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ABSTRAET

The effects of dïffering concenhatïons of the cotíons Co# (0 to 5 mM),

Mg* (0 to lé mM), ¡<o (o ro 20 mM) ond No* (0 ro 145 mM) on rhe sroroge, up-

toke, subce!lulqr distrïbution, releqse ond synfhesis of norepinephrine in the

ïsoloted perfused rot heort were investigoted. Decreosïng the concentrotion of No*

in the perfusïon medium reduced the level of endogenous norepinephrine ín heorts,

whereos chonges in fhe concentrotions of K+, Co# and Mg# were without effect.
e

The uptoke of 'H-norepïnephrine by the isoloted perfused rot heort wos not influenced
! -lJ- -L J-J-

by Ko o, Mg#, whereos ïncreose in the eoncentrotion of both No+ ond Co# in the

perfusion medTum enhqnced the uptoke. However, Cn# foited to influenc" 3H-

norepinephrine uptoke ïsr the obsence of Nq+. The subcellulor distributíon of
ã
'H-norepinephrïne in the heorf wos not oltered by chonging the concentrotions of

K+, Co# ond Mg#, whïle increosing the concentrqtion of No+ in the perfusion

medium coused on increose ïn the omount nf 
3H-lob"l in the gronulor froction ond o

decreose in the soluble froctïon. The spontoneous efftux of 
3H-nor"pínephrine 

wos

not influenced by changes in the concentrotïons of K+, Co#, o, Mg# in the

perfusion medio, whereqs increosing the concentrotíons of Nq+ reduced the reteqse

of 
3H-lob"l" 

The releos" of 3H-norepinephrine 
due to No*-lqck in the obsence of

Co# wos more thon fhqt observed ïn the presence of Co#" The uptoke of l4C-

eotecholomine synthesis wos decreosed by increosing the concentrofion of Co# o,

No+ brt wos not oltered by Ko o, Mg#. The retention of newly synthesize¿ 
l4C-

cotecholomines ïn the lreorf wos increosed by inereosing the concentrotion of No+.

These results indïcote the ïmportonce of Na+ ond Co# in fhe storoge, uptoke, releose

ond synthesis of norepinephrine in the raf heort.
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INTRODUCTION

Norepinephrine, the sympothefic neurofronsmitter, is moinly locolísed in

the qdrenergÍc nerve termÍnols (Norberg ond Homberger, l9&) where it ís stored ïn

specifïc introcellulor membrone bound gronules (Euler ond Hillorp, lg56; Potter ond

Axelrod, l9ó3b). Although extensive studies hove been undertoken on the processes

of storoge, uptoke, intrqcellulor distribufion, releose ond synthesis of norepinephrine,

very !ittle attention hos been poid to the role of importont cqtÍons in these processes

in heort. The present investigotion wos undertoken to study the effects of certoin

cotions on the tronsport ond synfhesÍs of norepinephrine in myocordium" For this

purpose, the isoloted, perfused, rot heqrt wos employed os on experimentol model"

The influence of Co*, Mg*, K* ond No* on endogenous stores of norepinephrine

and on the upfoke, subeellulor distribution ond reteose of exogenour 
3H-norepin-

ephrine wos ïnvestigated" In oddition, the effects of fhese cotions on the uptoke

uf l4C-tyrosine, 
the precursor of the neurotronsmitter, ond on the bÍosynthesis of

l4e-"ot""holqmines fro* T4C-tyrosine 
were olso studied. The results of this study

revecl the impor$once of l.lo* ond Co# ions in the tronsporf, storoge ond synthesis

of norepïnephrine in the odrenergic nerve terminols in the heort.



REVIEW OF LITERAruRE

Euler (1946) estqblished thot norepinephrine wos fhe sympofhetÍc neuro-

tronsmitter qnd vorious other investÍgotols hove confirmed this observotion (Bo"q

ond Fisher, 1947¡ Goddum ond Goodwin, lg47¡ Schmiterlow, 1948). Mony

excellenf review orticles concerning the studies on storoge, uptoke, releose

ond biosynthesis of cotecholomines hove oppeored in the literoture (St¡orne, l9&;
Achesoi, 1966¡ lversen, 1967¡ Axetrod ond Kopin , 1969; Euler, lg69; Geffen

ond Livett, 1971). Although the primory obiective of the present survey of

literoture wos to ob¡oin informqfïon obout the influence of cotions on synthesis,

sforoge, uptoke ond releose of norepinephrine, on ottempt hos olso been mqde to

outline vorious relevont feotures of fhese processes in odrenergic neurons.

lynfhesis of Norepinephrine

The biosynfhetÍc pothwoy of cotecholomínes from fyrosine involving

hydroxylotion, decorboxylotion, p -oxÍdotion wqs first proposed by Bloschko (1939) 
"

Since then if hos been confirmed both ïn vivg ond inlifre for odrenol medullo

(Demis ef ol. 1955¡ Kirshner ond Goodoll, 1956¡ Udenfríend ond Wyngoorden, I95ó) 
"

The qbility of rot qnd cqf broin slices to synfhesize dopomine ond norepinephríne

when incuboted *¡th l4C-tyrosine, 
wos reported by Mqsuoko et ol. (t9ót)"

Similorly in fhe isoloted dog ond robbit heorts the synthesis of norepÍnephrÍne wqs

demonstroted by perfusion with lobelled tyrosine or dopomine (Chidsey ef ol. 1963;

Musocchio ond Goldstein, l9ó3). It is now cleor thot the odrenergic nerve

ferminols confqin oll the necessory enzymes required for the synthesis of norepín-

ephrine from its precursor, fyrosine" The rote of synthesis in the isoloted perfused

guineo pig heorf wos shown fo be comporoble with thot found in vivo (Spector etol.
l9ó3). Moreover, the level of octivity of those enrymes involved in the bÍo-

synthesis of cotecholomines wos found to be greotly reduced in tissues ofter denervo-

tion of the sympothetic supply or in immunosympothectomised onïmqls (Corlsson ond

Woldeck, 1963; Fischer et ol. 1964; Andén et ol. 1965; Klingmon, t9ó5) 
"

Tyrosine hydroxylose, the enzyme which cotolyzes the conversion of l -
f¡rrosine fo l-dopo, hos been studied in sympotheficolly innervoted tissues, adrenql
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medullo ond broin (Nogetsu et ql. l9&4¡ Udenfriend , 1966b) " A porfiolly

purified preporotion of this enzyme from odrenol medullo wos found to requïre

tetrohydropteridine cofocfors. The enzyme wos stimuloted by Fe#, showed

specificity for its substrote, l-oc-methyl-p-fyrosine, ond wos inhibited both

in vivo ond in vitro by certoin iodo-tyrosine derivotives (Goldstein ond Weïss,

1965; Spector et ol. l9ó5).

. The decorboxylotion of I -dopo into dopomîne is cotolyzed by dopo

decorboxylose, which wos discovered by Holtz et ol. (1938) ond purified by

Fellmon (1959). This enzyme wqs found to requíre pyridoxol phosphofe os o

cofoctor. The decorboxylotion of other oromotic l -qmino ocids to the

eorresponding oromotic omines is olso cotolyzed by this enzyme (Lovenberg ef ol"

1e62).

The B-oxidqtion of dopomine to norepinephrine wos cotolyzedby
I

dopomine-p-hydroxylqse which is locoted in storoge gronules (Kirshner, .l959).

This copper-contoinÍng enzyme required the presence of qscorbic ocid ond

oxygen for its octivity (Friedmon ond Koufmon" l9ó5). Tyromine ond d-methyi

dopomine olso serve os subsfrotes"

The conversion of norepinephrine to epinephrine hos been shown to be

cotolyzed by the enzyme phenylethonolomine N-methyl tronsferose in the

sdrenot medullo (Axetrod, 1962). The octívity of this enzyme hos been demon-

stroted in the supernotont froction of odrenql homogenotes wÍth S-odenosyl

methionine serving os the methyl donor" However this enzyme is generolly

believed to be obsent from fhe peripherol sympothetÍc nerves.

From studíes of ïn vitro synthesis of norepinephríne from tyrosïne, dopo

ond dopomine in vorious froctions of the bovine splenic nerve homogenote,

Stiorne (19óób) hos concluded thot hydrorylotion of tyrosine ond decqrboxylofïon

of dopo toke ploce ín the exfrc-gronulor oxoplosm white fhe formqtion of

norepinephrine from dopomine occurs in the storoge gronule. However, Udenfriend

(19óóo) is of the opinion thot oll these enzymes ore normolly locolized in q

synthesizing orgonelle whìch moy be the some os the norepinephrine storoge vesicle.

Levittetol. (19ó5) hove reported fhof the rqte limifing sfep in the formofion of
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norep¡nephrine ïn the sympothetic nervous system is the conversion of I -

ffrosine fo dopc, cotolyzed by fyrosine hydroxylose. In isoloted perfused

guineo pig heorts, the rote of norepinephrine synfhesis wos found to increose

lineorly on increosing the concentrotion of dopo or dopomine but not of fyrosine.

The opporent K. for the over-oll reoction, tyrosine"norepinephrine, wos shown

fo be eomporoble to thot observed for the conversion of tyrosine to dopo by

purified tyrosíne hydroxylose" The octivity of this enryme wos much lower thon

that of the other enzymes involved in the biosynthesis of norepinephrÍne"

Stiorne (.l9óéb) hos observed thot the synthesis of norepinephrine is reguloted by

the norepïnephrine concenfrotion in the tïssues in two woys: by product

Ínhibition of the enzymic process ot the level of hydroxylotion of tyrosine ond by

eompetitive ïnhibitìon of dopomine binding to fhe hydroxylotÍon sites.

AccelerotÏon of norepinephrine synthesis by nerve sfimulqfion hos

been reported by severql ïnvestïgotors (Alousi ond Weiner, 1966¡ Gordon:j3.!"

tr966; Roth et o1..1966)" The impulse induced occelerotion of norepinephrine

synthesis in the odrenergic neurone ii found to occur only from tyrosine ond not

from dopo (Sedvollond Kopin, 1967). The synthesis is, therefore, stimuloted ot

or before the fyrosine hydroxylotion step. The rote of.norepinephríne synthesis

in thïs eose is eonsïdered to be controlled by tyrosine tronsport, product inhibitiono

endogenous inhibitors or cofoctors of tyrosine hydroxytose. It is currently

believed thot o reductïon in the concentrqtion of norepinephrine due to ïts

relesse on nerve stïmulotíon results in the qctivotion of tyrosine hydroxylose ond

subsequenfly in the ïncreqse of norepinephrine biosynthesis (Neff ond Costo,

1966). A reciprocol relqfionshïp befween neuronol norepinephrine qnd its turn-

over in rof broïn ond heqrt hqs been demonstroted (Neff ond Costo, T9ó8). Thus,

fyrosine hydroxylose oppeors to regulofe the synthesis of norepinephrine in the

sympothetïc nervous system "

The effect of Co+ ions on 
l4C-do*rine 

biosynthesis fror l4C-

ffrosine wos investigoted in slices from the shiotum of rots by Goldsteïn ef ol.

(1970). The qdditíon of Co#to the incubotion medio wqs found to produce o

dose dependent decreose of l4C-doporine 
biosynthesis. K* *o, found to



accelerqte the synthesis of norepinephrine in the guineo pig vos deferens

(Boodle-Biber et ol. 1970).

It moy be nofed thot results concerning the effect of ïons on the bio-

synthesis of norepinephrine ore frogmentory in noture ond thot no detoiled studies

hove qs yet been published.

Storoge of Norepinephrine

Norepinephrine stores ore ossocioted with odrenergic neurones ond

become depleted ofter degenerqtion of nerves (Euler ond Purkhold, 1951).

Hisfochemicol fluorescence studies hove reveoled thqt norepinephrine Ís moinly

eoncenfroted ín the terminol ports of the odrenergic neurones. It hos been shown

thof nerve cell bodies hove o low omine content ond thot procficolly qll of the

odrenergic tronsmitter is locolised in the vqrícosifÍes of the synoptìc terminols

(Norberg qnd Homberger, 19ó4). Dohlstrom ond Hoggendol (1966) hove esti-

motedthe norepinephrïne content of the cervicol sympothetic gonglio of cqt qnd

of the orgons innervoted by these gonglÍo qnd found thot the rotio befween cell

bodies and terminols for norepinephrine content wos obout l:300.

It hqs been shown by Bloschko ond Welch (1953) ond by Hïllorp et ol"

(1953) thqt cotecholsmines ore sforcd in specific inhoðellulor membrqne-bound

gronules Tn the qdrenal medullo. Euler ond Hillorp (195ó) hove demonstrofed

fhe existence of sïmilqr norepinephrine sforing vesïcles in bovine splenic nerves

ond rot spleen. The norepïnephrine storoge gronules of the odrenergic nerves

hove also been demonstrofed by electronmicroscopy (Wolfe et ol. 1962)" These

storoge gronules ore consÍdered to be synthesized in nerve cetl bodies (Dohlstrom

ef ol" T9é5) ond tronsported vio the oxons down fo the voricositÍes of the

ferminols, where they ore present in qbundonce (Molmfors, l9ó5). Dolhsfrom

ond Hoggendol (19óó) hove colculoted thot the rote of tronsport of omine storoge

gronules in sciotic nerve is 5 - 6mm/hr qnd their life spon is obout 35 doys.

The number of omíne gronules in eoch voricosify is colculoted to be obout 1500

in rot iris ond vos deferens (Dohlshom etot. 1966). The physicol properties, such

os stobility in vorious medio ond spontoneous omine releose rqte of splenic nerye

vesicles (Euler ond tishoiko, l9ólo , b, 1963o, b; Stiome" l9óy'') were found ro
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be similqr to those from rot heort (Potter ond Axelrod, l9ó3b; Snyder et ol.

l9&4¡ Potter, 1966). Although o number of similorities between the gronules

from heort ond odrenql medullo hove been observed, these gronutes were olso

found to differ ìn some respects. For exomple, the holf tïme for norepinephrine

releose from cordïoc gronules ïs obout l0 mïn, whereos in the cose of medullory

gronutes it ïs obout 108 min ot 37oC (Euler, 1966). Furthermoru, Co#

occeleroted the sponfroneous rote of amÍne releose from the medullory gronules

but wos without ony effect on the heort gronules (Schumonn et ol. 19e). Thus,

if oppeors thqt the norepinephríne storoge gronules in odrenergic nerves in-

nervoting dífferent orgons shore some identïcol properties, but olso possess some

specîfic chorocteristics "

In oddÍtion to norepinephrine, ATP is qlso found fo be present in

sforoge gronules (Schumonn o 1958; Euler et ol" l9ó3)" Weok cotecholomïne-

ATP complexes hove olso been demonstrqted in vÍtro by nucleor mognefÏc

resononce spectroscopy (Weiner qnd Jordetzky, 1964)" Norepinephrine storoge

in vivo Ín the gronules moy be on qmine-ATP complex in ossociqtion with o

chorocteristic protein (Kirshner et ol. 1966¡ Schumonn et ql. 1966)

Although gtudies hove demonshoted that the binding mechonisms for

norepïnephrïne in storoge gronules ore not specific for norepinephrine olone, c

eerfoin corretotionihos been estqblÍshed befween chemicot structure ond binding"

The quorternory N+ group ond the p:hydroxyl group ore importont for binding

(Weiner and Jordetzky, 1964)" Stereospecificity of the p-hydroxyl group hos

been observed in thot !-norepïnephrine ís preferred (Kopin ond Bridgers, l9ó3)"

Experiments concerning differentiol drug responses (Trendelenburg,

1961¡ Crouf et ql. 1962¡ Obionwu, 1968), ond releose rotes of lobelled norepïn-

ephrïne in the rot heqrt (Axelrod etol.1961¡ Kopin gIol" 1962) suggesf thot

norepinephrine is presenf ïn more thqn one t'pool" in sympothetic nerves. How-

ever, Costa et ot. (19óó) hove demonstrqted thqt frocer omounfs of 'H-norepin-

ephrine discppeor from rot heort by o single exponenfiol phose ond thqf tyromíne

ond reserpine cquse o ropid ond exponentiol releose of norepinephrine stores,

reveolÍng fhot the norepinephrine is h'onsfered so ropidly befween comportments
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thot they behove essentiolly os o single pool. Studies on the subcellulor

distributïon of norepínephrine in sympothefíc nerves hove shown thot o con-

sÏderoble proportion of the totol norepinephríne contenf ïs recovered in the

soluble supernotont frqctíon obtoined qfter centrifugotion ot 105,000 x g for'l
hr. However, it hos been orgued thot supernotont norepinephrine might hove

orisen from the destruction of storoge gronules during the procedures of homo-

genizotïon ond cenhifugotïon (Potter ond Axelrod, l9ó3o; Corlsson, 1966).

Stiorne (19óóo) hos suggested thot the soluble form of norepínephríne

is on importont source of the tronsmitter releosed by nerve stimulotion. But

studies of the minioture end plote potenfiols ín sympotheticqlly ínnervoted

guineo pig vos deferens hove reveoled norepïnephrÍne releqse os quontol in

noture (Burnstock ond Holmon, 1966). It wos suggested thof norepinephrine dis-

chorged from the oxon by depolorizotion of the oxonol membrone is ïmmediotely

derived from nerve gronules, which represent the onotomicql substrote for

quontol releose. Studies on the fime course of depletion of norepinephrine in

rot heorf ond broïn showed thot norepinephrine present in the soluble cyfo-

plosmic froction wos depleted more ropîdly thon the correspondíng porticle

bound froctïon (Westfoll, 1970). It wos consÍdered thot on nerve stimulofion

norepinephrine from fhe odrenergic neuron is eifher derived first from o super-

notont pool or from'gronulor froction followed by ropid redistribution of the

neurotronsmitter to the porticulote froction of the expense of cytoplosmic omine"

Thus, the odrenergic neurotrqnsmitter is stored in gronules os on

omine-ATP-protein complex but opinion is divided whether it Ís presenf

in more thon one pool. The importonce of Nuf ¡on, for the process of norepin:

ephrine storoge in sympothetic nerve endings of rot heort slices wos reveoled by

the observotíon, thqt retention of 3H-nor"pinephrine 
in rot heorf slices wos

reduced in the obsence of No* in the incubotion medio (Bogdonski ond Brodien

1966). similor results were obtoined in the obsence of K+ oI. co# but the

retention of norepinephrine wos found to be normol in the presence of holf the

omount of the usuol Kf concentrotion in the incubotion medio (Gillis ond Poton"

196n. It wos suggested thot the reduced retenfion of the omine observed under
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fhese condifions is due to o combinotion of impoÍred octive tronsport into the

cell ond interference with introcellulor bínding. Thus, it is opporent thof very

little informotion concerning the influence of cotions on the obilíty of heort

to retoin ond store norepinephrine is ovoiloble in the literoture.

Uptoke of Norepinephrine

After injectïng lobelled norepinephrine into onimols,the occumulotion

of the omine hos been found to be well confined fo the sympotheticolly

innervoted orgcrns (Whitby et ol. l9ól). The normol obilïty of on orgon to

occumulqte exogenously odmìnistered cotecholomïne is severely ímpoíred or

lost ofter chronic sympothefic denervotion (Hertting 9!gl. 1961¡ Stromblod

ond Nickerson, l9ól) or in immunosympothectomized qnimols (Sioqvist et ol.

1965¡ Zqimis et ol. l9ó5)" Further proof of locolizotion of cofecholomïne up-

toke hos come from fechniques such os outorodiogrophy, electronmicroscopy ond

fluorescent histochemistry (Morks et ol . 1962¡ Wolfe et ol . 1962¡ Homberger et ol.

lgó4l.. The results from such experiments hove led to the conclusion thot the

uptoke of norepinephrine tokes ploce in the sympothetic nerve terminqls.

The physiologicol significonce of the norepinephrine uptoke process

Ís considered to be in terminoting the qctïon of circuloting omine (Celonder,

1954). Similorly the reuptoke of the releosed neurotronsmitter on nerve stimulqtïon

results ïn the terminotion of its oction (Brown ond Gïllespie, 195n. The reuptoke

Process olso serves to moíntoin endogenous stores of norepinephrine in tissues

ond thus helps in tronsmitter economy. Studïes by Axelrod et ql. (1959),

Muscholl (19ól) ond Whitby ef ol" (19ól) hove cleorly reveoled thot the

uptoke of cotecholomines tokes ploce ogoinst o concentrotion grodient. Dengler

ef ql. (t9ól) hove suggested thqt the uptoke of norepinephrine in cot heort

ond broin slices might be medioted by o soturoble membrone tronsport process.

This wqs confirmed by lversen (19ó3) who studied the kinetics of 3H-nor"pïn-

ephrine uptoke in the isoloted perfused rot heort ond found thot the doto fitted

fhe Michoelis-Menten equotion" The tronsport of norepïnephrine is considered

fs be on energy dependent process (Berti ond Shore, lg67¡ Homberger, 196n"
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Iversen (19ó5) hos reported o second typ. of norepÍnephrine upfioke,

designofed os uptoker, ìn the isolated perfused rot heorf when high exfernol

concentrotions of norepinephrïne (l to AÙpg/nl) were used. Lightmon ond

Iversen (1969) hove cloïmed thot this extrqneuronol uptoke, moy olso hove

some physiologicol imporfonce in terminoting the octïon of cotecholomines.

Jocobowit/l96n hcs reported intense cqtecholomine-fluorescent cells Ín the

confines of the otrisl gonglio of mony species: these chromoffin cells ore re-

gorded os cn extroneuronql cotecholomine pool ond moy be ïnvolved în the

uptoker.

Exogenous norepinephrine is ropidly incorporoted into the introcellulor

storoge sites in rot ond rebbit heorts (Mïchoelson etof " 1964¡ Stiorne, 1964).

However, Ive¡'sen (19ó3) hos shown thqt o lorge port (75Vo) of the endogenous

pool exchonged very slowlyo if at all, with exogenous norepinephrine in

ïsoloted perfused rat heorf " Initiq! uptoke of norepinephrine through the

neuronot membrone cqn be distínguished from ifs incorporqtïon info the Íntro-

neuronql storoge vesicles. From on onolysís of the uptoke of 
3H-nor"pinephríne

Ín fhe isoloted rct heorfrlversen (19ó3) hos concluded thot there is o bïphosic

enhy of the cotecholomïne into the sympothetic nerves: o ropid uptoke into

the axoplosrn ond o:slow occumulotïon of the qmine in the introneuronot storoge

gronules. i

The uptake proeess hqs been shown by mony workers to exhibit

structural ond stereoehemicql speeíficity. The uptoke of norepinephrine by

odrenergicolly ïnnervofed tissue wqs found to be more thon thot of epinephrine

(Axelrod et ol. 1959; Whitby et ol. t9ól). A trend of decreosing offíniry

for fhe uptoke of omines by isoloted rot heqrt wos observed when the side choin

qt the N-positïon wos increosed (Burgen ond Iverseno l9ó5)" Beoven ond

Moickel $9e) hove reported thai the rote of uptoke of l-norepînephrine by

rot heort is severol times more ropïd thon that of d-norepinephrine. Buf,

Droskoczy ond Trendelenburg (19é8) foiled to observe ony stereospecificìty

in the uptoke of norepïnephrine in the neuronol membrone of ìsoloted perfused

robbit heort. Sochs (.l970) olso showed o smoll preference for the uptoke of

l-isomers in the inþct nerves of both mouse otrio qnd rot ïris; however, this
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phenomenon wqs not cpporent offer btockode by reserpïne of the Mg#-ATP

dependent uptoke mechonism in the storoge gronules. Thìs would indicote

thot the stereospecïficity of norepinephrine uptoke in the odrenergic nerve

termínols ïs ossocioted with the omine storoge gronules.

Kirshner (1962) ond Corlsson et ol. (19ó3) hove shown thot the

storoge porticles isoloted from fhe odrenol medullo occumulote exogenous

epinephrine ond norepinephrine ond thot this uptoke is greotly increosed by the

oddition of ATP ond Mg#. Likewise, the experiments by Euler ond Lishoiko

(1961b, 1963o,b) dernonsiroted the obïlity of o suspension of bovine splenic

nerve porf ie les fo toke up exogenous norepinephrine ot o higher externol con-

eentrotïon in the medium ond to o torger extent in the presence of ATP ond Mg++.

l-lowever, Potter ond Axelrod (19ó3b) hove reported thot the rot heort portïcles

c¡ccumuloted exogenous norepinephrine of low concentrotions in the medium

snd in the obsence of Å,TP ond Mg#. Some differences hqve olso been noted

in nonepinephrïne uptoke by nerve porticles ond intoct tîssue. For exomple,

norepïnephrine upfake is quontitotively more in the intoct tissue. Furthermore,

norepÏnephrine uptoke by isoloted gronules wos opporent only when exposed

to a relotively higher concentrofion of cotecholomines in the medium (lversen,

1e6n "

Thus, uptcke of norepinephrine tokes ploce in the odrenergic nerve

termïnals" This uptoke is on energy dependent, corrier-medioted tronsport

proeess thot exhìbïts structurol stereochemicol specíficity ond is believed to be

locoted in the oxona! membrone of the odrenergic neuron. The current concept

of the uptoke of norepïnephrine includes the presence of o Mg#-ATP dependent

uptoke mechonism in the intrqneuronol storoge gronules (Sochs, 1970)"

Studïes on the lnf luence of cotions on the uptoke of norepïnephrine

hove reveoled o depenclency of the tronsport mechonism, on No* in rot heort

(lversen ond Krovitz, 1966; Gillis ond Poton, 1966, 1967¡ Horst et ol. l9ó8;

Bogdonski ond Brodie, 1969¡ Keen ond Bogdonski, 1970), ïn robbit heort

(Surgue ond Shore, 1969) in cot spleen (Kirpekor ond Wokode, l9ó8) qnd Tn

broin synoptosomes obtqined from rot ond robbit (Bogdonski et ol. 1968;

Tissori et ol. l9ó9) "
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Gillis ond Poton (19óó) hove observed o significont reduction in the

occumulotion of 
3H-nor"pinephrïne in rqt heort slices in Kf-free medium"

However, these workers hove shown thof concentrotions of K+ higher thon é

mM in the medium olso produced o decreose in the occumulotion of norepin-

ephrine" On the other hond, Bogdonski qnd Brodie (1969) observed this

decreose în norepinephrine uptoke only when the concentrotion of K+ in the

mediunuwos increosed over 26 nWond suggested thot high K+ level ontogonise

the effect of No+ on uptoke ondstoroge of norepïnephrine. But, for moximum

honsport of norepinephrine, the presence of K+ in the medlum wos essentiol

(Bogdonski etol.l970a,b). However, Horst el ol. (19ó8) did not observe

on effect of K+ on the uptoke of norepinephnine by the isoloted perfused rof

heort. Thus, it oppeors fhot results concerning the effects of Kf on

norepinephrine uptoke ore conflicting. Mg* cloes not seem to hove ony effect

on the uptoke of norepinephrine in rot heort (Gill¡s ond Poton, l9óó; Horst

et ol. l9ó8) " _,

A reduction in the uptoke of "H-norepinephrine info rof heort slices
+

due to Co" removol by the oddition of EDTA (5 mM) to the medium, hos been

reported by Gillis qnd Poton (1966). On the other hond, norepinephrine uptoke

wos shown to be enhonced in the obsenc" nf Coff ond decreosed in the presence

of high concentrotions of Co# in the isoloted perfused rot heort (Hortt =Jo!"
t9óS). These workers hove suggested thof Co# ond No* hove o common

but ontogonìstïc site of oction. Keen ond Bogdonskï (1970)ron the other hond,

hove shown thot the uptoke of norepÏnephrine in rot heort slices is solely

dependent upon the No* 
"on""ntrotion. 

The presence or obsence of Co++ hod

little effect. Thus, it con be seen thot controdictory reports regording the

effects of Co on the uptoke of norepinephrine hove been published.

A model for omine tronsport hos been suggested by Bogdonski qnd

Brodie (19ó9). According to their hypothesis, the omine is tronsporfed together

with No+ ocross the neuronol membrone by o corrier-mediqted process. This

tronsport depends upon the osymmetric dïstribution of Nq* ond K* ocross the

membrone. This concept is supported by the findings of Tissorig¡g!. (1969),
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who hove shown thof ouobqin blocks the uptoke of omine ofter o lopse of time

os o resulf of the ïnhibition of Nla+ ond K+ dependent ATpose [No+-K+)-
ATPose]" However, Leitz ond Stefono (1970) could not correlote the onset

of inhibïtion of norepinephrine uptoke due to ouoboin with chonçs ïn the

inlrocetiulor Na+ and K+ concentrotion in guïneo pig myocordium. Símilorly,

White ond Keen (197A) hsve demonstroted thof differences in ïnternol No+/K+

ionic composition hod no effect on the uptake of 3H-nor"pinephrine 
by rot

broin synoptosomes; clthough roising the exfernol concentrotion of No+ ¡n-

creosed the uptoke of 3H-nor"pinephrinen 
this dÏd not occur ofter pretreolment

with metobolic inhibitors. Moreover, concentrqtions of ouoboin (0.1 ond

0.01 mM) ond strophanfhidín (l rnM) which inhïbit ltlo+-t<+¡-ATPose octivity,

do not depress the uptoke of nonepinephrine. At o concentrotion of 'l mM,

ouoboin inhibited both (No+-N"¡-Atnose cctivity ond norepinephrine uptoke.

Thus¡ouaboin csn inhïbit norepinephrine uptoke by o mechonism which does not

involve lnto+-t<+¡-ATPose (White ond Keerr, 1971). These findings cost

some doubt on the involvement of (Nc+-tr+)-Arpose in the uptoke of norepin-

ephrine 
:

Relgase of NorepinèphJïne

Releose of,norepinephrïne from the odrenergic nerve terminols hqs

been shown to occur on stimulation of the sympothetic nervous system. Vorïous

ïsoloted perfused orgens, which sre Tnnervoted by the sympothetic nervous

system hove been employed cs models for studying the mechonisms of norepin:

ephrine releose (Brown, l9ó5)" The bovine splenic nerve gronule preporotion

hos been extensïvely employed to elucidate the chorocteristics of norepïnephrïne

releqse (Euler ond Lishoiko, T96lo, 
.l9ó3o,b, l9ó5). The omount of norepin-

ephrine releosed con be meosured biologicolly in terms of its effect on sensitive

effector orgons or chemïcolly by spectrophotofluorometric methods. However,

rodioqctive methods ore most commonty employed for studying the releose of

norepinephrine under vsrious experÏmenfol conditíons (Herffing ond Axelrod,

r eór ).
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The releose of norepïnephrine from the odrenergic nerves ïn response

fo stimulotion is o Co# dependent process. Thís phenomenon hos been ex-

tensively documented by voríous workers usïng different preporotions. In the

isolofed perfused robbit heort, the response to sympothetic nerye stîmulotïon wos

reduced when Co# concentrofíon of the perfusion medium wos lowered

(Hukovïc ond Muscholl, 
.l962)" 

Likewise, Boeles:j:l" (19ó3) hove reported

thot fhe response to nerve stimulotion in the isoloted rot hypogostric nerve-

vas cJeferens p!'eporotion wos obotished in o Co# defïcient medium. Similor

results were reported for guineo pig vos deferens by Kuriyomo (1964).

eolcium dependence of norepinephnine releose due to sympothetic stimulotion

l'ros olso been reporfed for ¡'ot broi¡', ond heort slices (Boldessorini ond Kopin,

1966), isolored cct eolon (Boullin, 1966, 196n, ond cot spleen (Kirpekor

ond Mïsu, 196n "

Hukovic ond Muscholl (1962) observed o bosol rote of norepinephrine

discharge af 2 ng/min, which could be increosed more thon 100 fold on

stimulotion of the odrenergic nerve supply ïn the perfused robbït heort. Burn-

stock ond h{olmon (1962) hove provided supporting evidence by demonstroting

smoll spontsneous depolorïzïng potentiols in sympothetlcolly innervqted smooth

muscles" Thusrit ís considered thst there is o smoll but signïficont

omount of norepïnephrine which ìs releosed spontoneously from the odrenergïc

nerve termïriols in the obsence of nerve impulses.

tloullín $g6n hos shown thot nerve stímulotion releoses 
3H-nor"pin-

ephrÍne from the cot colon when the perfusion fluid contoins Co#; but this

phenomenon is not dependent upon the omount of Co# in the medium.

Moreover, the spontoneous releose of norepinephrine wqs not oltered by the
J-.L J.¿

oddition of Co" qnd wqs rother ougmented by removol of Co" " Itwos

suggesl'ed thot Co# is essentiol for norepinephrìne releose by nerve stímulotTon

but not for the spontoneous output thot occurs in the obsence of nervous octivity"

The enhsncement, induced by Co#, of norepinephrine releose from

adrenergic nerves ïn response to electrìcol stimulotïon is ontogonized by Mg#
(Burn ond Gibbons,1964). Colcïum wos found copoble of reversíng the depressíng
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effect of Mg'' on the releose of neurotronsmitter by nerve stÍmulotion

(Former ond Compbell, 196n" Keen ond Bogdonski 09n) reported thot the

rote constont of norepinephríne efflux in rof heort slïces is dependent upon the

concentrotïon of Co# presenf in the medium. The releose of 
3H-nor"pinephrine

from fhe heort slices wos correloted with on increosed uptoke of 
45Co 

by

tissues incuboted ¡n No*-defïcïent medio.

It is considered thot the mechonism of norepinephrine releose from

odrenergic nerve terminols by nerve ïmpulses is sïmilor to thot postuloted for

the odrenol medullory secrefion of cotecholomine induced by ocetylcholine

(Douglos, l9ó8). In both instonces the releose of tronsmitter is dependent
#+

upon Co" ond is promoted by depolorizing concentrotions of extrocellulor K'.

The "stimulus-secretion coupling" proposed for the releose of cofecholomines

from odrenol medullory chromoffin cells by Douglos ond Rubïn (19ól) moy serve

as o model system for understonding the mechonism of releose of norepinephrine

from sympothefíc nerve termïnols. The norepinephrine releose rote is grecfly

influenced by temperoture, the pH oi the medium, fhe odditïon of ATP or

ADP to fhe medium ond even by the concentrotion of norepïnephrine in the

incubotion medium (Euler, 1966). However, Tt is Ímportonf to recognise thof

there ore differences between nerve gronules ond the odrenol medullory gronules.

For exomple, nerve gronules hove o much higher rqte of spontoneous releose of

norepinephrine thon the medullory gronules ot 37oC.

It hos been shown thot ocetylcholine increor", 
45Co 

uptoke in the

edrenot medullq os well qs cotechotqmine releose (Douglos ond Poisner, 1962).

In perfusion experiments employing cot odrenol glond, it wos found by Douglos

snd Rubin (1961, 1963) thot ocetylcholïne still retoined ïts obility to releose

cotecholomines even when No*, Ko, Mg* ond Cl- were obsent; only Co+

wos found to be required. The finding thot K* stimuloted cotechotomine

secretïon from the medullo ffogt, 1952) wos exploined by the fqct thot K+

enhonces Co' ' uptoke (Douglos ond Poisner, l9ól)" Although the secretory

mechonism in odrenol medullo is normqlly considered fo be Co# dependent,

other divolent ions such o, Bo# o, Sr# con be substituted for Co# (Douglos
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ond Rubin, 19é4) "

Cotecholqmine releose from the odrenol medullo in response to vorious

stimulï wos ossocioted with the oppeoronce of ATP ond its metobolites ïn the

perfusote. The molor rotios of releosed cotecholamines to ATP ond its metobolîtes

ïn the perfusote were similor to fhose found in the chromoffin gronules ï.e.

4 mol of cotecholomines for I mol of ATP. Thus ït wos evident thot chromaffin

gronules might be the source of cotecholomines releosed from fhe qdrenol

medullo (Douglos et cl" l9é5). As well os ATP, o chorocteristic soluble

proteïn constifuent of chromoffin gronules wos olso detected in the perfusofe

(Bonks ond Helle, l9ó5; Bloschko st ol . 1967¡ Kirshner et ol. 196n" No

chonges in the phospholïpid ond cholesterol content of gronules or in the per-

fusote wos observed on stimulqtion (Poisneret ol.lg67; Schneider et ol J96n"
It hos been suggested thot cotecholomine secretion from medullory chromoffin

eells involves the gronules directly ond occurs by exocytosis or some closely

reloted process (Douglos, 1966, l9ó8)

Bonks (.!9óó) hos proposed thot the octuol role of Co# in "stimulotion-

secrefïon coupling'f is by neutrolizotion of the net negotive surfoce chorges on

the gronules which þring qbouf the ottochment qnd incorporotion of gronulor

membrone to the plosmolemmo. A consideroble omount of ATPose octivity hos

been demonstroted i:n the gronulor membrone (Hosie, l9ó5). It hos been found

fhot ATP stïmulofes the releose of cotecholomines from chromoffín gronules ïn

medio rïch in Nn+, u, Ko lOko:ß. f 9ó5)" The releosing effect of ATP

could be blocked by inhibiting the ATPose ocfÍvity of the gronule (Poisner ond

Triforo, 1967¡ Triforo ond Poisner, 1967)" By splïtting the ATP present on

plosmolemmo, gronulor membrqne-bound ATPose might result in on ïncreose in

eross linkoge ond fusion of the gronulor membrone with plosmolemmq. Douglos

(19ó8) speculoted thot such on ïnteroction between ATP ond ATPose is promoted
J-J-

in sîtu by Co' ' wîth the membrone fusion ond to the releose of the confents of

the gronule. Rubin (1969) hos observed thot energy is required for the secretory
-L"l-

oction of Co" on medullory chromoffin cells. tishoiko (1970o, b) hos reported

thot the enhoncing effect of Co++ on the releose of cotecholomines occurs only
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in eoniunctïon with precipïtotion of cotcium phosphote while RNA strongly

potentiotes the releosïng effect of Co#. The enfry of Co# in vivo ïnto the

chromoffîn ce!! influences cotecholomine secretion in the in*Çna uy
!L#

increosing the introcellulor level of free Co'' ond mokïng more Co" ovoilobte

for the process of cotecholomine releose. Thus, Co# is essentiol for the releose

of neurotronsmifter on nerve sfimulotion, but the precise step involving Co#

ïn the mechonism of releose ïs still speculotive"



MATERIALS AND METHODS

Perfusion of Heort

Eqch mqle hooded rot;weïghing obout 300 g wos socrificed by decopitotïon,

the heort ropidly removed, ploced in ïce-cold oxygenoted Krebs-Henseleit bi-

corbonote buffer ond freed from odipose ond connective fissue. The oorto

wos tied to o connulo of the perfusïon opporotus for coronory perfusion by the

conventionol Longendorff technique (Dhollo ond McLoin, 1967; Dhollo "t ol.

1970). After equilibroting fhe heorts for l0 mïnutes with control perfusion

medium, the heqrts were perfused with a medium of desired ionic composition

for o period of 40 minutes unless otherwise indicoted in the text. The

coronory flow wos mointoined ot q rote of l0 ml/min with o peristoltic pump.

Krebs-Henseleït bicorbonqte buffer of the following composition (mM)

wos used qs o control medium in qll experîments: No+, '145; K* , 6¡ Mg#, 1 .2;
==Co", 1.25¡ Cl , 126;HCO, , 25¡SOO ,1.2¡PO4:,l.2onddexrrose,

I I .l . When the concentrotion of o cotion wos voried in the medium, the

osmolorify wos moÍntqined by odding on oppropriste qmount of sucrose" The

perfusîon medïq were equilibroted with g5o/o O, ond 5% COzgos mixture qnd

the pH of the medio wos7.4" The temperoture of the perfusion medio wos

mointoined ot 37oC.

Experiments on Endogenous Stores of Norepinephrïne

The heorfs were perfused in o closed cÍrculotíon system w¡th 50 ml

of the perfusion medium for 4O minutes, removed from the connulo, blotted,

weighed ond norepinephrine contenf estimoted"

The totol norepinephrine in the heort wos ossoyed chemicolly by the

method of Anton ond Soyre (1962) " The heorts were homogenized in o motor-

driven gloss homogenizer ot 4oC with 20 ml of ice cold 0.4 N perchlorïc

ocid. The tÍssue homogenote wos centrifuged ond the norepïnephrine presenf

in fhe cleor supernotont wos odsorbed on speciolty treoted olumino ot pH 8.ó,

woshed thrice with cold wqfer ond elufed by vigorously shoking w¡fh 0.05 N

t7
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perchloric ocid. An olÍquot of the cleor etuote obtoined ofter refrigeroted

eentrifugotion wos converted to its trihydroxyindole derivotive through

oxídotíon by potossium ferricyonide ond the fluorescence meosured on on

Aminco-Bowmon Spectrophotof luorometer with excitotion ond emission wove

flengths (my) set ot 400 ond 520 respectively" Internol stondords were run

together with experimentul botches" The recovery wos 75 - 79o/o, ond the

nesults reported in thïs study were not corrected for thïs.

a,

Experimenfs on'H-norepinephrïne Uptoke ond Subcel tu lor Distributíon

t* l-"rtt -* *rtr* t 50 ml

of perfusion medium contoining l0 ¡rCï of 
3H-nor"pinephrine 

(178 ng) ond 500

ng of non-lqbetled norepinephríne, The rodioocfiv "3H-7-d, l-norepinephrine

(specific octivify 9.5 Ci/mnole) wos obtoined from the New Englond Nucleor

eorporotion, Boston, Moss. Ascorbic ocïd (.l mg) wos olso qdded to prevent

auto-oxidotion of norepinephrine. One milliliter somples of the effluent

perfusote were withdrown ot different Íntervols of perfusion. Eoch somple wqs

sdded to l5 ml of scintillotion liquid (Broy, l9ó0) ond the rodÍooctivity

counted in q Pockord Tri Corb Liquid Scintillotion Spectrometer (Model 3375)"

At the end of 40 minutes the heorts were perfused for 2 minutes with

norepïnephrine-free perfusion medium to wosh out the extro cellulor norepinephrine.

Studies *¡th l4C-sorbïtol 
Ín the isoloted perfused rot heort reveoled thot the

exhocellulor spoce is olmost cleored by o wosh ouf perfusion period of this

durotÍon (Morgon:j3jJ9ól). The heorts were blotted, weighed qnd the sub-

eellulor distribution of 'H-norepinephrine determined by the method of lversen

et ol. (19ó5) os described below"

The heqrts were homogenized in l0 ml of ice-cold 0.25 M sucrose

solution in on qlt gloss homogenizer with o loose fitting motor driven pestte for

75 seconds. The homogenote wos centrifuged in o Sorvoll RC 2-B refrigeroted

eentrifuge of 1000 x g for l0 minutes to remove the coorse frqction contoining

eell debrîs. One milliliter of the supernotont wos pipetted for counting totol

rodiooctivity ond the remoinder wos centrifuged in o Beckmon 12'658 ultro-
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cenhifuge ot t05,000 x gfor I hour to obtoin gronulor (sediment) ond solubte

(supernotont) froctïons. The gronulor froction wqs resuspended in 5 ml of ice-

cold 0.25 M sucrose solution. An oliquot of one millilìter from eoch froctïon

wos odded to l5 ml of Broy's solution qnd the rodiooctivity counted.

ãt

Experiments on "H-norepïnephrïne Releose

t inutes with control medíum contoíning
?

t0 pCi of "H-norepinephrine (178 ng), 500 ng of non-lobelled norepinephrine

qnd I mg of oscorbic ocid ïn o closed circulqtïon perfusíon opporotus. After

on initiol wosh out period of 2 minutes with norepinephrine-free medium to

remove the extrqcellulor 
3H-nor"pinephrinerthese 

heorts were then switched fo

o medïum of desired ionic composition ond perfused ot the rote of t0 ml/min.

One milliliter oliquot of the effluenf wos ioken sfter I ,3,5,10, ond 20 minutes

of perfusion with the test solution ond the rodioqctivify counted os before. At

the end of the perfusion, the heort wos removed, blotied ond weighed. The

exponentiol reteose of 3H-nor"pinephrine 
wos ptotted occording to the method

of leost squores. The rqte constont of efflux (k) ond holf-time (T 1/2) of releqse
¿t.

of 'H-lobel were colculqted from the slope of decline between 3 ond 20 mínutes.

Experiments on 
l4C-tyrosine 

Uptoke qnd l4C-cotecholomine 
Synthesis

The experiments on the uptoke of l4C-tyrosine 
were performed in o

similor mclnner to thot previously described fo, 3H-norepïnephrine 
except thot

the perfusion medium of desired ïonic composition contqined 1 ¡rCi of l4C-

tyrosine (49g ng) ond 500 ng of non-lobelled tyrosine. The rodïoo"tiuu 
l4C

(U)-l -tyrosine (specific octivity 364 nCi/nrmole) wos obtoined from New

Englond Nucleor Corporotion, Boston, Moss. One milliliter of perfusote wqs drswn

ot different intervqls of perfusion ond the rodioqctivity meosured.

At the end of the perfusion the heorts were removed, blotted, weïghed

ond the synthesized 
l4C-"otecholqmine 

content esfimofed os fotlows. ïhe

heorts were homogenized in ice-cold 0.4 N perchloric ocid. thu l4C-

cqtecholomine wos seporoted by olumino odsorption os described eorlier. An
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oliquot of the eluote contoïning th" l4C-"otecholomine 
wos odded to l5 ml

of Brcy's solution ond counted" The perfusote ot the end of the 40 minutes

perfusion period *¡th l4c-tyrosine 
wos olso onolyzed for íts content of t4c-

eqtecholomine, by ocidifying wïth perchloric ocid (0.4 N fïnol concentrotion)

ond odsorbing on qluminq os described obove. The rote of newly synthesized

norepinephrine wos colculoted by the method of Spector et ol. (19ó3).

' All the results reported in this sfudy were subiected to stotisticol

inference occording to Dixon ond Mossey (1969) 
"



RESULTS

Influence of lons on the Endogenous Levels of Norepinephrine

The levels of norepinephrine in isoloted rqt heorfs perfused for 40

minutes with medio contoining vorying omounts of cotions were determïned ond

the results ore shown in Tobles I ond 2. Chonging the concentrotions of Co#q-+
(0 to 5 mM), Mg" (0 to 1ó mM) ond K' (0 to 20 mM) hod no significonr effecr

(P >0.ór¡ on norepinephrine content of the myocordium whereos the tevels of

norepinephrïne in heorts perfused with medio contoining No+ 125 to 145 mM)

were higher in comporison to those in heorts perfused wifh medium without Nqf
(P< 0.05).

I
Influence of Ions on the Uptoke of -H-norepínephrine

Isoloted rot heorts were perfused for 40 minutes with medio contoinïng

vorying omounts of cotions ïn the presence of 
3H-no."pinephrine 

ond the up-
?

foke of "H-lqbel determined qt different intervqls of perfusion. Increosing

fhe concentrqtion of Co# from 0 to 5 mM in the perfusion medium wos found to

increqse (P < 0.05) the uptoke of 
3H-nor"pinephrine 

whereos Mg* (0 to ló mM)

hod no effect (Toble 3). Th" 
3H-norepinephrine 

uptoke by the isoloted rot heort

wos not influenced (P > 0.05) by chongïng the concentrqtÍon of K+ (0 mM to 20 mM)

in fhe perfusion medium (Toble 4). On the other hondrthe 
3H-nor"pïnephrïne

uptoke by heorts perfused with mediq contoining 85 or 145 mM No* *o,
significontly (P < O.Ol) higher thon those perfused with O or 25 rM No+ (Toble 4)"

The effect of Co# on 
3H-norepinephríne 

uptoke by the heort wos olso

studied in the obsence or presence of No* in the perfusion medium. Figure I

shows thot in the presence of 145 mM No+, 1.25 mM Co# morkedly increosed
e
"H-norepinephrine uptoke but no such effect (P >0.05) wos observed in the

sbsence of No+. "

Influence of lons on the Subcellulor Distributîon of 3H-norepinephrine

The heorts were perfused for 40 minutes with medio contoining different

eoncentrotions of cotions in the presence of 3H-nor"pinephrine 
ond the disfribution

21
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##
Effecf of eo ond Mg on the

Isolated

Ions Tn perfusion medïo
(mM)

A. Colcium

0

1.2s

5

B" Mognesium

0

4

ïé

TABLE I

Endogenous Norepinephríne Levels in the
Perfused Rof Heort"

Concentrotion of Norepinephríne

fits/s heort)

0.óós r 0.034

0.699 t 0.042

0.ó39 t 0.032

0.ó50 t 0.03ó

0.ó98 t.0.04ó

0.ó34 f 0.031

Eoch vqlue ïs o meon t SE of ó experïments. The heorts were
perfused for 40 min ïn o closed circulotion opporotus with mediq contoïning
dÍfferent concentrations of CoCl2 or MgC12 ofter on initiql equilibrotion
period of l0 min with eontrol Krõbs-HenseTeit medium.
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++
Effect of K ond No

TABtr 2

on the Endogenous Norepïnephrine Levels ïn the
Isolqted Perfused Rot Heort

Ions in perfusion medio
('M)

Concentrotion of norepinephrine

fug/s heort)

0

5

n

0.705 t 0.025

0.703 t 0 .024

0.ó88 t 0.0r9

0

25

85

145

0.570 t0.042
0.ó8t ! 0.019*

0.704 t 0.040"

0.716 t 0.02ó*

Eoch volue is o meon t SE of ó experiments. The heorts were perfused for
40 min in o closed circulotion opporotus with medio contoining different concen-
trqtions of KCI or NoCl ofter on initiol equilibrotion period of l0 mïn with confrol
Krebs-Henseleit medium.

*Significontty more thon rhe volue for 0 mM No+ 1P < O.O5)
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TABIE S

#Fre
Effect of ea'' ond Mg" on the Uptoke of 'H-norepinephrine by the

Isoloted Perfused Rot Heort

Eoch vqlue is a meon t SE of é experiments. The heorts were perfused
for 40 min in o closecl cïrculation oppcrotus with 50 ml of mediq contoïning 3H-
norepinephrine (.l0 ¡rCi) in dïfferent concentrotions of CoC12 or MgCl2 ofter on
initiol equilïbrotïon period of l0 min with eontrol Krebs-Henseleit medium.

*Signïficanfly more thon the respecfive volues for 0 mM Co# (P < O"O5).

Ions in perfusion
medio (mM)

3H-nnr"pinephnine 
uptoke (cpm x 105 per g heort)

5 min T0 min 20 mïn 40 mtn

A"g.b¡,q
0

"25

T5.08 t 2:53

17"U f r.89

lV "6t -: r .30

15.70 t 1

24.90 t 1

21 .09 !1

"48

"M"
.ót,

ìó.ór !2.51
25.44 t 2.97*

26"78 t 1.83*

16"47tr.r5
26 "45 t 3.85*

30"37!1.95"

B. Mognesium

0

4

ïé

t8.09 + 0 "87

r8"48 t2"62
ré"2û t | "73

20. r8 t0.n
21 "20 t 'r 

"3r

18.94 t T .14

25"86 t 0.9r

28"46 r 1.88

24"53tr.ró

33.02 t r.04

35"70 t2.23
3t "07 t1"41
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TABLE 4

Effeef of K+ qnd No* on the Uptoke of 
3H-nor"pinephrine

by the Isoloted Perfused Rot Heqrt

Eoch volue is o meon t SE of ó experìmenfs. The heorts were perfused for
40 mïn in o closed circulqf ion opporotus with 50 ml of medio contoinîng 3H-
norepinephrine (.l0 FCi) in different concentrotions of KCI or NqCl ofter on ïnitïol
equïlibrotïon period of '10 min with control Krebs-Henseleit medium.

"Significontly more thon the respective volues for 0 or 25 mM No+ 1P < 0.0t).

Ions ïn perfusion
medío (mM)

3H-nor"pinephrïne 
uptoke (cpm x 105 per g heorf)

5 min l0 min 20 min 40 min

A. P:tntlirg
0

5

20

20 "66 ! 0.72

21 "18 t 0.33

lB"ó3 t 0.72

23.65 t 1 "17

25.96 t0 "74

22.48 t 0.82

29.01 + I .8ó

32.18 t r .48

27.18 ! I .27

33.45 t 2.80

33.25 ! 2.28

28.60 t t .47

B. Sodiunl

0

25

85

145

12.17 t1.07
14"63.t r.58

2t "92 t0.94*
2t"12+1"87*

12.71 t I "95

14.e5 !1.44
23.46 ! | .77"

22.61 L2"U*

14.65 ! 1 .42

17.10 t t .u
29"00 t t.l9*
26.95 + 3. t0*

14.36 t z.fi
ló.ll rt"15
30"38 t2.14*
28"ilt3..I8*
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H3- n orepine phrine
(% of cpm in

U ptake
medium)' 50

45

40

35

a+ o mM
a++ l.2s m

15 20 25

Time in minutes

FIGuRE l: Effect of No+ qnd co# on the u.ptoke of 3H-nor"pinephrine 
by fhe

isolofed perfused rqt heqrt. Eoch point is o meon t SE of 4
experiments. The heorts were perfused for 40 min in o closed
circulotion opporotus with 50 ml of medio contoining 3f¡_nor"pin-
ephrine (10 ¡rCi) in desired concentrotions of NoCl Jnd CoCl^ ofter
on inítiol equilibrotion period of l0 min with confrol rrJr] 2

Henseleif medium.
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?
of -H-lobel in the gronulor ond soluble froctíons wos studied" The results in

Tobles 5 ond ó indicote thot the distribution of 
3H-norepinephrine 

wos not

oltered (P >0.05) on perfusing the heorts with voryingomountsof Co# (0 to 5 mM),
#+

Mg" (0 to ló mM) ond K' (0 to 20 mM) while, on the other hond, increosing

fhe concentrotion of No* from 0 to 
.l45 

mM in the perfusion medium increosed
a,

(P<0.00ì) the'H-lob"l in the gronulor froction ond decreosed (P<O.OO'l)it in

fhe soluble froction (Toble ó).

Influence of Ions on the Releose of 
3H-norepïnephrine

Isolqted rot heorts were lobelled by perfusing with Krebs-Henseleit

solution contoiníng 
3H-nor"pïnephrine 

for 20 mïnutes. The releose of 3H-

norepinephrine ot different fime intervols wqs then studied by switching on to

perfusion mediq contoining vorying concentrotions of cotions" The spontoneous
c

reteose of 'H-lobet wos not influenced (P >0.05) by the presence of dïfferent
{J- aa +

omounts of Co" (0 to 5 mM), Mg" (0 to lé mM) or K' (0 to 20 mM) ín the

perfusion medium (Tobles 7 ond 8) whereos increosing the concentrotîon of

No* fror 0 to 145 mM wos found to decreose it signïficontly (P < 0.05).

The effect of No+-lock on the releose of 
3H-nor"pinephrine 

wos olso

studíed ïn the obsence or presence of Co# qnd the results ore shown in Fïg.2.

ln the presence of 1 .25 mM Co# the spontoneous releose of 
3H-nor"pinephrine

due to the obsence of No* wos signïfïcontly íncreosed (P < O.0l). In the

obsence of Co# the effect of No*-free medium on the spontoneous reteose of
eoH-norepinephrine 

become more pronounced (P < 0.001). Toble 9 shows the

effectof No+ond Co#on the rqte constont (k) ond hqlf-tïme (T l/2) g3H-

norepínephrine releqse from the isototed perfused rot heort. The obsence of Nq+

in the perfusion medium resulted ïn sïgnificont increose in the rqte constont of

efflux (k). When Co# wqs olso omitted, the k volue further increosed (P < 0.001).

The increosed sponfoneous releose in the obsence of No* ond Co# in the

medium wos olso reveoled by the decreose in hotf-time (T I /Z) o¡ dectine in
e
"H-lobel in fhe heort.
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TABI.E 5

Eff
r-r ++

eoct of Co" ond Mg''on the Subcellulor Distribution ofoH-norepinephrine ïn the Isoloted Perfused Rot Heort

Eoch volue ís o meon t SE of 6 experiments. The heorts were perfused
for 40 min in o closed cîreulotion opporotus with medio contoining JH-norepin-
ephrine (10 Fci) in different coneentrotions of CoC12 or MgClr" th" l00o x g
supernotont contoined 5ó to 60o/o or JH-lobel in iËeTreqrt. Thã gronulor
froction refers to 1000 to 105,000 x g sediment whereos soluble froction is the
post I05.000 x g supernctont.

Ions in perfusion
medio (mM)

Distribution of 
3H-lob" 

I

(o/o of 3H-lob"l in 1000 x g supernotont)

Granulor Froction Soluble Froction

A. -Çgj_cìum

0

1.25

5

34.47 t1.42
36.46 + I "T5

35.99 + I "t3

ó5.S t r

ó3.54 t r

ó4"01 + I

42

t5

03

B. $"greryq
0

4

Ié

38"é5 t 2

39.0ó t 2

99"26t1

37

7Q

90

ól .35 !2.37
60.94 !2.70
60"74 f 1.90
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TABT"E ó

Effect of K+ ond Nof on the Subcetlutqr Distribution of
'H-norepinephríne ín the Isoloted Perfused Rot Heort

Eoch vqlue ïs c meon ! SË of ó experïments. Thqheorts were perfused
for 40 min in o closed circulqtion wïth medio contoining JH-norepinephrine

(10 FCi) Ín differenf concentrotïons of KCI or NoCl. The 1000 x g super-
nstent contoined 57 ¡o 63o/o of 3H-lob"l in the heort" The gronulJl. frä"tion
refers to'1000 to 105,000 x g sedimentwhereos soluble froction is the post
105r000 x g supernotont"

*sïgnifleontly dÏfferent from the respecfive volues for 0 mM No* (p < o.ool).

Ions in perfusion
medio (mM)

^Distribution of 
3r-lob"l

P/o of 3H-lob"l in 1000 x g supernoront)

Grqnulor Froction I Solrble Frqction

A. þtossi_um.

0

5

20

39.29 + 2.96

37.59 t 3.88

38"00 t2.29

60.71 t 2.96

62.41 r 3.88

62.00 t2.29

8..&
0

25

85

r45

5.40 t0.47
28.56 t I .62*

35"38 r 3.25n

37.68 t 3.15*

94.60 t0.47
71 "44!1.62*
u "62 t 3.25*

62"32 t 3.15*



TABI.E 7

Effect of Co# ond Mg# on the Releose of 3H-norepinephrine 
from the Isoloted PerfLsed Rot Heqrt

Ions in perfusion
medio (mM)

A. Cqlcium

0

1.25

B. Mognesíurn

I st min

3H-nor"pinephrine 
releose (cpm x 102 per ml) ot

t8.93 t2.67
22.32 r 5.15

16.89 t r .3ó

0

4

Ió

ephrine
over to

3rd min

Eoch volue ïs o meon t SE of 4 ¡o |experiments. The heorts^were lobetted by perfusing with 3H-nor"pin-
(lO pCi) for 20 min in ã closed cïrculotion opporotus ond the 3H-lob"l releose wos studild by switchîng
the constont-flow open system with medíq contoining different concentrotíons of CoC!, or MgCl,

2r.00 t r.r0
26.56 t 4,94

22.02 ! 3 .74

11.85+1,29

r3.5r t 3.08

11 "73t1.54

Sth mïn

13"75 t r.r3
'!5.0r f 3.33

16.72 ! 2.31

r0.09 t 1.55

12.00 !2.54
9.25 t0.96

lOth min

8.91 t 2.48

8.76 t 2.10

6.9s t0.57

il.0r !1.07
12.83 t 2"99

13.37 t t.ó8

20th min

7 "56 + 0.69

7.48 !0.57
9 ,19 ! 0,92

3.83 t 0.38

4.48 t 0.3ó

3.99 t 0.25

4.0ó + 0.39

4.0ó t 0"39

s.22 ! 0 .u

(^,o



TABLE 8

Effect of K+ ond [..1o* on the Releqse "f 
3l-{-"onepinephnine 

fnom the Isolqted Fenfused Rot l-{eont

Ions in perfusion
medio (mfvl)

A. Potossium

0

5

2A

B. Sodiurn

T st nnin

3H-"on"pinephrine 
neleqse (cpm x I02 per rnl)

23"84 t 3.48

20.ó3 t 2.73

23.89 ! 1 .7s

25

85

145

Eoch votue is o meon t SE of 4 to |expeniments. The heorts ¡rere lobelled by perfusing w¡th 
3H-norepin-

ephrine (10 pCi) for 20 min in o closed circuloiion opporotus ond the 3H-lob"l releqse wqs studìed by switching
over to the constqnt-flow open systern with medio conhoining different concentrotions of KCI or NoCl"

*Significontly less thon the respective volues fon 0 mM l.,to+ 1P < 0'05).

3nd nnin

35.90 t3"72

27 "5\ ! 2.68*

25.68 + 2.81 *

20.33 t I .óó*

14.84't 2.4s

x2.60 ! 1 .92

14.4A t l.14

Sth misr

26"97 t 3.25

t9.84 t I.34*

tó.8ó !2.18*
13.02 t 0.ó5*

10.09 + 1"47

T0.32 t .l.48

11 .47 t 0.93

ot

lOth min

8.e7 ! t .02

7.61 t 0.73

8.n ! 0.43

22.35 t 1 .75

Ì5.88 t 1.42*

12.50 t ï .óó*

r0.41 t 0.59*

20th min

24.48 r 'l .9ó

1l .09 t 0.75*

8.67 ! I.14*

7.35 t 0..l9*

4.25 ! 1 .37

4.77 !ø.13
4.84 t 0.4¡

't7 .05 t 'l .04

7.80 10.4ó"
5"00 t 0.78*

4.67 t0.29*

(^)
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3lt -ttorepinephrËne Release

af 145 m M;Ca+11.2 5m M

I145 mM;Ca+l0 mM
NaT0m M:Ca*1f'25m M

Nal0m M;Ca++,0mM

f0
Ttme Ën m¡n

FIGURE 2: Effect of Nq* ond Co# on the rote of 
3H-nor"pinephrine 

releose from
fhe isoloted perfused rot heorf " Eoch point is o meqn ! SE of 4
experiments. The heorfs were lobelluå by perfusing *ith 3H-norepin-

f phrïne (.l0 FC¡) for 2Q mïn ïn o closed circulotion opporofus ond the
JH-lobel releose wos studied by swïtching over to the constont-flow
open system with medio contoining desired concentrotions of NoCl
ond CoClr" The lines were cJrown occording to the method of leosf
squores "
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TABLE 9

Effect of No+snd Cq#on the Rqte Constont (k) ond Holf-time (T 1/2)
3H-norepinephrine Releose from the Isoloted Perfused Rot Heorf

Eoch vglure ïs o meqn of 4 experíments. The heorts were lqbelled by
perfusïng with 3l-{-norepinephrine (10 pCi) for20 min in o closed circulotion
opparotus and the Jt-l-lobel releose wos studied by switching over to the constont
flow open system with medio contoining the desired concentrotíon of NoCl ond
CoCl2. The rote constont of efflux (k) ond holf-time (T l/2) were colculated
from the slope of exponentiql decline befween 3 ond 20 min.

*signifïcontly dTfferent from the volues for 145 mM No+ ond I .25 mM Co#
(P < 0"00r) "

Ions in perfusion medio (mM) k
(min-l)

T 1/2
(min)

Na'f
J.I

LO

145

r45

0

0

1.25

0

1.25

0

l.14 x l0-3

I.20 x l0-3

3.22 x lO-3*

5.48 x tO-3*

264

2sl
g3*

55*
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Influence of Ions on the Uptoke of 
l4C-tyrosine 

ond the Synthesïs of

Er."r,ol**",
The synthesis of l4c-"ot""holomines 

Ín the isoloted rot heort wos

studied by perfusîon with medio contoinïng vorying concentrotions of cotions

in the presence of the precursor 
l4C-tyrorïn". 

The uptoke of l4C-tyrosine 
by

these heortsore shown in Tobtes l0 ond tt. The uptoke of l4C-tyrosïne 
ot

different intervols of perfusion did not chonge (P > 0.05) with voriqtions ïn the

concenhotions of both Co# (0 to 5 mM) ond Mg* (0 to ló mM). On the

ofher hond" the uptoke of l4c-tyrosine 
wos greoter (P<0.05) ìn heorts perfused

with 5 ond 20 rM K*, ín comporison to thot in heorts perfused with o K+-fr""

medium (Tobte I l). Likewise, th" Ï4C-tyrosine 
uptoke by heorts perfused with

85 ond 145 mM No+ but not wïth 25 mM No* *o, more (P < O.O5) thon thot by

the heorts perfused in the obsence of No*.

The omount of newly synfhesized 
l4e-"otecholomine, 

present in both

heorts ond perfusote, os well os the rotes of synthesï, of T4c-"otecholomine 
in

heorts perfused with medio contoinìng different concentrotïons of cotions in the

presence of l4C-tyrosine 
ore given in Tobles'12 ond 13. Increosing the

eoncenfrotion of Co# from 0 to 5 mM wos found to decreose the rote of synthesis

os well os the concentrqtions of T4c-"ot""holomine 
in the heort ond perfusote

(P <O.Ol). On the other hond, chonges in the concentrotions of Mg*from 0 to

tó mM ond K+ from 0 to 20 mM hod ns effect (P > 0.05)" The rore of l4C-

eotecholomíne synthesis os wellos its eoncentrqtìons in the perfusote were

significontly lower (P < O.0l) in heorts perfused with 85 qnd .l45 
mM No+ but

not with 25 mM No+, in comporison to those in hearts perfused in the qbsence of

No+. The omount of 
l4C-"otecholomines 

present ìn heorts perfused with 85 ond

145 mM No* *o, higher thon thot in heorts perfused in the obsence of Na+

(P < 0.0t).

Toble l4 summorizes the effects due to the omission of cotions from

the perfusíon medio on endogenous concentrotion, uptoke, subcellulor dishibulion,

releose ond the rote of synthesis of norepinephrine in odrenergic nerve endings

of the isoloted perfused rot heorf "
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TABLE IO

Effecf of Co# cnd Mg# on the uptoke of l4C-tyrosine 
by the

Isoloted Perfused Rot Heort

Eoch volue is q meon t SE of 4 experiments. The heqrts were
min in o closed circulotion opporofus with 50 ml of mediq contoining
(l pCi) in different concenfrotions of CoC12 or MgC12 offer on initiol
period of l0 min with control Krebs-Henr"lãit mediuri.

perfused for 40
14c-tyrorinu

equ ilibrotion

Ions in perfusion
medio (mM)

l4C-tyrorine 
uptoke (cpm x 105 pur g heorf)

5 mìn l0 min 20 min 40 min

A" Golcium

0

.25

9.3710.50

9.57 t0.38
9.02 t0.39

ï r.r5 t 0.54
'r.l .9ó t 0.ót
.l0.70 

t 0.31

r3.ó0 t0.27
13.40 t 0.43

13.03 t 0.31

r5. il t 0.34

15.27 t 0:30

15.t0 t0.26

B. Mognesîum

0

4

ló

9 "491 0.23

I "31 !0.47
9.58 r 0.4r

Tr"00 t0.24
rì "13 t0.46
r2.03 t0.27

13.35 !0.21
13.78 t0.67
13.17 t 0.48

15.46 * 0.35

15"2210"19

r 5.20 t 0"23
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TABI.T I I

Effect of K+ ond Nor on the Uptoke of ì4C-tyrosine 
by the

Isoloted Perfused Rot Heort

Ions in perfusion
medïc (mM)

l4c-ryrorine 
uptoke (cpm x 105 p.r g heort)

5 min l0 min 20 min 40 min

A" þtossium

0

5

20

8.4r t 0.32

9 "79 t0.26*
10.89 t 0.28*

28

23*

30*

I
r0

l2

50t0
87 t0
37t0

t0.ó8 r 0.34

12.62 t 0.30*

13.62 t 0.32*

13"90 t0.29
15.t9 t0"43*
16.87 ! 0 .44"

B5

r45

B. þ!_ium

0

25

7 "96 y0 "14

7 "71 t 0.23

9 .32 * 0.22**

9 .52 !0.27**

9

l0

il

28 !0.25
08 t 0.3t

87 t 0.40*r

l9 t 0.3ó*'

il .34 10.58
il .34 10.48

13.04 t 0.49**

13.39 + Q.!2**

13.62 f 0.33

13.83 r 0.30

15.32 t 0 .26**

15.74 t 0.33**

Eoch volue Ís o meqn t SE of 4 experiments. The heorts were pe,rfused for
40 mïn in q closed circulotion opporotus with 50 ml of medio contoinïng l4C-
tyrosine (l FC¡) in different concentrotïon of KCI or NoCl ofter on inít¡ol equili-
brotion perïod of l0 min with control Krebs-Henseleit medium

*SÍgnlfïcontty more thon the respective volues for 0 mM fn (p < O.0S)"
**Significontly more thon the respective vqlues for 0 mM No* (p<O.OS).
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TABI.E I2

Effect of Co# ond Mg# on the Synthesis of
, by the Isoloted Perfused Rot Heort

| 4c-"ot""hotomine

Eoch volue is o meon f SE of 4 experïments. The heorts were perf.used for
40 mín in o closed circulotion opporotus with 50 ml of medio contoining 14ç-

fyrosine (l FC¡) in different concentrotions of CoCl2 or MgCl2 ond l4C-cotechol-
errnine wos recovered by the olumino odsorption technique"

^'Significontly less thon the respective volues for 0 mM Co# (P < 0.Ol)"

Ions in perfusion
medio (mM)

l4c-"ot""holomine

(cpm x 103 per g heort)
Rote of Synthesís

(ns/s/hr)

In heort In perfusote

A" Colcium

0

.25

7.23 !0.29
4"47 t0.24*
4.21 ! 0. l5*

r9.8ó t 0.ó5

15.71 !0"75*
10. t0 t 0"32*

41 "82 t r "é5

29.73 t 2.06*

23.07 t I.04*

B" JViggnesium

0

4

ló

4.97 !0"48
4.99 t 0 .28

5.ó4 t 0"ró

15.40r0.t9

15.69 t0.78
16.62 f 0.8r

29.72 r 0.80

30"78 t 2"19

3l .32 + 2.06



38

TABLf 13

Effect of K+ qnd Nr* on the Synthesis of l4C-"otechotomine

by the Isolqted Perfused Rot Heort

Eqch vqlue is a meqn t SË of 4 experïments. The heorts were perfused for 40
min ïn a ctosed cîrculotion opporctus with 50 ml of medio. contoining l4C-tyrosine

(l pei) in differenf concentrotions of KCI or NoCl ond l4C-cotecholomine wos

reeovered by fhe olumino odsorption technique.

osignificontly more thsn the vslue for 0 mM No+ 1P < O"Ol)"

**Significontly less thsn the respective votues for 0 mM No+ 1P < O.Oì).

Ions ïn perfusion
medio (mM)

l4c-"ot""holomine

(cpm x t03 per g heort)
Rote of Synthesis

(ns/s/hr)

In heort In perfusote

A" lglosfium
0

5

20

5. il t 0"51

5"ér t 0"54

é"34 t 0.e5

14.76 t 1 .25

15.75 t I .40

17 "07 ! 2"22

29.81 t r .8ó

29 .66 t 2.88

29 "13 t 2.25

B" Sodium :

0:

r45

2.rr t0.30
3"29 ú 0.50

4"97 !0"ó9o
5.45 t Q "76"

28"17 !2"le
23"85 t r.ó8

t9.0t t 0"89**

Té.88 t 0"90**

4ó"38 t 2.21

41 .12tr"85
32.93 t 'l .550*

29 "70 t 0"9ó**



TABIE Ì4

r-r-#++
Surnmory of the effecls of Co ' ' -free, l/ig' ' -fnee, K' -iree or No' -free perfusion

¡nedio on storogeo trcnsporf ond note of synthesïs of norepìnephrÏne
i¡'¡ isolqted perfused rot heort

Perfusion medium

J-L

Co' '-free
J.J-

Mg' ' -free
+

K -free
J-

No' -free

Endogenous
norepinephrine
concentrotion

No effect

No effect

No effect

Decreose

Úptoke

3H-nor"o¡n"

Decreose

No effect

No effect

Decreose

In
gronu lor froction

rne

No effect

No effect

No effect

Decreose

Spontoneous
re leose

No effect

No effect

No effect

Increose

Rqte of
Synthesis

Increose

No effect

No effect

Increose

(^,
Y)



DISCUSSION

Norepinephrine in tissues with sympothetic Innervotion, such os heort,

is considered to be locolïzed moinly in nerve endings (Euler ond Purkhold, l95l)"

It is now generolly occepted thot exogenous norepinephrine is token up from the

externol medium by on octive honsport ocross the nerve membrone qnd then stored

in the çironules of the peripherol odrenergïc nerve endings (lversen, l9ó5).

For the purpose of synoptic tronsmissïon, norepinephrïne is releosed from the

nerve endings ond fhen inoctivoted by o recopture mechqnîsm locoted in the

oxonql membrone (Brown, l9ó5). Furthermoreo odrenergic nerve endings hove

been demonstroted to be copoble of synthesizing norepinephrine (Goodoll ond

KÍrshner, 1958; Spector et ol. l9ó3). In the present study, we hove not mode

ony ottempt to isolqfe odrenergíc nerve endings frorn the heort nor hove we

studied the chorqcteristics of such endings for norepinephrine uptoke, synthesis,

storoge ond releose. However, on the bosis of fhe obove mentioned lïteroture

we ossume thot the results presented here opply essentiolly to the odrenergic

nerve endings present in heqrt. The vqlues for norepinephrine content of the

isoloted perfused rqt heort obtoined in this study qre in generologreement with

fhose reported in the literqture concernïng cordïoc cqfecholomïnes.

Experiments on the subcellulor dïstribution of 
3H-norepinephrine 

ïn the

heort reveol thot this omine exists in two forms: o bound form which is ossocïoted

with the microsomol froction ond q free form which is present in the soluble

frqction. Iversen (19ó3) hos observed thot the occumuloted 
3H-nor"pinephrine

did not mix freely with endogenous norepinephrinestores ond its slow exchonge

with these stores did not exceed 30o/o of endogenous norepinephrine ïn the ïsoloted

rot heort. On the other hond, Potter ond Axelrod (19ó3o) hove shown thot the

exogenously given 
3H-nor"pinephrine 

is distributed quite ropidty between

gronulor ond soluble froction of the myocordium ond there is o remorkoble con-

stoncy in the proportion of 3H-nor"pinephrine 
recovered from these frsctïons

(lversen ond Whitby , 1963; Stiorne, ßóy') " In this study obouf 35o/o of the totol
?
'H-norepinephrinerwhich qccumuloted under our experimentol conditions, wos

40
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observed to be present ín the bound form. If is, however, ossumed thot 
3H-

norepinephrine is occumuloted cnd bound in the storoge vesÍcles since most of

these porticles ore considered to be present in the microsomol froction.

In this study it wqs demonstroted thot the obsence of Nof in the medium

decreosed endogenous stores of norepïnephrine in the isoloted perfused rof

heort" This could be due either to on increose in the releose of norepînephrine

or diminished obility of the nerve endings to reuptoke the spontoneously releosed

norepinephrïne. The results reported here hove reveqled thot, in No*-fr."
medium, fhere wos o rnorked increose ïn the leokoge os wellos impoïred uptoke

¿)

of 'H-norepinephrine in fhe perfused heort. These observotions ore in ogreement

with previously publìshed reports thqt No* ïs required for the uptoke of norepin-

ephrine by the perfused hesrf (lverserr ond Krovïtz, 7966¡ Horst.etol. t9ó8) ond

hesrt slices (Bogdonski ond Brodïe, 7966, 1969; Gillis ond Poton, 1967; Keen

ond Bogdonskïo l97O). The releqs" of 
3H-norepÍnephrine 

from odrenergicolly

innervoted tïssues hos crlso been reported clue to lock of No+ (Bogdonski ond

Brodie, 1966, 1969¡ Gillis ond Potorin ß6n" Keen 096n hqs observed thot
aJH-norupinephrïne 

occumulotïon is prevented under conditions of Nq+ deficiency

Ín whïch norepinephrine deplefion did not occur" Furthermore, Horst et ol"

(19ó8) foiled to find a signïficont change in the proportion of deominot"d 
3H-

norepÏnephrine due,to the lock of No+ ín rqt heort. On the bosis of the fqcf thot

on increose ïn deamïnoted metobolites hos been observed ïn heorts of the qnimols

treoted with reserpine whïch ïs known fo ïmpoir the introneuronol bindïng sites

(lversen et ol.l9ó5), Þlorstet ol. (19éB) hove interpeted their doto qs

suggesting thot No+ does not ploy ony role ïn the storoge of norepinephrine in

the introneuronol vesicles. We believe thot such on interpretotion be considered

'with certoin reservqtïc,ns becouse the results of the present study show thot the

omount of 
3H-norupinephrine 

in fhe gronulor froctïon of the heorts perfused with

No*-fr"u medium was considerobly tess thon thot ïn the control heort. It moy

olso be noted thot in comporison with the heorts perfused with 85 mM No+r_ no

sÍgnificont ehonge in ørorepinephrine content or subcellulor dïstributíon of 3H-

norepínephrine wos observed in heorfs perfused with 25 mM No+ while fhe up-
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a
fske of 'H-norepinephrine wos signifÍcontly reduced. Furthermore, ïn comporison

to the heorts perfused with 25 rM No+, there wos o decreose in the content of

exogenous lobelled norepinephrine confent qnd 3H-nor"pinephrine 
in the gron-

ulqr froctïon ond on increosu ïn 
3H-norepinephrine 

content of the soluble

frocfïon of heorts perfused wïth No+-free medium whereos no significont chonge
'l

in *H-norepinephrine 
uptoke wos nofed. These results support the view thot

the loss of endogenous norepinephrine due to Nq+-lock is due to the ïmpoïrment

of bofh the meehonism for the retention of norepinephrine in the nerve gronules

e:nd for the reuptoke of the norepinephríne ot the nerve membrqne. Other în-

vesfigotors (BogdonskT ond Brodie, 1966¡ Gillis ond Poton, ß6n hove olso

sugges.ted rhat Na+ is not only requïred for the uptoke of norepinephrine but is

else e¡ecessory for the storoge of norepinephrine.

On the bosis of kïnefïc studies concerned with the influence of No+

on norepinephrine uptoke by heort slices, Bogdonski ond Brodie (19ó9) hove

eeleu[afed the K- value for the uptoke process to be obout 30 mM No*. Inma
the present study we hove observed fhqt'H-norepinephrine uptoke by heorts

perfused wíth 145 mM No+ wos not significontly higher whereos thot by heorts

penfused with 25 mM No+wos lower thon the volues obtqined for heorts perfused

v/;t'h B5 rM No+" From thisrit con be interpreted thot 145 mM No+ ï, obove

cne! 25 *M No+ ïs below the requÏred No+ concentrqtion for the optimol up-

fake of norepïnephrïne. Even ïn the obsence of No+, o consideroble omount

of norepinephrìne wos still token up by the perfused heort. This moy be due to

the presence of smcllomounts of No+ ¡n the vicinity of nerve membrone under

our experimentol conditïon or to some mechqnism otherthonthot requirïng No+

for norepïnephrine uptoke in the nerve terminol

Although the reduction of norepinephrine upioke by the odrenergic

nerve terminols in the obsence of No+ is considered to be due to on impoinment in

the corrier mechonïsm involved in ihis process (Bogdonski ond Brodie, 1969),

other ions such o, Co# hos been shown to influence the oction of No* in thïs

regord. For exomple, Horst et ol. (19ó8) hove found thot norepinephrîne uptoke,

diminished by perfusion with low-No* mediumris drqmoticolly increosed by the
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++ r"¿
omission of Co" from the perfusion medium; however, omission of Co'- hod

ns effect in the totol obsence of No#" These workers hove suggested thot Co#
ond Nof hove o common but onñogonistic site of oction. On the other hond,

Keen ond Bogdonski 09n) foiled to show ony increose Ín the uptoke of the

norepinephrine due to lock of Co# ín fhe presence of low concentrotïons of
++Nq'" In the present study we hove demonsfroted thot .l45 

mM No', in the
¿-! .t

obsence of Co", significontly increosed the uptoke of 'H-norepïnephrïne when

"nr*r"O w¡th No+-free medium. Furthermore, the increose in the norepin-

ephrine uptoke by No+ is much more in the presence of Co# thon in its obsence.

The reosons for this discreponcy in results from vorious lqborotories concerning

fhe ïnteroction of No* ond Co# on norepinephrine uptoke ore not cteor. At

ony rote, the present results cteorly suggest thot Co# ion is required for the

optimol effect of No+ on the norepinephrine uptoke process. Whether or not

fhe effect of Co# is medioted through its influence on the suggested corrier

mechonism for norepinephrine uptoke is not cleor ot present.

A modificotion of norepinephrine releose due to No*-lock by ïons such

o, Co# ond K* hos olso been shown by some ïnvestigotors. The net efflux of
¿)tr3H-oor"pinephrine 

from Nq* deficient heort stices by No+ deficiency wos

greoter Ín the presence of K+ (Bogdonski ond Brodie , 1966). Horst et ql.(t9ó8)

showed thqt the obsence of Co# did not offect the rote of spontoneous releose of

norepinephrine from the isoloted heorts perfused with o medium contoiníng 25 mM

No*, On the other hond, Keen ond Bogdonski (lg7)) hove reported thot the
1+

neleose of -H-norepinephrine by No'-lock wos morkedly reduced in the qbsence
.LJ-

of Co" in heort slïces. Co"'in concentrotions less thon 5 mM wos shown to

increose fhe efflux of norepinephrine due to No+-lock, whereos it decreosed the

efflux of norepinephrine in concenfrotions of 5 mM or hïgher. In the presenf

sfudy, obsence of Cq# in the perfusïon medium wos demonstroted to increose

the relesse of 3H-nor"pinephrine 
due to No+-lock from the isoloted heorf " It

oppeors thot the conf licting results concerning the inf luence of Co# on the efflux

of norepinephrine induced by No+-tock ore due to differences in experimentol

design. It moy porticulorly be noted thot Cq# is known to be o membrone sfobilïzer
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(Shones, t958) ond its obsence woutd olter the nerve membrone so thot more

amine could leok out. This is exoctly whot wos observed in the obsence of Nq+

ond Cq# in the present study.

It wos observed thot'H-norèpinephrïne upfoke by isoloted heort per-

fused w¡th I .25 mM co# wos more thon thot in the qbsence of Co#" These

results ore in ogreement with those of Gillïs ond Poton (196n who showed thot
3 ¿-r

the uptoke of "H-norepînephrine wos reduced by Co"-fr"" medïum ond this

effect wos further enhonced by the sddition of EDTA" In controst to these

observotionr, Co# wos found to hqve no effect on 
3H-norepînephrine 

uptoke

by heort (lversen ond Krovitzo 7966¡ Keenand Bogdonski, 1970) ond rot uterus

(Green qnd Miller, Ì966). The upioke of 'H-norepinephrine wos olso shown

to increose in the obsence of Co# ond decreose in the presence of high concen-
-+'

trofions of Co ín the perfused heort (Horst et o_1. I9ó8). It moy be noted thot

fhese workers hove studied norepinrphrine uptoke only during a 2 min period

whereos we hove corried out experiments for 40 mín" This moy exploïn the

differences in our results. In view oi srr observotíons thqt 1.25 mM Co**foiled
a

fo increose 'H-norepinephrine uptoke from the perfusion medium in fhe obsence
-Lo#

of No' ond thot 'H-norepinephrine uptoke by heorts perfused with 5 mM Co' '

wos not dïfferent from thot with I "25 mM Co*, if is lïkely thot Co# is requïred

for norepïnephrine uptoke by the odrenergic nerve endïngs in the myocordïum.

Thot Co ïs essentìql for optîmol retention of norepinephrine by robbit heort

slices wos clso shown by Dengler (.l9ó5).

Although it ïs well estab!ished thot Co# is required for the releose of

norepïnephrine due fo nerve stimulotion (Burns ond Gibbons, l9ó5) the role of
-Lr

Co" Ín spontoneous releose of norepinephrine is not cleor. Boullin (19óé) hos

demonstrofed thot Co# ìs essential for releose of the sympothetic tronsmitter by

nerve stimulqtion in isoloted cot colon but not for the spontoneous output thot

occurs in the obsence of the nervous octivity. Bogdonski ond Brodie (19é9) hove

shown thot the efftux uf 3H-nor"pinephríne 
from heort slices is ìncreosed in the

l--¡-
obsence of Co" ond is further enhonced by the presence of EDTA. Perfusion of

fhe isoloted rot heort lvith eo#-free medium hos olso been demonstrsted to
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ccuse norep¡nephrine liberatïon (Toylor ond Nosh, 1966). The possibility thot

fhe releose of norepinephrine ín Co# deficient medio in the presence of 145

mM Nof ïs mosked, con no!' be ruted out since it wos opporent when No* *o,
not present ïn the medium" Further experiments will be necessory to resolve the

dïfferences between results fror iiff"r"nt toborotories.

We hove shown here thot neither Kf nor. Mg* hod ony effecf on the

content of norepinephrine es well os the uptoke, subcellulor distribution ond
â

releose of 'H-norepïnephrïne from the isotoied perfused heort. Although GillTs

ond Poton (196n could not demonsfrqte ony effect of on Mg#-fr"" medium on

retention of norepinephrine L:y heort slices, these investigotors hove shown thof

compleÈe elimínofion of K* 5¡reotly reduced 
3H-norupinephrine 

retention. In

medium contoining one-ho[f fhe usuot qmount of K+ (3 mM) the retention of the

omine ivas within normol lïn-¡its. On the other hond, low extrocellulor K+ ho,

been shown to focïlitote the upfoke ond storoge whereos high extrocellutor K+

onfogonizes the effect of Na+ on the uptoke ond storog" of 
3H-norepinephrine 

în

heort slices (Bogdonski ond Brodie , WOe¡. In broin stices, high concentrotions
+

of K (ló - óó mM), whieh depolorize cell membrones hove been shown to
a

liberc¡fe "H-norepinephrine (Boldessorinï ond Kopin, 1966). In view of the

uncertaïnfy of metobolic ste¡tus of the tissue slices, it is difficult to interpret

the cicla obtoined from sueh experiments. From the doto obtqined with isoloted

penfused heorts where corcncry perfusion is mointoined we ore of the view thot K+
r*a

or Mg" does not plcy on¡r ¡"o¡" in the tronsport or sforoge of "H-norepinephrine in

the nerve terminols of myocordium. However, it is possible thot sufficient intro-

ee!lulor K* u, Mg* wos stil! presenf in our experimentql conditions when heorts

were perfused with medio defïcient of these ions.

. Inereosing the eoncentrotions of No+ ond K+ in the perfusion mediq hqs

been observed to increc¡se the uptoke of l4c-tyroiine, q well known precursor

of norepinephrine, whereos eo# ol. Mg# hod no effect. These results ore in

generol ogreement with the concept of omino ocid tronsport for which No+ i,
eonsidered to be essentïsl for the uptoke of omino qcids ond K+ hqs been shown

to foeilitote the process (erane, 1965; Kipnis ond Pqrrish , 1965). Since omino
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oc¡d tronsport ¡s inhibïted by ouoboïn (Dengler et ol" 1961; Berti ond Shore,

ß6n it is likely thof the No*-K+-ATPose system ïs involved in thís process"

However, such o suggestion moy only be consîdered os o motter of specr.llotion

until direct evidence in this regord is ovoiloble. It should, however, be men-

tioned thot Goldstein etql. (1970) hove qlso recentty reported thot 
l4C-tyrosïne

uptoke by slices of rot striqtum wqs not offected by olterotïon in the Co#

eoncenfrotion of the medium

In this study K+ wos found to hove no effect on the rqte of 
Ï4C-nor-

epinephrine synthesis by the odrenergic nerves ïn the heort. On the other hond"

Boodle-Biber et ol. (1970) hqve shown thot K+ stimulotes norepinephrine bio-

synthesis in guineo pig vos deferens. These workers neither found ony effect of
+

K' on tyrosine hydroxylose nor observed the stïmuloting effect of K+ if l4C-

DOPA wos used os the storting substrote ïnsteod uf l4C-tyrosine. It ïs likely

fhot the effect of K+ on net rynthesis of norepinephrine is due to its focilitoting

effecf on the tronsport of l4C-tyrosïne 
into the celt without ony olterotion in

fhe rote of norepinephrine synthesis. It should olso be pointed out thot tyrosine

is not only token up by nerve endings but olso by cordioc cells whíle the synthesis

of norepinephrine is considered to occur moinly in the odrenergic nerve terminols.

We olso foiled to observe ony effect of K+ on the retention of newly

synfhesized norepinephríne in myocordium. l-ikewise, the doto reported here

reflect thot Mg# hos no rote in the synthesis or retention of norepinephrìne in

fhe heort.

The rqte of synthesi, nf l4C-"otecholomine 
from tyrosine wos

significontly more in the heorts perfused with No+-free medio. Neff ond Costq

(19661hove shown thqt íncreose ïn norepinephrine levels were ossocioted with q

decreose in norepinephrine synthesis ond suggested thot o negotive feedbock

system moy conhol cotecholomine synthesïs in the odrenergic nerve termïnols.

Norepinephrine hos olso been found to ïnhïbït its own synthesis in sympothetic

nerves (AlousÍ ond Weiner, 1966). As No--defîciency hos been demonstroted

not only to releose norepinephrine ond decreose its endogenous stores but olso to

releose fhe newty synthesized 
l4C-"ot"chotomines, it is possibte thof increosed
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synthesïs of norepinephrÍne in heorts perfused with No+-free medium moy be

exploined on the bosis of o negotive feedbock mechonism. At presentwe do nof

hove ony înformotion concerning the direct sction of No*-deficiency on the

octivìties of the enzymes involved in the synthesis of norepinephríne.

Norepinephrïne synthesis ïn heorts perfused with Co+l'-free medïum

wos qlso increosed. Thïs finding.ïs ïn ogreement with the results reported by

Goldsteïn et ol. (1920) in the slìces of rot strïqtum. However, ît is difficult to

exploïn fhese results on fhe bosis of o negotive feedbock mechonism os we did

not find o significont deereose ïn the endogenous cotecholomine content or

releose of norepinephrîne in the obsence of Co#. Neither con if be exploined

on the bosis of ïncreosed ovoilobïlity of the substrote on the nerve cell since

fhe trcnsport nf 
I4C-fyrosine 

wos nof offected by the presence or obsence of
#eo.' in the medium" The possibilïty thotq smol! froction of norepinephrine

whÍch is responsible for negotive feedbock mechonÍsm wos releosed from fhe
J-L

eell ïn Co"-deficiency but wos not detected under our experÍmentol conditions

con not be ruled out. This is ïn ogreement with our observofion thot norepin-

ephrine wos releosed from heorts due to Co# deficiency in the obsence of No'F"

Alternotïvely the increose in norepinephrine synthesïs due to Co# deficiency

con be considered due to chonge in the c¡ctïvitïes of the enzymes invotved in

norepinephrine synthesïs. However lkedo ef ol. (1966) hove reported thof No+,
+#

K., Cc 
. 

ions hove no effect on the ocfïvïty of tyrosíne hydroxylose ín vitro"

But" the present studies reveot the possíbi!ïty of introneuronol "free" No* ond

Co# levels beïng definitely omongst the fqctors, which regulote the ïn vivo

synfhesis of the neurolronsmÍtter, norepïnephrineo in the odrenergic nerve endings"



SUMMARY AN D CONCLUSIONS

The effects of Co# (0 - 5 mM), Mg* (o - ló mM), r* (o - 20 mM)
+

ond No' (0 - 145 mM) on the endogenous level of norepÍnephrine ond on the

upfoke, subcellulor dïstribution ond releose of exogenously given 3H-nor"pin-

ephrine were investigoted in the isoloted perfused rot heort. The uptoke of
Ì4C-tyrorine qs wellos the synthesïs of l4C-"otecholomines 

os influenced by

these cotions ïn rof heort wos olso studied. The following observotions were

mcde:

Endogenous Level of Norepinephrïne: Chonges in the concenhotions of Co**n
++

Mg ond K. in the perfusion medio hqd no ínfluence on the endogenous level of

norepinephrîne, but the obsence of No* resulted in o decreose.

,+
ine: No is found to be required for the process of

upfoke" Additïon of Co# to the perfusion medio contoining No* ¡n"ruosed the

uptoke of exogenor, 
3H-no."pinephrine, 

whereos Mg* or. K* hod no effect.

Subeellulq, D¡rtribrt¡on of 
3H-nor"p 

lncreosing the concentrqtïon of
'¿

No' from 0 to 145 mM in the perfusion medium increosed the'H-lobel in the

grünulor froction ond decreqsed ït in the sotuble froction; Co*, Mg* ol. K+ did

riot show ony effect

a,

Spo$gneous Efflux of 'H-norepinephrine: The releose wos not inftuenced by the

presenee orobsence of Co#orMg#ot. K* in the medium. Absence of No+
ã

wqs found to occelerote the:pontoneous efflux of 'H-norepïnephrine; thís effect

wos more opporentwhen Co" wos qlso omitted from the perfusion medium

Uptqk" of l4C-tyrosine: 
The uptoke of l4C-tyrosine 

by rot heorts wos found to

be greoter in the presence thon Tn the obsence of K+ ol. No* in the medium where-
##

os eo ond Mg did not hove ony effect.

Synthesis of Ï4C-cotecholomines: 
Increosing concentrotions of Co# u. No* in the

uf 3H

Æ
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perfusion medium wos found fo decreose the rote of synthesis in rot heort

whereos Mg* qnd K+ showed no effect.

It Ís concluded thot No+ ¡, Tmportont for the storoge os well os the

tronsport of norepinephrine ocross the neuronol membrone. Co# moy hove

o focilitoting role for the norepïnephrine uptoke process. Introneuronol

concentrotions of Co# os well os No+ oppeqr to regulote the synthesîs of the

neurohgnsmitter in the odrenergic nerve termïnqls in rqt heort.
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