 
2+ t 1 

stimulation, which was carried out in the absence of Mg , produced Il 

re8pons~ of'84.7 ± 8.2%. 
1 

This figure i5 not significantly different from 

the value,of 73.7 ± l~%, obtained ,for th.e third response when al.! responses 

to Ha + -free Locke solution vere obtained in the absence of Mi~. 

1. 
2+ ' 

Effect 0 Ca' omtestoIt from "the extraCèllular environment the 
release of catecholamines roduced durin erfusion with 
Locke solution 

'If the blockage in Na+-fr~e stimulated amine re1ease produced by . 

/' 

" 
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2+ Effect of Mg on the output of catecholamines evoked 
+ by Na omission. Bath bovine adrenal glands (a) and 

(b) vere perfused alternately with Locke solution and 
+ \ 

Na -free Locke solution for periods of 20 and 15 min-

utes: respectively. During the second perfusion period, 
+ the Na -free Locke solution contained 10 and 20~ 

MgC12 in glands <a) and (b) respectlvely. Other con­

ditions were as described in Figure 2. 

\ 

.'. ::'.w .. ~ 1 ... ~. t' 4"" 

j' 

" . 

f. 



~«I'jIIlJl_"_ m~ ~ "~,.' .""P$. qsu I!k , .... ...., ~h . W'·: .,... !II & ", .. ~..... dl . - - '- '~ , l' 1 __ ,_ , ~ " /, ~,.. '$ lE IL - , ,~ Mt_ 
• 

o 

" 
"- Table 1. ~ + Effect of Mg on the Oytput of catecholamines evoked by Na omission. 

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

Na -free Locke solution. Du~ng the 2nd stimulation period, the Na -free Locke 

'solution contained 20 mM~~Cl2' 

Increaaed catecholamine release 

(n-mole/min) 

; Ratio of Ratio of 

Expt. no. lst 2nd 3rd 2nd ta lst 3rd to lst 

s t1DlUlat ion stimulation stimulation stimulation stimulation 

) (%) (%) 

1 +284 +240 3.9 84.5 

2 +331 +33 +323 9.9 97.6 

3 +504 +26 +312 5.2 62.0 
.. 

4 +734 +103 +788 14.0 107.4 

5 +1227 +10 +883 0.8 72.0 

Mean ± S.E. of mean 6.8±2.3 84. 7±8. 2 

/ 
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2+ 
raising the extraoellular concentration of Mg is due to the competi tion 

2+ 
between this ion and Ca , it should be possible to obtain similar results 

2+ + 2+ + .. 
when Ca is omitted from the Na -free solutions. In the Ca -free, Na -

. + 
free solutions, in which Na was replaced by osmotically equivalent amounts 

, 
, 2+ 

of sucrose, tl).ere was 9.96 ± 0.9 ~ (n = 5) of Ca • This amount can easily 

be chelated by adding EGTA or EDTA to the solutions. 

Adrenal glands were perfused with Lo~ke solution and three successive 

+ stimulations were performed by switching to a Na -f~ee Locke solution. The 

2+ 
second stimulation was done in the absence of Ca and the presence of 

2+ ;> + 
0.1 mM EGTA. In the absence of Ca the amine output produced by the Na -

free medil1m was not diminished (Fig. 11). On the contrary. there was a 

small increase in am~ne output during Ca 
2+ 

omission. The results of !ive 

experiments are shown in Table 2. The value of 120 ± 23% (n • 5) is not 

significantly different from the figure 91.1 ± 11.1% (n a 13), obtained for 

the second stImulation in the control experiments. Six other exper!ments 

2+ + ' 
were done in which the Ca -free, Na -free solution contained 2.0 mM-EnTA. 

i' .... 
Unde: these co~d.i~ns, during the second stimulation, the Na -fre~ solu-

tion evoked release of amines was of 101 ± 24% (n = 6). l'Wa glands w~ 
. , 

stimulated to" release catecholamines by acetyicholine; perfusion was then 

2+ " . + switched to Ca -frlç,e medilDD and catechol~?e release by Na -free medium 

and by acetylcho1~ne was tested. 'The results obtained with two glands W!re 

,similar, and the results obtained with one of them are shown in Fig. 12. 

These r'flSults should be compared wit;h those of Fig. 1 (a), and unlike those 

experiments, the response to acetylcholine stimulation was completely Iibal­

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

thermore, in order to see if the blackage of the acetylcholine response wu 

, 
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} 

0 Locke 

• No~~Free Loçke 

• CC::Free Locke 
(O.1mM EGTA-)f) 

h1 ,., 
90 n~ 125 lime 

(min.) 

Fig. 11. 
2+ 

Effect of Ca omissian fram the axtracellular environ-

, . 

ment on the rel.ease of cateoholamines produced during 

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

gland was perfuaed alternately with Locke solution (0) 
+ . 

and Na -free Locke solution <III) for periods of 20 and 

15· min respectively. During the second perfusioll' period, , 
2~ + 

Ca was omitt~d and' 0.1 mM-EGTA was present in tyo- Na. -

free Locke solution. Other conditions were as described 

in Fig. 1. 
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Table 2. Effect of Ca
2+ omission on the release of catechol­

+ amines produced during perfusion \ri th Na -free Locke solution. 

Adrenal glands were perfused during the la t stimulation period 

+ with Na -free Locke so_lution con,taining 2.2 mM-CaC12 • Du ring 

the 2nd stimulation period, CaC1
2 

was omitted and 0.1 mM EGTA 

+ . 
was added to the Na -free medium. '" 

, 

Increased catecholamine release Ratio of 

(n-mole/Iilin) 2nd to lst 

stimulations 

Expt. 1;10, lat stimulation 2nd stimulation (%) 

1 +388 +696 . \ 206 

2 +372 +383 103 

3 +932 +930 99 

4 +1004 
Î 

+688 69 

5 +1352 +1716 127 

\ 
Mean ± S.E. of Mean 120±23 

~ , 
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Fig. 12. Effect of ea2+ and Na+ omi88i~n on acetylcholine-evoked releas~ 
of catecholamines. A bovine adrenal gland was perfused vith 

Locke solution and was subjected to two periode of stimulation 

1 

hy acetylcholine Cr&m),,. Between these two stimulation periods, 

the gluid lDl8 f:h:at perfuBed dth ea2+ -free Locke solution <e), 
2+ 

and tben tbere followed a 22 ni1n per:tod of perfusion with Ca -

f ree, Na + -free Locke so1u tian <_). During thè 18$ t 3 min of 

this period, the gland was stimulated by acetylcholine (~). 

Similar 'results were obtained vith aoothet gland. Other con­

dition~ were as descr1bed in Fig. 1. 
'" 

( 

, 
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2+ due' to the long exposure of the glands to Ca -free medium, experillents were 

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

2+ 
two acetylcholine stimulations, the glands were perfused with Ca -free 

Locke solution, and they were firs t exposed to acetylcholine for 3 min. Un-

der th~8e conditions the response to acetylcholine s'timulation was abolished. 

2+ + However, swi tching the perfusion fluid to Ca -free, Na -free Locke solution 
, 

produced a characteristic increase in catecholamine output. 

Due to these uneJCpected resultsi • it was decided to repeat the experi-
\ ' 

ments described in the preced(g section. However, on this occasion, the 

effect of 20 mM_Mg2+ on the stimulation produced by Na+ omission was tested 

2+ + 
in the absence of Ca from the perfusion medium. Here ag~n, the Na 

d"eprivation effect on amine release was blocked by Mg
2+. The response in 

2+ the presence of Mg was 6.7 ± 1.8% (n :1 3) of that obtained ln the absence 

2+ of Mg • and this value Is, similar to that obtained in the presence of extra-

2+ 
cellular Ca J (see ~,ble 1, column 4). 

+ 
,. J. la exocytosis the mechan'ism of releaae of catecholamines during Na 

omission? 

The results ,of the experiments shawn in Fig. 8 seem to suggest, that the 

+ 
amines released dudng the omission of Na from the extra cellular environ-

me't came from different cellular pools or different cells than those amines 

secreted dudng acetylchol1ne stimulation. Furthermore, unlike during 

+ 
acetylcholine stimulation, the release produced by Na omission occurs in 

, 2+ 
the absence of extracellular Ca , althougb our exper1ments do not rule out 

~., 

. 2+ 
thej)ossib1l:f.ty of mobi:8zaÙon of intracellular Ca during sodiua omission. 

r 

Therefore, due to this discrepancy, it vas decided to study the mode of 

+ 
secreti:n during Na d~n. ~is was done by perfusing adrenal glands 

with Na -free Locke solu1ion in the presence or ab~nce of extra~lular 
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2+ Ca and the perfusates were examined for other soluble constituents of the 

chromaffin granules, i.e. dopamine 6-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 È. was stimulated by 

Na+ deprivation. The 1ncrease in catecholamine output produced by both forms 

of stimulation waB, associated with concomitant increases in DBH outputs. 

The ratios between catecholamines ,and DBH determined in the perfusates dur­

+ ing eith~r acetylchaline or Na omission induced release were similar ta 
, 

those ratios determined ,in the soluble content of isolated chromaffin granules 

(Table 3). Na + deprivation also induces release of D BH in the 

absence of extracellular Ca
2+ (presence of EDTA) , as indicated in Table 3. 

(b) Arp eff1ux. Dnder the conditions used ln these experiments, that 

2+ 2+ 
Is, absence of extracellular Ca and Mg , extracellular ATPases should be 

inhibited, and if catecholamines are released by exocytosis, ATP shou1d be 

recovered in the perfusates. Eighteen tests were performed on six glands. 
1 

The results obtained with three of these glands are srown in Fig. l4 f which 
~ 

shows that, during stimulation, there was a p~rallel increas~ ln both-) 

catecholamine and ATP outputs. The molar, r~tlos in the perfusates between 

catecholélI!dnes and ATP are shawn 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 different from the value of 4.21 ± 0.44 (n = 7), previously 
~. 

reported for the soluble content of isolated chromaffin granules (Trifaro 

& Dworkind, 1970). In addition, perfusates were aIso assayed for lactate 

dehydrogenase (LDH), an enzyme used as a ~ytoplasœ1c Marker. If st1m~~tion 
+ , 1/1 

by Na deprivation damages or produc.es a non-physiologieal increase-l i~. the 

• 
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f +. Il il h Fig. 13. E fect of Na deprivation and acety c 10line st mu ation on t e 

\ 

outputs of catecholamioes. dopamine e-hydroxxlase. and lactate 

. dehydrogenase. Tw~vine adrenal glands were perfused with 

Locke _solution anlo'l stimulated five consecutive times for 6-8 min 
+ by eit?er acetylcholine (a) or Na del'rivation (b). Samples of 

the perfusates were collected before and during the stimulations. 

at 2 min intervals. The,.Figure represents the catecholamine (O) 

and dopamine 6-hydroxylase (lm) outputs after combining the samples 

of the five stimulation periods in the fol1owing manner: sarnples 

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

combined; similar ly, the samples talten dudng the second 2 min of 

stimulation were also combined. etc. Aliquots were taken from 

these pooled samples and assayed for catecholamines and lactate 

dehydrogenase as describ~d in the Methods section. The 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

eipitates were suspended and assayed for-dopamine a-hydroxylase as 

deècribed in the Methods section. One unit of the DBH activity 

x:epresents the formation' of 10 p-tnole of octopamine per hour. The 

Figure 8'lso 8h~W8 the outputs of lactate dehydrogènase (Hatched bars, 

œ ). and for clar! ty; the units of LDH" are not indicated in the 

graph. However, LOH outputs were s~ilar to those indicated in Table 4. 
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Table 3. Ratios of catecholamines ta dopamine a-hydroxylase ' 

~n the soluble content Qf chromaffin granules and in the per­

fusates.from glands stimulated by either acetylcholine or 

+ Na deprivation. 

Condition 

\ 

Cat:echolamines 

Ratio:--------------------~ 

• 
DoPami~ a-hydro~lâSe 

(n-mole/uni ts ) 

::::::::-:~:~:t leue ~ 
Ca -free, Na -f~e evoked release 

20.6 ± 4.6 (n - 5)t 

22.2 ± 4.6 (n = 7) 

26.0 ± 3.0 (n - Il) 

23.6 ± 4.5 en - 14) SQluble granule contents 

1 fi" 
* 1 unit = 10 p-moles of octopamine formed per hour. 

1 
t n :: number of tests. 

, 

, 
.. 
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Effec; of Na deprivation on the outputs of catecholamines' 

i 

and Adenosine triphosphate in the absence of extracellular 
~ U 
~ Three bovine adrenal glands were perfused wi th Ca -

free Locke solution (LJ) and these followed a 3 min per­

fusion period with Ca2+-free. Na+-fr'ee Locke solution (.). 

Beth solutions contained 1. 0 mM-EDTA and 0.1 mM-EGTA. Samples 

Clf the perfusatés were colle~ted at 1 min interva1e 

were 88sayed for catecholamines (0) and ATP (." 

in thé Methode. . Similar resJtts were obtained with 

and 'they 
. ' 

as described 

three other 

glands. Other cc;mditions were as described in FiS. 1. 
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Catecho'a mines 
ATP 

= 3.97±O.18 
( n:18) 

50 100 150 200 
AT P (nmoles) 

250 

Fig. '15. Correlation of catecholamine output w1th ATP efflux during 

stimulation bi N/ deprivation. A total of eighteen tests 

were performed on six g!ands where after perfusion with 
2+ ',' • Ca -fre'e Locke solution, the perfusion was 8wit~ed to 

Ca
2+ -free, Na + -f:ee Locke ~ol1.1tion. Bath solu1;ions con­

ta1ned 1.0 mM-EOTA and 0.1 mM-EGTA. The resulta of tests 

performed on each gland are. represented by the same symbol. 

Th!! l.i.ne was computer Htted (con:-e,}.aÙon coeffisient : 0.95). 
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1 

permeability of the cel1 ~embrane which would account for the release of 

catec~lamines together with DBH and ATP, one might expect a concrnnitant 
, ' 

rise in the perfusates of the 1evels of this cytq>lasmic enzyme. Fig. 13 

and Table 4 shows that as during acety1~h~line stimulati(ln, Na + omission 

did not produce an elevation in the WH levels of the perfusa tes. The LOR 

cont-ent of the medulla and cortex were of 4398 ± 85 (n :: 5) and 5380 ± 24 

(n = 5) units per gr8lll of wet tissue respective1y. The ratio of the cortex 

to the medulla (w:w) in the adrenal gland was of 3.51 ± 0.15 (n • 9). 
/ . , 

Because the averag~ weigh t'of the perfused glan~ was 12 ± 2 g, a gl~d of 
1 

an average weight would contain about 61925 units of LDH. The LDH 1evels 

de te cted in the perfusa tes "tiere of 1. 9 to 5.4 units/ min (Table 4). These 

"'" values represent ~003 - 0.009% of the total LDH content of the gland. 
" . 

released wohld be about 1% Therefore, in 2 hr of perfusion, t,e .total LOH 
. f 

of,the total content of the gland. 
... , 
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Table 4. Efflux of catecholamines and lactate dehydrogenase during 

. + stimulation of,adrenal glands by either Acetylcholine or Na depr!vat4on 

\... 

Condition 

Locke 

+ Na -free Locke 

+ .~ 

Na -free Locke 

+ 
N. -fre. Locke ( 
~ . 

Locke 

Acetylcholine Locke 

Acetylchol~ne Locke 

Acetylc~oline Locke 

* 

Gland 1 

LDH CA 

2.9 140 

3.2 614 

3.2 690 

3.2 576 

3.0 131 

2.8 48~ 

~ 

* U,nits lmin 

Gland 2 Gland 3 

LDH CA '"CA CA 

2.0 106 4.3 142 

1.9 230 4.7 812 

1.9 458 4.4 822 

l2.0 .,230 4.4 602 

-< 

2.8 1102 ---
2.6 1271 

Gland 4 

WH CA 

5.1 246 

5.2 634 

5.3 988 

5.1 804 

5.4 337 

5.4 464 

5.4 1753 

5.4 1771 

>.q 
1 unit of lactate dehydro~enase (WH) is the fall of 0.01 of an 

density unit per minute. 1 unit of catecholamine (CA) i8 l n-

) ~ 

-\ 

.. 

a 

,", j~~~: !Lj!:;;;;:a •• ~ 

.// 

~ 

1 
cr. 
.t:'-
1 



t' 
f 

, C ", 
,-
L 
1 
", 
.P 

.. 

. , 

o 

l ,-

'C, 

-
DISCUSSION 

""J 

( 

... 

1 

1 
1 
f 

~~'j ~_ .. :.-:'a.l.i. ,! ... ~:... c: .... Li .. 



", 
{ , 
!,:. 

~ t, 
" 

1 

o 

.. , 
-65-

J 2+ 
The neecl of extralellular Ca for the acety1c~line-incluced release 

of catecholamines from the adrenal medulla has been well established 

+ 
(Douglas & Rubin, 1963) •. HoweveF, it is the ro1e of Na on either the 

'spontaneous' or the acetylcholine-evoked release bf catecholamines which 
1 

has not been clearly established. 
, / , 

The p~ésent expertments have provided 

new evidence on the'effect of sodium ions on the releas~ of catecholamines 

from the adrenal medulla. 

A. + Na deprivation and the output of catecholamines~ 

During perfusion of the bovine adrenal glands, a sharp increase in the 

o~tput of catecholamines was ob~erved immediately upon switching the per-
.P . 

fusion fluid, to one in which Na was substituted by either choline or sucrose. 

~ + ~ 
This eff~ct of Na withdrawal from the extr~ellular environment was briefly 

mentioned in an early ~ublication by bouglas & Rubin (1961). They described 

this phenomenon as an increase ih the 'spontaneous' release of catecholamines, 

but they did not perform further experiments in order to study this effect 

+ + 
air .the omission of Na. We thought that if thil:1 effect of Na omission was 

., 
not secondary to the effect of acetylcholine on chiomaffin cells, it would , 

+ provide the opportunity of studying the role of Na ·00 catecholamine relesse 

in the-absence of sec~etagogues. Birks & Cohen (1968a, b) have shown that 

-an increase in the [Na+J1/[Na+]o ratio enhances the frequency of miniature 

.' e.p.p.s. st the frag neuromuscular junction. FurthfTmore, evidence has 

been published recently of an increased release of acetylcnoline from para­

+ 
sympathetic nerves and tram brain cortex du ring Na deprivation (Paton. Vizi 

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

medulla was nat a ~econdary effect af the acetylcholine ~eleased from the 

',' 
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splanchnic nerve t~rminals during Na+ deprivation was obtained in the ex-

periments in which the increased catecholamine release was still observed 

when glands were perfused with a Na+-free médium in the presence of atropine 

and hexamethonium . • 
Unlike the increase in cat~cholamine release in response to buabain 

+ \ 
(Banks, 1967), Na omission produces an immediate and sharp rise ln the out-

~t ~atecholamines, and as witp the acety1choline-evoked release, this 
, 

high outpu't of catecholamines ls not maintained and declines to resting 

leve1s in 12 - 15 min. We have nnt investigated the reason why the response 

of the gland died out with time. However, it is possible that ff ~a+ depri-

2+ ' 
vation somehow mobilizes and ,increases the intracellular lonized Ca , and 

2+ 
if the amount of Ca available for the release reaction ls limited, and' 

on~ it ls used, the release response would-decrease. Another possibility 

l 2+ - + + 
is th'!lt a high intracellular Ca ,leve1 is related to a hlgher [Na hl [Na ]0 - ...... 
ratio, and that the release r~sp6nMe declines when the intracellular Na+ is 

being extruded pfrom the eeli. In el_ther case, p~rfusion with regular Lock~' 

solution should then restor~ the cellular fonie equilibrium and make the 

cell avai1able again for release. "The results indicate that the response ~ 

+ , 
to N$ deprivation can be obtained 7 - 10 consecutive times provided that 

short periods of perfusion with normal Locke solution precede 'the emission 

+ of Na from the perfusi.n meqium. 

Our results a1so indLcate that the release of catecholamines was pro­

+ 
portional to the concentration of the extrac~l~lar Na ; the lower the con-

centration of this ion, the greater the output of catecholamines. Decreas:l.ng 

+ + 
the concentration-of extracellular Na produces an increase in the [Na hl 

+ ,ç 2+ 
-(Na]o ratio. and 'perh~s a concomitant increase in the intracellular Ca 
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levels, sinee i is known that extracellular Na+ is necessary for a normal 

1+ ' 
Ca efflux (B ",auste;ln & Hodgkin, 1969). 

+ ( )""'\ ., 
B. Na depriv tion and the Bcet lcho!ine-evoked release of catecholamines 

~~~~----~~----------------~--~~ 

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

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

to acety1choline stimulation was potentiated. On the contrary, Banks ~ al. 

(i~69) were able to show that if bovine adre~al glands were perfused with 

Na +-free solutions for longer peri.ds of time, t\e resflonse ~.t.xnê----;land~ 
to carbamylcholine stimulation was decreased or completely abolished. The 

results of our experiments show clear).y that if the acetylcholine stimulus 

1 + 
is appl~ed during the 15 - 40 m~n of perfusion with Na -free Locke solutiun, 

the secretory response is neither potentiated nor decreased. However, per-
~ . + , 

fusion with ~a -free medium for: longer periods of time (80 100 min) 

decreases or complet~~ abolishes the acetylcholine-evoked re1ease of 

ca'techo1am1nes. These 1attér 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 ta a decreàse in th~ influx 

2+ , 
of Ca into the chromaffin cell, which 15 a result. of a fall in the intra-

+ + cellular èoncentration of Na rather than the absence of extracel1ular Na • 

C'. 
+ Replacement of Na 

catecholamines. 

+ by Li choline or sucrase and the re1ease of 

+ + 
Replacement of Na by Li failed ta r~ease catecholamines fram the 

+ adrenal medulla. The effect of Na deprlvatioo on re1ease was observed 

+ ooly when Na was rep1aced by elther sucro~e or choline. 
~ 

Our results With 
" 

+ 
IIi cao be explained if wa.assum~ that the external surface of the plasma 

/ + 
membrane of the chromaffin ce11 ls not able to distingu1sh between Li and - \ 

+ 
N8 ions. This assumption 18 not unreasonable if we éons1aer that Keynes & 

f1 • 

,~ 
• 

t , 
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Swan (1959) have demonstrated that in the sartorius muscle the passive per-

meability mechanism responsiole for generating the action potential does 
! ..,. 

not discriminate between Na+ or Li+. Other membranes show similar behaviour 

+ to Li , for it seems that, in human red blood cells, the passive influx of 

+ + Na or Li has similar rate constants (Maizles, 1954). In conclusion, it . .... 
+ ~ + 

seemQ that Li enters the ~ell as readlly as Na , but that on the contrary, 

as demonatrated by l<eynes &. Swan (1959), the active ,transport mechanism 
8 ~ 

+ + + extrudes Li much more slowly than Na. Therefore, Li tends to accumulate , 
+ in excitable tissues at the expense of. intracellu}ar K , and after a pro-

longed exposure~o Li+ the membrane potential wou1d fal1 (Keynes & Swan, 

1959). This 1~ter fact would also exp~ain the observation of aanks et al. 

(1969) on the b10ckage of the cholinergie stimulation of the adrenal medulla 

a\fer ~ong perfusion wi th + solutions containing Li • 

" + 2+ 2+ 
D. Ca and ~g 'ions and the release of catecholamines induced by Na depri-

vation. J 

. ~ . 
Douglas & Rubin (196~, 1964) have shown that increasing the concen-

2+ 
tration of Mg in the extrace11ular envir~nment decreases or blocks the 

effects of aèetyl,choline, h~gh K + and Ba2+ on the re1ease of catech.olamines • 

• 
.f Th~y Interpreted their findings as a result of a blockage of the~ntry of 

2+ 2+ 
Ca or Ba into the cells. 

2+ 
Since our resu1ts a1early indicate that Mg , 

not only in the presence but also ln the absence of 

+ 

2+ 
extrace1lular Ca , 

blocks the release of catecholamines ~nduced by Na deprivation, here, 

another explanation for the effects of Mg~: other than that of the competi-

2+ 
tio~ with the entry of Ca muat be found. Possibi1ities Inc1ude: 

. 2+ 2+ 
mtght block the cambination of Ca with intracellular receptors~ (b) Mg 

,( 

2+ 
might also blàCk tbe intracellular release or translocation of Ca , since .., 

2+ iI... 4S 2+ 
Mg has b~en sho~ ta be, necessary for the up~ and binding of Ca 

1. ..'"'<1( ....... ) i/f1W -, <:, """"7 
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Jnto adrena1 medullary microsomes (Poisner & Hava, 1970). On the contrary, 

Ba2+ interferes with ~a2+ binding by adrena1 medul1ary microsomes (Poisner 

& Hava, 1970). 
1-

These two exp1anations of the effect of Mg
2
+ assume that 

Na + deprivation "would hyperpolarize the tells and that this would increase 

2+ 
t~ intracellular levels of Ca . Do us.l as , Kanno & Sampson (1967) have 

~ 

shawn that withdrawal of Na+ from the extracellular space produces hyper-
'> 

polarizatiort of the chromaffin cells. In addition, it haS been suggested 

-that hyperpolarization enhances transmitter release at other synapses 

(deI Çastillo & Katz. 1954); Cc} Mi+ might inhibit the Mg
2
+-dependent 

ATPase of the chromaffin granul~s. From in vitro 'studies it has-beèa sug-

gested that the granule ATPase may play a role in th~ secretory proces~ 

(Pois~r & Trifaro, 19&7; Trifaro & Poisner, 1967). The results show that 

, 2+ 
concentrations o'f Mg of la mM or more blocked catecholamine release in 

+ :"response to Na deprivation. The sama concentration range has been shawn 

to have an inhibitory effect on the chromaffin granule ATPase (Winkler, 

Hortnagl, Rartnagl & Smith, 1970). 

E. + Mechanism of release during Na deprivati,on 

Previous studies have demonstrated that the re1e8$e of catecholamines 

by acetylcholine from phe adrenal medu11a i8 by exocytosis. The evidence 

for releése by exocytosis included the demonstratfbn of simulténeous release 

of catecholamines with ATP (Douglas & Poisner, 1966a, b), ~ramogran1n A 

(Banks & He1le, 1965), and dopaminl e-hydroxylase (Viveros, Arqueras & 

Kirshner, 1968). On the contrary, the membrane components of the chromaffin 

granules are nat released into the ~rfusa~ (T~1faro.!!.!!l., 1967; 

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

the celi (Poisner et al., 1961; Vlveros, Arqueras, Connett & Kirshner, 1969). ,. 

\ 
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This process appears aIs a to be the mechanism by which noradrenaline 15 

released from sympathetic nerve endings (Smith & Winkler, 1972). In aIl 

2+ 
these systems extracellular Ca seems ta be essential for the release pro-

cess (Rubin, 1970). However, in the presence or in the absence of extra-

2+ + cellular Ca , the release induced by Na deprivation was apparently by 

exocytosis hecause catecholamines released by Na+-freJ'medium were accom-. 
panied by ATP and do~amine B-hydroxylase. The ratio of catecholamines to 

~ 

dopamine B-hydroxylase or to ATP in the perfusates was simil'ar to that in 
." 

the granules. Fu~thermore, the increased release of dopamine S-hydroxylase 

was not accompanied by a parallel increase in the output of a cytoplasmic 

proteln of amaller molecular 'weigh~,~ suc~ as lactate dehydrogenase. The 
\ 

unchanged efflux of lactate dehy'drog~a9'e during the rele-ase of catechol­

amin~s induced by Na+ omission also in~cates th~t there was no ce Il damage 

+ during p~rfusion with the Na -free medium. While this thems was in pre-

+ paration, a study was published on the effect of Na ?eprivation on the 

'content of catecholamines of cat's spleen aliees (Gare{a & Kirpekar. 1973). 

The experimental conditions used in these experiments did not allow. as 

• + 
they did in our case, the study of the Immediate effect of Na deprivation 

on the release of catecholamines. Fu~thermore, contrary to out findings, 

25 mM_Mg2+ did not block the 1098 of catecholamines from the spleen sliees 

. + 
during incubation "in Na -free medium. The authors 1 conclusion was that' 

, + 
prolonged exposure to Na -free solution might cause damage ta the storage 

\ 

of noradrenaline in sympathetic nerves. However, they did not measure 

elther any cytoplasmic marker, as for example, lactate dehydrogenase, or 

any other soluble components of the storage vesicles in oTde~ to de termine 

if the 109s of amines from the incubat-ed s1.ices"-.was due to release by 
r!." 
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\ 
exocytosis, which is the case for the adrenal medulla, as our results indicate. 

F. General inferences 

+ Release of catecholamines induced by Na deprivation has much in common 

with acetylcholine-induced release of catecholamines: the release ls by 

2+ exocytosis; the relea~e is blocked by Mg ; the release effect decreases with 
"-

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

+ presence of depolari~ing concentrations of K Hawever, they differ in that, 

durlng acetylcholine stimulatio~, the chromaffin cell ls depolarized where­

+ as Na substitution by osmotically equivalent amounts of sucrase hyperpolar-

izes the chramaffin ceIIs (Douglas et al., 1967), and, furthermore, acetyl-
, 2+ 

choline stimulation requires the presence of extracellular Ca for release 

+ whereas Na deprivation does not. Moreover, if we assume that, in response 

tO~lfferent stimuli, release by exocytosis would involve similar cellular 

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

2+ . 
is Ca a necess~ry iequfrement for exocytosfs? If ft ia, we must assume 

that during Na+ deprivation there i5 an ~ncrease in intrace11ular ~2+. 

Experiments 810ng this line deserve further study. Secondly, why i5 extra-

2+ cellular Ca necessary for 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 intra-

2+ 2+ cellular levels of Ca . directly, and only increases intracellular Ca by 

2+ promoting ,the entry of Ca into the cell. Pre-treatment, wi th ouabain, which 

might increase Ca2+ entry, has been fou~~ to potentiate the release of 

catecholamines induced by cholinergie agents (Banks, 1967, 1970). It seems, 

+ therefor.e, that rdease by Na deprivation would depend on the availability 

2+ of intracellular Ca whereas release induced by acetylcholine would depend 

. 'Ii 
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2+ 
on an increased entry of Ca If this ls true, experiments like those 

shown in Fig. B May be interpreted as cptecholamines released from the same 

cells, but whose releas~ is triggered b. two different mechanisms of in-

2+ ' 
creasing Ca levels, rather than catecholamines released from different 

cells or different catecholamine pools. . ' 
45Ca 2+ by With the exception of those experiments where the uptake of 

,the adrenal medulla was measured (Douglas lie Poisner, 1962; Rubin ~ al., 
\ 

1967), no stuclies have been done on t~e passive movement or active transport 

" 
of ions in this tissue and on the relationB~ip between ion movements and 

the secretory process. Therefore; 1t would be of importance to perfotrn on 

this tissue atudies similar ta those carr~\st out by Baker (1970) on the squid <', . \ 

axon. Such studies, if correlated to the events of secretion, should clarif.y 

th~ raIe of ions in tne secretory process. 
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SUHMARY , 

+ 1. Perfusing bovine adrenal glands with Na -free Locke 

solution for 15-40 min Md not modify the increase in ~,he 

release of catecholamines from glands stimulated by acetyl-

choline. + However, after 80-100 min of perfusion with Na -

free solution, the response to acetylcholine stimulation was 

decreased or abolished. 

+ 2. Immediately after switching the perfusion med~um to Na -

free solution, there was Q sharp increase (6-10 times over control 

values) in catecholamine output • 
. ' , 

3. Graded substitution of Na+ 1n the perfusion fluid enhanced 

the output of catecho~amines. This increase in the output of amines 

+ was linearly related ta 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 

2+ the omission of Ca ,in the presence of BOTA or EGTA. 

5. Excess of ~1~2+ in the perfusion fluid reduced (10 nM_Mg2+) 

2+ . ' 
or ttlocked (20 uM;-MS ) thé increase in the output of catecholam:l,nes 

+-induced by Na deprivation in the presence or absence of extracellu1ar 

C 2+ a • 
,. , 

+ 6. Na deprivation induced release of catecholamines during per-

+ fU~lon of the glands with depolari~ing concentrations (56 mM) of K • 

2+ 7. ln the presence or the absence of extracellular Ca J the" 

+ increase in the ou~put of catecholamines induced by Na deprivation 

. ; 
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was accompanied by an increase in the output,of dop~ine a-
hydroxylase, but not of lactate dehydrogenase. In addition, 

2+ + during perfusion with Ca free solutiOn, Na deprivation in-

duced a parallel increase in bath catecholamine and adenosine 

triphosphate outputs. 
J, 

8. The ratios of catecholamines t~ dopamine a-hydroxyl~se, 

and catecholamines ,to adenosine triphosphates determined in the 

. + 
perfusa tes CQllected from glands during perfusion with ,Na -free 

medium were stmilar to those measured in 'the soluble conteuts of 

isolated chromaffin granules. These'results provide~ b!ocbemical 

evidence in favour of exocytosis as the mechanism of secret:!i>n 

during Na+ deprivation. 
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EFFET 

DES IONS SGDIUM ET CALCIUM SUR LA SÉCRÉTION 
DES CAT{CHOLAMINES PAR LA MÉDULLOSURRÉNALE: 
LA PRIVATION DE SODIÙM ENTRAÎNE LA S~CR~TION 
PAR ExOtYTOSE EN L'ABSENCE DE CALCIUM EXTRA-

CELLULAIRE 

1. Si l'on effectue une perfusion dans les surrériales d'un 
bovin à l'aide d'une solution de Locke désodée, pendant 15 à 40 mn, 
on ne modifie pas l'accroissement de la sécrétion d~s catécholamines 
au nivèau. des gl.ande" stimulées par l' àcétylcholine. Oep'Emdant, 
après 80 à 100 mn de perfusion avec une solution dé~odée, la réaction 
à la stimulation de l'acétylcholine se trouve diminuée ou même supprimée. 

\ 

2. Immédiatement après avoir remplacé le liquide de perfusion 
/par une sol'ution désodée, on a constaté un fort accroissement dans la 
production de catécholamines (6 à 10 f~is par rapport aux chiffres 
témoins). 

" 

3. Le remplacement graduel de Na+ dans le liquide de perfusion 
augmente la sécrétion des catécholaminesw Cette augmentation est 
fonction linéaire du logarithme de la concentration sodique extra­
cellul,aire. ' 

l' La sécrétion de catécholamines en l'absence de Na+ n'a pas 
été dxminuée par la pré~ence d'atropine et d'hexaméthonium ni par 
l'omission de Ca2+ en pré;;ènce d'E.D.T.A. ou d'E.G.T.A. 

5. L'excès de Mg2+ dans le liquide de perfusion a rédu~t 
(10 mmol - Mg2+) ou inhibé (20 mmol - Mg2+) l'accroissement de la 
production de catécholamines'~ntratné par la privation de Na+ en 
présence ou en l'absence de Ca2+ extracellulaire. 

1\\ 
"~ 6. La privation de Na+ a provoqué une .,sécrétion de catécholamines, 
\\ pendant la perfusion des glanaes, avéc dépolarisation des concentrations 
, ~(56 DlDol) de K+ 

7. En préaence Ou en 'l'absence de Ca2+ extracellulaire, 
l'accroissement de la production de catécholamine~entratné par la 
privation de Na+ a été accompagné d'un6 plus foUe sécrétion de la, 
dopamine~hydroxylase mais pas'de la déshydrogénase lactique. En 
outre, pendant la perfusion avec la solution désodée, la. privation de 
N~+ a provoqué un accroissement. concomitant des sécrétions de catéchola-
mires et d~ triphosphate dt adénosine. ' 
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8. Les rapports catécholamines/dopam:i.ne ~-hydlroxylase 
et catécholamines/triphosphate d'adénos~ne - détenninés d'après 
les prélèvements effectués sur ,les glandes pendant la perfusion 
à l'aide de la solution désodée - étaient semblabtes à ceux que 
l'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, 
5' effec tue par exocytose. 
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