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. ABSTRACT

Isolated rat hearts were perfused with a Krebs/b1carbonate
solution and Tabelled™by infusing 3H4NA at a concentration of 10-7 M
The efflux of radioactivity was determined by ldqu1d scintillation
spectrometry of effluent samp]es After 60 min efflux, perfusion with
a Krebs solltion containing an add1t1ona1 56 mmol KC1?per 11tre caused '
a marked increase in eff]ux of rad1oact1v1ty Equa]]y hyperosmo]ar
sucrose and choline ch10r1de did not alter the eff]ux pattern s1qn1f1-
cant]y, whereas 56 mM KCH3S04 induced a release of rad1oact1v1ty of the

™

same maon1tude as that evoked/by 56 mM KC1 1nd1cat1nq that the release e

was 1ndependent of the osmo1ar1ty or the C1™ jon. Perfus1on with

varyinq concentrat1ons of KCT revea]ed _that release 2 of radioactivity

was~re1ated to 1og[K ] at K~.concentratfons higher than a threshold
level of about 35 mM. Perfusion with a solution containing 56 mM NaCl
-~ or NaCHssot produced an 1ncreased release of rad1oact1v1ty wh1ch did
rnot differ from that\‘nduced by KC], wh11e 56 mM LiC1 produced an
intermediate re1ease, 1nd1cat1nq that release may be 1n1t1ated by mono-
valent cations by mechan1sms other than depo1ar1zat1on of sympathetic |
nerves. Chem1ca1 sympathectomy with 6-OHDA and pharmdcoloq1caf'sympath-
- ectomy with reserpine reduced the ability of hearts to retain radio-
actiuity‘(measured after 60 min perfusion) to'9% and 3% of normal
respectively, but thes treatments only reduced the KC1 tnduced release
~to 50% and 45%Fof normi]’respective]y, indicatino that an intact,
u»funct1ona1 sympathet1c nervous system was on1y responsible for between
- 50% and 60% of the KCl 1nduced release. {reatment with the Uptake;
inhibitor SKF-550 and the Uptakel inhibitor DMI, followina pretreatment
with 6-OHDA did not s1gn1f1cant1y a]ter the KC1 induced release

Z ‘o v

’1nd1cat1nq that uptake 1nto the site from which KC1 causes re]ease was

W



not by means of the Uptake, process and confirming that after 6-0HDA

. release frﬁm nerves was insiqqificant. When normal hearts were perfused
with a solution containing SKFKSSO,.tbe release induced by 56 mM KC1 )
was not siqnificantly different from'that evoked'from untreated hearts,
confirming ggatlth elease site was indepeannt/of~Uptake2.

EfeVated lTevels of k! were found'tq partially inhibit uptéke
of 3H-NA, indicating that increased efflux of radioactivity seen when
héarts were perfused with 56 mM KC1 was due in part to an inhibifion of

‘_the re-uptake of both spontaneousiy released *H-NA and that *H-NA
released by KC1 per ée. |

release of sympathetic transmitter’by depo]arizing syﬁpathetic nerves,
14

K+

is able to induce release of‘either NA or catiénic_metabo.lites—o#NAf"’“”“

'“"‘“‘T’ﬁ)m_dh eXi;?éﬁEurona], possibleextracellular, site by means of an -

ion-ekchange process. Conseduent]y, it is further proposed that the

neuronal origin. , ' - o

a
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INTRODUCTION

Many pharmacp]oqicaT studies of neurotransmitter mechanisms
have involved the use of eievated potassfum to induce transmltter
7 re]ease and 1n almost all of these studles, it is asSumed that: e]evated
levels of potassium praduce specific effects at nerve membranes which
result in transmutter re]ease in-a manner very s1m1]ar to norma]
physiological. re]ease (L11ey, 1956 ‘Douglas and Rubin, 1961; Haeus]ern
Thoenen, Haefely and Hurliman, ]968 Hubbard and Kwanbunbumben, 1968
Kirpekar and Wakade, 1968; B1sby and Fillenz, 1969; Harris ‘and Roth,.
1971; Hopkin and Neal,-1971; Voqe] Silberste1n, Berv and Kopin, 1972; f
Nash, Taylor and Drouin, 1972; Sorimachi, Oesch and Thoenen, 1973;

[}

JStjﬁrne— 1973; Zanella and Ral1, 1973) -

In a*prel1m1nary study (Carpenter and Nash 197]) re]ease of
tr1t1ated noradrena]ine(’H NA) from perfused rat hearts ‘Was 1nduced by
56 mM KC1, the assumption.being that by ra1s1nq the K 1eve1 in the
perfus1on fluid, che sympathet1c nerves 1n the heart were depo]ar1zed
and that this de o}arlzatJon tr1qqered the re]ease of H NA . from
transm1tter stores in the sympathetlc nerves in a more or 1ess phys1o]-”
ogical manner (Nash et al. 1972) The-object of the study presented
here was to 1nvest1qate the manner in which KC] causes re]ease oﬁ *H-NA ,
from the ]abel]ed sympathet1j/%ransm1tter stores of perfused rat hearts

9& to determ1ne whether it ¥s valid to use this manouever to s1mu1ate
‘electr1ca11y stimuT\ted release of transm1tter - .

In order to put this study in perspect1ve, it w111 be prefaced

by a: br1ef account of current concepts reqard1nq the structure

_funct10n1nq”and pharmaco]oqy of adrenerq1c nerves ¥

¢
> .
~ .. . . ; .
B B B
. d



- ‘ LT
! MORPHOLOGY | | } .

o

The typical per1phera1 adrenergic neurone in the sympathet]c

nervous system has a'm6derate Ssized ¢ell body [on a\fraqe less than

25 Hm (BToom 1972)] Tocated in the paravertebral cha1n of ganglia and

a 10nq unmyelinated axon, , generally a C- f1bre (Haefe]y, 1972). Un]1ke
the motorneurone the adrenerﬁIc neurone does not have (a)“terminaT B»A
bouton (s) making close contact with a spec1a11zed area of,the end organ °
it innervates. Rather term1na1 adrenerq1c neurones break up into a
_plexus of f1ne f1bres, spread1nq over the surface of the end organ.

These term]na] fibres are of the order of 0.1-0. 2 um in diameter and

Lo
a part1cu1ar]y consp1cuous feature of thTS pTexus 1s the presence of

n

"beads" “or var1cos1t1es" aboyt 1 2 um in diameter every 3-10 um along
.”%the terminal f1bres (Garven and Gairns, ]952 H1TTarp, 1959 Norberq

and Hamberqer, 1964 ; Ma]mfors, 1965 Mer1Tees, ]968 BToom 1972).
,These var1cos1t1es make the-closest approach to the 1nnervated ceTTs

and a]thouqh these latter show no spec1a]1zat1on of membrane, it is

highly TikeTy that the var1dos1t1es represent the:sites of transm1tter
'> reTease ' These series/parallel nerve f]bre networks have been descr1bed .

_as mak1ng ‘en passaqe" contacts w1th the effector cells (Gr]TTo 1966

l.?IVEPSBH 1967)

_ E]ectrbn m1croscopy reveaTs that the var1cos1t1es -are packed .
’Tw1th small, dense -cored, ves1cu1ar structures wh:Tst in the “inter-
‘var1cose req1ons there are reTat1ve]y few ves1c]es (Burnstock, 1970).

When the d1ameters of ‘the ves1c1es are measured and tabuTated, a bi-
':modaT frequency distribution 1s reveaTed one hump compr1s1ng vesicles

\gf 40-60 nm and the second hump ves1c1es of 80 120 nm in d1ameter

(Gr1ﬂ]d and Pallay, 1962). These vesicles are ‘referred to as. “small and



-

o

L} .
large (dense—cored) ves1c]es the large vesicles constituting about

1- -5% of the total (Bondareff 1965; van Orden, Bloom, Barrnett and |
Giarman, 1966. van Orden, “Bensch and Giarman, ]967a, van Orden, Bensch,
Langer ang Trende]enburq, ]967b° Farre] 1968; Geffen and Ostberg, 1969).
That the dense -Ccore vesicles seen with the electron m1croscope -
represent the storaqe sites for the .Sympathetic transmitter (NA) was o
first suqqested by de Robert1s and Pe]]eqr1no de Iraldi (1961) and
this hypothes1s is supported by several f1nd1nqs -
(a) dense- cored vesicles are common 1n';le\tron m1croqraphs
show1nq the nerves of the d11ator mu$c1e of the rat iris, a
predom1nant]y sympathet1ca]]y 1nnervated organ, whereas the
constrictor musc]e, wh1cHPhas a predominantly parasympathet1c
1nnervatJon, shows only c]ear -cored ves1c]es (Richardson, 1964),
(b) when t1ssues or owagans are sympathet1ca]1y denervated,
\\ the dec]1ne in NA content parallels. the disappearance of dense-
cored vesicles (van Orden et al., , 1967a), |
- {c) pharmacological dep1et1on of t1ssues of NA results in the
d1sappeauance of the electron ‘opaque cores of the vesicles,
whilst subsequent restoration of functional tissue NA is
accompanied by a return of the dense cpres to the ves1c1es
(van Orden et q7. 4966 van Orden et al. ]967a) |
Further support is prOV1ded by stud1es on the embruo10q1ca11y
related adrena] medu]]a In 1953, Blaschko and.-Welch and also Hillarp,

Lagerstedt and N1 sson prepared fract1ons from homoqenates of adrenal
o

medu]]ae in wh1ch the bu]k of the catecho]am1ne content was associated

with a granular fract1on and it is nOw quite c]ear]y estab11shed that

“these "chromaffin qranu]es” are’ the storage sites for catecho]amines,in

the adrenal medulla (Kirshner, 1969; Smith, 1968). "Von Euler and



Hillarp (1956) were able to prepare a fract1on from bovine splenic
nerves which contained particle bound NA and similar NA conta1n1nq
fractions have since been prepared .from a variety of sympathetica]]y
innervated 6rqans, so that it is now well accepted that the bulk of NA
in sympathetic neurones is Stored in vesicles. (For an extensive
bib]ioqtaphy see Geffen and Livett, 1971; Smith, 1972), It is not yet
clear whether siqnificant amounts of NA exist in a free cytoplasmic .

.

pool in the nogma], intact, sympathetic neurone or whether all the

, - A
transmitter is located in vesicles. In preparations of isolated vesicles,

.séldbm more than 75% of the NA isifound bound to the vesicles, although
_vpn Euler (1967) was able to obtain vesicle preparations in which 80-
90% of the NA Was*vesic]e bound. Wh1lst it is 11ke1y that the vigorous
d1srupt1ve techn1ques necessary to break down the nerves are also
sufficient to cause.damaqe to a significant fraction of ves1c]es, the -

existence of a free transm1tter pool is st111 a matter of some debate.

S

. STORAGE VESICLES =~ " .

‘ It has been estimated that the concentfationjof catecholamines
in adrenal medu]]ar}“vesitlés (chromatftn granules) ?s’of the order of
0.5 M (Hillarp and NiﬁsSon, 1954) and while there are ho reports wﬁich

~v sugdest that this value pertains to sympathetic nerve vesic]es it would
seem unT1ke1y that a va1ue many orders of maqn1tude less ‘pertains. How,
then, can these ves1c1es maintain such a high concentrat1on of NA? A
-convenient approach’ to this problem is to examine the propert1es of
(a) the ves1c}e membrane

(b) the vesicle contents.



(a)  Propertics of the Vesicle Membrane

In hiah power electron microqraphs of noradrenergic nerves
stained with osm1um tetroxide, _the vesicles appear to be bound by a
bi-layer, not d1551m11ar in appearance from plasma membraneT and to
have a separate core, the total strugture resembling that of chromaffin
.’qranu]es from adrenal.medulia ((Sjostrand and Wetzstein, 1956; de Robertis
and vaz Ferre1ra 1957 a,b; . Banks, ]965,zde Robert1s, Pellegrino de Iraldi,
Rodrfquez de Lores Arnaiz and ZLieher, 1965 F1]1enz 19715 Bloom, 1972).

Iso]ated chromaffin ves1c]es, in- contrast to sympathet1c nerve
ves1c1es, can be prepared to a very h1qh degree of pur1ty and b1ochem1ca1
ana1y51s shows a very large proportion of lipid mater1als, sugoest1nq
that these ves1c1es have a lipid containing membrane - (Smith, 1968).
Unfortunate]y the contam1nation of 1soTated\nerve ves1c1e preparat1ons
- by other membranous mater1a1 particularly mitochondria and m1crosomes,
militates against ascribing thejr h1qh 11p1d conteht to an origin in
" ves1cu]ar membranes ft is. conce1vab1e that 1n preparation of the
h1qhest purity, a d1fference either quant1tatzve or qua11tat1ve in .
the ]1p1d contents of vesicle preparat1ons made from normal tissues and
sympathectomized t1ssues might be revea]ed but to date, no-such'Study
appears to have been performed . o _ ;‘ . |

| Isolated vesicle preparat1ons from adrenal medu]]ae were. shown

to accumu]ate catecholam1nes by a process that: requ1red adenosine |
triphosphate (ATP) and Mg H ions (K1rshner 1962; Car]ssbn Hillarp and
Waldeck 1963 Stjdrne, 1964). S1m1]ar1y, preparations of ve51cles
from sympathet1c nerves have been shown to. accumu]ate NA by an ATP Mg t* 4

dependent process (von Eu]er StJarne and L1sha3ko 1963; von Euler and

Lishajko, 1964, StJarne 1964 StJarne and von Euler 1965 L1shaJko,

y



1969) which is suqqest1ve of an -enerqy requiring process. This is
supported bv the work 0{ von Euler and Lishajko (1969) who showed that

a number of metabolic 1n ibitors blocked this uptake process; whilst

von Euler (1970) extended h1s work and suagested that the uptake process °

required an ATPase associated with the vesicle membrane One way:;

then, that the vesic]es could maintain their h1qh content of\TA would.

!

“ be by means of an inwardly dfreéted tre o mechanism.

(b) Properties of the VesvTcZ\Z\,Contentsa

/ When 1so1ated vesicles are a]]owed to accumulate rad1oact1ve1y

~ . H
S o er—

-Iabe11ed NA and are then 1ncubated in the absence of ATP and Mq ,
they rapad]y 1ose NA, wh1ch when cons1dered wtth the ev1dence given
.above, suagests a s1mp1e pump/]eak arrangement: for NA storage However,
there is ev1dence of an 1ntraves1cu1ar sequestration mechan1sm, SO
’that in fact the bulk: of 1ntraves1cu1ar noradrena]1ne may Be\bound SO
' that there is a down- h11] concentrat1on qrad1ent into the ves1c1e§\\\ - P
This situat1on probably perta1ns 1n/the case of adrenal medu]]ary . f\\\\:
qves1c1es, analyses of\wh1ch have revea]ed str1k1no1y h1qh contents of |
/adenjne nucleotides, espec1a]1y ATP amounting to as much of 15% of l
j/ the dry weight of such 1§;?§téd vesicle preparat1ons (Sm1th‘ 1968).
When the re]at1ve molar contents of catecho]am1nes and nuc]eot1des are N ;o
B compared a ratio close to A:1 ds found 1n most of the species stud1ed |

~

wh1ch suqqests ‘that catecho]am1nes may be stored in_ the ves1c1es in the
form of a comp]ex w1th ATP. Support1v;fev1dence for th1s was prov?ded "' e
be Berneis, P]etscher and da Prada (1969, 1970), who showed that the o ‘
hdd1t1on of critical amounts of divalent alkaline earth meta]s,

espec1a11y Ca and Mq to so1ut1ons of NA and ATP (3:1 mo]ar ratio),

led to the formation of aggregates w1th 1ncreased apparent mo]ecu]ar
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weiohts ‘ Further evidence‘for the existence of a catecholamine-ATP
storaqe complex is . that stimu]at1on'of the adrenal medu]]a 1eads to the
re]ease of catecho]amines and ATP metabo]1tes in approx1mately the same
molar ratio as»they are found in isolated medu]]ary vesicle preparations
(Dodolas,"Poisner’and‘Rubin, 1965; Douglas and Poisner, 1966,; Banks, .
1966). | h
As dtscussed above, biochemicaf;aha1yses of nerveIVesicle
Dreparations are hampered by the lack of purity of these preparations;
However the ratio of catecho]amines to ATP'a]so appears to -be close to
4 1, a]thouoh there is considerable var1at1on between ‘the va]ues found
\.’" the different stud1e§w(§chumann, 1958 von Eu]er L1shaJko and-
Stjdrne, 1963; Potter and Axelrod, 1963c, de Potter, Smith and Schaep-
dryver;-T§70; Lagercrantz, 1971).'
Another feature of adrena1 medullary vesicles is their h1gh
/content of water so]ub]e ‘proteins (Hi]]arp and N11sson, 195! B]aschko,
Born, D'Torio and Eade, 1956). These/proteins are_of two major types,

(a) proteins with no enzymic properties, (b) proteins with enzymic

mbn-Enzymie SqubZe Proteins. The so]ub]e prote1ns in
medu]]ary chromaffin qranu]es or vesicles have been termed the chromo-
qran1ns and ana1ysws revea1s some e1qht components with one. component
. predgmina ing (40% of the tota]) Th1s form of the prote1n has been

called chr moqranin A chne1der Smith and W1nk1er, 1967).

o Chromogran1n A li a h1gh1y ac1d1c proteln with a mo]ecu]ar :
-

weight of about 75 000 composed of two subm1ts each w1th a molecu]ar

we1qht of about 40 000 (Sm1th and K1rshner 1967; Smith and Winkler,

1967) H111arp (1958) suqqested that the presence of chromoqran1ns in



storaage vesicles rendered the.catecholamine/ATP compléexiless ﬁiffdsib1e,
but it was found that chromogranin A cannot bind stqnifi ant amgunts of

and Kirshner,i

5

1967). Furthermore, Smith (1968) has calculated that, in.the adrenal
d €2 &

catecholamines, either with or Without ATP and Mq++ (Smit

medulla at least, the 1arqevdecrease in entropy which wou]d'reéu]t fromg.
the format1on of a chemical complex between chromoqran1n A, fTP and
adrena11ne in the proportions in which they are found in the vesicles,
could only occur jf compensated for by an equ1va1ent decrease in enthalpy
of the same order as would result from the formation of covalent bonds..

Such. a situation would clearly make the procegs of release of free

‘adrenaline complex § deed. Smith (1968) goes on to sudggest, honever,

that as circumstantt evidence suggests‘that‘chromogranin A exists in
Cthe form of a random coil. ( ‘ith’andeink1er 1967), the ATP—catecho1-b
amine complex cou]d be rendered 1ess _diffusible by-beina trapped within
the coils of the prote1n when th1s latter is in a gel form The -
d1ffus1b1]1ty of the complex cou]d,concejvably be altered by the
‘§we}1ino or contractinq of‘the gel accordinq to its ionic environment.
It is also p ssible that the h1oh1y fonic. environment within the |
h1nterst1ces of the chromogranin molecule favours the format1on of the
m1ce11ar comp]ex of ATP and- catecho]am1nes proposed by Berne1s et al.
‘(1969 1970). - L

In 1965 "Banks. and - He11e were ab]e to produce an antiserum to
‘pur1f1ed chromoqran1n obta1ned from isolated medullary vesicles and E
were ab]e to use th1s to show' that chromoqran1ns were released from the
fadrenal medu]]a on- st1mu1at1on along with catecho]am1nes and ATP.
,Th1s led to the exciting f1nd1nqs that antiserum to adrenal medu]]ary

chromoqran1ns reacted with sympathetlc nerves (Hopwood 1968) and

’ 1so1ated sp]en1c nerve ves1c1es (de Potter Schaepdryver Moerman and -
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Smith, 1969b) It has aTso been shown that chromoqranins are present in

sympathet1ca11y 1nnervated tissues in the same d1str1but1on as NA by
compar1nq micrographs ;f such t1ssues stained w1th either an immuno-
\orescent dye spec1fic for chromoaranins or by thé formaldehyde
sation.. f]uorescence method of Falck (1962) whfeh demonstrates NA
U(Livett Qeffen and Rush 1968; Geffen, Livett and Rush, 1969a, b;

L1vett, 1970)v

E%zymic‘Pieﬁein. The second majdr soluble proteinfcomponent
of isolated medullary Vesic1es is the enzyme dopamine-B-hydroxylase
(Potter and Axe]rodé-1963bi Potter, 1967; Austin, Livett and Chubbk
1967; Stjdrne and Lishajko, 1967; Oka, Kajikawa, Ohuchi, Yoshida and
Imaizumi, 1967; Laduron and Belpaire, 1968; Viveros, Arqueros and
Kirshner 1968; Hortnagl, Hortnagl and W1nk1er ]969).“ This enzyme

catalyses the 8- ox1dat1on of/Dopam1ne to NA:-

/

THO X CHa-CHa-NH, CHOET N CH-CHp-NHa
. _ —_— ! By .
HO o " Dopamine-g- * OH e
o f’f’ _ " hydroxylase NN S
DOPAMINE . . NORADRENALINE

1o . . - ' . o . ) "'

Y

R
v

P

By show1nq that this react1on could be prevented in the who]e t1ssue

k

by reserp1ne but not 1n 1ysed vesicle preparat1ons it was demonstrated

.that the enzyme was 1ntraves1cu1ar as reserp1ne b1ocks the- uptake of . \N—‘///"
NA and’ dopamine 1nto vesicles (Stjarne and Lishajko, 1966 Rutledqe
and Weiner, 1967)

BE : : - N S

ﬂ_ | ‘ ‘4:_’ | »)
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The solub]e proteins of storage ves1c1es, then, can contribute

" to the maintenance of a hiah 1ntraves1cu1ar concentrat1on in two ways,

f1rst]y by decreasing the d1ffus1b111ty of the catecholamine or
catecho]am1ne/ATP comp]ex and second1y by the de novo synthesis of NA

within the vesicle.,
(‘.3

- Funcrrowrne OE THE_NORADRENERGIC NERVOUS SYSTEM

~ When a substance is nroposed as a physiological neurotrans-

mitter, .three important critrria must be met before the chemical can
be accepted as a genuine transmwtter An examjnation of these criteria
as applied to NA provides a convenient summary of our present concepts
of noradrenergic nerye function. These criteria are -

(a) It must be possible to demonstrate an association between

noradrena]vne and sympathetic nerves.

(b) A synthet1c system for NA.ln sympathet1ca1]y 1nnervated

tissues must be shown. o

(c) There must be an adequate mechan1 for,terminatinq'the'_

actlon of re]eased NA.

-

o’

(ay oradrenaline in_Sympathetic Nerves

Rexed and von Eyler (1951) showed that the NA content of

nerve trunks is c]ose]y re]ated to the? proport1on of non-mye]1nated

autonom1c f1bres in the trunk The splenic nerve, which is a]most

ent1re]y composed of non-mye]1nated C- f1bres has the highest NA fontent

of any nerve studied,. which corre]ates we]] with the known, rich, -
sympathetio innervation of the sp]een (von Euler, 1956). In fact, it

can be shown that the NA content of many organs and glands is related



to ‘their sympathetic 1nnervat1on and that denervat1on Oor more specif-
1ca11y sympathetic denervation, Tleads to a d1sappearance of both NA and
function (von Euler and Purkhold, 195]-'Gooda11 1951).

With the development of the forma]dehyde condensation
f]uorescence h1stochem1ca] method of Falck for the demonstration of
mono- am1nes, (Fa]ck 1962; Dahlstrom and Fuxe, 1964 Falck and mean,
1965) it became c]ear that there was a dense network of fine, noradrena-
1‘11ne.conta1n1ng f1bres in sympathe.ically innervated tissues, the
fluorescence pattern c]ose}y resembling the description of sympathetic

nerve fibres made by H111arp using silver staining techn1ques (Hillarp,

1

1959), Th1s fluorescence was found to disappear on denervation, 1mmuno-ﬁ

sympathectomy and with druq treatments that dep]eted t1ssues of NA.

(b) Synthesis of Noradrenaline ' - /

. In 1938, Holtz, He1se and Ludtke reported the ex1stence of an
enzyme capab1e of convertinq L-DOPA to dopam1ne to which the name

.dopa decarboxy]ase was q1ven

; : . ) ' 1

HO CH'2-|CH-NH2

\Dona decarboxylase
: COOH  ~ N o
HO | C0, HO "(/ i L

DOPA - - DOPAMINE
(Dnhydroxypheny]a]an1ne) ‘ L :

~

Short]y after this d1scovery, B]aschko 938) proposed a_

theoret1ca1 ser1e5 of react1ons by which adrgRaline and norddrenaline

could be synthes1zed from the am1no acid tyros1ne

¢

HO ' AN CH2{-CH2-NH,
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1
/ Ho((~ H2-CH-NH
CH~CH-H, _ CHa-CH-NH:
COOH Tyrosine > 10 - COOH
HO hydroxylase
’ ' o decarboxylase
HO CH,-CHo=NH,
HO
-y OPAMINE
Dopamine-B-
hydroxylase
HO CH-CH,-NH-CH, - HO CH-CH2-NH2
1 4 J
€HO OH R HO OH
ADRENALINE -~ - " NORADRENAL INE

~ This remarkab]y prophet1c scheme has proven to be essent1a11y
Jaccurateg the full scheme being first conf1rmed using rad1oact1ve1y
1abe11ed tyrosine and adrenal medulla (Dem1s, Blaschko and Welch, 1955;
Hagen, 1956; Kirshner and Gooda11, 1956; MasuokaQFSchott, Akawie ahd' |
Clark, 1956; Udgnfriénd and Wyngaarden, ]956{ Pellerin and D'Iorio,
1957).‘ The demdnstration of this pathway in sympathetic nerVES“is_made.
“technically more difficult by the relatively 16@ “contentrafﬁoh" of
.sympathet1c nerves in sympathet1ca11y innervated t1ssues, but in 1958

Goodall and Kirshner were able to convert Tabelled tyros1ne to- NA us1ng

-



~act1v1ty’ﬁas increased.” It has also been found that this synthetic

~
that: at least one -step in the pathway requires the presence of sympath-
S
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homoqenates prepared from sympathetic nerves and qanq11a, a s1h11ar
demonstrat1on be1nq made 1ater usina brain s11ces by Masuoka Clark and
Schott (1961) and Masuoka, Schott and Petriello. (1963). This conversion

has since been shown in many'sympathetica11y innervated tissues and

oraans as the ayailabiﬂjty of labelled -tyrosine of high specific

1

pathway is seriously impaired following sympathetic denervation, showing

e

2
.

etic nehves.(Carisson andEWa1deck,_1963; Musacchio'and Goldstein, 1963;
Spettor Sjoerdsma, Za1tmanLNirenbérq, Levitt and Udenfriend, 1963;

F1scher, MUSacch1o Kop1n and Axelrod, 1964; Anden, Magnusson and

)

Rosengren, 1965, K11nqman 1965; Potter, Cooper, Willman and Wolfe, /
1965; Iversen, Glowinski and Axe]rod 1966)"

The first enzyme in the pathway, tyros1ne hydroxy]ase was
shown to be present in axoplasm (Nagatsu, Levitt and Udenfriend, 1964)
“and to require- tetrahydropyridines and divalent iron for activity |
(Ikeda, Levitt and Udehfriend;'1965). Thfs_enzyme'is not totally
specific, as ft will a]so%tata1yze the conversfon of pheny1a1anine.to.

tyrosine, so that either'tyrosine ersphenyla1anine»may'be,the starting
’ g ‘ /

point of NA synthesis. An important property of tyrosine hydroxy]ase

is that it is inhibited by DOPA and by NA and as it is the rate limiting
step in the pathway, this represents a possible feedback contro]
mechan1sm for the requ]at1on of synthetic rate (Spector et al., 1963;
Lev1tt,JSpector, Sjoberdsma and Udenfr1end,'1965; Nagatsu et al., 1964).

'The second enzyme, DOPA—decarboXy]ase has been found in all

_tissues which contain adrenergic neurones or chromaffin ce]]s'(Ho1tz,

Crecrer and erpp, 1942; Langeman, 1951) and 1s present in the axop]asm

© of adrenergic nerves (Stjarne, 1966). It requires pyr1doxa1 5'-phosphate



- .as a co-factor (Holtz and Pa]m,'i964),

The third enzyme, dopamine-B hydroxylase, which was d1scussed
briefly above, was first prepared. from adrenal medulla and has been
shown to conta1n copper and to requ1re ascorbate and fumarate as
co-factors (Lev1n, Levenberg and Kaufman, 1QGOJ Go]dstein, Lauber and
McKereghan, 1965; Kaufman and Fr1edman, 1965) Unlike the two preceding
- enzymes, wh1ch are. oresent in the axoplasm of adrenergic nerVe§
~ dopamine-g- hydroxy]ase 3;’conf1ned td“storaqe ves1c1es (von Euler and
LlShaJkO 19685 StJarne Rothiand Lishajko, 1967 ; Potter pndexe]rod,

- 1963a,b,c; Stjirne and Li jko, 1967).

It is'clear,then, that sympathétié’adrenerqic nerves possess
o
an adequate syntheti -mechanism for NA and in add1t1on, a mechanigm
. Wwhich iy capable o regulation via a simple secdndary product feejbaqv//

inhibition.

* [

(e) Termination of.Action

N
&n 1928 Hare described an enzymic oxidation of tyram1ne by
~ liver and s1m11ar reports of an "am1ne Ox1dase" wé#e made by Blaschko, -
Richter and Sch]ossman (1937) and R1chter (1937) ‘With better charac-
terization tkis enzym//became known as monoamine ox1dase (MAO) tq7

d1st1ngu1sh 1t from enzymes wr1ch‘cata1yse_the ox1dat1on,of diamines,

such.as h1stam1ne o B
S This enJ?me MAO, has been shown to be very w1de1y d1str1buted

throughout many t1ssues, not to be espec1a11y associated w1th sympath-
etically innervated t1ssues to be apparently associated w1th Jwio-_
chondr1a1 membranes and not to be especva]ly specific fbr catecho]am1nes
:(Blaschko et al., 1937; Blaschko, 1952; Hawkms 1952; Prates1 and

Blaschko, 1959 de Lores Arna1z and de Robert1s, 1962) 2 ;,'5"?

14
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In‘cho11nerg1c systems, the action of re]eased acety]cho]1ne
is terminated by 1ts rapld hydro]ys1s by the enzyme. acety]cho]1nesterase
and by analogy w1th the cho11nero1c system, it is tempt1nq to’ confer |
this 1mportant”/unct1on upon MAQ in adrenerq1c systems. This v1ew,
however was complicated . by the discovery of a second enzyme wh1ch could

deqrade catecholamines. This was catecho] 0 methy1 transferase (COMT)

“+{Axelrod, 1957). Like MAO, COMT has- proven to be widely d1str1buted

‘es. When. potent

and not to be located only in or near adren
1nh1b1tors of MAO and COMT became avail b]e the relative contr1but1ons
of these two enzymes toward the termingtion tion of'both exogenou
and endogenous NA cou1d be investigated Brown and Gi]]esp1e (19575
“could show no 1ncrease in the outf]ow of NA from perfused, stimulated
.cat spleen when MAO was inhibited. Crout (1961) was unable to show any}
’potentiation or prb]onoation of the action of NA when'both COMT and MAON
were inhibited. Consequent]y, some other mechanism for dealing With
" released NA had to beafound and th1s turned out to be re- uptake of the
transm1tter by adrenerq1c nerves -

‘With the advent of rad1oact1ve1y 1abe11ed catecho]am1nes oqii:za o
high spec1f1c act1v,ty, it became apparent that many t1ssues could - ~
accumulate catecholamines (Axe]rod we11-Ma1herbe and Tomchrck 1959

Iversen 1967P

“Whitby, Axelrod, and Weil-Malherbe, ]961, see a1so
The ev1dence in favour of the hypothes1s that uptake occurs 1nto
‘sympathet1c nerves can be summar1zed as belows —;' _ 3 "'_']iighf':rd

1

(Z) CorreZatton between uptake and sympﬂthettc tnnervatton
The first ev1dence of th1sak1nd was that the amgunt of uptake of
"rad1oact1ve NA by var1ous t1ssues gas re1ated to- the endoqenous NA

content of the tissue, wh1ch is an indication of the degree of sympath-

#

- o S

?
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, etic innervatioh~(Whitby et al., 1961; Crout, '1864).  More soph1at1c9ted .
" studies, tak1nq d1fferences in b]ood f]ows 1nto account have shown -
/
much c]oser corre]at1ons than these original reports (WUrtman, Kopin,

Horst ‘and. F1scher 1964 ; Kopin, Gordon and Horst, 1965), ~
’ ' ” /

(i2) Dependence on mtact oij?athettc znnervatwn The uptake"-
of labelled catecho]am1nes has béen shown to be grossly 1mpa1red “ |
fo110w1nq procedures wh1Ch reduce the 1nteqr1ty of the sympathetic
nervous system, e. g su~o1ca], 1mmuno]oq1ca1 and chemical sympathectomy
(Hertt1nq, Axelrod, Kop1n and. Wh]tby, 1967a; Potter ot al., 1965;
Iversen, T965 Za1m1s Berk and CaT]inqham' ]965 Thoenen and Tranzer
1968)1/ In addition, the reappearance of a funct1ona] sympathet1c |
/f’innervation iS‘accompan1ed by a return of endogenous t1ssue NA ]eve]s
and the. reappearance of catecholamine uptake.

o ‘ 1; ‘ '
| (1i) Autoradiography The ab111ty of autorad1oqraph1c
techniques to ]oca]1ze 1abe11ed materlals is ]1m1ted by e d1ffusion
character1st1cs of the mater1a], the grain size of n emulsion and the
_ path Wength of the emitted part1c1e However, e]ectronmlcroscop1c |
‘autorad1oqraphy of tissues which had been exposed} to 3H-NA has shown
.a clear assoc1at1on between exposed s11ver grains and postqangl1on1c
sympathet1c*nerve terminals (WO1fe Potter R1charason and Axe]rod
1962, WO]fe and Potter, 1963) As the reso]ut1on of autorad1oqraphs
of *H is hardly any better than the d1mens1ons of adrenergic nerve

term1na]s TittTe more 1nformat1on on uptake s1tes can be expected to

‘come from such stud1es . o

(1) FZuorescerzce mwroscopy Using the ?“&ﬁ;ma]dehyde

condensat1on f]uorescence method squested by Fa]ck,’]962; Dahlstrem



17

_v’

and Fuxe, 1964; Falck and-Owman, 1965, it has been p0551b1e to show

that the f]uorescent appearance (1 e., NA content) of dep]eted f1bres
could be restored by exposure to 1aroe concentrat1ons of NA (Hamberqer,
Ma]mfors Norberq and Sachs, 1964) In add1t1on G111esp1e and K1rpekar
(1965a,b) combined f]uorescence microscopy with autorad1oqraphy to |
show that 3H could be assoc1ated with NA containing fibres fo1low1ng

exposure of tissues to 3ﬂ NA.

(v) Correlation with functional . stores. When a ‘tissue that
had accumulated gH-NA was stimu]ated, it was found that the spec1f1c
activity of the released NA was lower than that of the or1q1na11y 1nfused

¥H-NA (Hertt1ng and Axelrod, 1961; G1]]esp1e and K1rpekar 1965a,b)..

This 1mp]1es that the 3H- NA had been taken up intg

“degree of - m1x1ng w1th the endoqenoUs sto/e of un e11ediNA.“ When the
rate of loss of *H- NA from tissues or organs was fo]]owed Hertting and
Axe?rod (1961) found that procedures wh1ch d1m1n1shed act1vity in -he
. postganglionic sympathet1c nerves, e. g _decentra11zat1on or treatment
> with ~ganglion b1ock1ng drugs, resu]ted in decreases in the rate at
which 3H- NA d1sappeared from the t1ssues Th1s further supports the
’hypothes1s that the sites 1nto wh1ch uptake of exoqenous NA occurs are
'also s1tes from whwch normal, phys1o]oq1ca] re]ease of ehdoqenous

) transm1tter occurs Subcellular fract1onat1on has revea]ed that these
sites are ]arqe]y, if not totally represented by the storaqe vesicles
d1scussed ear]1er (Potter and Axelrod, 1963a, b ,C)v-

The current concensus is that re-uptake. by-noradrenerq1c‘

Ki

<t

nerves is largely respons1b1e for the termination of act1on of endoqen-

ously released NA.  This exp]a1ns the f1nd1nqs that when the post- -

‘
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ganglionit nerves to perfused, sympatheticai]y innervated organs are
stimulated at physiological frequencies-(<10 Hz; Folkow, 1952), 1itt1e
or no sympathetic transmitter can be detected in the effluent, whilst
mgtinulation at grossly unphysiological rates leads to marked outflow
of‘transmitter (Celander, 1954; Brown and‘Gi11espie, 1957; Stinson,
| 1961; Thoenen, Hurlimann.and Haefely,.1964; Brown, 1965). In"1959,
Koel1€ reviewed the possible mecha isms for the termination of action
of re1eased.NA and cametO'the'coﬁ§1usion that "tissuenredfstribution"
was the major factor. Brown (1965).has shown that more than 90% of the.
noradreha]ine re}eased from sp]enic nerve fermina]s is removed;by tissue
Uptake whi]st more recent]y Geffen, Livett and Rush (1970a) have -
est1mated that upwards of 70% of endoqenéus]y released NA is. taken up
.and re-used by noradrenergic nerves. In add1t1on to prov1d1ng a means
. of term1nat1nq the action of released NA the uptake process also -enables
the noradrenergic nerves to‘re-use‘much.of their transm1tter, the

) economic advantages of which are plear.

/ . -
PROPERTIES OF THE 'PTAKE PROCESS

hd »

hAs a result of detailed kinetic studies, Iversen was able to

L

distinguish two uptake processes,’with quite different kinetic proper-
. ties and to wh1ch he gave the names Uptake1 and Uptakez (Iversen 1963;

X 1965 1967). Uptake1 is the process which is seen at low cong¢entrations
/

of catecho]am1nes and is clearly a neurona] process Uptakez,,on the

~

"other hand on]y becomes apparent at higher concentrat1ons of NA and

bs1nce Iversen first reported the ex1stence of th1s second uptake process

s

(Iversen, 1965) a number of reports of uptake. processes distinct from

Uptake; have come from other 1aborator1es, poss1b1y a11 descr1b1ng the

\;n_n.-. -
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same process, byt possibly descr1b1nq d1fferent processes (Hahberqer,
Norberq .and O]q§t> 1967 ; Axe]rod ar ' Krokoff, ]967a, E1senfe]d Lands-
berg and Axe]r d, 1967b; Avakian and Gw]]esp1e, 1968; S1mmonds and
Gillis, 1968;vLiqhtman and Iversen, 1969; Draskoczy and Trendelenburg,
1970; G11]esp1e Hamilton and Hos1e 1970). Perhaps the only 4
unanimous aqreement between these workers would be that Iversen S
original postu]ate (Iversen, 1965) that Uptﬁkez occurs into adrenergic.
nerves, is untenab]e; If this is so, it is then reasonabTe to discuss
" NA uptake under*the headinqs "Neuronal Uptake“ and "Non-neuronal Uptake"
s although the c]ass1ca1 Uptake2 as described by Iversen could well
be occurr1ng into adrenerg1c nerves, it seems clear that-a siﬁi]ar .

.

process occurslgnto a variety of'cellular types;

-

(a) Neuronal Uptake

= | L

The classical stud1es of Iversen (Iversen, 1963; 1965; 1966

1967;‘1971) have shown the neuronal uptake process to be saturab]e and
to obey M1chae11s—Ment0n k1net1cs The aff1n1ty for NA is high and, 1n
rat tissues at least, there is a marked stereose]ect1v1ty for the
2- 1somer, (Iversen 1967 Iversen, Jarrot and Simmonds, ]971 Hend]ey
and Snyder, 1972) wh1]st the process is h1qh1y temperature sens1t1ve
and is inhjbited by anoxia when comb1ned w1th 1nh1b1tors of q]yco]ys1s
(Hamberqer, ]967 Paton ]968 ]972 Wakade and Furchgott, 1968)
"vThese facts suqqest a carr1er med1ated active transport system and
ﬂBogdansk1 and Brodie (1969) found the process to requ1re extrace11u1ar
sodium jons. As high extracellular concentrat1ons of pota531um 1ons
1nh1g1ted uptake they proposed a scheme for a carrier med1ated uptake

'process der1ved from a model of Crane (1965) for suqar transport across

-
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intestinal  epithelium. In essence, their mode] env1saqes NA b1nd1nq
to a membrane carrier to wh1ch Na also binds (this.latter proceSS~f»”
actua]]y 1ncreas1nq the aff1n1ty for NA b1ndkmi> This carrier-NA-Na+
comp]ex then d1ffuses down the concentration qradient/1nto the nerve
‘fte]] where the h1qh k" “causés the NA Na® and carr1er to d1ssoc1ate
jThe empty carr1er then moves back to the outer surface of the membrane
wh11e the Na* s extruded from the ce11 by the membrane Na /K pump
In other words the actual transport of NA s a passive process down a
‘Na* concentrat1on qrad1ent However, the 1nh1bit1on 0f NA uptake by
cardiac q]ycos1des was found to be unre]ated\to\the1r ab111ty to 1nh1b1t
" the Na- /K pump, wh11st man1pu1at1ons of the 1on1c gradients fa11ed to -
a]ter the uptake of NA 1n the manner pred1cted by the model. In add1t1on,_ 3
~the aff1n1ty of the uptake mechan1sm for NA was not found to be -altered.
.)'by Na* or Kt , as wou1d aqa1n have been pred1cted from the mode] (White
and Keen 1970; 1971 Keen and Wh1te 1970 Paton, ]970 1971; Wh1te
and Paton,. 1972) ~ An a]ternat1ve mode] has been proposed by White and
Paton (1972) in which the carr1er ex1sts in two . states in equilibrium - -
'w1th each other one be1ng inactive (X) and .one act1ve (X7). NA has ;g
" the same aff1n1ty for the two forms but on]y,}"1s able to trans]ocate

J"{.
across ‘the nerve membrane ; Na R however has' a h1gher aff1n1ty for PENG

than for X, wh1lst the resulting Nat - X' comp]ex has the same aff1n1ty

for NA as X-or X' and the Na - X - NA comp]ex the same trans]ocat1on

rate as X' - NA. The act1on of Na in acce]erat1ng transport is . .

brought. about by the formation: of the Na - X! comp]ex wh1ch sh1fts the = -~
—edu111br1um bet;een"N»andAX' in favour of X' so that more sites (x'

and X' - Na ) are ava11ab1e for NA transport\\\These authors have not‘

as yet proposed a mechan1sm for the effects of Kt on these transport

_mechan1sms



, The structura] requ1rements for neurona] .uptake are qu1te
strict and are, -in essence the absence of bulky N- substituents, the .
presence of at 1east one r1nq hydroxyl -group . (para- or meta ) and the
absence of r1nq methoxy qroups (Burqen and Iversen, 1965; Iversen,

‘1967) e

Noradrena1ine naloques which are taken up by this process
alsy act as . compet1t1ve 1nh»b1tors ‘of. noradrenaline uptake their
relative potenc1es as i 1b1tors be1nq related,to their affinities for
the uptake carrier (Bur_en and Iversen, 1965). However the most '

- potent inhibitors of neurona] uptake of NA have been found not to be
noradrena11ne ana]oques but copa1ne and desmethy]1m1pram1ne (des1pra—
mine, DMI) (Iversen 1965). Iversen reports that at a concentrat1on of
10-¢ M, DMI produced-a 92.5% 1nh1b1t1on of NA uptake whilst tocaine
inhibited uptake by 957 at 1073 M Both of these aqents haVe 1oda1
anaesthet1c propert1es and consequent]y one. must be carefu] to ensure |
that the concentrat1ons ‘used for 1nh1b1§1nq NA/uptake are not anaesthetic
concentrat1ons Tikely to 1nterfere w1th the other funct1ons of the '
'fadrenerq1¢ nerve term1na1s The nerve/b1ock1ng concentrat1on for
coca1ne has been reported as 2.6 X 10 " M (Skou 1954) and for DMI as- .
6 x107° M (Greef and Wagner, 1969) so that the concentrat1ons of these
agents wh1ch Cause more than 90% 1nh1b1t1on of neuronal uptake are

‘orders of maqn1tude 1ower than the concentrat1ons which b]ock nerve

conduct1on

& '

(b)  Non-Newronal Uptake - . o . 7

In 1965 Iversen pub11shed evidence for the ex1stence of a , ,\ ,

second catecho]am1ne uptake process, for which he sugqested the term

o



Uptakéz He or1q1na11y be]ieved that this process on]y operated at

high substrate concentrat1ons, but more recent wopk has shown the

¥

; process to occur at all substrate concentrat1ons, 1ts presence at low

concentrat1ons be1nq masked bv Uotake1 and metabo]1c deqradat1on of

‘ the substrate (Lightman and Iversen, 1969; Burnstock, ‘McLean and Wr1aht,.

1971). Since the or1q1na1 descr1pt10n oﬁ Uptakez, a HUmber of workers l

’L IS

"have demonstrated accumu]at1on of catecho]am1nes in a var1ety of non-
neurona] tissues (Hamberqer et al., 1967; Avak1an and G1]1esp1e 1968
S1mmonds and G11115, 1968; E1senfe1d et al., 1967a“b* Lmqhtman and
Iversen 1969 Draskoczy and Trende]enburq, 1970, G111esp1e et aZ
1970). and although the membrane Processes which govern these accumu1a—_

tions may differ from cell type to cell type they a11 c]ear]y differ

.from Uptake1 In general, the structura] requ1rements for extraneurona] ‘

-uptake are 1ess r1gorous than for neurona1 uptake a]though clear ru]es
appear to app]y Thus, in direct contrast to neurona] uptake N-
subst1tut1on and r1nq 0—methy1at1on favour extraneurona] uptake |
(Burqen and Iversen, 1965), So that normetanephr1ne'acts as a powerfu1
' compet1t1ve antaqon1st of extraneuronal uptake (Burqen and Iversen,
1965) In stud1es of potent1a1 Jnh1b1tors of extraneurona] uptake,
Iversen and h1s co]Ieagues have n. that some B8- ha]oa]ky]am1nes and

- some stero1ds aregpart1cu1ar1y géf;Xth1b1tors (Iversen Salt and '

. Wilson ‘]972‘ Iversen and Sa]t 1970; Salt, 1972). They found that the
most potent and sefect1ve1nh1b1torof extraneurona] uptake among the

ha]oa]ky1am1nes they tested was. the compound SKF-550 [N (9 f]uoreny])
N-methy] -8- ch]orethylam1ne)] -

22
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Iversen uses the term IC50 to express the 1nh1b1tory pote%\& of. compounds
and defines the term as the "drug concentrat1on required to produce 50%
1nh1b1t1on of catecholamine uptake”\' The "I1C50 va]ues for some of the
more potent ha10a1ky1am1nes and steroids are 11sted in Table 1.

| It Will be seen from Tab]e 1 that SKF-550 is by far the most
'vpotent inhibitor of extraneurona1 uptake of the four compounds listed _
and with the possibte except1on of cort1costerone, it has the largest
_se]ect1v1ty rat1o (500, se]ect1v1ty rat1o T IC50 Neuronal: ICSO
~ Extraneuronal) and it is therefore the obvtous choice as an 1nh1b1tor
of extraneurona] uptake. At a concentration of 107 M SKF-550, it
would be expected that extraneurona] uptake wou]d be: 1nh1b1ted by

cons1derab1y more than 957 whereaswneurona1 uptake wou1d be hand]y
/

/f, a]tered (Unfortﬁnpte]y, there is an apparent contrad1ct1on in the

report of Iversen Sa]t and Wilson (1972), -at one point they. c]awm
. (Tab]e 2) that SKF 550 at a concentrat1on of 50 M produced on]y 80%
1nh1b1t1on of extraneurona] uptake whereas in F1q 1 95% 1nh1b1t10n

is apparent1y produced by only 0. 3 uM SKF-550. In their d1scuss1on,

| these authors state that SKF-550 1s, in effect 1400 -times more act1ve

;1n 1nh1b1t1nq extraneurona1 uptake as neuronal uptake wh1ch suggests

N
a m1spr1nt in Tab]e 2 of the1r paper )

A feature of extraneurona1 uptake- of NA “in genera] appears to
be that it 1s*fo]]owed by .a ‘rapid enzymlc deqradat1on, larqely by

: 0-methy1at1on a phenomenon which 1s part1cu1ar1 o§1ceab1e at low

concentrat1ons (E1senfe1d et aZ 1967a, Lang r, 1970 Hughes, 1972) -
ThlS f1nd1nq, toqether w1th the h1qher spec1f1_1ty of extraneurona] :
Uptake for adrena]1ne over noradrenal1ne may be de clue to the-function“

.vof the extraneurona] uptake system In addltjon.to‘piaying airole in
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the termination of act1on of NA re]eased from nerve end1nqs but not

recaptured by them, it js conceivable that extraneuronal uptake is

responsible, in part at Teast, for the inactivation of catecholamines
N -

released into the circulation from the adrenal medulla.
. .

;
TABLE 1. . POTENCY OF EXTRANEURONAL UPTAKE INHIBITORS

IC50 for NA Uptake M) -

Compohnd ;Neuvona] ‘ Extranéurona] Selectivity Ratio* '
Phenoxybenzamine® 9 x 10f?' 2.82 x 10 ¢ o 0.3
SKF-550 4, X107 8 S x 078 500
17-B-vestradiol 3.7 x 1075 2 1076 .20
Corticosterone = 3 x'107% 2.7 x10°¢ . 19

* Selectivity Rdtio = ICSO-Neuronal/ICSO'Extraneuronal;
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 SYMPATHECTOMY =~/

/ ' ‘0' way of test1ng the hypothes1s that KC] re]eases sympathet1c
'transmittercirom sympathet1c nerves is to remove the sympathet1c nervous
system from the organ or tissue be1ng stud1ed In many orqans and
tissues, this is eas1]y and conven1ent1y effected by surg1ca1 means
However some- orqans have such comp]ex sympathet1c 1nnervat1ons that
'surq1ca1 methods are 1mpract1ca1 This 1s exemp11f1ed in the heart,

which receives symoathet1c f1bres from severa] sources .~ In order to
/ ‘ '



produge an adequate surgical sympathectomy it is necessary to perform
a~egrdiac transplantation, which, a]thouqh not technically impossible,
isexceedinulvinconvenient, part1cu1ar1y if larqe numbers of animals
are to be used (Goodall and Kirshner 1956 Hertt1nq and Sch1eftha1ter
»1964 Cooper, Gilbert, B]oodwe]] and Crout, 1961; Cooper, Willman,
 Jellinek and Hanlnn, 1962; Wegmann , Chiba, Chrysohou and Bino; 1962
Potter et al., 19:9; tonper, 1966). | : ’ |

The a]terrat1vc to surgery, although a]] "chem1ca1" in one

‘sense may be c]ass1f1ed in three qroups - immunological, chemical and

pharmaco]oq1ca1”

(a) Imunosympathectomz/

Bueker (1948) found that the implantation of a mouse sarcoma
into a chick embryo caused a prol1ferat1on of sensory nerve “fibres in
and. around the tumour, Lev1 -Montalcini (1952) showed further that

sympathetic ganglia, as well as sensory ganq11a were st1mu]ated by

25

these’ tumors A d1ffus1b1e nerve growth factor was 1so]ated and by <:\\\

.chahce, 1t was found that snake venom also conta1ned a potent nerve

* growth factor (Cohen, Lev1 ~-Montalcini and Hamburger 1954). As snake ‘
venom js produced by mod1f1ed.sa11vary q]ands, they exam1ned extractS‘
of mouse salivary glands and found that these too conta1ned a nerve

growth factor (Cohen, ]958 1959;. 1960¢ Lev1-Monta]c1n1 and Cohen, 1956;
1960). The factor was found to be a protein and. Cohen (1960) was able
to produce a ,Specific antiserum to nerve growth factor by 1nJect1nq the

factor into rabbits. This antiserum was found to destroy (or inhibit

| the deve]opment of) the sympathetic nervous system 1n newborn mice and

rats (Lev1-MontaTc1n1 and Booker 1960 Lev1—Monta1c1n1 and,Cohen, 1960).

ﬁ -



The primary effect appears to be on the paravertebral aanqlia, which

~fail to grow, the cell counts. in aanglia from treated animals being

- only some 2-10% pf that in normal adults. The NA content of oraans

such as the HEQrt and iris is hardly detectable and the .dense fluore-
scent‘network wh#ch can normai]y be visuallized is lackina (Iversen
et aZ. 1966, Lev1 Monta]c1n1 and Anqe]ett1, 1966 Hamberqer, Levi-o
Monta1c1n1, Norberq and SJoqv1st 1965) whilst the uptake of 3H-NA by
organs is similarly impaired (Iversen, 1965; Zaimis et al., 1965;
Iversen et al., -1966). !

| The»problems with this approach}to sympathectomy are that one
needs an estab]ished breeding co1ony of rats in order to treat the new
born animals, which is an expens1ve propos1t1on and one which requires
a qreat deal of attent1on Secondly, either a supplier of ant1 -nerve-
growth-factor 1s requ1red or a colony of rabb1ts toqether w1th a labor-

atory with facilities for b]ood fractionation, both of wh1ch may be

' proh1b1t1ve]y expens1ve for small sca]e exper1ments

(b) Chemical Sympathectomy | ;o

In the course of an_investioation.into'the pharmacological

properties of,a series of dopamine, derivatfves, it was found that. the

6-hydroxy substituted ana]oque (3,4,6- tr1hydroxypheny]ethy]amnne,

6- hydroxydopamwne 6- OHDA) produced a very efficient and Tong 1ast1n§“
dep]et1on of NA from sympathet1ca1]y 1nnervated organs: (Porter, Totaro
and Stone, 1963 Stone Stavorski, Ludden, wenoer Ross, Totaro and

‘a

P%Fter 1963; Laverty, Sharman and Voot 1965) Fluorescence m1croscopy

of - t1ssues from 6- OHDA pretreated ansmale~showsa comp]ete disappearance
‘of the terminal nerve p]exus (Ma]mfors and Sachs, 1968 Cott]e and Nash,

. 1974) Nerve trunks, however are v1s1b1e and have an u’creased

26



intensity of f]uorescence, suaoestino that the cell bod1es are undamaqed-

"and cont1nue to transport storaqe vesicles down the axons, where they
pite up at the ‘axon stump- (Geffen and OStberq, 1969; Cottle and Nash,
1974). E]ectron m1croscopy reveals adrenerqic terminals in varlous
staoes of deoeneratlon many being comp]ete]y lysed, with the damaqed

fragments apparently engulfed by Schwann cells. There is no detectable

change 1n-the'Schwann ce]1s‘themselves,'smooth"muscle cells or. choliner-

gic nerves (Tranzer and Thoenen,\]967b, 1968a,b; Thoenen and Tranzer,
1968) This highly specific destruct1on of noradrenerd?c termlnals
appears to be a thresho]d effect, as after 1ntravenous doses of 1 mg/Kg,
the NA content of rat hearts was found to be diminished to about 65%
after 2 hours but to be restored essent1a11y to norma1 after 24 hours
Fo]]ow1no a dose of 3 mg/Kg I.V. however the NA content~at 2 hours was
aqa1n reduced to about 65% byt after 8 days, it had fa]]en further to
about 50% of nonna] whereas a dose of 30 mg/Kg produced a fa]] to 1ess
“than 20% of normal within 2, hours wh1ch was not restored at all over
the next 8 days (Thoenen and Tranzer 1968) After 4 weeks, however,
there is a s1qn1f1cant recovery and after 3 months, sympathet1c trans-
mitter stores are effect1ve1y normal and this is accompan1ed by the
reappearance of newly formed adrenerch nerve end1nqs, which apparent]y
form by co]]atera] sprout1nq from the rema1n1nq axon stumps (Tranzer
4and Thoenen 1968a Haeusler, Thoenen and Haefely, 1968a Haeu ]er,

Haefe]y and Thoenen, 1969; Hil, Mark Erdnko, Eranko and Burn tock
1973). '

o /

- The mechan1sm of action of 6-0HDA is unc]ear a]though uptake:

at the nerve membrane but not the storaqe vesicle membrane is a pre-
requisite for nerve destruction (Stone Porter Stavorsk1, Ludden -

and Totaro, 1964 Ma]mfors and Sachs, - 1968; Thoenen,'1920; Thoenen,
o ‘ o
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1972). Thoenen (1972) has suqaested that~6-0HDA acts by being oxidized,

to the para-quinone and thence to indolines and, 1ndo1es or po]ymer1zed

- to melanin- 11ke macromo]ecu1é§ which underqo covalent bind1nd to

b1o]oq1ca1]y 1mportant structures with nuc]eoph1111c orqyps, such as

-SH, -NH, and phenolic =0H (Fig. 1). g N ' \

- (e) "Pharhaco Logtcal” Sympathectomy

} There are two groups of druas‘which'may be Considered as

“capable of - 1nterfer1nq w1th the function of sympathet1c nerves to an

extent suff1c1ent to m1m1c sympathectomy These are the adrenerg1c
neurone b]ockers, e.g., TM]O bretylium and duaneth1d1ne and second]y,
druqs related to reserpine | :

| The modes of act1on of drugs c1assed as adrenerq1c neuron&
blockers appear to be var1ed and 1n any case, their precise actions

are unknown. Reserpine, however has a fa]r]y we]] understood mechan1sm

S

gy - /

of action. e

Reserpwne causes a long 1ast1nq b1ockade of transm1ssibn

.- between noradrenerq1c nerves and the end orqans they 1nnervate wh1ch Jds ¢

' accpmpanied bv a marked dep]et1on of the transm1tter content of these ‘

/

" Beaven, 1963). However Kop1n Hertt1nq and _Gordon (1962) measured the

'rats and found no d1fference althouoh the retent1on of NA was consider-

"nerves (Ho]zbauer and Voqt,J1956,.Carlsson, Rosenoren, Bert]er and

N1lsson 1957 Muscho]] and Voqt 1958) Ear]y work/suqqested that. |
these act1ons of reserp1ne were due’ to a blockade of. the membrane uptake
process (Muschol] 1960 Axe1rod Whitby and Hentt1nq, 1961 _Hertting,
Axe]rod and Wh1tby,1961b Dena]er Sp1eqe] and T1tus, 1961, Brodte and; ,

jn1t1a1 rates of uptake of NA by hearts from nbrma] and reserp1n1zed X

ab]y reduced 1n the treated qroup S1m11argconc1us1ons were reached by

“T‘— e 1
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Lindmar and Muschol (f964) and by Iversen, G]bwinski and Axelrod (1965)/
/

who so. showed that most of the NA taken up by reserp1n1zed tissues was
rapidly ]ost in the form of deam1nated metabo11tes | i
A / However, when the effect of areserpine on 1so]ated storage
~vesicles was 1nvest1qated, it-was found that low concentrations (10-7 M)
~of the a]kalold produced marked inhibitien of the uptake of NA (M1rk1n

G1arman and Fr1edman, 1963 Potter and Axelrod, 1963c von Eu]er and

L1sha3ko 1964; Stjdrne, 1964) The marked depletidn of NA that occurs\

after reserptne;'it may be~surmised, is due - to the'faiTure of storade.

ves1d1es to take up NA wh1ch has been taken up into the cytop]asm by the

membrane uptake mechan1sm S1m1]ar1y, during nerve act1v1ty, stored
transmitter. that is released cannot be replaced e1ther by uptake or, by

synthes1s from dopamine as thevuptake of this precursor 1nto ves1c1es is

a1so b]ocked by reserp1ne (Stjarne 1964) . Th1s hypothes1s is supported»

by the finding that the rate of: dep]et1on of NA 1n tissues of reserpin-
.1zed animals is dependentqgh the act1V1ty in the nor%grenerq1c 1nnerva-
-t1on of the tissue (Karki , Paasonen and Vanhakartano 1959; we1nen@t

Perk1ns and. Sidman, 1962 Benm1]oud and von Eu]er' 1963)

\l

! K

£

i

MECHANISMS OF NA RELEASE - . g -
. ) )

= e
a -

The poss1b1e mechan1sms by which NA may~be re1eased from

s

sympathet1c nerves may be summar1zed as. follows: -

(a) Re]ea?e from ves1c1es into cytop]asm and subsequent passage
_ /

b4

across the axpn membrane, wh1ch may occur by

e (i) depo]ar1zat1on render1nq the axon membrane mére . -
!

’ permeable to,NA which d1ffuses rap1d1y out .0f the ce]lw;

- from a free cytoplasm1c stores wh1ch is rep]en1shed from
/

A
the‘yes1c1es by an,equ111br1um diffusion process. ; EJ--'

2
- s

]




30

L1ndmar and Muscholl (1964) and by Iversenj\Glow1nsk1 and Axelrod (1965)
who also showed that most of the NA taken up by reserp1n1zed tissues was
_rapidly lost in the form of deaminated‘metabo1ites.
~ However, when the effect of reserpine oni?solated storage
vesicles was 1nvestiqated, it was found that law:.concentrations (10-7 M)‘
of the alkaloid produced marked 1nh1b1t1on of the uptake of NA. (M1rk1n,
| -G1arman and Fr1edman, 1963; Potter and Axelrod, 1963c; von Euler and
L1sha3ko, 1964 ; StJarne 1964). The marked depletion of NA that occurs
after. reserp1ne, it may be surmised, is due to the failure of storaqe
" vesicles to take :1p NA wh1ch has been taken up- 1nto the cytoplasm by the
.“membrane uptake mechan1sm S1m1]ar1y, during nerve act1v1ty, stored
transm1tter‘that is re]eased cannot be replaced e1ther by, uptake or by
synthes1s from dopamine as® the uptake of this precursor into vesicles is
a]sc;b]ocked b}: res*erpine (Stj'a'rhe 1964) This hypothes1s 1s supporte/d
~by the f]nd1nq that the rate of depletion of NA-in t1ssues of reserp1n—’

© "‘r"

'1zed animals is dependent on the act1v1ty in the noradrenerq1c ﬂnnerva—

4§

tion of the tissue (Kark1, Paasonen and - Vanhakartano 1959; We1ner,

‘Perkins and S1dman, 1962 Benm110ud and von Eu]er 1963)

~

/
ME’C’HAIVISMS OF NA RELBASE

p

The possible mechanisms by which NA mayvbe released from
sympathet1c nerves may be surmarized as fo]]ows - ~
.(a) Re]ease from ves1c]es into cytoplasm and subsequent passage

across the axon membrane wh1ch may occur by
/ (1) depolarization render1ng the axon'membrane more
. permeab]e to NA which dif{uses rapidly out of thevceli-
from a free cytoplasmic stores .which is rep]en1shed from
23.; the ves1c1es by an equ111br1um d1ffus1on process

~ ) ’//
o




kii) transmission of the ré]eag}}ﬁ stimulus to theA
vesiclfs where the storaqe_comp]éx is induced to break
down or the vesic1ebmembranefis disrubted or the vesicular
uptake pump is inhibited, the liberated NA then d1$fus1nq
down its concentration qrad1ent and 1nto the synapt1c )
c]eft N

(b) Release from vesicles d1rect1y into the synapt1c cleft by

(1) fusion of ves1c1es and axon membrane to form

"tight- Junct1ons“ across wh1ch the ves1cu1ar content3-—*-—‘~

pass into the c]eft _
(ii) Bxtrusion of intaet_vesjc]es into bhe cleft
(111) by fusion of veeicles with the axon mgﬁbrane,a'
- i followed by a@ breaking down of the composite membrane
;.at the site of fusidn sb that\fhe vesicular contents
‘are extruded. into the cleft. 'This.possibi]ity has been

termedf"reverse_pinocytbsiS”_or,"exocytosis“.

&) ReZedse'bia the Cytoplasm
N4 . . .

‘The poss1b111t1es Tisted above\under this heading require that
NA re]eased from vesicles into the cytop]asm shall d1ffuse to the |
ic ¢left 1ntact That this is an un11ke]y propos1t1on-1s demon-
strated by exper1ments emp]oy1nq reserpine, wh1ch inhibits ves1cu1ar
uptake of N/ w1thout altering. the axon membrane uptake process (Kopin

et al., 1962; K1rshner 1962; Carlsson et al., 1963; Stjdrne, 1964;l

'Iversen et az., 1965). In reserpinized tissues, 3H-NA is taken up-ét

. . J’." o
~ the same initia] ve]ocity as normal, but the *H-Tabel cannot be recovered

“as NA but. on]y as metabo11tes a1most exc]us1veJy deam1nated products,
. 9, /
1nd1cat1ng that NA is by no means immune tq enzymic degradation when in

/
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'durinq norma] nerve act1v1ty, indicating that s1mp1£ diffusion across

.v : ‘- ._J

free solution in the cytop]asm (IVersen et al., 1965). By ‘treating with

"both reserpine and inhibitors of MAQ before exposinq to exegenous NA;

however, tissue ‘levels of NA can be made to equal or exceed?the levels

in untreated tissues (Pottér, 1967 van Orden et al., 1967a; Higgendahl and
. /‘. . . . .“.' o .
Ma]mfors, 1969; Farnebo and Hamberqer 1971). At these high cytoplasmic

32

Tevels of NA, passive eff1ux of NA is very much 1ess than that occurr1ng L

e

{

the axon membrane is 1nadequate (Potter, 1967 Loffe]ho]z, 1973). If
the nerves are st1mu1ated there is no apparent 1ncrease in the efflux
of NA and transm1ssion of 1mpu1ses to the 1nnervated muscle is not ‘
restored (Owman and SJostrand, 1966 Potter' 1967' van Orden et al.,

1967a; Farnebo and Hamberqer 1971). L1ndmar and Loffe]ho]z (1972) also

-showed the marked temperature dependence of eff]ux from such 1oaded

) nerves in contrast to the re]at1ve 1nsens1t1V1ty of. e]ectrica]]y 1nduced ,

/
re]ease fram norma] nervesﬂ

e

| Further ev1dence aoa1nst a mechan1sm 1nvo1v1ng diffusion
through the cyﬁop]asm and axon membrane‘1s the f1nd1nq that the soluble
prote1ns of the vesicles (dopamine-g- hydroxy]ase and chromoqran1n A)
can be detected in the eff]uent from perfused and st1mu1ated sp]eens,
whereas so]ub]e cytop]asm1c prote1ns of similar s1zes or less cannot

(Geffen and L1vett 1968 Geffen, L1vett and Rush, 1969a 1970b; de
Potter et al., 1969b de Potter Moerman s Schaepdryver and Sm1th 1969a, -

Smith, de Potter, Moerman and Schaepdryver 1970)

It has a]so been shown that on1y structura] ana}oques of NA

which are taken up by both the axon membrane pump and the,ves1cu1ar

'pump can be re]eased on nerve st1mu1at1on, those. ana]oqueL wh1ch are

. taken up by ‘the axon membrane on]y cannot be released (Potter, 1966).
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(b) Direct Release from Vesicles into Synaptic Cleft

The concept. of passaqe of transmitter across a "gap- ".

”tiqht Junct1on"; formed by c]ose appos1t1on of vesicle and p]asma
membranes was proposed for centra1 synapses by Pfenn1qer Akert, Moor
and Sandri (1971) on the bas1s of freeze etched e]ectronm1croqraphs

. However, on 1nspect1on the1r m1croqraphs appeared not to- be 1ncompat-
ible w1th the concept of exocytos1s _

Accord1nq to Kanno and Loewenstein (1966) proteins of molecular
d1ameter of 7 nm or less €an cross t1oht junctions between ce11s / The -
molecular d1m1ns1ons of dopam1ne—8-hydroxy1ase and chromoqran1n A
however are‘of the order of 12 nm~(Smfth 1973), so that it .is un11ke1y

that thls mechanism operates, as these prote1ns are re]eased a]onq w1th

NA as descr1bed above. A N L L ‘(

~
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- The poss1b111ty of extrus1on of who]e vesicles has been inves- -

t1qated us1nq the 1nso]ub1e ves1c1e membrane bound form of dopam1ne B-
hydroxy]a;e ae a.marker, _Ana1y§1s of the effluent from perfused and
etimu1ated sp]eene revea]ed.only the’ép}ub1e formaof this protein, in
addition to which, prolonged stimulation fa11ed to reduce the t1ssue’
content of the membrane bound form (Sm1th et al., 1970; Chubb, de Potter
and Schaepdryver 1972 Smith, 1973) : o

) : S :
Stronq support for the concept of: exocytos1s as’ Droposed by.*.

de Robert1s and vas Ferrelra (1957a, b) for release of»catecholam1nes is

©

: found in the adrena] medulla:-

- {a) /ReTease of catecholamines from perfused and stimulated

adrena]s is accompan1ed by the same’ sto1ch1ometr1c proport1ons e

of nuc1eot1des and soluble prote1ns as are found in 1so1ated
A ves1c1e preparat1ons (Banks and- He@]e 1965; Douq]as and Po1sner,

1966 K1rshner, Saqe Sm1th and K1rshner 1966;'B]aschko,aCom11ne,

/



Schnejder, Si]ver'and Smith ]967 Saqe Smith and K1rshner, '

19675 Schneider et al., 1967; Trifaro and Poisner, 1967).

(b) Lipid components of. vesicle membranes (phospho11p1ds and .
l‘cholesterol) are not re1eased on stimulation and there is no
,fdecrease in the lipid content of vesicle preparat1ons made from

dep]eted glands (Po1sner Tr1faro and Doug]as, 1967 Schne1der
xet al:, 1967 Tr1faro Po1sner and Douq]as, 1967) ) o
~(c) Typ1ca1 cytop]asm1c proteins, such as 1actate dehydrogenase
': and DOPA- decarboxy]ase, are not released w1th ves1cfe contents i

(Schneider. et al., 1967; Viveros et aZ 1968). |

(d) E]ectron m1croqraphs apparently show1nq fus1on of ves1c1es
w1th the plasma membrane and the actual exocytos1s have been ‘
‘pub11shed (de Robert1s and vas Ferre1ra 1957a b; Coup]and

1955 Diner, 1967; Fillenz, 1971). - =
In the case of noradrenerg1c nerves, the evwdence 1n favour of
i exocy{osnsv1s less clear. Perhaps the best though tenuous, ev1dence 1s
- that noradrenerg1c nervesﬂ'ﬁar a close embry010q1ca1 and funct1ona1
‘relationship to adrenal medu]Tary cells. Un]nke the‘neuromuscu]ar
Junct1on of striated musc]e the d1stance between smooth muscle cells and.
the noradrenerg1c f1bres which 1nnervate them is very: var1ab1e and is in
any case cons1derab1y 1arger - 20 to 1000 nm (Burnstock 1970)
Consequehgli the concentrat1on of" NA arr1v1nq at the post synapt1c
‘membrane ends ‘upon both the quant1ty of NA re]eased and\fhe d1stance
1t has had to diffuse- and 1s therefore ]1ab]e to vary The demonstra-
t1on of spontaneous Junct1on potentlals {SJP) from smooth musc]e cells
with noradrenerq1c 1nnervat1ons (Burnstock and Ho]man 1962 19663

-‘Or]off 1963) para]]e]s the demons;rat1on of miniature end p]ate potent1als

(MEPP) at neuromuscular Junct1ons of ske]eta] muscle (Fatt and Katz,
/.0

- 34

PEETEN



'/ | .35
1952) except that the amp11tudes of SJPs. appear to be cont1nuously
graded, in contrast to the d1scont1nuéus distribution seen with MEPPs.
/
The qradation of SJPs could be due to ‘€ither var1at1on in the sizé of
| transm1tter quanta or to the differences in the d1stances between re1ease
s1tes and post Junct1ona1 act1vat1on s1tes (Ho]man, ]970)

Severa1 worker{ have tried to ca1cu1ate the amount of NA!
»released per. var1cos1ty4dur1no nervous act1v1ty (Fo]kow, Haqgendah1 and"
L1sander 1967 Fo]kow and Haqqendah] 1970; Bevan Chesher and Su, 1969
Bell and Vogt, 1971) and these est1mates ranqe from about 400 to 9000
mo]ecules of NA per var1cos1ty per st1mu1us These workers also squest
~that each ve51c1e contains about 10 ,000 - 15, OOO mo]ecu]es of NA, so
that 1t wou]d appear that e1ther 2 5% to 607 of the content of s1ng]e

vesicles are released per. var1cos1ty per st1mu1us or that the totatl

content of one ves1c1e 1s re]eased from between 2. 5% ‘and 60% of the

5 varicos1t1es per stimu]us (Sm1th and W1nk1er ]972) This 1atter 1s a]so

consistent w1th the v1ew—that the contents of a single ves1c7e are
:released from each var1cos1ty every 2-40 stimuly, wh1ch correlates we]]
w1th the f1nd1nq that 1n the sympathet1c supp]y to the pu]monary artery,
’a response is not obta1ned until a critical number of pu]ses has passed-
- (6-8) (Bevan et aZ 1969) As it 1s conce1vab1e that many var1cos1-_f
ties are w1t§1n range" of any smooth musc]e ce11 then thetvary1ng
d1stances cou]d exp1a1n the var1ab1e SJP size. :‘ : -
“The demonstrat1on of chromoqran1n A and dopam1ne -B- hydroxylase
in the effﬂuent from-perfused sp]eens and the absence of cytop]asm1c \

enzymes c]ear]y supports the app11cab1l1ty of the exocyt051 concept

K . to adrenerq1c nerves, a]thouqh the sto1ch1ometry 1s ]ess well estab11shed

than it ijs for adrenal medu]]a (Geffen et aZ 1969a de Potter et al.,
1969b; Sm1th et al. 1970) . '

.'Q" i
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The e]ectronm1croscop1c ev1dence for exocytosis from noradren-
erq1c nerves is scanty, at best a]thouah Fillenz (1971) has oub11shed
m1croqraphs apparently show1nq fusion of- ves1c1es with axon membranes
and one qf her m1crographs shows what may be an open1nq between the
‘1ns1de of a ves1c]e and the extrace]lu]ar Space, Anbther of her m1cro—‘
graphs shows an apparent]y empty vesicle st111 attached to the plasma =
l'membrane a]though Dr. F111enz states that "Fusion of the ves1c1e
mémbranes w1th the axon membrane is on]y rarely seen 1n nerve: term1na1s
from norma] t1ssues" An 1nterest1ng specu]at1on reqard1nq ‘the rar1ty
of such events 1in e1ectron m1croqraphs wou]d be that as f1xat1on
probab]y proqresses from the axon membrane 1nwards, and 1f the fus1on
of ves1c1es w1th the axon membirane fo]lows the random bombardment of
the latter w1th ves1c1es in Brown1an mot1on, then as the v1scos1ty of
- the aXOplasm near the membrane increases w1th the inward spread of
| fixation,’ the probab1]1ty of finding a veswc]e there goes down | Only
‘x’those ves1c]es actua11y trapped by fus1on with the axon membrane will
:be seen with any. regu]ar1ty and the posswb111ty of d1ssoc1at1on be1ng
1nduced as the f1xat1on reaches:the outer 1ayers of membrane rema1ns
(t e, an “al]oster1c" d1ssoc1at1on of ves1c1es and- axon membrane)

- Ina comb1ned e]ectronm1croscop1c, pharmaco]og1ca1 ‘and
funct1ona1 study, van Orden et aZ (1967a) found that treatment w1th o
reserp1ne produced a proqress1ve deqranu]at1on of ves1c1es wh1ch cou]d '
be corre]ated with the reduction 1n NA content of the t1ssue and 1mpa1r-‘
ment of neuromuscular transm1ss1on A | 7

- It therefore seems qu1te 11ke1y that exocytos1s is the mechan- 2
. ism by wh1ch NA s re]eased from sympathet1c nerves, but unt11 the

stoich1ometry and b1ochem1stry of the process are more fu]]y understood

o it must rema1n a hypothe51s on]y
. /

e



ELECTROPHYSIOLOGY OF NQRADRENERGIC NERVES

Because of their sjze, 1ntrace11u1ar record1nqs from per1phera1

‘noradrenerq1c nerves are not feas1b1e except 1n ganglia where the cell

bodies are large enough to allow penetration with‘micro—e]ectrodes,

~although here, too, penetratjon is not easy. owing to the tough connec- -

~tive tissue sheaths around‘qang1ion cells. However, extrace]]u]ar

'record1nqs are poss1b1e e1ther by surface e]ectrodes (Eccles, 1935) o

by the sucrose-gap method (Koster11tz an& Wallis, 1966) as well as
extracellular recording usingimicro-e]ectrodes (Skok, 1968) although
this ]atter is rare. . '

The e1ectr6bhy$1eloq1ca1 study of term1na1 noradrenergic

=y

fibres is frauqht with d1ff1cu1t1es and is essentially on]y poss1b1e

1gnd1rect1y,.e1ther by record1nq‘ant1 -dromically from the non-terminal

axon or by record1nq post- Junct1ona1 potent1als from the 1nnervated
muscle cells (Burnstock and Ho]man, 1960).

The membinne potent1a] of the sympathet1c qanq11on cells has
been found to be between -40 and . 70 mv . (Haafe]y, ]972) According

, to Haefe]y (]972) these estimates are more Vike]y to be 1ow than high

anﬁ consequent]y the true,'”typ1ca1“ rest1ng membrane potent1a1 of a

ganglion cell- 1s‘ﬂ1ke1y‘to be nearer -70 mV thaﬁ -40 mV. In froq,

'sympathet1c para vertebra] qanq11on ceils (1ntracel1u1ar e]ectrodes)

' 5.and Ray, 1963; Kosterlitz, Lees and WalTis, 1968)

e e
and rabb1t super1or cerv1ca1 ganglia (sucrose gap) the membrane poten-

tial was found to be proport1ona1 to the logarithm of the externa] K

“concentration ([K ] ) for [K 1, above 8 - 10 mM, reductlon of [K ] below |

(

-th1s hav1nq 11tt]e effect on membrane potent1alg£Elzckman, G1nsborg _

The reason for the

rest1nq membrane potent1als being less than the K equ111br1um potent1a1

-~
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is not c]ear, a}fhouqh in the intracellular{ study (B]ackman et aZ
1963) changes in the Teakage res1stance of the mlcroe]ectrodes cou]d
explain this difficulty. Blackmanet:al (19 also showed that in frog-
ganglion cells, sodium and ch]or1de potent1a1s do not contyibute
measurably to the membrane potent1a1
H1stor1ca11y, it was Bernsteln (1902) who realized that the
thermodynam1c pr1nc1p]es descr1bed by Nernst and Ostwald cou]d be app]1ed
t® electrophysiology. The Nernst equat1on was originally der]ved to
describe the electrochemical- equ111br|um between the e]ectr1ca1 work
needed to move a small quant1ty of ions across a bouhdary and the
osmotlc work needed.to move the same number of ions in the/oppos1te
direction. Bernstein .. v]ated that the membrane of excitable cells
was selectively permea "o 5 k' a]one when at rest but that dur1ng
excitation, numerous "pores" ‘opened,. a11ow1nq penetrat1on by other small
jons, primarf1y Na+ and C1°. This theory explained the ma1ntenance of

-~

' the high 1ntrace11u1ar K and Tow intracellular Na as being due to the
“inability of Na® to move down its concentrat1on qradhent ‘because of the
1mpermeant membrane the 1eakage of KF be1ng opposed by the deve]opment
of an electrostatic force: The membrane potent1a1 qenerated by the '
charge separation was then descr1bed by the Nernst equat1on -

RT [K ] /

E=— tn ———
Fo [K Jout

~fThe theory accurately predicts that the potential w111 fall as the-
‘external [K 1.is raised. - ’ |

-_: However, a]though‘the Nernst equation can be,app1fed to
_excitabTe}oet1s, the reason for the ionic separation has been found not
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to fit Bernstein's postulates. It was found, instead, that both Na+
and K* are 1n a steady state of flux across the membrane and at compar-
ab]e rates (Lev1 and Ussing, 1948; Harr1s and Burn, 1949; Keynes, 1954).
The ma1ntenance of the e1ectrochem1ca1 qrad1ents necessary for maintain-
ing the membrane potential were f1na11y found to be due to the existence

" of the so-ca]]ed "Sodium Pump". In this system, a basal Tevel of meta-
bolic energy is utilized to transport Na 1ons out of the cell at a rate
equivalent to the rate at which they leak in, simultaneously transport1nq ’
K" ions into the ce]] Na and K apparently being exchanged on a one- |
for-one basis (Hodgkin ‘and ﬁeynes, 1955). :Thus,‘the deve]opmentﬁof a

| potent1a1 is due to the much higher permeab111ty of the membrane to K
than to Na . . o

The excitable cell membrane can be represented by the equiva—
lent e]ectrica] c1rcu1t d1aqram shown in F1g 2.

The actua] value of the membrane potent1a1 will be somewhere
between the extremes of the equilibrium potentials for Na* and K s belng-
closer to the channel with the predomifant conductance. I: fact, it.is
fnvariab]y found that the membrane potential is much closer to E, than

Na
are much lower than to K*;

E,. as the permeability and conductance of the :membrane at rest‘to.Naf

w - - If;ne consider what change will be ekpected in. the membrane
potential when the external KC1 conoentration is-raised, we will find
that_the %nf]uences ofnthe two’ionic'soecies, K+ and C1~ areyin
obposite direction. That is. to say, e]evatlng the [K ] W111 tend to
make the membrane potential less negative (Z.e., depo]ar1zation),hhereas [V”\>;
high [C]‘] ot will tend to hyberpo1arize.the'membrane If'jUSt K+b |
taken into account, in the ideal s1tuat1on the membrane potent1a1 change .

w111 be inversely proport1ona1 to the logarithm of [K ]out
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Fig. 2. Equivalent circuit diagram for cell membrane.
'R '

m

EK = equilibrium potential of k* (-70 to -100 mv)

membrane potential

conductance of membrane to ionic‘specjes i

ENa= equilibrium po;entia] of\ya+ (+Sd to 465'mV)
Egy equilibeium potential of 1° (~45.to -90 mv)

/

Inside.

negative
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account a contribution from Na - ‘ ~

'by replacing a. su1tab1e proportion

. . . +
T T _ RT " EK ]out
-~ . ~ g i\ +

F _ [k ]in

However, as ment1oned above th1s re]at1onsh1p was found to app]y when

[k+ "oyt exceeded 8 - 10 mM (B]ackman et al., ]963)

Hodgk1n and Horow1cz (1959) were able to fit the exper1menta1
po1nts obta1ned from frog ske]eta] f1bres to an equation taking into
N
-/ |
[K* 1ot * a[Na Tt - e
: . RT S
) ktana = o A - !
B ' oI Jin *ola Jm |

/

where a 1s defined as the permeability ratio, P /P (Hod;kin and Katz,;
1949). . In this. 1nstance the va1ue‘of a was 0. 01 In their'paper,
Hoqu1n and Horow1cz (1959) point out that the pred1c ed re]at1onsh1p
between membrane potent1a] and [kt ] on]y app]1es when equ111br1um

is reached. In order to chanqe the values of e1ther [K ]0 ¢ or [C] ]
without disturbing the equ1]1br1um therefore, they accompan1ed chanqes
in the (externa]) concentrat1ontof one of these 1ons with a rec1proca]

chanqe in the concentrat1on of the other 50 that the product [x* ]

f the anion with the methylsuiphate

10" (-CH, S0, 7). In tggs way rapid. 1nstantaneous) and revers1b1e changes

Hn membrane potential may be prod ed w1thout 1nduc¢gq any net f]uxes

of kt or C] across the ce]] membran .

/ '

e
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_[Cl ]0 ¢ remained constant (Boy]e and Conway., 1941).  This they ach1eved -



t
superior cervical. qang]ion of a rabb1t by the sucrose gap techn1que
obta1ned results similar to Hoquln and Horow1cz (1959) when they raised
[K ]o ¢ e1ther by subst1tut1nq KC1 for NaCl or by add1nq K250, and |
keep1ng the’ [K ] . [a1” ]out product constant a1thouqh they do not

report how long the ganglion was “aTlowed to remain in the test so]ut1on

before tne potent1a1s were measured ‘Blackman et aZ (1963) measured

the membrane potent1a1 in frog sympathetic gang11a using micro-electrédes

‘ A}
and found that the potential chanqes induced by the addft1on of isotonic

KC] were not obv1ous]y d1fferent from those obta1ned when C] free
R1nger S so]ut1on ‘was used (substituted w1th CH3$0a ). They conc]uded

D

that the contr1but1on of C1° rons to; the membrane conductance was sma]]

' although the1r attempts to fit the measyred\rest1nq potent1a] and

S

externa] [K ] to the Nernst equat1on or the mod1f1ed equat1on of Hodgk1n

—

.and Horowicz were not p25t1cu1ar1y successfu] However their f1nd1ng
that changes in Dotent1a1 with [K ] - were essent1a]1y the same when :

e1ther C] or -CH3S04~ was the extennal anion strong]y squests that the

.contr1but1on of C17 to the membrane conductance was van1sh1nq1y sma]]

a0

They supported th{s ~conclusion by show1nq that replacement of C1° by
CH3S0,” did not produce the transient depolar1zat1on pred1cted 1f there'
was a significant C1” ¢hannel in the membrane Whether th1s holds true :
for mamma]1an sympathetic neurones 1s uncerta1n pa1though the ‘work of
Koster]1tz et al. (1967) tends to support this. poss1b111ty HoweVer,

1f there is an appreciab]e c1” channe1 then elevation of [C] ] W111

tend to oppose the depo]ar1zat1on produced by h1gh [K ]out S LT' -
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. . . of '
MECHANISM OF THE TRANSMITTER-RELEASING. ACTION OF. KC1

{ o
Lo, M

- {a) Ionic Basis of Trrmsmittcr }?elease D

Much of the work.aimed &t e]uc1da%1nq the jonic events wh1ch
occur in the nerve terminal during the“transduct1on of the action
potential to the re]éase of transmitter has been carr1ed out on cho11n-
‘ergic systems, . larqely because of the ease with wh)ch post- synapt1c
e]ectr1ca1 activity can be recorded Us1nq the frequency of me. P.p.S

as an 1nd1cat1on of the . amount of transm1tter (ACh) released, it has

been found thatﬁ@ﬂgouevers wh1ch depo]arqze the pre-synaptic nerve 1nduce ’

transm1tter re1e%se in proport1on to the maqn1tude of the depo]arﬂza-

“tion, 1rrespect1ve of the manner in wh1ch the ner\es are depolarized

- (Del Cast1]]o aanKatz, 1954 L11ey, 1956 Hag1wara and Tasak1;—1958

Takeuch1 and Takeuchi, 1962 Lester 1970) That thé release_1s dyé to ’

*
depo]ar1zat1on per se and not to chanqes in Na* and'K conductance

assoc1ated w1th the act1on potent1a1 s shown by the f1nd1nqs that
transm1tter reJease cou]d be e1]1c1ted in response to d1rect depo]ar1za-
' tlon fo]10w1nq treatment with tetrodotox1n (TTX), which® abo11shes the
propaqated act1on potent1a1 by se]ect1ve1y prevent1ng the increase in
“Na* conductance upon wh1chbth1s process depends (Katz and Miledi, 1967)
S1m11ar]y, tetraethv]ammon1um (TEA), wh1ch prevents the deve]opment of
.an outward k* current, does not- prevent ACh re]ease when depo]ar1zat1on
s 1nduced by current 1n3eo¢1on from an internal e]ectrode (Katz and
M11ed1 4969) However, remova1 of Ca " from. the bath1ng med1um‘resu]ts
Jn a fa11ure of ACh re]ease, a]thouqh the a9¢1on potent1a1 pers1sts
(Dodge and Raham1moff 1967 Katz’ and M11ed1 1969). - ¢

jﬁThe essetﬁlg gture of external ca™t ions 1n transm1tter

A / ( ‘Z P r’ &hi’ h " ‘ e
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‘Ca 1mpermeant membra

. s N ~x4:1'
release has been formalized ¢in the "ca1c1um hypothes1s” wh1ch,

in essence that dur1nq depd]ar1zation of the terminal part of the axon,

t.e., that part from which transmltter re]ease occurs, the norma]]y

.( K/P ¢ 1000; Hodgkin and Keynes, 1957)‘

becomes more permeab]e to Ca + jons and that the resultant influx of

++ B " :
Ca’ " jons in turn initiates or controls transmitter release (Katz and

Miledi, 1965). Katz and Miledi (1967) obtained eviden'ce which strongly
suppoﬁﬁh.the arqument that Ca anflux is dependant upon the membrane : \ i
potential? They used the giant synapse of the squ1d which they treated a
with TTX and TEA in order to block both the Na and K* channels and
thusaprevent propaqated attivity The synapse waS”preparéH “with a mwcro-
e1ectrode in the pre synapt]c fibre for st1mu1at1onqand a retord1ndv
micro-electrode in both the pre- and post—synaét]c f1bres By app1y1ng

st1mu11 of re]at1ve1y long durat1on (to all 1ntents and purposes vo]tage-

P c]amp1ng the pre- synapt1c f1bre)‘and by record1nq fpdm’the post synapt1c

f1bre for a number of 1ncreas1nu1y large st1mu11, they found that,the a
post synapt1c response, 7. e. transm1tter release, increased but then - /‘.
fell off at h1gher potentials until 1t comp]ete]y d1sappeared whilst |

a response nowoappeared when the stimulus was sw1tched off, In this |

paper (Katz and Miledi, 1967) and in another (Katz and M11ed1, ]969)

these authors obta1ned va]ues for thls "Suppress1on potent1a1" of between
470 WV and “+140 mV In other words tHe equ111br1um potent1a1‘ifr the

ion respons1b1e for transm1tter release is between +70 and +14O mV, this
1on presumab]y be1nq Ca - The surqe of transm1tter re]ease which

occurred dur1nq the repo]ar1zat1on of the pre synapt1c fibre after -

/ I
depo]arlzat1ons beyond this equ111br1um potent1a1 can then be exp1a1ned

o

as be1nq due t0¢an 1nf]di19f catt’ during the t1me that ‘the membrane is -

'3 L
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/ .
recovering its resting pdtentia], assuminq.that the permeability of the
nembrane to Ca++ is ]arquy determined by the Membnane potential. In
addition, it might be expected that durinq.pno]onged_depo]ariiations
in excess of the ca'’ equilibrium potent1a] catt 1ons would move ‘down

‘the1r electrochemical qrad1ent out of the nerve ce]], s0 that during

; ]_repo]ar1zat1on there could be an enhanced 1nf1ux of Catt due to an in-

creased inwardly d1rected concentrat1on qrad1ent . The' maJor stumb11nq
(

block to the 1mmed1ate acceptance of th1s—evfd%nce as conc]us1ve support
for the "ca1c1um hypothes1s" is that a know]edqe of thegtree,_1on1zed
1ntraCe11 concentrat1on ﬁ% necessary to allow calculation of
the Ca*t equ1]1br1um potent1a1 and a]thouqh this is not current]y ava1]-
Fab]e as. an 1ncontravert1b]e fact est1mates are ava1]ab]e which would |
put the calcium equ1]1br1um potential we]] w1th1n the range of the
suppress1on potential" descr1bed above (Hodgkin and Keynes, 1957 katz
and M11ed1, 1969 M1]es,']969) ;urther ev1dence that ACh secret1on
depends upon an influx of Ca + was prov1ded by B]auste1n (1971), who
showed an 1ncreased uptake. of *5Ca during ACh release 1nduced by nerve
stimilatien. . - , - ?“\ ——
' | “In adrenerg1c nerves the position seems s1n11ar, in that NA
'release depends upor Y 1o1ar1zat1on itself and that the act1on potent1a]
with its. attendant Na' and K sh1fts is unnecessary, wh1]st external o ‘A: N
, Cé++ ions are aqa1n ob11gatory requ1rements “Thus in a number of sym- |

++
pathetically 1nnervated organ preparatlons remova] of Ca  ions from

- Pt

“the bg#hing so]ut1on has been found to 1nh1b1t NA release (Kirpekar and
Mis ]967 Haeus]er et al; 1968a, b; K1rpekar and Wakade, 1968;
B1sby and F11]enz 1969;_Nash et al., 1972) Release of adrenaline?
mlyfrom the adrena] medul]& also regg1res Ca SDouglas'andkRubin,'1963).

0

3
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Perhaps the most relevant work to the prob]em being considered here has

- been performed by Haeusler et al., using. the perfused, 1nnervated cat

r»heart By p]actng\?ecgrd1nq electrodes on’ the sympathetlc nerves to

the heart, and perfus1no the coronary circulation w1th so]ut1ons con—
taining ACh and/or h1gh K* » they were able to record ant1 drom1c nervous

act1v1ty (Haeuster. et aZ 1968 a, b Haeus]er, Haefe]y and Huer11mann,

l l

, 1969) They found that K caused a ‘brief burst of anti- drom1c act1on

potent1a1s and that ACh caused a more sustained firing. When ACh was.
1nfused into the heart in the presence of -high Kt and after the initial
burst of f1r1nq in response to- the K had . subs1ded they 'were unable to
obta1n the usua] susta1ned action potent1a] act1v1ty, wh1cl‘demonstrates
in an 1nd1rect manner that high’ K was caus1nq a susﬂalned ‘ﬂto]ar1za-*
tion. They were also able to demonstrate that both ACh and high K |
caused a release of NA from the heart and that. this re]ease was unaffected

by TTX which abo]1shed the propagated electrical act1v1ty norma]]y

assoc1ated w1th .these agents They also demonstrated the essent1a1

nature of catt for the re]easejgf NA 1n two ways:

+
1. Perfusion of the hearts with solutions free of Ca

'prevented'the ACh and Kt induced release of NA without attering
*the recorded ‘electrical act1v1ty - o )

e AL

2. Inc]us1op of amethocaine (tetraca%ﬁ!ﬁ in the perfus1ng fluid

-

-abolished the induced release of NA' before the electrical act1v1ty

W\S\Jmpa1red (Amethoca1ne has been shown to inhibit Ca

‘ influx Without,alter1ng Na flux [Doug]ascand Kanno, 1967].)

A

Such ev1dence has 1ed Haefe]y (]972) to conc]ude that ". e]ectrosecree‘

tory coupllnq at adrenerq1c nerve- end1nqs seems .to be essent1a11y

-"L .

-
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: similar to that ‘previously found at motor nerve end1nqs and in the .
adrena] medulia....". In other words . the stlmulus for transm1tter re-
lease is an 1nf1ux of Ca ions which 1s 1tse1f the result of a per-

missive a]terat1on in membrane permeab111ty assocwated w1th depo]ar1za- ." .
tion. 7 _ _ o
- As stated at the beq1nn1nq of th1s 1ntroduct1on, the use oﬁ
t> elevated. k* has been used by many workers as a stimulus for,transm1tter
re]ease the un1versa1 assumpt1on being that its act1on in th1s regard '
1s medtated so1e1y by a depo]ar1zatlon of the nerves in the t1ssue under _
_ study In the adrenergic system there wou]d appear to be onhy one study.
wh1ch in any way answers the quest1on of - whether th1s is in fact the
mode of action of k* and. th1s ev1dence Was d1scussed above (Haeus]er
et al., 1968a) Thus a1though the stud1es on NA re]ease mechanisms
| which have re11ed upon (& st1mu1ation are 1mportant 1n our un erstagd1ng
of the subJect the bas1c prem1se that the K* 1nduced me]ease of NA 1s

I

qua]1€it1ve1y comparab]e with that evoked by e]ectr1ca1 st1mu1at1on of
B ¥
~ the sympathetic nerves rema1ns untested (Haeus]er et al., 1968a, Starke,

\.

1972a, b; Starre and Montel, 1974)

In this context, it is 1nterest1ng to note that there are. two ;

o

reported 1nstances in which there is a d1fference between K 1nduced NA
~release and that induced by some other,/but,yet nerve st1mu1at1ng, method."
In one (Starke andlhonte];‘1974)’dfa/renoeeptor"medﬁgted feed'back
. inhibition of\K 1ndqud NA re]ease was apparent]y 1e59 effect1ve than
when release was induced w;th damethy]pheny]p1peraz1n1um (DMPP)
~ the other, 'fgtgarne 1973) it wasgfound that K 1nduced release of NA
, was apparent]y not accompan]ed by a te]ease -of - prostaq1and1n E as was '&]

that 1nduced by nerve st1mu1at1on S B )
y /- :



o , | Thus; a]though it‘can‘Undoubted1y be arqued that high'K+
f\indtiates release of NA from adrenerqic nervesvby'virtue of its nerve
depoTarizino'actfon, one isvnot"ab1e to araue the‘complementary point,~‘-
uthat K+ produces no‘release“ofiNA fromvany other sites orvby any other

- mechanism.

" (p) Exocw&osié vs. Diffusion

' & - A :
A]thouqh Burnstock and ‘Holman (1966) demonstrated‘anhincrease

*in the frequency of spontaneous junction potent1a1s (S J.P. s) following

i
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e]ectr1ca] st1mu1at1on of the adrenerg1c nerves to vasa deferent1a, such )

li'an exper1ment does not appear to have been performed us1nq h1qh K as

| the_st1mu1us (ef. Ll]ey, 1956) However:/}f'the assumpt1ons of Haefe]y
' (1972) g1ven above-are correct, and if normal, phys1o]og1ca1 NA re]ease
occurs by exocyt031s, then perhaps it is reasonable to concﬁude that as
K produces- depo]ar1zat1ons of’ sympathet1c qanq11on ce]]s wh1ch aqree .
to]erably we]}»w1th those pred1cted by the Nernst equat1on (B]ackman
"'et al., 1963; Koster11tz ét az 1957) ‘then 1ts mode of act1onﬂ1m re-
1eas1ng NA from nerves 1s by exocytos1s Such a conclusion is supported

' by the f1nd1ngs that ‘both e]ectr1ca11y 1nduced NA re]ease and that Qn:'

duced by high K are 1nh1b1ted by the remova] of Ca from the bath1ng~ N

or perfus1nq so]ut1on or the addition of Mgv«_to_lt,(Klrpekar .and M1su, e

1967 Boullin, 1967 HaEUsler et aZ ]968a b; K1rpekar and Wakade, |
1968 Bisby and F111enz 1969 Nash et aZ 1972) on the other hand v

NA release induced by the so- ca11ed “1nd1rect1y act1nq sympathom1met1cs

(Trende]enburg, ]963) is 1ndependent of Ca* (L)ndmar Loffelho]tz and
Muscho]] 1967 HaeusTer et al., “1968). | '



STATEMENT OF THE PROBLEM AND EXPERIMENTAL APPROACH SN

G1ven that e]evated KC] causes a re]ease of 3H-NA from
labelled perfused rat hearts there are'a number of questions which

‘ﬁbst be asked concern1ng the mechan1sms under]ying th1s phenomenon
A

(a) Is the release caused by the KC1 or 1s it osmot1ca]1y 1nduced7
(b) Does the C] contr1bute to the phenomenon or is it so]e]y

due to the k' 1on7 | o

”f(c) In what way is re]ease of 3H NA re]ated to [K 1? . ﬂe”\
h(d) From what s1te (neurona] or extraneurona]) does the re]ease

occur and by what mechan1sm?

«
b d

= . . o

(a) '«KCZ or Osraotw E’ffect" | ' : - . ) | ' .

‘N

r.

Th1s quest1on may be reso]ved by comoar1ng the effects of KC]
and equ105mo]ar _concentrat1ons of both an e]ectro]yte and a ‘non-

e1ectr01yte e.g., cho11ne ch]or1de and sucrose

_ '(b) . rK+hor C;Z_?

The effect of cho]1ne ch10r1de from éa) w111 in part answer
th1s quest1on the use of a potasgﬁum salt other than a ha11de (e g.,

potass1um methy]su]phate) comp]ement1ng th1s

(c) ReZatwn Between [K ] and ReZease |

*This requ1res a determ1nat1on of the dose/response curve of

[x* ] vs. NA re]ease

49
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(d) ‘Siie(s).and’ Me‘chanism(s) of gelease

The’ f1rst step in th1s pgrt of the 1nvest1qat10n wou]d be to

. determ1ne the part p]ayed by uptake 1nto and release from the adrenerg1c '
nervous supp]y of the heart by ach1ev1nq some form or forms of sympath-

ectomy

The second step wou]d then bé to exam1ne the effects of

wanh1b1tors wh1ch are reported to be spec1f1c or se]ect1ve for the

. _ , ,
var1ous s1tes of potent1aT uptake and re]ease : : T



HEART PERFUSION

METHODS

d1s1ocat1on and the ‘hearts remoyed 1nto a d1sh of coo]ed phys1o1oq1ca1

sa]t so]ut1on where b]ood was removed from the chambers by qent]e

squeez1nq

The aortg was cannu]ated and perfused at a constant rate of

4 ml/mln by means. of a per1sta1t1c pump (Harvard Apparatus Co ) Inc ):

-us1ng the

apparatus shown in F1q 3 The perfus1ng so]ut1on was: a.

. Krebs- b1carbonate so]ut1on of the fo]]ow1ng compos1t1on (mM):- NaC1,

118. 5 KC]

dextrose

4.8; CaC]z, 2. 5 KHzPOu, 1.4; MgS0., 1. 2 NaHCOa, 24., 9;

9 1 d1sod1um ethy]ened1am1netetracet1c acid (NazEDTA) 0.03;

ascorb1c ac1d 0.06, or a mod1f1cat1on of this as descr1bed be]ow It

was qassed with oxygen conta1n1ng 57 carbon d1ox1de and was ma1nta1ned

at 37°C

means of two stop -cocks. Eff1uent was cont1nuous]y col]ected in test’

The so]ut1on perfus1nq the hearts cou]d be rap1d]y chanqed by

i

tubes on & fract1on co]]ector set to 2 min per tube

- The hearts were perfused for 10 m1n w1th the norma] Krebs

so]ut1on before any 1nfus1ons were begun and any hearts that were not

beat1nq well at the end of th1s Jerlod were assumed to have comprom1sed

c1rcu]at1ons and were d1scarded Th1s was a rare occurrence

Modifications to.Perfusinszqutibns

(a) - High i#: Nufland Li+;soZuti0ns.

~ KC1, NaC] L1C1 potass1um methyl su]phate or sod1um

.methyl sulphate (KCHasot, NaCHssOt, E]ectron1c qrade C1ty

Chemical Corporation, New York) was added to the norma]'solution.

. ;.
-1l

N
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Fig. 3. v' Heart perfusion apparatus..
Y A I

3 - n
H - Noradrenaline

L Syringe driver -

— Collecting tubes

in fraction collector

52



53
‘- Unless otherwise specified, the reported concentration ofjshese
~high Kj and Na' sq1utions in the text‘refeks to the excess of
cation. Thus, the soiutiqnfreferred to as 56 mM K in reality

contained a total of 62.2 mM K+. These so1utions were hypertonic.

e
o

(b) H’Zgh su’czlﬂose' and chold:?e chloride.

! These solutions were prepared as osmotic comparlsens
with 56 mM KC1 Krebs. It was assumed that a so1ut1on conta1n1nq : v';_
‘56 mM choline. ch]oride would have the same.osmo]arlty as 56 mM B .
'KC] Krebs or veryﬂc1ose to this. The’concentratibn'bfvsucrose T
] needed to make a so]ut1on equa]]y hyperosmot1c, however, is not
immediately obvious. -The osmo]ar1ty of 56 mM KC1 Krebs ‘was -
therefdre detefmineduus1ng an‘osmom;fer (Adyanced Instruments,
“Inc.). | | “

_ A series of 3 concentrat1ons of sucrose in Krebs was o
a1sd_prepared (75_mM 100 mM and 112 mM) andvthe osmolar1ty of |
these'so1utibns'was detenm1ned in the same way. . The sucrose
concentrat1on which was equa]ly?%ygerdémo]ar with 56- mM KC1 ;”i
Krebs was then determ1ned by 1nterp01at1on|on a graph of sUcrose |
mo]ar1ty vs. osmo]ar1ty (F1g 4) This concentratlon-of sucrose
was - found to be 90 mM.- The osmo]ar1ty of 56 mM cho11ne ch]or1de»?

fthrebs was_also measured and found to. be 392 “mOsm compared with

386 mosm for 56 mM ki,

(c) i free solufion.

This was the same as the normal Krebs so]ut1on e;\Ept

that the KC] was replaced w1th NaC] and the.KHzPOq was om1tted

I
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(d) Perfusion solutions containing drugs. "F Co =

" These were made-up to the reported concentrat ons
' 1mmed1ate]y before the first exper1mént of the day by serial

d11ut1q¢s of stock so1ut1ons A

. A{e) Loading of transmitter storés

o

Triti&ted NA (ﬂ NA- 7 s New England Nuc]ear) w1th L
;2 specific act1v1ty of 6.41 or 3. 7 Ci/mM was made up to a )

2 X 107° M stock solution in 0.01 N HCOY conta1n1nq 0.1 mM

NazEDfA and 0.06 mM ascorbic acid and storgd at 4°C in the
- dark. For infusion, this stock so1ut1on was diluted to

.4 X ]O'6 ‘M with 0.0T N HCT. conta1n1nq 0.1 mM NaoEDTA, 0. 06 mM

' ascorb1chac1d and 154 mM NaCl. This so]ut1on was,1n3ected S
intoethe perfusion so1ution 3ust ahoue~the aortic va1ve of “
the heart by means of a narrow, polyethylene tube attached
to a motor- dr1ven syr1nge (Sage Instruments, Inc ). The
" injection rate was 0 1 ml/min in all exper1ments This rate
gave a final concentrat1on of 10'7 M NA in- the perfus1on : ¢>b
solution. For efflux exper1ments, the PH -NA was 1n3ected for
h 10 min, after which t1me the eff]uent was co11ected as -w“.

e

descrlbed above. ' - : TN
. . 6 ° T~

. -~ For uptake exper1ments _the concentration of he\\\w

u 3H- NA was adJusted ¢} that a 0.1 m1/m1n 1n3ect1on rate gave
ﬂthe des1red concentratlon and the 1nfus1on t1me was adJusted
so that 1t was w1th1n the 11near port?on of the uptake vs.

time curve (see "Resu]ts") el I AT
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UPTAKE STUDIES

-
t . -

>

A sé;1es of exper1ments was performed to determ1ne the effect

of high concentratlonigof K" on the initial rate of uptake of *H-NA.
TR NA was 1nfused as -described ear11er at a suitable concentrat1on for :
za suitable tﬁme (see. "Resu]ts") after which. the heart was removed

1otted dry, frozen in 11qu1d n1trogen

samp]es taken for rad10act1v1ty _term1nat1ons To correct for

.rad1oact'v1ty trapped in the ,essels and extrace]?u]ar‘space o% the

heart est1 o1ume were/made using “C-mann1tol The

: 1"C-mann1to1 was 1nfused at a concentratﬁon of 6 x*ﬂO'7 ‘.(;O,S,Ci/m01)f',

for 1, 2, p or 8 min in:- . L ‘u' .
_ W

(a) normal hearts, R R

(b) hearts which were being s1mu1taneous]y infused W1th un]abe]]ed
NA, 5 x 1077 m, | L

(c) hearts which had been 1nfuséd for 4 min w1th ]]2 'mM KC1

| Krebs and wh1ch were s1m11ar1y perfu$ed throughout the

: mann1to] 1nfus1on per1od : r} : 0 v
" The: hearts were then, removed and extracted as descr1bed be]ow and the .

raddoact1v1t1es determ1ned from which va]ues for the 14 *C-mannitol -

_t1§sue water spaces were determ1ned (vo]ume/we1ght 3. From,theSE'd i )

correct1on term for the Y- NA uptake was determ1ned

/- B ‘ o

When uptake of 3H NA was to be determ1ned in: the presence of

o altered concentrations of K 5 the hearts were perfused with. the test

'solut1on for 4 m1n before the *H-NA 1nfu51on was commenced

d extracted as descr1bed later'
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DETE%{NA /ION OF maDIOACTIVITY —

‘,f( Rad1oact1v1ty was determ1ned by 11qu1d sc1nt11]at1on spectro-

metry us1nq a Beckmann L$-230 liquid sc1nt1]bat1on counter, corrections
"X

for quench being made by the channe]s ratio method Fig. 5 Fhows a
standard curve of count1nq eff1c1ency vs. channe]s rat1o using a set of
s1x sea]ed tritiated to]uene samp]es (Beckman Instrdmentsb Inc.) with ..

vary1ng amounts of quench, A standard curve such as‘that shown 1n~?¥q 5

‘was prepared every second month; 'h% apprec1ab1e change was detected duer

\u"

% 2. year per1od y .
NWX The compos1t1on of the toﬂuene based f]uor was as: fo11ows -

[( Sy

to]uene, 1 litre; 2 5~d1pheny1oxaio]e (PPO) 4 606 a; 1. 4 B1s (5~pheny]-a

: dkazol -2. y]) benzene (POPOP) - 0.115 a; B1osolve” (BBS-3,. Beckmann)

;ff]at part of - the curve, g1v1ng qount1ng eff1c1enc1es of better é%én 40%.

" the rad1oact1v1ty of heart extracts (see ]ater) contamrnq"‘JV

, e
0 153 litres. This cockta11 was found ta g1ve qood cbunt1nq efﬁ1c1en¢y

when' count1ng aquepus samples constlfut1nq up to 12% by vo]ume of the

total (Fig. ‘6) As this 11qu1d sc1nt1]1at1on count1nq was performed
using Minj- v1a1s (Nuc]ear Assoc1ates,‘Inc ) whtgh w1]] hon up to 6 m] "' R
the standard count1nq proEEdure was. to add 0. .5 ml of aqueous samp1e to |
4, 5 ml-of f]uor, shake thorough]y and count It can be seen from Mg, 6
athat these _Proportions (1 e., 10% aqueous samp]e) fa]] on a reJat1ve1y ;“
AV

Dark adaptat1on was found to produce no dJSCernable adva ;k; aft

'requ1red aetechn1que s1m17ar to. the 3H count1nq techn1que was

i AN -
Interpo]at1on qQ the 1~C standard curve of count1ng eff1c1ency ab s EROPEEER

-lw

channels rat]o~?F1gJ%?) qave count1nq eff1c1enc1es vn excess of 90% f} ffﬁ}g;’

(usuaHy ea. 93%) l.f gal,i“ - , :
h ’ﬁ . : = S - . ’ L B
e?' w&c @ / e



“
’
. 0
¢ ¢
- ‘
f ! - > S
- s
. ’ .
v
: f i
‘ "y -
.
T ¢ .

09 (,

(=)
(o)
T

(@]
J
T
¢

Channels ratio
£
-t

061 . Jﬁlh

a . O o D . 3 ® . 205 ‘ . "36 . 40 N 50 .
o . . ) PO T .
. - Cobmting efficienc

—

- . | [ |
Fig. 5. ;Quench correction curve for 3H. - o

\ < 2
I/‘ - -
: i ¢
o ! .
v - .
. f ! “ _ )
b : . : o .
L i
& ¢ .
- A - -
A -
- . i'
. . r




o

Counting: efficiency(as %)

Py
LI

59

G R

Aqueous quencher (as % of total volume )
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g

Fig.'6. Effect of samp]e vo1ume on countmg e’r‘f1c1ency Means = S E.M.;

117 The vert1ca1 Tine (_ .

used in subsequent experu@ents

- the Append1x Table 3
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Determination of Radioactivity in Heart Tissue
{

f N -

/

At the end.of both -efflux. exper1ments and uptake
/

exper1ments the heart was removed from the cannu]a and cut

open by two bo1d scissor. cuts from the apeX‘towards the base,

“the p]ane of each cut being perpendacu1ar to the other The’

. heart was then b]otted dry on absorbent paper, frozen in 11qu1d

\ n1troqen and stored 1n - covered beaker at —10 C unt1} extracted.

 The. stOraqe per1od was kept as short as p0551b1e The heart
was then we%agéa coo]ed down 1n 1tﬁ91d n1troqen and pu]ver1zed

N o .
A '.II

by concu551oﬁ9§n a sta1n1ess stee] d?e”§f1g 8), ‘the powder/

1fqu1d nitMagen s%u&&gﬁpoured 1nto a. Dug;k glass homogenizer
‘\“"\‘.,x W PTEH *waﬁw’

tube (S1ze C, Kontes Glass Company) and 4 vo]umes 0f 0.4 N

perch1or1c acid conta1n1nq 0. .01 M NazEDTA added Much of the.

§SEd so]ut1on then froze to a mush .but with ag1t3t1on on a

uor!! X mixer’ (Vortex Genie, F1sher Scysnt1f1c Co.) most of the

part1c1es cou]d be read11y d1spersed through the’ soft 1ce Th1s

" 'was- then homoqen1zed us1ng a motor dr1¢en Duall type qrdUnd

- glass pest]e To attempt to 1ntroduce some degree of standard;-'
o 1zat1on into this procedure the ﬁomogemzatwn was accomphs@ed "
7¥${ by us1ng 20 complete strokes. qap homogenate was then. a]]owed%
to stand for 10 m1n.beforevcentr1fug1ng at 12 000-x gAVE ‘%;?2*‘

4°C “in an ang]e head rotor Quadrup]1cate 0.5 ml samp]es of the

-/ --;a, ;
supernatant were removed and their rad1oact1v1t1es determﬁned;N,f;'

byvli§u1d‘sc1nt111at10n counting as, descrlbed above and the1r

;;wmeans Were determined (By re—homogen1z1ng and re- centr1fug1ng
s AT
" the pe]]et tw1ce more, 1t was fougd that a further 5 to 107 of
rad1oact1v1cy 2ould be extracted Thls further extract1on was
- V'

Tt \ ; o . . T A
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not done 1n these experiments and the act1w1ﬁtes obta1ned were

- not corrected for th1535?

carcurarIon dF RESULTS

(a) Efflux E’xpériments'_ o

The resu]ts of the 11qu1d sc1nt1]1at1on count1nq were collected

Aon punched . paper tape and processed with e1ther a PDP-8 mini- computen

(D1q1ta] Equipment Corporatlon) equipped with a Teletype punched- tape
reader or w1th the centra1 Un1vers1ty comput1nq fac111ty (1BM 360/67)1?

_using MTS-FORTRAN.. The two proorams and an exp]anation are given

_in the Appendix. In essg@gem\ﬁﬁg proqrams converted the raw

o counts to d1s1nteqrat1ons by meahs of 11near 1nterpo]at1on on a stand-

ard curve Fromoth1s and other keyboard input of var1ab1es, three -

¥

’values were ca]cu]ated for each sample and pr1ﬁted in three co]umns

The first co]umn is thg eff]ux from the heart in d1s1nteqrat1ons/m1nf5

heart we1ght/m1n The second ro]umn is the total heart content of

‘rad1oact1v1ty at that t1me ca]cu]ated by back- add1t1on of the eff]ux

LY

| values to the act1v1ty rema1n1ng in the heart at the end o&\the T " ¢

- exper1ment The th]rd column comprises efflux coeff1c1ents or efflux ;

E I
rate constants wh1ch are the fract1ona1 rates- of loss per unit: tlme -
EFflux Coefficient = 'ﬁi—, B

v o BLAL

/

where, AA = the dpm 1ost 1n the time interval At and A ~is the amount of

radioactivity in the heart at the mid- po1nt of the interval At (Hopk1n ..

and Nea] 1971). However as’ effects cou]d not be compared d1rect1y

‘when eff]ux coeff1c1ents were used , all values reported in "Resu]ts"

. . are based on absoﬂyte eff]ux."Jn-some experlments} effluents for each -

S
: e
5

n" 61.\ .



P s Fa

30 m n were. poo]ed!pnd quadrup11cate 0. 5 m] a11quots removed for' rad1o—

act1thy determ1nat1ons In th1s.vay, total efflux could be catcu1ated

~ for each 30 min perlﬂﬂﬂ'which’when combﬁned with a value for the tissue
content at the end of the experiment, y1ejded values for total tissue

3H content at the beginning of the effiux per1od and after 30, 60 90

q,\ . @
i

" and 120 minutes of efflux. . “ o ,L#‘,
. v-“ ¥

F Induced re]ease of *H, T, was determ1ned by add1nq the eff]ux
'°va1ues (corrected for t1me) for the t1mes correspond1nq to the test
per1od (60.- 90 min). - This term, H-release, is expressed in pmolﬁ@{ a

‘ test per1od. -

/

S =/

t=90. E.t_

; i C . , ' L o | .w,v
g o IE § 0 S pmol/g , T
\ o S 60~ ' :
v e - FTT S
' where E = effﬁux (dpm/q/m1n) o o a
, : : R
' té? co]]ect1ng time for each sample'
s = specific act1v1ty (dpm/pmo]) : B d7'ﬁ“L* z -

~In exper1ments where 1t was necessary to compare the effects
of pretreatment 3 parameters were chosen for compar1son These were: -
' (a) TotaZ uptike of 3H-NA This was the f1rst va]ue in the :
second co]umn of the computer pr1ntout .It is referred to as Heart
Content =0y z €5 at zero efflux timé. .'i | .“ _
'(b) Retentzon'of 3H—NA Th1s value is the last va]ue before the .
test per1od in the second computer pr1ntout column and 1s referred to |
as Heart Cortentt =60° i.e., after 60 m1n eff]ux
| (¢) Release of °H. This was‘calculated:as desCriped above}7

In all cases‘Content£=o~and Cc’mtentt=60 are expressed ‘as'% of control,

- | o . . : T ,V v." . . ‘\?



/

. i.e., as percentaqes of the *H- NA contents at e1ther t=0 or t=60 of
hearts from all an1ma1s wh1ch were not pretreated (121 an1mals) In
some cases, re1ease was a1so expressed as percentaqe of contro1 In th1s
case the contro] re]ease value was thé amount of rad1oact1v1ty re]eased

f

from- norma] hearts by a 30 min cha]]enqe w1th 56’mM KC1

(b) Uptake Studies

L. When determ1n1nq uptake, it is necessary to make a cor:ect1on
for rad1é:>t1v1ty rema1n1ng 1n the extrace11u1ar space at the end of
the uptake period and to subtract th1s from the tota] uptake of radio-
. act1v1ty This was done by determ1n1nq a correqt1on factor compr1s1nq
‘the extrace11u1ar space,rad1oact1v1ty in the perfus1ng so]ut1on and thedﬂ'
we1ght of the heart. _ ‘
| The extrace]]u]ar f1u1d volume of the hearts at time t

'expressed as' a percentaqe of the we1ght of the heart was ca]cuisted
‘ accord1ng'tqﬁihe_formu]a.- S

where, D = rad1oact1v1ty ( C) in samp]e of heart extract (dpm)
R ;'di1ution factor = 5/samp1e volume = 5/0 5'= 10
A= act1v1ty of '*C-mannitol (dpm/m]) e

'The va]ue .of 5 used in the determ1nat1on of R der1ves from the use of
4 :4 volumes of homoqen1z1nq f1u1d, i.€., 4 vo]umes i 1 volume of heart

‘(assum1nq the spec1f1c grav1ty of heart t1ssue to be 1. 0)

_ The 1n1t1a1 ve1oc1ty of 3H NA uptake vy .was ca]cu]ated :
| aceording-to_the formula.- ) iﬁg R : i 'u -

1

#,



2 Ty o= .(_B_.X_R_)__—._.C_ pmo] /g/m-”b - ) A :—\
Qxt o ' S

& u_.
o

where, B = rad1oact1v1ty in heart extract samo]e (dpm)

LR = dilution factor (usually 10) N
- C = correction term - I . ,‘_'4"
_ Vt x WxS
100-

W = heart weight (g)-
S = activity of infused SH-NA (dpm/ml)
Vt= extrace11u1ar space (%) |

- Q= spec1f1c ct1v1ty of 1nfused 3H NA (gpm/pmol)
t = uptake t1me - j. - |
Tests of s1qn1f1cance were made by the ana1ys1s of variance

technlque the F test and compar1son of means method descr1bed by Soka]

/
and Rohlf (1959) D1fferences were deemed s1qn1f1cant when P<0.05.

o .
PURITY 0F,3H-hA ,~~—ﬁ§” . - : ;.A‘&
. e _

_ The purity of the 3H NA was per1od1ca11y checked by ce]Tu]ose
. th1n 1ayer chromatoqraphy us1nq a mod1f1cat1onxof the method of F]em1ng
" and C]ark (1970) The 3H NA sotution was- spotted onto plastic- backed
ce]}u]ose TLC sheets (Eastman #6064) and run in a solvent composed of
1-butanol methan01 N form1c acid (3: 1: 1), The chromatograph was then

~cut transversely into 1 cm str1ps and the ce1]u1ose scraped off into

scint111at1on v1a1s where it was mixed with to]uene fluor and sequent- -

- 1a11y cqunted.‘ In some‘gases, the who]e str1ps were p]aced in the

vials, coVered»wlth f]uor~§nd counted. - The counts were plotted aqa1nst

o .
DI

66
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~distance from the origin and RF vaJues for the peak(s) determined. .
; § _ .

These values were thén Eompared with the RF value obtained from the

cnromatodnaph of unfal ed:standard NA which-had bean_sprayed with a

- .colour developer (diazotized) p-nitroaniline) sensitive to catecholamines

and their der1vat1ve - The pﬁocedure for this was-as follows:-

~ : .
Sblutzon A =-0.1 g p- n1troan111ne (Eastman Co.) was dizsolved

in 2 ml concentrated HC1 and diluted to 100 m1

* with water. This solution was kept at’4°C.

Solution B = 0.2 g NaNOz‘was’disso1ved,in 100 m1 water. Thisv»~<§x_
- so]ut?on»was kept %n a-dark bottleiat 4°c for -
- } no'more than”one‘month . | | o %
szntibn Cc=20g¢g K2C03 was d1sso1ved_1n 200 m] waterk /H
Equa1 vo]umes of solutions: A and B were fhixed and allowed to stand for K
10 min on 1ce and then 2 vo1umes ofpsolut1on\C were added and m1xed |

The m1xture was sprayed :onto the p]ates in a flne spray us1ng an atomizer

!

(Kontes Glass Co.) unt11 the p]ates were damp and translucent but not

{

) visibily wet. The co1oured spots deve]op in a few minutes and are quite

stabTe,' It was poss1b1e to detect less :than' 1 nmole oanA by this

coTour»react1on - B L e
B f LN : - AN

The rad1oactivify in chromatograpns of_aH-NA was always
- confined to'a sinfle narrow.band, tnizﬁf of which corréspondéd tb“%he

RF for NA obtaingd using the colour deve]opment-method Any pyrity

was not detectab]q’above the bacquound (see F1g 9

© for a typ1ca] rad1o chromatoqraph) S
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Fig. 9. Radfochromatogram of stock H-NA. -Means of 4 spots, edch
of 10 g *H-NA, 4 mM (6.4 mCi/uM). B
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DENERVATION

(a) Chemical Sympathectomy

AN

Thoenen (1972) has suqqested that the opt1ma1 treatment

~schedule for sympathectomy of rats is two doses of 6-0HDA 50 mg/Kg I/V

g1ven w1th1n 24 hours, fo]?owed by two further‘doses‘oflloo md/Kq given

a week 1ater, In another study, however Cottle and Nash (1974) found

69"

/o

~ that a\\epeated donn of 6-0HDA - was no more effect1ve than a s1ng]e dose ;‘1‘_-'

in causing deqenerat1on of per1phera1 adrenerq1c p]ex1

;n the1r study,

these - ften authons used 100 mq/Kg 6- OHDA q1ven 1ntraper1tonea11y,

wh1ch may result 1n a s1ower and more pro1onqed 11berat1on 1nto the

' b]ood stream than occurs after 1ntravenous 1nject1on

Consequent]y rats were treated w1th a. s1ng1e dose of 6- OHDA

100 mq/Kq by 1ntraper1tonea1 injection. The drdg (6—OHDA.HBr) was:

d1sso1ved'jn 20% ascorb1c acid immediate1y before injection. After

36-48 hours the hearts were removed andlperfused;as described above.

(b) "Pharmaco Zoqiéql "_Syrﬁpathectomy

;o

. _ - o
Rats were treated with. reserp1ne 2 mq/Kg by 1ntraper1tbnea] .

1n3ect1on and after 18 - 24 hours w1th a second dose of 1 mq/Kq given

by the same route. The reserpine was kepf
ascorb1c ac1d in brown glass bott]es

perfusedvone,hour after the second dose

“al mg/m] so]ut1onA1n 20%

. . - / .
& were removed and

pine.

4



MATERIALS . ‘ . . : R : : ;-
L | | T
NaCl, KC] MqSOu 7H, 0 CaC]z, NaHCOa, NwzHPOu, dextrose,
1—buténd1 K2€0; and NaNOa (A C.S. agrade) were obta1ned from Fisher ;
Scientific Co.; hydroch10r1c ac1d (A C.S.) from Baker Chem1caT Co. ; .
'p n1troan111ne and ch011nehch10r1de from Eastman 0rqan1c Chem1cals,‘»
Ce]]u]ose T. L C. p]ates (6064) frqm Eastman Kodak Co.; sacnosé Grade I,
A’from S1qma\Chem1ca1 Co.; KCHaSOu and NaCH3SQ., e]ectron1c Qrade from "\A;-.-
Q:fty Chem1ca1 Corp., N. Y ; 6- hydroxydopam1ne HBr from Terochem A
Laboratories Ltd. , Edmonton; form1c acid, A C.S. from Allied Chem1ca1 | ]

Co methano] and toluene, A C S. from Ma]11nckrodt Canadd Ltd; PPO,.

sc1nt111at1on qrade from Packard Instrument Co > Inc.; POPOP, sc1nt111a-

t1on\@nﬁuf from A]dndch Qhem1ca1 Co. Inc ; "Bio- So]v" BBS-3 from
Beckman Instruments Inc. ﬁNA <7- 3H and - D-mann1to1 from NeW‘Enq1and \;\_f,

"Nuclear. _ )
o w1sh to acknow]edqe g1fts of DMI and reserp1ne from CIBA-

Ge1gy Ltd y and SKF 550, from Sm1th,qK11ne ¢ ' ' ench, Ltd.

I
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&

':iso1ut1on was chanqed back tg nprma] |

' a!qux1mate1y Loq>11hea X

».approx1mate1y 4 m1n of KC1 and then fell to a we]]-ma1nta1ﬁ@d p1ateau

: he KCl per 'se or to the 1ncreased ton1c1t* of the so1ut1on the total

o T T ResuLTS - IR

OSMOTIC AND IONIC EFFECTS | R
. . o - Ta A L .
% Yo : vt

Fig LQ sh ws the way 1n wh1ch the eff]ux of 3H chanqes wwth

o \'l o

time. It .can be seen'fA,t afteq‘about 45:* 50 mih the curve 1s

”s;thns suqqests that on]y a s;nq1e compart-"

/‘d

. CuE
. ment 1s contr1but1nq to the eff]ux at ‘ time, treatments with KCl or ' -

A

fotﬁ%r substances were not ﬁequn unt11 eff]ux had/been going' on for 60

- - L L @

t

min. . ‘ T v S . ﬂ ' gL‘

Wheh"the'perfusth soTﬁtioﬁﬁﬁ%s chan¥ d to Krebs conta1n1nq
an excess of 56 mM KC], a marked 1ncreaso 1n ébeff]d& was 1nduced

Thié is ‘shown in F1q . The 1nduced eff]ux reached a peak’ after .

Js'

. for the rema1nder of the 30 m1n KC] treatment before fa]11ng td

appnox1mate1y the same heve] as contro]s (F1q 10) when the berfus1ng

E.' !‘ . QO '. VN
wr .a. - . R ) &‘/ ’

Pl

In order to- test whether this re]ease phenomenon was due to

a

\
re]ease 1nduced by equTosmo]ar suerose. (90 mM) was compared w1thvthat

’ caused by 56 mM KC] From F1q 12, it can be seen that treatment w1th

90 mM sucrbse reduced rather than 1ncreased the eff]ux of 3H a]thouqh

th1s reduct1on was not. s1gn1f1cant when compared w1th contro] A group :;

t

of bearts was a]so exposed to 56 mM cho11ne ch]or1de wh1chS;e§ulteg
anj

7in an 1ncrease in the eff]ux of 3H ( F1% 12) wh1ch was not f1cant]y'vw~
d1fferent from d/ntrol wh1lst the re]ease 1nduced by 56 mM k@] was very’
.o ;.Aw .

s1gn1f1cant1y d1fferent from contro] (P= <O 01) N ”
- In an. attEmpt to study the effect of ch]or1de ions further,
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S.E.M.3 for control, n = 95 for KC1, n = 16;

7. -The data for this Figure are
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qroups of hearts were. exposed to 56 mMﬁsodium ch]or1de, sodium methyt

‘Sulphate potass1um methyl su]phate and 11Qh1um chloride. The results
B

o of these treatments are shown in Fig. 13. Treatment with MNaC1, NaCHasou
b Q

rand with KCHﬁSON Ghused incregases 1n efflyx wh1ch were not 51qn1f1cant1y

d1fferentvfrom -KC1. treatment The re]ease of *H’ 1nduced byu56 mM L1C1

gy v

* was hot - s1qn1f1cant1y d]fferentgfrom elther contro] or KC] treatment ¥
| CONCENTRATION DE‘PENDE‘IVCE .

JJ . ,
The re]ease of 3H-NA 1nduced by concentrat1ons 0

14 mM and 224 mM in excess of that in norma1 Krebs solution was measured
¢ , .~ ', F . « W
‘;: and the requts.are shdwn in Fig 146 where tpta] H re1ease 1s p1otted
' . . . » - 5:-‘,1”w., W L ) ‘,# N

v vs. the Tog of the tgyal external. [K ]. It can be seen. tﬁatd""

-5 -

a spontaneous eff1ux of *H and that an 1ncrease in efflux did no%wbecome :
A ‘_ P Rl ',.

apparent unt11 the tota}/fKi]“‘\exeeeded about 35 mM ‘As the [K ]

was 1ncreased above- th1s threshold 1eva]"'D however there was a concen-, ,

e Y R

: trat1on dependent increase in eff}ux ‘which appeared to be prqport1ona1

D o ‘ L S o A
“to 1og [K ] o _ D .
~ . : s : : o
| UPPAKE sTUDIES SRR
. o - . - . - wit, -7 . s
- A{a) Determination. of the ExtraceZZuZar’EZuidPVoZumevof the_Rat
Heart - . e : - 4 § e -
= . T - ,
The 1"C-manmto] space - (V ). was, determ1ned after 1“C-manmto1 - ’

. ) ) .(’ f .
. 1nfuswns of 1, 2 4 and’ '8 mn‘l’ﬁ%"‘% % hce of" norma] Krebs,*ﬂ?ﬂi"{a‘ “‘"i‘“

r;KCl Krebs and’ norma] Krebs p]us 5 X, 10°7 M NA'iun]abe]]ed) The results”
-»are p]otted as % water [(m]/q) X 1003 vs. t1me (m1n) in F1g 15. It

¥

.can be seen that in thelpresence_of 5 x ]0“?”h Ng, h]gh vaTues of V;i | - ;

- hd -
".. : ‘ - o f



data for'this Figure a?e‘givéhlin the Appendix, Table 5.+ - .a .
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" were obtained¢ whi]stqﬁi determtned in the‘presence of 1121nM KCT was R

anly slightly 1aroer‘than with normal Krebs. Norte of these latter-

differences.were'siqnificantly different from .their correspondinq

»
v

. controls, whereas all the values obta1ned in the. presence of 5 x 10 7 M

O 1 .
‘4%ﬂ were very s1qn1fvcant1y different from their respect1ve contro]s

.0 X \

oo 1east squares, s1ope 80 58,

“\l -
o .

oyl

(P < 0.0}) except that determined at t=] min, which was not significantly

© different. % :
Y ) : 3 . . L] .
In all subsequent exper‘memts uptake of *H-NA was corrected

~ "

for V us1nq a vaJue of 40% (cf Nash,;G11]esp1e and RobertSOn,f$974).,
(b) Uptake of *H-NA vé.‘ rime . "2‘ .

\\*

Uptake of
of2x]0"7M H-NA.

3
resu1ts expressed as pm61/q are p1otted'vs

_.The“
t1me (mm 1n F1g 16.3' The straight 11ne was f1tted by thbmeth?d of

-

&
L Y_1ntercept = 0.184.

vas no discernab1e fa11—oft-in the rate of-uptake oVer the time course

* studied was observed,S min was chosen as the standard infusion time for

ﬂHmNAjib# determined after 1 2 % andeB min 1n$us1on ;

79

? %‘

i further uptake stud1es Th1s t1me was w1th1n the 11near ranqe and also .

v

gave a conven1ent comprom1se between the Teue]s of rad1oact1v1ty wh1ch
cou]d be eas11y counted and the use of a minimum amount of costly '

tracer L e

(c) Effeét of Zero K+:von"3Hu—'1VA‘ Uptake. .

5 S : <7

;ﬁ‘_:; 3H-NA uptake was determ1ned in: the presence ofﬁnorma1 (6.2 mM)

‘ and zero Kt at *H- -NA congentrations of 1 1.25, 1.67, 2.5and 5.0 x - %
i

x]O 8 M. The results are presented as a double reijrocaiﬁpTot (iiné-

)
d

50“:..

< ‘..1’,
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eaver and Burk, 1934) in Fig. 17, in, wh1ch the reqresswon 11nes were‘qiiv”
gterm1ned by the least squares method '_ L/Q) ’

In the absence of K , the values. of Km and V were 0. 0944 uM ‘
and 84.36 pmol/g/min, wh1lst in normal k% they were 0. 0935 kM and ]20 26

| pmo]/q/m1n, respectively, 1nd1cat1nq an a1terat1on in the max1munlé?te

‘of uptake w1thout any chanqe in the apparent aff1n1ty between NA . and

- . . L

its postu]ated uptake carrier. . e

e . <

- o .
' ) : 3 . - 5 .
T -

‘]‘34' , 118 and 230 mM. The uptake ve]oc1t1es (m01/q/m1n) are p]otte%&\"d

C U oo ’ R
. - v . + ’ . "
(d) Effects of Raised ¥ on ‘H-NA Uptake W

: (’ Uptake of IH-NA was determ1ned at IH- NA concentratlons of 1

v

NI.25, 1.67, 2.5 and 5 0 x 10-° M 1n the presence of tota] [K ] T B

b2

T
08 NA concentrat1on for the d1fferent K cpncentrat1ons, 1nc1ud1nq

3 S
norma] (6 mM) and zer& K’ in Fig. 18. ->x."?bfj\ 3§-, N
‘ In F1g 19*#the same resu]ts are p1otted 1n thgra1ternat1ve - :tz*' ’N%
manne?T‘vmz uptake//eloc1ty vs. [K ] ¢ forv the d1fferent 3H NA -19, L
concentrat1ons It/ can be seen that in a]] cases, except at 5x 10" M"‘ .
NA reduc1nq or ra1s1ng the [K ] ?;bm norma] reduces the uptake ve]bc1ty v

v . rﬁylhut9§§§ase of 5 X TQF M NA,vthe optimum uptake appears to occur at B
about 30 m KCT. - o L o "‘, f,-\ 'y

‘-é « 9 . o ) '“Tx ) ‘ . . v ";‘2 ‘ - g

The e?tec&kof a‘!haﬂlenge with a 30 m1n exnosure to 10 7 M.

-~ .

Idesmethy]1m1pram1ne (DMI) was determ1ned Jina group of hearts 1abe11ed
: o

w1th *H- NA as descr1bed above It can be seen (F1g ZD) that thisg -
'tteatment caused a 1arge 1ncrease in the eff]ux of H wh1ch was not

s1gn1f1cant1y different from the eff]ux 1nduced/by 56 mM KC] When a
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The data for thIS F1qure are q1vén 1n the Append1x Tab]e 9.
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. j
group of hearts was treated with 10"7Yh DMI\and Sé mM KC1 simultaneously,’
“the induced efflux was not significantly djfferent from that evoked by
56 mM KC1 a1one or 1077 M DMI alone (Fiq. 20)

. WHEn extraneurona] uptake was 1nh1b1ted with SKF- -55Q through- |
dut both the 1bading and efflux periods, uptake at t=0 was not signifi-
cantly altered (see Tab1eq§). After 60 min eft]ux however, the amount
of 3H re;a1ned by hearts[1n the presence of SKF-550 was qreatiy reduced
196058 vs. 351.17 pmol/q; P < 0.01). Pagsive efflux (Z.e., without
56 mM KC1) between ttGO and t=90 in the presence ok SKF%SSO Was 14.85
pmol/q, compared with 14.16 pmpT/g from untreated hearts”(no»significant
difference) When ‘release’ was stimulated hy'56 mM KC1, the release in

the Dresence of SKF- 55b Was 25 54 pmol/g ;Bﬁbared with 31. 394Dm0]/Q,

x . -

from untreated hearts which was a]solan 1ns1gn1f1cant difference.

' DENERVATION STUDIES | - '
’ L

(a) 6;Hydroxydopaminc

Pretreatment with 6-OHDA reduced total uptake (Content _0) to
65. 29% of control (Control = 100%-— Contentt -0 °f all untreated hearts, | .
n=121) (Tab1e’3)f However; after 60 min efflux, much of the radio-
activtty was lost $0 that Contentt éb‘of S-OHDA pretreated hearts was
'only 9. 01% of Contentt =60 of the untreated ‘gqroup. .Exposure of these
6-0HDA pretreated hearts to SG\EM\5C1 for 30 m1n commencing at t= GOQ
"however evoked the re]ease of 50 18% of that evoked from untreatea hearts
(F1gs. 21 and 22) ) Spontaneous efflux was reduced to 18.5% of control.

When 6-0HDA pretreated hearts were perfused ‘throughout (i.e.,
during 1oad1ng, pass1ve efflux and KC1 treatment) with Krebs solutions
“containing 1076 M, DNI, 1075 M SKF-550, or a combination of both, bptake,’

o o ’ ' - S L
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Fig. 20. “Effect of DMI on pass1ve and KC1 evoked eff]u?. - Means +°S, E.M,

, For DMI, n = 5; for contro] n = 9; for KC] + DMI, n'=6; for KC], n = 16

'The data for this F1aure are q1ven 1n the Append1x Tab]e 10.
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retent1on and release valyes similar to normally per#used denervated

-

hearts were seen (Table 3, Fig. 21). )

.(i) Content at t=0. There was no significant difference between

 treatments (treatment A = 6-OHDA, B = 6- OHDA'and DMI, C = 6-OHDA and
SKF-550, D = ‘6-0MDA and DMI and SKF- 550) and no s1qn1f1cant d1fference
* . between treatment A and treatments B, C and D or between D' and treat-

s

.ments B and C. - N

(1Z) . Content at t=60. There was a s1qn1f1qu"/5 01 < P < 0.05)
added var1ance component due to treatments, but ru;\s1gnificant differ-
D

ence between treatment A;and treatments B, C and There was a h1gh1y

91

_____SLQnaiaeaﬂt—d+fference—fP-<*@*ﬁ¢7‘béfWééﬁ‘t?§atment D (Abth SKF 550 and

" DMI) and treatments B and C (e1ther DMI or SKF 550)

A /
Sy )

(iii) RéZease by 56 mM KC1. There was no s1gn1f1cant added vari-

.ance: component “due to treatments and no s1gn1f1cant d1fference hetween :

' ‘treatment A ‘and treatments By/C and D or between treatment D and

treatments B and C. S o . ) :
- : b e . e

" (b) Resergine P AR ¥
. v 65 . .

Y It may be seen from TabTe 3"that pretreatmsqt w1th reserp1ne
a]so had a much qreater effect on retgnt1on at t= 60 (3.15% 0 contro])
than on content at. = 0. (43.06% of. contro]) and that like chem1ca1
sympathectomy w1th 6- OPDA 1ts effect on retent1on was much greater
‘efflux was reduced to 18 08% of,control 5L

. i
oA B

than 1ts effect on KC1 1nduced re]ease (44 8% of contro]) Snpntaneous.
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DISCUSSION . T
N L]

5

Althouqh the re]ease of NA from swnpathet1ca11y 1nnervated

\

e

. tissues by KC1" is a we]] known nbgg\:énon there do not appear ﬁq\have

been any attempts to ana]yse this prbcess in detail. In this present

study severa] questions concernino the mechanism of action of KC1 were

posed- and attempts made to answer them.

1)
(2)

(3)

Is the re]ease due to KC1 or is ﬁt an osmot1c phenomenon’
Is the re]ease due to an increase in ionic strenath or to
KC1? \ |

Which of the ionic, species (K+ or‘dl ) is responswb]e for

.the release and is this property spec1f1c to the active ion

(4)
(5)

OSMOTIC EFFECT - o

\
or is it a general property of. s1m11ar monova]ent ions?

From what site does the re]ease occur?

By what mechanism(s) does the re]ease occur?

I
. ¢ /

N !, RN

-

@ ince a s1mp1e 1ncreas€ in the extracellular osmo]ar1ty

\

produced by sucrose did not result in a re]ease of *H-NA from labelled

" hearts, it may be conc1uded that the phenomenon ‘is not due to the

\\ increased osmolarity of the high KiTL so]ut1on (Fig. 12).

\ \

TONIC STRENGTH

M

.

F

If the re]ease is due to an increase 1n the jonic strenqth

of the high K perfus1nq so]ut1on, ‘then an equivalent 1ncrease in ionic

P

hY

strength 1nduced by cho]gne ch]orlde should cause a re]ease ‘ However

there was no s1qn1f1cant 1ncrease in eff]ux when such a manouever was

e

performed 1nd1cat1nq that re]ease is 1ndependent of the ionic strenqth

o B T
. 92 N

&
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of the solution. Parenthet1ca1]y it might belexpected that choline
"would cause a re]ease\of transmitter by stimulating n1cot1n1c receptors
on noradrenern1c nerves in the heart (Farber, 1936; Coon and Rothman,
19405 Burn and hand> 1960 ; Daly and Scott, 1961; Brandon and Rand, 1961;
Ferry, 1963) as cho]1ne is a muscar1n1c and nicotinic agonist, a]thouqh
much weaker than acety]cho]1ne (Chang and Gaddum, 1933). By increasing
the number of exper1ments, 1t might be possible to uncover a statis-
t1ca11y significant difference between control eff]ux and eff]ux in
the presence of 56 mM cho]1ne chloride and to test the hypothesis that

such an increase was due to a n1cot1n1c action, by infusing acetylcholine

at a concentrat1on of ea. 56 x 10 -0 M instead of choline ch10r1de Nash,

. Cottle and Chahg (1971) were able to demonstrate a small re]ease of

SH- NA 1nduced by 10-¢ M ACh, but ow1nq to the d1fference between the1r -
. technique and that used ‘here, it is not possible to make a d1rect
comparison.’ "(In this reqard, it is 1nterest1nq to note that dur1ng
”perfus1on with 56 mM cho11ne chloride, the hearts stopped beat1nq,
presumably due to a muscar1n1c 1nh1b1t1on and then began to beat again

at a reduced frequency after 5 to 10 m1n )

¥

NATURE ‘OF THE ION RESPONSIBLE FOR RELEASE

The resu]ts obtained with cho]ﬁnevchloride a1so’squest that
the chloride ion was not respons1ble for the release induced by KC1.
Th1s is not unexpected, as in the event that the release fol]ows a
chanqe in the membrane potent1a1 of noradrenerg1c nerves, the a]terat1on
induced by C1~ , 1f any, would be expected'to be an increase in membrane -
Dotent1a1, i.e., hyperpo]ar1zat1on whereas one wojﬁd assume the

st1mulus for release to be re]ated to a depo1ar1z1nq event. .The

conclusion that the C1~ 1on is unimportant in the re]ease phenomenon
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is further supported by:the observation that 56 mM KCHaSQu produced a
small bbt insignificant increase in NA release relative to that induced
by 56 mM KC1. If th1s small increase is rea] an exp]anat1on may be
found in te;mstbf the sma]l hyperpo1ar1zat1on possibly induced by the
C17 jon. - In any event it is clear that the contribution of the C1~ ion
to the NA release is small or nealiaible and in a different direction
to K",

The Nernst eouation predicts,that the membraae potential of
excitab]e cells will be proportional to the loq of. the external Kt
concengation. If there is some kind.of 11near re]at1onsh1p between

membrane potential and the st1mu1us for re]ease of transm1tter then

. . . . : +
s 7 out

and‘transmitter re]ease. Exper1menta11y, th1s was found to apply to 3H (
re]eased from hearts by KC1, suggesting that w1th1n the limits exam1ned
such a 11near re]at1onsh1o app11es Th1s is not to say, however, that
each step 1n the stimulus-secretion system is simply or'linearﬁy‘
re1ated to its adJacent step, but rather that the a]qebra1c sum of all
such re]at1onsh1ps appears to bera 11near function of membrane potent;al.
In this 1nterpretat1on howéver one must bear 1n mind that there may |
be a 11m1t1nq factor at play, wh1chitends to produce such a 11near
verall relationship. Thus, if the stimulus for re]ease et membrane -
‘potentials correspond1no to very high’ externa] K concentyat1ons is - ‘.
//‘proport1ona11y much qreater“fﬁ_’ that at 1ower externa] K 1evefs, the
observed re]ease cou]d be 11m1ted by the ava11ab111ty of the transm1tter_
store to the release process so that.the\overé]l observedfre}atjonsh?p
-is Iinear.‘.lt might be postu]ated.that in a nonma] sympathetic _neurone '
at rest, the membrane 1s be1na constant]y bombarded w1th storaqe

ves1c1es underqo1ng random Brown1an mot1on, as 1t has been shown that

o .-



At rest very fewc

;of thefe ves1c1e-membrane co]11s1ons might result in exocytotic events,
but when-the nerve ce]] becomes depo]ar1zed, the propert1es“of the
membranevare altered in such a way that the probability of vesicle- -

'”membrane interactions resulting in exocytos1s is greatly increased. Ifﬂ
this probab111ty 1s a function of membrane potent1a1 then at some poi#it,
all ves1c1es which collide with the membrane will be captured and their

contents re]eased When the membrane potential chanqe exceeds th1s

95

po1nt; no further {ncrease in release w1TT'B"oBserved as the 11m1t1nq

factor is the rate of bombardment which stays constant. ’ This-is con- -

“sistent with the findings of Brown and'Gi]]espie (1957) who found that =

the amount of NA released per impulse was constahtrat physio]ogica]

stimutlation frequencies'(éﬁo Hz)obut that above frequencjes of 50 Hz,

.the amount of NA released per impulse fell off. It might'be arqued -

.that onJa tempora1 basis, at least, the oepo1ariaation causeo by high

[K ]out represents a cons1derab]y qreater re]eas1nq st]mu]us than

stimulation at 50 Hz, so the appearance ‘of a ]1near overa]] re]at1onsh1p
N

1mp]1es that the membrane potent1a]/re1eas1nq st1mu1us re]at1onsh1p is

_not Tinear, -or that re]eads is being induced at h1gh [k by a

out
. mechan1sm wh1ch is not subject to ‘the 11m1tat1ons 1mposed by the ava11-
ab1]1ty of storage vesicles. N o ' | o |
The graph showing. °H re]ease vs. ]og[K ]o ¢ 6F1q 14) a]so
indicates that the re]eas1nq act1on of KC] does‘not _become aoparent
until a threshold concentrat1on of. about 30 40 mM 1s reached which

' corresponds to a membrane potent1a1 of between -30 ‘and -23 mV (assum1ng

L
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the norma] resting potent1a] to be -70 mV and the value of [K ]1 to be
100 mM). Such values correspond to the values one m1oht e?bect for the
cr1t1ca1 or thresho?d leve] at wh1ch the action - potent1a] is' 'hltlated

These find1nqs appear to be consistent with the poséblate)
that the release of transm1tter induced by KC1 is due to the itiation
of the norma] physiological release mechanisms 1n response to the
depo]ar1zat1on of noradrenergic nerve cells produced by the e]evated
[K ] . However, such a conJecture is made cons1derab1y less appea11nq
- by the puzzling finding that 56 mM NaC] also causes a re]ease of 3H

which is quant1tat1ve]y 1nd1st1nqu1shab1e from that 1nduced by ‘the same

concentrat1on of KC1. The effect is again 1ndependent of the anion,

— 3556 mM Nacnas S evuKea‘The same sized ré1ease and may be consvdered

to be due o the Na as the release }nduced by cho11ne ch10r1de was not
s1qn1f1cant1y d1fferent from contro] The effect is probab]y not a
mechanical one as, 11ke Tithium ch]or1de, sod1um ch]or1de dﬁd not st0p
the heart as did 56 mM potass1um chloride, nor did- it appear to cause .
A‘the hearts to beat more. rap1d1y.or powerfully than»usual As this
| re]eas1nq effect is qu1te the oppos1te of that wh1ch one m1ght predict
“on an electrophys1o]oq1ca1 bas1s, one can on]y conc]ude that the ;:fect
s due to some non- neuronal eféect Poss1b1e mechan1sms fqr/th1s are: .
(a) d1]atat1on of co]atera] coronary vesse]s resu1t1hg in an

| 1ncreased wash out of label from heart tissues.

(b) re]ease of *H-NA from an access1b1e non-neuronal s1te, e.g.;
' e]ast1c tlssue or collagen by an ion- exchange process
fThe first of these poss1b111t1es wou]d seem to be un]ike]y, as ong
m1qht expect the corondry vesse1s to be fu]]y d11ated as‘a result of ™
‘the ]ow p02 and generally poor metabolic stdte of Krebs perfused hearts

o

In the second case, it wou1d be surpr1s1nq to f1nd such a close
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quant1tat1ve aqreement between the re]ease caused by 56 mM KC1~ and 56 mM
‘NaC] if they are acting by d1fferent mechan1sms, whlch leads. one to
suspect that at ]east part of the re]ease 1nduced by KC] cou]d be as.a

resu]t of a mechan1sm similar to. that respons1b1e for the re]ease

0.

induced by Na®. 1In addition, the .intermediate level of release 1nduced o

by Lyt (4. not's1qn1f1cant1y d1fferent from contro] or from KG])

might be due to an action s1m11ar to Na' . In other wonds, monov&]ent

’ A

metallic cat1ons might be able to 1nduce release by means of a s1m11aw

. mechan1sm poss1b1y by an ion- exchanqe process AR L

SITE oF RELDASE o BT _' g
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;T_i__—_———————Ie—attempt—to—answer the questlon of whefher KC] 1nducesj

' re]ease from’ nerves or from ‘some- other non- neuronal s1te the effgcts
- of denervat1on on *H-NA uptake and KC1 evoked re]ease were determwned
The f1nd1na that&pretreatment w1th 6- OHDA reduced ‘the total -tissue ;
content of °H determ1ned 1mmed1ate1y after Toading (t 0) to about 65%
of contro] whereas the content after 60 min perfuilon Was reduced to

l:about 9% of contro], sugqests that in untreated hearts neurona1 uptake

of NA represents some 447 of the tota1 content seen at the end of* the

v’

s 1oad1nq period. The remafnder m1ght be expected to represeht the 3H- NA

in the extrace]]u]ar space of the heart and that 3H-NA - non—spec1ftca11y ‘

v bound and that taken 1nt0\extra neuronal sites from wh1ch eff]ux 1§
rapid, i.e. R comp]ete after 60 min. If the tota] t1ssue content of 3H
after 60 mtn efflux can be regarded as an 1nd1cat1on of the degree of
denervat1on then one’ may 1nfer that the treatment w1th 6 OHDA has ¢
effected a 91% sympathet1c denervatlon Furthermore, if the're]ease'of
rad1oact1v1ty 1nduced-by KC occurssfrom a sympathet1c neuronal_s1te

“then the’‘size of the KCN induced, re]ease would be expected to be
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decreased proport1onate1y,,z e. to about 9% of the release evoked by

KC] from untreated hearts., In fact,7the'KC1 induced release was on]y u

reduced to 50% of éontro] S1m11ar1y, treatment w1th recerpine, which

.may be presumed to prevent vesicular sequestrat1on of 3H NA and thé?eby

reduce the ability of sympathetic nerves to retain and release *H- NA,

-reduced the tissue contentlafter 60 min perfusion ‘to orily 4%*of control,

despite.whicthCI.was able to release 45% of control. There are a
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" number .of poss1b1e exp]anat1ons for this marked discrepancy between the -

deqree of functional denervat1on and the ability to release Eransm1tter v

fn

&

(1) Uptake and- KC1 evoked re1ease occur. or1mar11y/1nto and
) from a neurona]_s1te which is resistant to both 6-OHDA and ‘
~reserpinevand-which is especia11y sedsitive to kC]m However,
‘'the c]@se quant1tat4ve aoreement between re]ease induced from
6~0HDA and reserp1ne pretreated hearts would seem to argue
against th1s poss1b1]1ty, although such a co1nc1dence cannot
be ruled out other than on a conceptual bas1s C, j
(2) After treatment with 6-OHDA, uptake oceurs mainly -into -
the surv1v1nq pre ~terminal sympathet1c trunks, wh1ch do not
apparent]y deqenerate (Cottle and Nash, 1974) from wh1ch
\e”re1ease can-be 1nduced more read11y than from normal teranals
Th1s cou]d poss1b1y occur if the dens1ty of storage: ves1e1eso
near the nerve membrane 1s:cons1derably h1qher than normal or/
if these ves1c1es are abTe to release a cons1derab]y qreater '
proport1on of the1r 3H NA sfbres than tan vesicles in norma1 .
per1Dhera1 var1cos1t1es F]uorescence studies have shown that
these surv1v1nq trunks are espec1a11y r1ch in Nﬁp(Cottle and

Nash 1974) but there do not appear to have been any e]ectrdh

m1croscop1c studies whlch 1nd1cate ‘whether or not th1s 1ncreased
. I
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fluorescence is associated with an increase in the number of

>

vesicles (ef. the accumu]at1on of ves1c]es which occurs proximal .

to a constriction applied to a nerve trunk - Dahlstrom and
Hdaggendahl, 1966). Such an explanation does not accdunt for
the s1m11ar disparity seen after reserpine pretreatment
‘Aqa1n, a separate exp]anat1on of the reserp1ne efféct may be
postulated. It is poss1b}e that vesicles in the so-ca11ed
”reserpine-resistant" pool of storage ve 1c1es (Hamberqer-
1967) are able to take up a Tarqer propd§t1dﬁr’}‘]abe] when the
other vesicles are blocked w1th reserp1ne and ‘that these
res1stant vesicles subsequent‘y release a much 1arqer
proportion of their contents than resern1ne sens1t1ve vesicles
normally do. Once again, the criticism that can be leveled

v
at such a set of suggestions xs that it wou]d be surprising

if two such different mechan1sms shou]d result 1nlsuch
quant1tat1ve1y s;m11ar effectst- ' ' .
(3) Pertaps a morefacceptab1e proPosal‘is-that normai
untreated hearts which have been 1abe]1ed with *H-NA and
wh1ch have been perfused for ‘60 min. conta1n at the end of-
this time a relatively small poo] of 3H-NA in an extra-
neuronal (or non- noradrenerg1c neurona]) s1te (<]0% of tota])

and it is from this s1te that much of the 3H NA comes when
0 .

7

.the hearts are treated with KC1.- Such a s1te wou]d not.

be subJect to dep]et1on or destruct}en~by 6-0HDA or reserp1ne

~and consequent]y, such treatments wou]d abolish the concurrent .

@

"“re1ease from- noradrenerq1c nerves 1eav1nq on]y the re]ease

;from th1s other site. Poss1b1e candidates for th1§ slte are

(a) non- noradrenerq1c nerves, e.g., cho]1nerq1c,
L
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dopam%nerqic, tryptaminérdié, pdrinérqic
(b) a non-specific binding site, e.qg., NA a;sorbed onto
‘£0]1agep or elastic tissué-
(c) ‘non7neurona1 cells, e.g., card;ac muscle cells, vascular
B p * smooth muscle ce}]suzebifhe1ia1‘ce11s.
~ Of the non;noradrenergjc‘neurona]fcqndidates,von]y cholinerqgic’
nerves,are known to exist in the heart and there is no evidente
to suagest that thesé nerves either possess a mechanism B}
which NA may be takeh up and retained or are ﬁapab]e of releasing
Ta transmftter other than ACh 6r;9ery CLose.strucfural ana]oghes
of ACh. Of the ether two possibilities, viz., retention in
a noﬁ-specffic, pbssib]y surf$te, site and an intracellular .

uptake and retention by non- neurona1 cells, ne1ther is part1c-

u1ar1y more 11ke]y than the other. Perhaps the loa-linear

favour of re]ease from an-1ntrace11u1ar site and part1cu1ar]y
“from a cell type which 1s e]ectr1ca1]y sensitive, e.g., muscle
cells. Ho%ever the f1nd1nq that re]ease can be induced by
NaCl arques aga1nst th1s and pqss1b1y suggests athQn-exchange
type of mechanism from a surface site. There wOu]d‘seem'to
bé no:reasoh why such an ion-exchange mechanism or even a
u-desorptiDn;phenomehon.should not be debendeht upon the log
of the catfbh coﬁqentration.' If the condenfration vs. release
relationship for N$C1‘1s similar to the pa;fern fodndeith
KC]; then one may perhaps conclude that thevréTease cannot
be-as-a result of depolarization of excitab]e deilsf
In order to provfde evidence;which miaht diStinguiSh between theée two

possible non—neurona]Auptaké-rgtention—re]ease sites, and'to exclude the
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possibility of invo]yement of noradrenerqfc nerves, druqs known to
interfere w1th the two clearly defined uptake processes were used,
namely, SKF-550 (jnhibitor of extraneurona1 uptake) and DMI (1nh1bqtor
of neuronal uptake) SKF-550 markedly reduced the ab1]1ty of otherwise
untreated hearts to retain 3H-NA (contentt 60 reduced to 27% of contro])
1mp1y1nq that norma]]y a larqe proport1on of the tota] tissue stores of
H NA are e1ther retained for ]onqer than 60 m&q in a non-neuronal site,
or that at the end of a 60 m1n efflux: period, much ‘of the total *H-NA in
Vneurona] stores has passed throuqh an extraneurona1 storage site. This
| 1atter poss1b111ty is perhaps supported by the fact that there was no
difference. between the total t1ssue contents at t= 0 of hearts loaded
in the presence and absence of SKF 550 The subsequent finding that
SKF-550 had no effect on e1ther the passive eff]ux between t 60 and
t=90 or-on the KCl evoked eff]ux is yet a th1rd instance of a d1screpancy
between tissue content and re]ease ths may be 1nterpreted as

1nd1cat1nq that the uptake process 1nto the site from which much of the

KC1 1nduced re]ease occurs is. not 1nh1b1ted by SKF- 550. In other words ,

it is. not a ”c]ass1ca1” extraneuronal uptake s1te L ' ;7
/// : © A simifar p1cture was obta1ned when uptake retent1on ahé/
KC1- 1nduced re]ease were determ1ned 1n 6- OHDA pretreated helrts h1ch

were loaded and perfused w1th SKF- 550 present in the Krebs so]ut1on
There was no d1fference, however, between the contents at t= dO between
SKF- 550 and norma]]y perfused denervated hearts/- ThlS may 1mp1y that
at’ the dose used (10-6 M) SKF-ﬁdoes, in fact part]y 1nh1b1t neuronal
uptake, However 1f the postulate made above (that the neurona] store
is partly ma1nta1ned by re]ocat1on of *H-NA. wh1ch has been throuah an

extraneurona] site) is correct then when the neuronal s1te s

destroyed, such a red1str1but1on of 3H—NA cou]d occur 1n nejther_the

/
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: SKF 550-treated nor the untreated group and no d1fference wou]d therefore

be expected _ . \\

4

As with the norma1 he rts, 6-0HDA denervated hearts treated

. With SKF-550 were still able to spond with a re]ease of 3H--NA‘when

‘exposed to KC1, further demonstrat a the independence of the reﬂease

L\
rned by cTass1ca1 extraneurona]

uptake mechanisms. \\’.

. After pretreatment- with 6- OHD>\\DMI, ITke SKF- 550, had no

site from a pr or uptake process qov

effect on uptake retent1on or KC1 evoked ke]ease further emphas1z1nq
the relative un1mportance of a neurona1 storaoe site for release in
response to KC1. However when . DMI and SKF 550 were combined, ;there was
a siqn1f1cant d1fference 1n the retent10n at t=60 betweeh—hearts treated

~ with e1thEr DMI or SKF-550, '3h15h squests that in fact 1n GVOHDA
pretreated hearts there are still sma]l components of both neuronal ahd -

extraneurona] retention at t 60 wh1ch when“added\toqether br1ng the

TP ——e s B0

d1fference w1th1n the ranqe of $ignificance. It shou]ddxanoted thouqh

that combined SKF 550 and DMI ‘had no s1qn1f1cant1y different ef ect on f/

release than either a]one or no treatment as wou]d be expected if '/k

release after 6-0HDA is from a non- neuronal s1te entry 1nto wh1ch does

__not obey the k1net1cs of classical extraneuronal or neurona] uptake
‘};j1t is assumed that SKF 550 1nh1b1ts extraneurona1 uptake

in the same way as does phenoxybenzam1ne another B- ha]oa 1am1ne

then one wou]d expect that uptake 1nto smooth musc]e ce1]s,'card1ac

”musc]e ce]]s and ep1thel1a\\ce]]s would be 1nh1b1ted but not that

accumu]at1on in or on collagen and e]ast1c tisdye (E1senfe]d Axe]rod

. and Krokoff ]967 E1senfe1d Landsberq and Axe]rod 1967 Avak1an and_

'lelesp1e 1968 L1ghtman and Iversen, 1969 G1]1esp1e Ham1lton and

Hosie, 1970 Draskoczy and Trende]enburg, 1970 Iversen, Salt and
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Wilson, 1972) Perhaps, then, the site from which release can be evoked
by KC1 1s an extrace]]u]ar s1te for éxample, co]]aqen and/or e]ast1c
tissue. “An arqument aqainst this is that on the basis of f1uorescence
m1croscopy stud1es, Avak1an and G111es;1e (1968 found-uptake or
b1nd1nq of NA to such presumab1y extrace11u1ar sites to b% very rapid]y
exhausted dur1na washout (10 m1n), whereas the 1ntrace11u1ar sites
mainta1ned ‘a cons1derab]e deqree of f1uorescence for 1onq per1ods of !
t1me a]thouqh with the concentrat1ons of NA used~in their study |
(6 X. 10‘“ M), f]uorescence was scarce]y different from pretreated
'1ey9l5~a%ter only 30 min. One must bear in mind,’ "however, that cons1d-
erable amounts of NA»cou1d,st111 be bound inthese respective sites  °
“over and above their normal levels and notproducela’deteetable H
fluorescence, in addition to which, eXtraneurona1'binding'ot'Tabe}1ed' IR
NA'by means»of'an exchange. process with‘endogenous,un]abei]ed NA bound |

tovthe same site would producelanhihcréase in the specifjc actLuity~

'of'such bound NA without an overa11hchange'in the'total‘NA content

/ _of such a site. .In this.case no -alteration in t‘e "baéquound" J

f1uorescence would be observed a1thouqh the site would be 1oaded with

' tracer wh1ch cou]d be d1sp]aced and detected in efflux experiments.

- Another pe§s1b111ty, and one with cons1derab1e appea], is that the °H
spec1es wh1ch is detected during KC1 treatment is not. 3H NA but a
metaboflte (wh1ch wou]d not show up on\tluorescence m1croscopy) and
wh1ch is onJy slowly washed out and btndnng,or uptake of which is not; :
1nhibﬁtEd'Eypthe—ETassgeaixextraneurona]vuptake'inhibitor SKF-550. - To

ﬂtest this.possibfiity,'it shqy]d‘be bossfb1e‘to,oerform an analysis'of
:the‘@etabolites ih/the,effluent_'durihg,KC1~treathent;'using untreatedv
- hearts., 6-0HDA pretreated hearts‘both in the'presence.and«absehoejof

" SKF-5S0.. |
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One further p01nt shou]d per aps, be made reqard1ng the’ effect

of denervat1on w1th 6- OHDA ‘on the’ d1str1 ut1on of 3H NA. - In. the notmal

‘heart there is- a compet1t1on between the different uptake sites ~ §

(.e., neunona] and - non-neurona])-for the X@fused 3H—NA After»6 OHDA;

‘however the neurona] componenﬁ is effect1ve1y removed, wh1ch means’ " ﬁ,
‘that the effeot1ve concentrat1on Qf 3H -NA to wh1ch the other sites are

s exposed 1s h1qher It 1s h1qh1y 11ke1y, thereforeg that following ) o

- 6- OHDA the proportron of the 1nfused 3H NA taken into non- neurona]

i \1-

s1tes 1s ,somewhat (or even cons1derab1y) h1qher than in untreated

-

¢

"hearts, so that the amount.of 3H- NA re]eased from these sites may be’

L

equ1va1ent1y more. than -that :S1eased from these same sites in untreated
hearts (z &. those w1th 1ntact adrenerq1c’%ystems) - A]though such a
phenomenon w111 d1stort the est1mates ef the re]at1ve sizes of these
.neuronal and non neurona] compartments, it does not exp1a1n why there
‘is such a discrepancy between retent1on capac1ty ‘and re]eas1nq capacity

/

/in 6- OHDA pretrfated hearts
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5. ’MEC}(ANISM(S);; OF RELEASE \ /

L}

o One way in which KC] could cause a net efflux of 3H- NA s, by

the 1nh1b1t1on of the neurona] membrane re-uptake. system so that a
\ a

L{port1on of the transm1tter which leaks out of nerves spontaneously

but wh1ch is norma]]y recaptured appears as a net 1ncrease in efflux
when th1s re- uptake is 1nh1b1ted In'order to study the effect of KC1
on uptake quant1tat1ve1y, it was necessary to obtain a correct1on term
for the tissue extrace]1u1ar space penetrated by 3H-NA dur1nq the
uptake perlod as this approach was fe1t to be more 1likely to q1ve
reliable est1mates of 1n1t1a(JLDtake rates than the washout procedure
(Iversen, 1963). 1%C-D- Mannitol, ‘a read11y available and commonly used

extrace11u1ar space marker -was chosen for th1s purpose,

In the presence of 112 mM KC1, there was no significant in—

crease in the extrace]]u]ar space (V ) which suqqests that the cell

hshr1nkaqe one m1ght expect at h1qh [K?]] was minimal. 1In the presence

of 0.5 uM-NA, however there were h1qh1y s1qn1f1cant 1ncreases in the :
va]ue of Vt at a1] times studied except after/q nun i As these values

approached or even exceeded 100%, 1t 1s c]ear that some k1nd of concen-
trat1on“of the marker had occurred and 1t was dec1ded to use the va]ue

of 40% for a 5 min uptake exposure (cf Nash G111esp1e and Robertson,

‘1974) . The reasons for th1s concentrat1on phenomenon 1n the presence;y

of NA are uncertain and a]thouqh not d1rect1y pert1nent to th1s present

. study, -deserve br1ef d1scuss1on and further exper1menta1 work

- 0

Poss1b1e mechan1sms for this appacent 1ncrease in extrace]]u]ar

space wou]d be~—

’ o : : . o
- ' : . . e . ‘ . o
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(@) - Alteration in membrane pq"mcabf?z'ty t0 mannitol,
As the total t1ssue water can’ never reach 100%, 1t is

‘ 1nconce1vable that the n1qh values obta1ned resulted solely
from‘the NA render1nq cell membranes free]y permeab]e to
mannitol v _ ‘ )

(b)  Htimulation of an uptake proces;

| An a]ternat1ve to (a) &%u]d be .that the NA stimulates
a normal]y Tnactive uptake process which,is either selective . ~
for D-hexoses Tike mannitol or which is non- se]ect1ve
Another poss1b111ty is that- the act1on of NA is to qreat]y
a1ter the spec1f1c1ty of an ex1st1nq and act1ve uptake ‘mechanism.
From a phylogenetic, standpoint, it would ‘seem most un]1ke1y that
such a bizarre uptake process should occur in a mammalian or:
" any zoological system, although one may. not condemn such a

proposa] without exper1menta1 ev1dence, none of which is ayai1abJe{
» Sttmulatwn of a -‘binding process. .

' krth1rd and perhaps more p]aus1b1e explanation 1s B

that NA in “some way activates a b1nd1nq or. sequestrat1on ,
process wh1ch, although possibly occurr1nq 1n a m1nute fract1on
‘of the- heart S mass, is suff1c1ent to produce an overall . L
’apparent uptake such as that seen “Stimulatien of such a '
binding or sequéstrat1on process may be env1saqed as one ofr
the fo]]ow1ng - . 3 -

(i) a pharmaco]ogicel .action of NA in divertinq the
.-f1u1d flow through vascu]ar beds which are ‘not normally /
‘Open to free perfusion and wh1ch contain sites which are

physico- -chemically or b1ochem1ca]1y cqpab]e of. binding

mannitol, e.g., -adsorption onto collagen} ' .
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(14) ~a direct acfwon of NA on some site which-is
’ norma]]y exposed to perfus1on f1u1d which resu1ts in a

change in the properties of that site in such a way

that mannito] {s bound, e.g., alteration in cell

membrane structure o) that mannitol becomes adsorbed

or disso]ves more read11y in cell membranes.

(111) an activation by NA of an enzyme system capab]e

of metabolizing mannitol reen}t1nq in the liberation

“of a {“C-]abe}1ed degradation product which may be

bound or chemically incorporated by cells. \
Of these possibilities, the second seems most attractive as it
does not involve the postulation of an unusual\eniX@e or a drastic
alteration in the hydrodynamics Of'lhe perfuse& heart and aTthough
;his latter is a distinct possibility it would seem improbable
. that the uptake/bindieg §iteé it requjres are accessible only
when such an hydfgeynamic change is effected. This is also the
most/aestheéjca1iy attrectiVe and might be amenable to investiga- { 
tion’by the examination.of the bindinq properties of mannitol o
various subcellular fractions under a var1ety of pharmaco]og1ca1ﬂ
conditions. It is also possible that the b1nd1nq site is intra-
~.cellular and'that NA a]ters the membrane permeab111ty in such a.
way that mannitol enters cells by a passive d1ffus1on process_

/
and is bound thereby ma1nta1n1nq a concentratlon aradient

.0

1nto the ce]]s o
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EFFECT OF KCL ON "“-NA uPraKs

The f1ndinq that remova].of K+ alters the maximum uptake
velocity (Vmax) without altering the aff1n1ty for the postu]ated Uptake
carrier (Fia. 17) supperts the f1nd1nq$ oﬁ White and Paton (1972), who
found a similar effect of redu;ed [K ] on the uptake of NA 1nto synap§
tosomes prepared from who]e rat braﬁhs In th1s present study, the
“rate of NA uptake at elevated levels of“K » Was reduced, although not
tota]]y inhibited by any of the concentrations used (up to 230 mM) and .
in fact any a]terat1on of [K ] away from the normal 6 mM 1mpa1red NA -
uptake. An except1on to this was apparent when the concentration of

is study. In th1s case, the

This difference could - be because the k1net1cs of NA uptake at\th1s
concentration of NA are d1’r'ferent from those at lower ‘ncentratwns, \
which could" arise if at the higher concentrat1on, an extraneuronal
component (Uptakez) contr1buted to the overal] uptake and was less
sensitive to Kt than the uptake processg; at 1ower concentrat1ons of NA.
A]ternat1ve]v, there cou]d be a d1st1nct d1f$erence between neuronal
uptakes above and be]ow 0. 05 uM NA. - Iversen (1963), using NA cogcentra—e:
tions up to 2 4 uM obta1ned a value of 0. 27 uM for the Kﬁ of £-NA y
uptak”hy rat hearts, wh11st Wh1te and Paton (1972) obta1ned a va]ue of
0.8 uM. In this present study the:. Km was found to be 0 094 uM .

_~Jnd1cat1nq an aff1n1ty for the NA carrier nearly 3 t1mes h1qher than

| that found. by Iversen (1963) and near]y 9 times that of White and Paton .
(1972) The va]ue for Km determ1ned by these latter workers is 3 times |
that found by Iversen (1963) and thTS cou]d be because ‘they used -
synaptosomes prepared from who]e rat bra1ns wh1ch would include p1nched$
off nerve end1nqs from a var1ety of neuronal types If any of these

-
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neurona] species possess uptake processes which w1]1 transport NA at
reasonab]y hiah rates, albeit w1th Tow aff1n1t1es, the overall va]ue of
K will be artificially e]evated, as the overa]] value of Via W111 be
raised. However, in th1s-pf/sent study, a system very s1m11ar to that
used by Iversen (1963) was used, except that o

(1) he used a constant pressure perfusion system
, rather than constant flow, -

(2) he allowed uptake to occur for up to 60 min

and extrapolated back to time zero to obtain initial®

uptake rates,~ ._

(3). he empToyed higher concentrations of NA,

(4) he used a 2 min washout period to c]ear the /°
extracellular space of *H-NA. _

It is possible that the extrapo]at1on techn1oue and the .use of a constant
pressure system resu]ted in overest1mates of the 1n1t1a1 uptake ve10c1ty,
which would resu]t in h1gh va]ues for Km (.e. oS a 1ow aff1n1ty)
_However, it is a1so conce1vab1e that the ]ow value for Kn found in )h1s
- study arose because at the very Tow concentrat1ons of NA emp1oyed
another h1qh aff1n1ty uptake process is:at work. Th1s would seem.
un11ke1y and ‘it is more probabl® | that the 3-fold d1fference is a’ product
6f the differences between the techn1ques : ’ B Q\\e_s\

| .Thus, as 1nh1b1t1on of re- uptake by high concentratIOns of

,K+ isa possible contr1butory factor to the release phenomenon, it is
important to know what;proport1on of the spontaneous}y released 3H-NA is
normal]y recaptureo by the're-uptake process Treatment w1th 10-6'M
"DMI for 30° m1n°y1e]ded a release of: 3H as'1arqe as that re]eased by
56 mM KC which. suagests. that, qu1te a 1arqe proport1on of ‘the spontan- .

eous]y re.eased NA is norma]]y re- captured However, as 56 mM KC1 d1d
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" not produce more than about 50% inhibition of 3ptake at any of the

¢

concentrations of NA studied, (except at 5 x 10°® M, which is possiblyi‘

‘a higher concentration than the nerve cells are exposed to during.normal

" efflux) some of the release evoked by 56 mM KC1 must result from an

1ncrease of the gross efflux from storaqe sites. If th1s is the case,

then treatment w1th both 56 mM KC1 and 107¢ M DMI shou]d have a°part1y

N\

additive act1on as a proport1on of the NA rb]eased by KC] per se will .

be norma]]y subject to re- uptake The f%nd1 a that there ‘was no add1-“.“

~ N

tive effect, however m1t1qates against+ th1s concept While the 1oca1,~

anaesthetic p_opert1es oﬁ DMI could prov1de some exp]anat1on of the

absence of an add1t1ve effect greeff and Waqner (1969) report the 1oca1

. anaesthetic potency of DMI to be only about 0.4 times that of cocaine,
so that a complete. nerve‘trunk block might be expected to be produced |

by 'DMI at a concentrat1on of about R x 10'3 M, wh1ch 1s several orders

of magnitude qLEater than that used (10-¢ M), mak1ng 1oca1 anaesthes1ab

an imprabable exp1anat1on However, Hrd1na and Ling (1970) presented
evidence that at. ]ow,nﬂncentrat1ons (above 10'7»M)'DMI interferes with

4
st1mu1us contraction coupling by altering in some way the ava11ab111ty

of Ca * to the contract11e mechan1sm and in a;}ther report (Hrd1na and

Garétt1n£, ?967) it was demonstrated that DMI/produced a re]axat1on of

_arter1a1 dmooth musc]e previously contracted by depo]ar1z1nq concentra—

t1ons of" K . an effect that was abo]1shed by ra1s1nq the ca™t concentra- -

t1on Thus,,a]thouqh 1076 M DMI can cause an. apparent re1ease on its
~ own by 1nh1b1t1nq re-uptake, in the presencf of DMI,.K‘ may be unab]e
to.cause"any release 1tse1f as Cca*? availab
~hypothesis s consistent with the-ttnding of ﬂash et.al. (1972)

: - : S et
that Ca*™* jons were essential for the NA reteas1ng-act1on of K.

. -
-
e

o

ility is impaired. This
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Cat+ has a1so .been shown to be essential for rc]easc of catecho]am1nes
from adrenal medu]]a (Douqlas and Rub1n, 196]) and for the re]ease of NA
from rabbit heart rabb1t ileum and cat sp]een on nerve st1mu1at1on
(Hukovic and Muscho]] 1962; Boullin, 1965; Kwrpekar and Misu, 1967).

One may conc1ude then, that althouqh the re]ease 1nduced by
KC1 +is not pr1mar11y a result, of 1nh1b1t1on of re- uptake of spontaneods1y |
released NA, the effect is enhanced by a'partxal inhibition of re-uptake

of NA released by the' KCI

OTHER MECHANISMS .

The denervat1on studies descr1bed above showed that on]y some b
. 50 - 60% of the re]ease 1nduced by KCT. comes from neurona] sources and :
it would seem probab]e that most of this release is evoked by means of. -
vzdepo]ar1zatlon of sympathet1c nerves. |

As has been discussed above, the rema1nder of the re]eased W
is com1nq from . an extraned*ona] s1te4 poss1b1y an extrace]]u]ar b1nd1ng
Site. It would .seem- that the most probable mechanism by wh1ch such an
re]ease cou1d be- 1nduced by monova)ent cat1ons wouTd be an ion- exchange;
| process Th1s wou]! requ1re that the bound tr1t1ated spec1es be a]so i ')(\

cat1on1c - As the major metabol1tés of NA are an1on1c, it is highly- 11ke1y

that the d1sp1aced 1abe1, seen when hearts are perfused with h1qh KC1 .

so]ut1on,.1s attached to the parent compound, NA The 0-met

derlvate of NA. (normetanephr1ne) is. a]so cationic at phys1oloq1ca1 pH

o

"and so it is equally p0551b1e fhat th1s species is released a1ong W1th
*H- NA from the postu]ated extrace]1u1ar“h1nd1ng 51te "
‘ It may be- arqued that the equat1on descr1b1nq such an 1on-
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exchange mechantsm would show a 1inear re]ationship between concentra-

.~ "tion and d15p1acement un11ke that ‘shown in Fig. 14, Mhere the re]ease‘

of *H-NA is approx1mate]y proport1ona] to the 10qar1thm of the K con-

centrat1on Such a logarithmic re]at1onshep cou]d however appear 1f

'the process can be described by the type of equat1on which descr1bes the

!

Lanqmu1r adsorptlon 1sotherm in which a p]ot of adsorpt1on ada1nst

'concentrat1on is. a rectanqu]ar hyperbo1a “This can be’ converted to

s1qmo1d curve by p]ott1nq ~sorptiom against log . ooncentration and

th1s type of ‘curve is approximate1y Tinear in its midd]e part (. f‘,

o
ol

Loa. . dose response curves, wh1ch show a striking parallel with the L T
Lanqmu1r 1sotherm) (Adam,’ 1941) K .

[T
1 -@

- SUMMARY OF EVIDENCE

The exper1ments that have been performed clearly cast rdoubt o,

5

on the belief that KC1 causes re]ease of rad1oact1v1 y SO.::'v from a

o

'noradrenero1c neurona] pool and further doubts upon L e necharism be1nq

K s1mp1v one of membrane depo1arization. In order to fac111tate the

aésessment of the poséibfe alternatives these are presented below a]onq

*with the evidence ‘which supports them. "

“ | ( ‘ j' ) | 3
o . .

1. RELEASE OCCURS FROM A NEURONAL SITE

.
(a) St1mu1at1on of re]ease was shown to be 1ndependent of -

~ !

the anion, in keep1nq w:th the predictions of the Nernst equat1on,
assum1nq‘that the C17 don contr1butes Tittle to the’ ma1ntenance

' of the resting potent1a1 _ CA fun o



o/

. ( A
.8.  RELEASE OCCURS FROM A NON-NEURONAL SITE

.//

‘that

- b

(b) The amount of'radioactiVity're]eased was approkimately'

: . /
proportional to loq EK+]out (above a threshold of ca. 35 mi),
Q, N

which again aarees with the predictiOns'of the Nernst equation.
(c) Perhaps the best evidence for.the neuronal theory comes
not trom‘the exoeriments presented here but from the work -of
the many others who have clearly shown that

(1) h1qh [K ] causes depolar1zat1on and firina ..

<

in nerves

Q.-

(i1) transmitter release from both cholinergic and norad-

renergic nerves is.closely related to the nerve membrahe

potential.

(

(a) Following 6-OHDA symplath“ectomy, there was a marked dis-

crepancy between tissue content and KCT evoked re]ease, t.e.
/\ : (g
content was: reduced to 9% but re]ease to only 50% of normal-. '

(b) When 6 OHDA pretreated hearts were’ perfused throughout with

DMI (1076 M) to 1nh1b1t uptake 1nto any residual neives, KCl

evoked release was not further 1mpa1red - . - ¥ e
(c) L1ke 6—OHDA reserp1ne had disparate effects upon 3H-NA

content and release 1n response to KC1; content was reduced to

4% but re]ease to only 45% of normal.

o

On the basis of th1s ev1dence, it is not poss1b1e to conc]ude o

\

KC1 evokes no re]ease from neuronal sites - on the contrary, the‘

denervat1on exper1ments suqqest that approx1mate1y ha]f of the observed

¢

/ . S
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release from normal heartsvis from noradrenerQic neurones and it is.
probable that most of.this resu1ts from the depolarizing action of K+.
rHQweveF, in view of the demonstration of uptake inhibition fn'the ptesence
of elevated k+; it appears that a proportion of the apparent release

from nohadrenerqic nerves is due to the reduced re—uptake of spontaneously
he1eased\?H-NA; This -vontaneous release (1eakage) need not be oh]y'

from nerves, as'it)cou1d well be fromﬂnonfneurona1 sites, into which the
K inhibited uptake may also have been directed.

‘ | We may. thus conclude that some 50% of the KC1 evoked 3H- NA |
re]ease emanates from a non-neuronal s1te That this site is not filled
'v1a the Uptake, mechan1sm was shown by the experamenté us1nq 6-0HDA pre-
treatment toqether with SKF-550. The mechan1sm(s) of release from this

non neuronal site are not easily assessed but some poss1b111t1es are:

<]

(a) re]ease from a non- neurona1, 1ntrace11u1ar site (e g

a

musc]e ce]]s) by depolarization

(h) desorpt1on from extrace]]u]ar binding sites by the elevated

\ .
ionic strength. . . , ! o /

\

.(q)' washout . from the -poorly perfused parts of- the coronary
cap11]ary bed as a result. of altered haemodynam1cs

(d) donic- exchange between *H-NA (cat1on1c at pH 7.4) or cat1on1c

=)

metabo11tes and mono- va]ent meta111c cat1ons at some extra—

ce]]u]ar binding s1tes

i

0f -all these various poss1b111t1es, the one wh1ch is most cons1stent
w1th the exper1menta] f1nd1nqs, including the paradoxical re]eas1ng

action olea , is the Tast and so it should be considered as a hypothesis ;
' ’ ' T R (o4

0

and subjected to further study.- . o o
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In conc]usion it may be <aid th- -t the KC1 induced release of
*H from perfused rat hearts in which the sympathetdc transm1tter stores

have been ]abe]]ed w1th 3H-NA is. 1ndependent of the C17 jon and is not
due to either the incregsed osmo1ar1ty o% ionic strength of the so]utwon
and the release is related to Tog[k™ 7. Monova]ent cations other than
x* also cause release, their order of potency be1nq K N t1+}4

As K is a partial 1nh1b1tor of NA uptake,- KC] 1nduced re1ease
is med1ated partly through a re]ease per ge and part]y by an inhibition
of the re-uptake process(es). ) '

The denervat1on studies 1nd1cate that the re]ease of 3H NA
: from neurona] stores accounts for only some 50- 60% of the total release
1nduced by 56 mM KC1, the entry of 3H-NA 1nto the extraneurona] s1te(s)

from which the rema1nder of the 34 re]ease occurs not be1nq by means of

the Uptake2 mechan1sm Instead, it is postulated that the extraneuronal__—_——~—”“

site. compr1ses 3H NA or cat1on1c metabo11tes (3H- normetanephr1ne) bound

to extrace]lu]ar components of the heart From. wh1ch re]ease may be 1nduced

SN

by the ion- -exchange mechanism. ~ N ~

o~ ) c s . -

In view of these f1nd1ngs it 1s suggested. that the results of
‘past and future exper1ments 1n wh1ch sympathet1c nervous act1v1ty 1s

presumed to be s1mu1ated by the use of KCI shou]d be viewed with caution.

..:w. v

4

ST N ' |
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SUGGESTIONS FOR FURTHER STUDIES

(a) Effect of -NA on Determinations o_f‘\gtrace_llular Space -

The unexpected finding that NA (5 x 1077 M) caused an apparent

uptake of ll'C-manmto’l is worthy of :further study. The follow1ng ques-
~ tions wou1d be appropr1ate - | |
| (i) "uIs the'effect seen only with mannitol or are other
'7markers,;e.g.,‘sdrbitol, sucrose and'inuTin similarly
. affected and if so, what re]at1on ex1sts between the effect

and mo]ecu]ar size and structure of the marker? |

(11) Is the phenomenon dependent upon 1ntact te]]s or |

15 1t'exh1b1ted by fract1ons prepared from homoqenates of

who1e tissue? :
- ' »

—_— (b) Nature of‘ the H—ZabeZZed Compounds Released by K+ va* N

and L7,
/

Since Haeugﬁer,iet ai (1968) were unabTe tb deponstrate any
re]ease of endoqenous NA from perfused cat hearts by LiCT, and Since -
‘Na wou]d not be expected to cause a release of transmitter from nerves
by means of a depolar1zat1on the apparent re]eas1nq act1ons of these
two cat1ons deserves further study As a resu]t of the study presented.

| above, 1t has been postu]ated that K s Na and’ L1 may cause a re]ease
of 3H NA and/or catianic metabolites. by means of an ion- exchanqe mech-

- anism, Consequent]y, an ana]ys1s of the metabolites of 3H-NA ‘present
in the perfusate from normal and denervated hearts, during perf051on with i
both norma] Krebs . and Krebs conta1n1nq excess KC1, NaCl or LJC1 may
shed . 11ght on th1s problem It quht_ahsq:be prdf1tab1e:to determine f

/ .
! . 3
s
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. whether these: cat1ons are ab]e to cause a re]ease of these metabo]1tes

from suB-ce]]u]ar fract1ons to wh1ch they might be bound

(¢c) Comparison of ~Nerve,StirrmZation and K01

¢

A]thouqh the preparat1on of an 1so1ated perfused rat heart

t

‘with an 1ntact sympathet1c -innervation is techn1ca11y feas1b1e, 1t wou]d

" be d1ff1cu1t However, it is possible to st1mu1ate nerves se]ect1we1y

\."4.

by field st1mu1at1on, so that 1t may be- poss1b1e to compare reledse of )

- 3H- NA and 3H 1abe1]ed metabolites induced from perfused rat hearts by

KET and f1e1d st1mu1at1on However as there are many other sympathet—

1ca1]y 1nnervated preparat1ons ava11ab1e (e g ,'1so]ated perfused rabbit

' heart hypoqastr1c nerve - 'vas deferens, 1nnervated 1ntest1na1 smooth

‘ musc]e) it may be more conven1ent to conduc% such compar1sons us1ng one

117

of these The quest1ons wh1ch m1qht be posed are: o A . ,‘.

(1) Are the 1on1c requ1rements for re]ease (partecu]ar]y

2t

) the same for e]ectr1ca1 st1mu1§t1on, KCl ‘NaCl and

~L1C17

- S
(11) "Are the metabo11te prof11es dur1nq re]ease the same? -

NG (i14) What are the 1on1c requ1rements and metabo11c prof11es

when release is induced from sympathectom1zed t1ssues e1ther /

e]ectr1ca1]y or by cations? ';

™
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\ ¢ ) v z;g;bg121’|l|l0|fl|t'n’|ff|f?|D|CPN|R;O|I’|’|Il|NC|I|I¢NC|CC|EIClﬂlﬂﬁlﬂ;CllCl‘l'!l!;Klﬁl'
1 ZENE . ’
[2)  *ENTER TAE STARDARD DPM AND coUNTIRG PINE:
T (%Y peD) - - Lo
[NY  *RETER BaCKRGROURD coUNTS.® : . : :
(s} BCoe/8Crp RGN ‘
[s) ‘ENTER PAE STANDARD COUN?TS,* . ' . ) . ‘
[7]  CPMe(CPYTY-BC : . .
(81 'ZaTER YAEZ CRARNELS RATIOS IN PAE SANE ORDER: "
AR €% . X | . ' 4 .
L £10) CARINELS (% an)p0er Ka(rpyinr} 1)%1004D(2) -
o ;,u; rqn-)-aeno',znn FLOV RATE, COUNTING TINE AND pIVE BPTVERR SANPLRS®) IX+NreYeteRCellolyCor0
12) €2 1)p* ¢ ! :
[13) LABEL2:(2 1)p0 v . . R
JTINY eCone/var)/ary oot ENPER COUNTS In FEART, CRAYNELS PATIO ARD WEIGNT OF ApAwy: . : Lo
T1S} *F7TLR DILUTION PAcTOR POR Rrawe comsrme (ENTER. U102 TF NO COMARCTION DESIRED)"
rie} »rcen . i . .
(17 aveso0s(vl1)err2 ) o0sr(¥2],¥02)) INTERPALATE CRAYNFLS) L . .
[18) Co(req(on) 0NnpoMerryern . copNrs In SANPLRS, RIGN COUNTS FIRST:*)~pC L
f19) -((pC)-.rn«(o.h).om/nn.or._\-‘mn IX SANE ORDER PAE CHANNELS RATION g' TICRUVIF SANE AS. LAST NEAR?
[30) APy Cet00=(Co(o/CR INTERPALAT CEARRPLE Y 4o CR) : : .
(211 AP2:C~100u(CICR INPERPALATE CRANNFLS) B :
r221 BZ31CCoCC,0o0((PM110203)) oMl 3] )ur09r2) ®
[23] (2 1)p° ) : .o B
t2e) TINES  DPN TUNULAPE DAY o)t L oo /
[28) nrny pre ¢ »Er ¢ EPPLUYY - . . : N v
[2¢) cz-(cwx.(ﬂﬂ-(nms)-w?s))'c'.-(-.c)-.n.e)-ss.ss:su . 'q '
' [37) . 2Pel0.Se(22407(3)m10") F L0y - o : B 4
(28] of1]a(n,0C)prr, 2 "
[29) (2 1) ¢
[0 ecomrrcrep new or mranr ame. '110.SeNCa(NYIS) - | .
(311 °D0 YOU WART AN INDIVIDUAL Prnts+
(32) <('wntemy ranrLs”
[33) LaBria: o g0 PLOTN(2,0C)072,100C2 ) ’
[€LY] unrl.sxo((.u)»n.})/uu‘u . ., ,
[3s} <LABELD (RC+PC,CoT(3]), 710001002 - B , ’
[38) 2P1:(2 1) .
[37) Do you pEsIrr 4 PLor oF AvERage ofop? °
(3] <LABELYIn 2epRem .
[39] (2 1)p* ¢ < : . i
(s0) * rrucs . €vz-/.-
- (811 OL120€2,((pXX)93))0XTer2,0 RuD C2e(o/11)(RT pC)al1rYIRSe(5CIC) 4pc
(82)  oLasEiy . . - . : . TN -
(83) LaBFIAGYS 1)p° N : N o :
(88 vpo 1OV wrsn 20 process amorRER EXPERINERTS ; : . ~
[83) <tei3epren T ‘ . ’ S
[a8) (3 1)p? ¢ B : . o .
{ar] @ seee o . set
[va) ¢ . s o o ot
(o) » . L. “eee e e e o Mr. - . ) .-
(s0) . e " e se M v )
(s1) seee o &
v 8
: o » i,
: % - ’ Y o . _
. oy ..
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PROGRAM 1b. APL/360 PLUNSSB-ROUTINE

.

¢

Y8UX\1eX31] L3OPLOT arx.iit‘olart];atgnJ.:))le

S

v

Lty

(1) 2Le0eevan)*
o |
] 3f+1 28 e -
{3 ¥+ 5 10 MR , { |
(5] <((0sm/(204),p8), 3 2 1 <5pR)/0,PL7,PLR,PL2 i
(83 ' «PL2,pBed(2,D)o(1Dep ,B) 0 . c
(2] PL1t3eBl1;;) . ,
El) PL21Y+te1(0B)(2)-1 W \ X
91 CoC(r/T/BE32))-A/L/BORRYY (T 78Cs1 -t R0 12) | )
{10) Pe1(204)CodCn0)xA01y 2:9)0801; 2 1700 - i e
(11) ro(s:[o/(lo.ooo:or-;o--c;-.zst))-xo-col1oor e
[312) Ce(SHePIxLCCL/L/BL32),1 Bl31))sPegyu-161 SNT 1 n
[13) Bli1)elo.SeP2)nn(y1)-CF2) : : /
[18) B(;Y)elo0.SeP(13xB(;7)-5(1)
(18 Aegi=l((1/7/80 7)), 0780513 08y
18]} RB+Gl1)e(SM01)8201])0, 1 AT1Y45001)
C27) #2eG02)e(5YT239702))n0, s PL2Te5H02]
(18] 0pSPe6p~ISVe12ileg o ‘ . o
[19]_pza:vrov/o»naonn-xo-u-srrs-zsvloloxer/l1oo|(nn-o)/na
[20) PPel1430IPP-1]1PPeaE Se((NB)e. 1100 10017 -
[21) LeUe1-(0{UCooAP)p1)A.ePP) 10 . N .
[22) «((U>Pevrery m(L¢LqI).(Iso)-2oL-I).STF?-ISV]oSfrz-ISV]ngU-'fblbf)/ 3 2 ex26
E:ag o(‘10xzs);os§(~-tsv]~rox ] . - LT o :
283 <PLY pAReGHT1+~ISYIn"161C - o )
(:si }?ré(-g;'o 1-196PF : : ¢ e
283~ Pre( ,PT)nde, OoPr)p'(.Q(llP.")v.A(lll)-.nV’rl’I_-l).(C-Du-!vf!',oll’l‘o)pl
¢ =(=Vr)/2+226 : ‘
PRI(U-2/(C,U)07)eUn" 1417 e1120RcO"
) 'PTO(-(|UoJ)¢(IoJ).|'1¢JOU-;)\(1 0 +C,U)oPT DY
130) Pr(\CiIede12 . . A
[31] Pret 01238567897, ' 14PPM;11-1])
‘[32] <(~ISVr)/PLs
(331 Le1,Rf2)poxCrAT1] o . - .
(38 PLutLe(LxfSxCn@Il1,R(2750 4 - oL
[3s) L[xo(n-o)luril]]0(0-0)/00(6-5f;rl)r.-r . T
1361 +(Cm0)/PLS | ) L
[37] LeLfos(g¥l2)92)10,1772) )
{3s) PLS:PT[((nPT)f!l}ﬁﬁﬂﬂzzrl])f!ootszfiJIC];J.(' 1'e(pY)oPC)M20L)
[39)  <(0sCec-3)/PLY’ . T : :
(80) +(UsleSHI2)-~ISVempoYRe 7))o
[81) PLEI(SN[2]-9)8(,(0 0 ,(Us1)p1)\PF),? o
[82] +(SP{1°3 2 81,1)/ 1 3 § 7 10 s226 i
Un3)  CORIGIN ARD SCALF FACTOP POR ORDINATE: '3601), 0701
(o8] «(0a5r[3))/2+126 . .
(85] 'SCALF FACTOR FOP ORDINATE: *310eSTLS]-1
[(86) <(0s5T{2))/201256 - .
(871 PORIGINFAND STALF FACTOR FOR ARSCISSA: tant23,0012)
[s8] <(0s5T(AY)/0 . : - :
5-9] VSCALE fPACTOR POR A3SCISSA: ".310eSPT6)-1
50) <o . ' :

YN sorror Bl{Xe(08)(1),814(s2)(31)421)(2)
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~ The program entitled “HEFFLUXZW (Proqram 1) is an 1nteract1ve <.

7‘.proqram written in. APL/360 and takes manua] (keyboard) input of raw

data from efflux exper1ments and converts them to
(a) eff]ux, in dpm/q/m1n, ) »
(b). total act1v1ty remaaninq in the heart, in dpm/o, r
'(c) efflax coeff1c1ent exoresqu as %. | | |
The proqram beq1nsnbg*reque§t1nq 1nput of thg rad1oact1v1ty (in dpm)

e,
¢

contained in each oﬂfﬁ%e,quEnched standard vaaﬂ :and the counting time

"«.“r )\'i_\“

l .7“.

used. Th1s program was des:qned far use on & sc1nt111atnon counter in
» Tt :

]

which samp]es were counted forga’brébet Teﬁh%ﬁ'%f t1me If the Beckman

LS~ 230 is used, enter "1". The user then enters the bacquOund counts

’followed b%@fhe counts obta1ned from the standard v1a1s, these data 0

: rad1oact1ve counts obta1ned from the HC}O

‘of the heart and then the d11ut1on factor for th1s extract From

@

bewnq entere%“n a. s1nq]e 1ine w1th a single’ space between each (t e.

as a vector) . The program then requests the correspond1nq channe]s

ratios and computes a:matrix of channe]s ratios and counting eff1c1enc1es :

The, user then enters the perfus1on rate, in m]/m1n, the count1nq t1me

4

- . .“".
. emp]oyed for the.exper1menta1 va]ues to fo]&ow and the co11ect1nq tlme b3

for each eff]uent samp]e, after wh1ch the _program’ requests entry of the 5
qﬁ%eart extract made at the = V”‘
end of the exper1ment the channe]s rat1o of this va]ue and the we1qht
these va]ues the proqram computes the tota] rad]oact1v1ty, 1n dpm/q,
1ema1n1nq in the heart at the end of the experlment, converting cpm to

e
dpm by means of a 11near 1nterpolat1on of channe]s rat1o on- counting -

eff1c1ency in the standard matrix. This 1s*ﬁch1eved by use of a sub—

o

-routine ent1t]ed LNTE \TE, the 11st1nq of which is . q7ven at the end -

-
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of HEFFLUX2. The\user then enters the exper1menta1 eff]uent sample
counts sequentiaily, start1nq at time = 0, - A]]owance 1s made for entry
.on two lines. If on]y one 11ne id needed the user types the APL
.””characters zO fo]lowed by "Return when 1nput on the second line: is
requested. The proqram then réquests ehtry of the correspond1nq°channe]s
: rat1os, the 'same provision being made for tworllne 1nput If the number

of channels rat1o va]ues is 1ess than the numbér of va]ues for the

counts, a mean value of channels ratio is computed and the raw counts

A 7iare converted to dpm us1nq a s1nq1e vq1ue of eff1c1ency determ1ned'by

1nterpoTat1on of the channe]s ratio va1ue 1n the standard matr1x If .
the numbers: of observat1ons for.samp1e counts and change]s ratio are

’the same, a vector: of correspond1nq eff1c1enc1es 1s computed by 1nter- ,
1,7

- ~

po]at1on of the samp]e channe]s rat1os in the standard matrix and the

samp]e dpm values are ca]cu]ated us1nq the va]ues in this vector. The ' \5
program then computes the va]ues of efflux in dpm/q/mfn, by convers1on

”of the raw counts to dpm and mak1nq correct1ons for t1ssue we1qht

.samp1e volume, flow rate and co]]ect1nq per1od The tota1 “tissue rad1o- -

3 o
;act1v1ty at the end of each perfus1on period (cumu]atlve dpm/g) i s

computed by sequent1a11y add1ng the total’ eff]ux to the value for the B
rad1oact1v1ty rema1n1ng in the heart at the end of the exper1ment
start1nq w1th ‘the last etéyuent samp]e (t e., back add1t10n ) and the

’va1ues for eff]ux coeff1c1ent (A efflux) are computed by d1v1d1ng each -

'4.va1ue of eff]ux by the xad1oact1ve content at that time and convert1nq

“to a percentaqe These three data str1ngs, together with the ,i
cornespond1nq time are then converted to a matrix and'hr1nted out
after which the va]ue of the heart content in dpm/q is pr1nted The .
.uisr may then request a qraph1ca1 pr ntout of the eff]ux coeff1c1ent

If the user w1shes to he may now. process other exper1ments for wh1ch

©



Cu S, v
he only has to enter the exper1menta1 vaTues. In aqg1t1on to obta1n1nq

an 1nd1v1dua1 pr1ntout for each exoer1ment the vaJues for. efflux
| "b’

, coeff1c1ent for each experlment are automat1ca]1y added and at the end

-of the last experIment the1r means are Dr1nted along w:th a araphical

[

,representat1on oo ' :
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" READC 1,20 TENP

B 4 S2CONTINUE
. T TPMICNUM) CRTs TPMCNIM) .
TPH2CNIMI s TPMINIMNY /¢ TPMT (NUM) = ¢ TPMCNI™) /2.0)) /TIME

N4

| B ! nr',
PROg RAM 2. 8K-FORTRAN EFFLUX PROG.

DIMENSIONS XCA),Y(4),TPMC288), TPMIC200)
DIMENSIONS TPM2(20€), CPM(208)

DO 99 LH g.j‘le‘ ] . s
VRITEC .

- JOFOPMAT(/* INPUT BACKGROUND®/)

READC 1, 28)° BACKG .
POFORMAT(F12.2) | ‘

VRITECI, 11)
11FORMATC ' INPUT TIME®)
READC 1, 20) TIME
VRITEC], 12) %
12FORMATC RATE"Y = )
READC 1,20) PATE -
VRITEC1, 12)

1IFOPMATC *VOLUMEH )

READC1,20) vQ

WRITEC), 14)

1AFOPMAT('COUNTS*),

READC 1, £@) COUNT

VPITECE, 1%)

ISFOPMATC *YEIGHT) N
READC I, 20) WT ' ’ L
WRITEC!, 16) | :

V6FORMATC 'EFFICIENCY *)

READC 1, 20).EFF

CRT=( COUNT~BACKG) » 20,0/ (EFFsVOL)
VRITECI,17) . :

17FORMAT( *NO.. OF POINTS FOP.GPAPH')
PEADC1,21) N

2IFORMAT(I2) -

VRITEC1,7@)

TOFORMAT( *COOPDINATES®)

DO S8 1«),N

; READC1,22) X¢1),Y(1)

L2FORMAT(2FB. ) -
SOCONTINUE
VRITEC1,71) .
T 1FORMAT( *NO. OF OESERVATIONS*)
READC1,213 NUM

VRITECL,18) o : ’
1BFORMAT( /*STAPT FEADER AND PFESS CONT'/)
PAUSE . : . -

KK=@
DO SR ILei,NtM . ’ St

. PEADC1,23)C, F

RIFOPMAT( 15X, ¥8. 1, 43X, F5.3)
DO 51 I=l,N E
IFCR=X(1)) 3¢, 30,51 .
SICONTINUE . -
Ielley R : . : .
11bmgy-y ¢ : !
XeeX¢I11) : . . T
XimXCII) = - o )

. Y8sY(I11) .

YisY(1I) .
l:-l.ucxa-xn)-((Yh-\'n-p-vooxnn.xe)
DPMCILY=CC-EACKG)Y /E+ 1000

TPMCIL) =DPMCIL) wPATEsVOL
DPMCIL) = TPMCIL) /uT

. KKeiKe } ~ . o
IFCKK-NUM) 90,852,582 - . \

9OREADC 1. 28) TEMP ’ . I3

3

ITsNUMs |
DO S3 I=2,NUM - B .

CJelTeg

-~
TPMICTYaTPMECS 1)+ TPM(Y)

: 'rme(.n-1?Hgd)l<fmx(q:-cfpﬁw)/e.‘mhnm:

S3CONTINUE
DO S5 Lel,NUM i ’ .
TPMCL)aDPM(L) = . - - :
SSCONTINUE !
DO Sa la),NUM )
VRITEC1,60) TPMCI), TPMCI), TPMECT)
uromnuuz.s,ex,:xe.s.ex.ue‘.s.ex.nz.s:
SACONTINUE R : . .
99CONTINUE. oo :

CALL EXIT - . :

END _ _ : "

R



Most of the efflux exper1ments reported in th1s study were
processed by means of a proqram written in 8K- FORTRAN for use in a

PDP-8 minj- -computer, This proqram (Program 2) performs essentda]]y the

162

'aSame computations as HEFFLUXZ, except that input of exper1menta] values -

is from punched -paper tapes made by the output dev1ce (ITTeTe1etype).
connected to the Beckman LS-230 sc1nt111at1on counter Other tnput
i.e., bacquound counts, co]]ect1nddt]me perfusion rate, sample vo1ume
heart extract co nts, heart weight ,. count1nq eff1c1ency for ‘the heart
‘extract, the coord1nates of the standard quench corredt1on curve and |
the numbeyr of exper1menta1 observat1ons is made by the _Operator at1§he

keyboard. A minor difference-between this program and HEFFLUXZ isfthat

the values of eff]ux coeff1c1ents are not given as percentaqes and are

c0mputed on the bas1s of the rad‘oact1v1ty rema1n1nq in the t1ssue at

.

" the middle of each co1]ect1nq period. O
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12
13

209

20
2¢0

301

%00
801
‘70

SCo
50

600

51
3¢

'90

2.

53
5s

60
99

/

\

<

-

DIREZKSION !(l),'(ﬁ),TPH(ZOO),TPH'(?OO}’;
DATA BlCKG/l?-5/.1‘!H!/2.0/.Rﬂ!‘/h.0/,'0l4 . .
"DATA N/“/,l/O.SSU,.'blI,.N&O,.785/.1/50.69,05.50,“2.92,)5.09/ .

WRITE(3,5)

FORMAT(/* ENTPR WO, OF S!TS‘OP DATA:Y)

RFAD(5,6) WSET
PORRAT (11)

DO 99 LH=1,nsET
WRITE (3, 10) BACKG

FORNAT (/' INPUT BACKGROUNDw»?® $E12.4)

VRITE(3,11) TINE .
PORNAT (/2 TNPUT TINZe',212,4)
WRITE(3,12) RATE
FORAAT(/' RATEw',E12,8)
VRITE(3,13) voL -
PORAAT(/* YOLUNEs®,£12,8)
WRITE(), 201) :
PORNAT(/¢ ENTER COUNT:v)
" READ(5,20) count .
PORMAT(P 12, J)
WRITE (3,200) COURT
TORAAT (/% COUNT®,E12,.8)
WRITZ(3,300) ) .
PORMAT (/¢ ENTER WEIGHT:® /) .
READ (5,20) NT . '
WRITE(3,307) wr
PORMAT (/¢ WEIGHT=*,B12,4)
WRITE(3,400) o
FORAAT (/* ENTER PFPIENCY:')
REWD (5,20) EPF
‘WRIT®(3,401) gpp !
" FOBAAT(/* FPFLUX=',212,4)
iCRT= (COUNT - “LCKG) #500. 0/ (EPPevOL)
WRITE(3,7"
FORAAT (/' COORDINATES ARE:+ ) a
DO 59 gx1,xn -
YFITE(3,5C0) x(I),r(I)- °
FORNAT(! ¢,2p8,3)
. CONTINUE i
VRITE (3,600)

YORMAT (/% ENTER NO. OFP OBSERVATIONS:'/i

READ(5,21) Num
PORRAT (12)

READ DATA' PHON PAPER TAPE o) uNIT 1

KK=0
DO 52 1L»1,NON

READ(1,2)) C,R

FORMAT (15K, FA.1,u3x,r5,3)

DO 51 1=y, N - '

IF(R-X(I)) 30,30,51 1
CONTINUE :

II=} - S
ITterg-1 :
XO=X(ITY) . o
X1ax(I1) % .
YC=Y (111) - v

YinY (I1) G N

r-1.0/(10-x1)-((rc-r1)ﬂs-yo~x1‘r1-xm

DPR(IL) = (C-BACKG) srei0c, 0

TPH(IL)-DPH(LLy-PA:z/voL

DPM(IL)=TPN (IL) suT
KEK=KK+1 N

TF(KK-NUX) 90,52,52 -
CONTINUE .

CONTINUY

rpnl(nun)-cprorpa(uuny

'7952(uun)-TPH(NUH)/(rPn1knun)~(rpn(uun)/z-O))lrIﬁ:

TToNUNHed .
DO 53 Ta2,Npn o

[N TS S :
TPATLI) <TPY1(Ie1) ¢ TN (g)

TPA2 (J) =TpN (J)/(T!’P.t (J) _-(TP}-.(J) 72.0) ) /TIne

.CONTINUF
D0 55 LeY, Nyx

TeM(L)rDPu(L)

CONTTNGE

DO 54 y=1,nup . i -
VPITE (6,60) Tpn(;),tpn1(1),rpnztn

ioanAT(/e12.u,21,p|2.5,2x,zlz.s,2x,312.ﬂ

CONTINUE .
CONT INUE
» STop
END

PROGRAM ‘3». MTS~-FORTRAN EFFLUX PHOGR/!_M

: LAY, .
W%) +TPN2(200)

163
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As a result of a breakdown in the PDP-8 mini- computer, some
of the efflux exper1ments were processed usinq a program wr1tten in
\ MTS FORTRAN and emp10y1nq the IBM 360/67 data processing system ava11ab1e
\Zn the Un1vers1ty of A]berta Th1s program (Program 3) is a1most.
1dent1ca1 to Program 2. The only essentta] differente is in the
~operating procedure 1nvo1v1nq the read1nq of punched- paper tapes - i\
Each of the data tapes was read 1n advance and the contents of each '
a11ocated to a file, the reference address of whfch was then spec1f1ed
from the remote term1na1 by the user in: the $n1t1a] 1nstruct16ns
icompr1slnq the "Run" command”' The operatrnq 1nstruct1ons were also
des1gned to allow the storage of.each output set in a temporary f11e, ,'

the contents of which were pr1nted at a remote line-printing stat1on ’

at the end of- each sess1on
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