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the University of Alberta (Edmonton, Alberta, Canada).and study-
1ng for a PhD in Medical.Sciences: My research area of interest
is vasculat smooth muscle pharmacdlogy. ! am writing up the
thesis (t1t1e Interaction between- xogenous noraidrenaline and
_ transmural nerve stimulation in the canine saphenous vein) at the ¢
+ present time and would be grateful i¥, you could ,grant me writtea
permission to include the following® 111ustrat1on( ) 1n my thes1,.
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Thanking you,

Mysshore ioezed
' Al a

M.P ). Senaratpe

Permission is granted provided you use the
following acknowledgement on the first page
of the reprinted material:

"Reproduced, with permission, fyom the
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Dear Sir;“

-1 am a graduate student attached to the Department 6f Medicine of
the University of Alberta (Edmonton, Alberta, Capada) and study- «
© ing for a PhD in Medical Sciences. My research area of 1ﬁter§st W
 is vascular smooth muscle pharmacology. I am wr1t1ng up“the I
thesis: (title: Interaction between exogenous noradrenaline and ' &
transmura] nérve stimulation in the canine saphenous vein) at'sthe.
present time and would.be grateful if you' could grant me written °-
permission to include the following il ustration(s) in my ghesis.v

4 Pyt 1Ny o .
; /3/000? Lecrels /5 /13- 4,25, /?79
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Thanking you, \

Wo \ Q&i‘u« [Grm C() s Leel

M.P.J. Senaratne
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Dear Sir,

I am a graduate studént attached to the Department of Medicine of
the University of Alberta (Edmonton, Alberta, Canada) and study-
ing for 'a PhD in Medical Sciences. My research area of interest
is vascular smooth musc¢le pharmacology. [ am writing up the
thesis (title: Interaction between exogenouys noradrenaline and

- transmural nerve stimulation in the canine gaphenous vein) at the

present time and would be grateful if you cquld grant me written
. permission to include the following illustration(s) if my thesis,

Fig: Page 117
29 1 g e / |
Q/r‘(*n, [ ¢ F /[ JL 712 . A 4

Thanking you,

ﬁ{W - fawste

M P Senaratne
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M.P.J. Senaratne

' Room 8-104 : 0
\ o Clinical Sciences Building

University of Alberta )
S . Edmonton, A)berta, Canada

R A ?fﬁfﬁ?ﬁ& o “ T ,_,,___,_
- Dr- DT Havthorne The Esbitor . |

Mu-fx\/e 810/0(9{7 K‘VW[J A/,o{y/ CaA- @//D/ﬁdlﬁk/ JBCIC@
CZbIDZKQ¢3 Uf ﬂytgohc; ' . - .

Dear Sir, .

I am a graduate student attached to the Department of Medicine of
the University of ‘Alberta (Edmonton, Alberta, Canada) and study-
ing for a PhD in Medical Sciences. My research area of interest
is vascular smooth muscle pharmacology. I.am writing up the
thesis (title: Interaction between exogenous noradrenaline and
transmural nerve stimulation in the canine. saphenous vein) at the
present time and would be grateftl if you could grant me written
permission to include the following illustration(s) in my thesis.

F,é.,z %/bo,c‘fw%f ¢ 4 i
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Thanking yau, A’MP&'//NZA Pég./‘/‘p@/[‘h/ //}[\/g(f%. /?q%

Mo Senarat«e
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DearnSir; o

I am a graduate student attached to the Department of Medicine of
the University of Alberta (Edmonton, Alberta, Canada) and study- °
ing for a PhD in Medical Sciences. My research area of interest
is vascular smooth muscle pharmacology. I am writing up the
thesis (title: Interaction between exoganous noradrenaline and
transmural nerve stimulation in the canine saphenous vein) at theé
present time and would be grateful if you could grant me written.
permission to include the following illustration(s) in my thesis.

Fo L1, 2 Chepfer 1 -
Headlbook 0] Ph J‘lv’f%ﬁ \
(ovcbictrpreto &M j/ Vo ralosy Loz M['(fﬁ&‘

Thanking you. Am l'\/),(if/t'/;@"’/[,‘aj fof/i’({,.—i /8.1
*Ajp %V&rh f3¢u0¢ A B

iesion f§:::::. Z«C;“

hannes A.G. Rhodin, ".D.. Th.D,

Professor & Chairman

Department of Anatomy

Univer- ity nf South Tiorida Collepe nf Medicine

" 2 12901 30th Strer’ ——
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" Mr M P J Senaratne

°Room 8-104

/Clinical Sciences Buildlng
University of Alberta .
Department of Medlclne

. -Edmonton
ALBERTA
Canada T6G 2G3 .

Dear Mr S

@

x‘vcuiref

our ref GEN/109/9 F

phuuuuunooﬁynﬂﬂﬁﬁee

23 March 1984

Thank you for your letter of 5 February in which you seek permission to

reproduce an illustration that appeared in the British- medical Bu

of - 1979

Professor Burnstock as the author of that artlcle in.fact also hoids )
the copyrlght,notwithstandlng the printed notice in the Bulletin ‘of that

date which is not valid. If you receive his permission therefore,that

is all that will be necessary,
+

Yours sincerely

N

\&

Dr J D Crowlesmith
Senior Medical Adviser

cc: Professor & Burnstock PhD DSc FAA
Department of Anatomy & Embryology
University College, London
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Dear Sir, | -

1 am a graduate student attached to the Department of Medicine of
the University of Alberta (Edmonton, Alberta, Canada) and study-
ing for a PhD in Medical Sciences. My research area of interest
is vascular smooth muscle pharmacolagy. I am writing up the
thesis (title: ' Interaction between: exogenous noradrenaline and
transmural nerve stimulation in the canine saphenous veln) at the

- present time and would be grateful i you could grant me ‘written
perm1ss1on to 1nc1ude the following illustration in my thesis.

A (00 Chafter ¢ & A /q Chefpter !
vy -~

b k Ph /o/ﬂjﬂ - ‘
CR?C/IULD/DAI (:{«Dﬂz/—t/ ﬁ;ﬁ Feir // MJMW fmﬂ% wole /p
Zfo

Thanking you, | rﬁ%} e w7

- M.P.J. Senaratne

THE AMERICAN PHYSIOLOGICAL SOCIETY
9650 Rachvilie Pika — Bethesda, MD 20014

Permission is aranted for use of the m'atenal sperified
above. contingent upen consent ot the author and prn
vided the publication ic aredited as the source.

RV .2
Pate Stephef R. Geiger
y Pubi Mgr § Fvne Editor
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o ABSTRACT

. s

The present invesfigation waé-undertékeﬁ'tb studf thg interaction
between Contractions produged by exogenous ngradrenalinet (NA) and
contrartions ﬁroduced b# gransmura] nerve stimulation (TNS) in isolated
canine saphenous vein rings/strips. Four protocole were carried out.
P+0t0601 1.1: Response tn a single doce of exngennous NA was determined

~as a control. After washing, TNS was applled to produ-ce é'contrnvt*5n
hetween 10-90 per cent of the control value and the came 3¢ of NA

applied against this background and the reepores J;rerw;nfd_ p}unl]v'
after warhing, econtral regponre with MA wag vopeated. The ohaerved
contraction tn NA aéaiﬁséy a backgroond of TNQ wee efgnifijranrly le~=n
thz; rhe; expecrted econtractrion (78 onh-er-atrions fn 17 wveipe, p 7
“-OO‘)-_jthS the responsé tn exogennus MA yas {nbikited hy hqqurOunA

S .

TNS. Further, the inphihition appeared o 'e greater with increasing

magnitnds nf hackgroned TNGQ, Protnec>1 ' 2« The reciprocal aof Trato 1

1.1 was dnane here. rth respora- tv TNS wage de!'ermined againer "
haclkground contractinsn BV exagenon A, The nbgerved ~ ntractinn to TNS
was sienificontly gueater *han the owper el o rryderi o (71 gh resri pe
{n 12 vnlne. p ¢ O 0O The g bablo von T e TR Q” foond ra
cenhancr tYe reeponge ! ™e R [ Thoo bbby g, S N
contyrericon ghger ol voPe e Y e vt cbeeqredd ‘he nmreaecr .~ o f
gn‘r’!ne"\ii' oy 4T . O | LEYA N 2P PR RN IR R B o S LB BTN

N R Vot 1, IR VU e Vo ol g
curre- ! . ey ! ey [ o e ...'1,.,; vt
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1

phenomenon observed in ??otocol 1.1 was no longer evident with any of
the above agenists: 'fretocel 1.5: The inhibition of exogenous ’NA
contraction was nat significantly altered by propranolol (1072 mol/l)

indomethacin _‘(lO"5 mol/1), cimetidine (1075 mo1/1) and aminophylline
(107" mol/l). Protocel Two : Protocdl 1.1 and Protocol 1;2 carried out
in a superfugsed sapherious vein strip (following labelling of NA stores
with JH- noradrenaline) demonstrated inhibltiqn of'_zhe~'TNS {nduced
relaase of 3H-noradrerialine by exogenous NA. ;rotocol Three: Ihe
response to TNS 1in a vein ring pre-contracted with prostaglandin an

(10 ° mol/l) following  gsympatherie (guanethidlne 1074 mol/1,

phennvybanzamine 2 x 107" mal/1) and miscarinic blockade (atropine 5 x
10 ﬁ'mol/l) war examined here.  TNS applied aes intermittent trains of
sfimu]i (v, 1.0 me, 1-32 Hz for 30 =seconds) produced a frequency
depandant ralaxation (mavlmu; réla;nr{on, mean 1.2R84+0.18 SFM g, n=17).

This relawxation wae nor gignificantly altered hy retrodotoxin '(10"'6

um]/]\’ cimetidine, aminaphyline, indomethaerin, caralase or ascorbic

aetd. The rel~xatior wa~ nnt praesent in rings following cold storage of
the oaphanous  vefns »r 0 for 0 deys. The rolaxation was alao
ahollabed hy noatoate (2 . 04 oy vy Ly sero-¥” "Krebs hicarbonare”
buff~r enluti n, vk ey Tonger b thymrah 1A EFnr creryaection)
Svoemtrorteds o f A gag Foand o Potent tate 1hae varRp tAe  Fa '-r;f,\q ~f
™e (nv 9 M= " Y me "y 5 eecmnda) fn - concantrattan der - ddent mannay
Towavwicgm poteont et dog. moan, 24A.72432 27 ARM, af  ehpty et ) The pregent
Steovde Anditoatea 1Y N g nd TMS fobibhirg thel(""\'r"“' tons produce_d by
‘mene g NA. (2) o t=s>3vs 3 a nppn-adrenc: gl e who'lfnr.;vp{‘[f
o whi e T T v e ratro lstavwln rag atant nery: 23 4

{(nena e . . ‘ LI Al RO B D [ B PR NN -'my



.account for the inhibition of NA contraction mentioned above. 3)
Background exogenous NA (including sub-threshold concentrations)
potentiate the responses to TNS. (4) Thus, there is a significant

interaction between the effects of exngenous NA and TNS in the canine

saphenous vein.



ACKNOWLEDGEMENTS'

I would 1like to thank the following:

Dr. C.T. Kappagoda, my supervisor, for his invaluable
advice, encouragement and guidance during both the .

research and the ﬁriting of this thesis;

Dr. D.A. Cook and Dr. A.S. Clanachan for their advice

during the research;

Mr. Alvin Todd for his technical assistance and for his
companionship. during" the long hours spent in the

laboratory;

Dr. P.M. Vanhoutte and Robert R. Lorenz for providing me
with an opportunity to learn the technique of superfusipn,
at the Mayo Clinic, Rbchester, Minnesota. ‘The time spent
by Bob Lorenz 1in teaching me.the technique and in belping
me set up the same in Edménton'is particularly
appreciated;

\
Paula Priest, Priscilla Chin, Moira McCnhhin apd Marilyn

Cantamh foy thoedr hq]p during the atrudy:

The Alberra Heritage Foundation for Madicnal Research for

rroviding financial gupport by means of a Fellowship:

Pon her Tenz an? L-11tbr Jayakedv for rthalry help during

1 T [ZIIEEEEIC I BN f R TR thaatla

vrry



(1

TABLE OF CONTENTS;, .

- | [PAGE
- .

INTRODUCTION. v vavnnosnnnsesennnncensonse®uiiieennns L

LITERATURE REVIEW..esueuennounonnananonnnnnns ceieseeees 8

&

' MORPHOLOGY OF THE VESSEL WALL.eevveeseceuonancunobeeesee 10

Morpheology of the canine lateral sapherous vp{&§3.... 18

ULTRASTRUCTURE OF SMOOTH MUSCLE CELLS..............;.... 18

Ultrastructure of the canine lateral saphenous vein.. 23
-
STRUCTURE AND CHEMISTRY OF THE CONTRACTILE PROTEINS..... ' 24

\

Thick filaments...‘.....-............-.-............. @ 25 '

Thin £1laments..eseseeeseneens- R -
Intermeéiate filaments........... e, caee ‘ 30"
v
REGULATION OF CONTRACTION IN SMOOTH MUSCLE............. 31
' Myosin-linked regulation...... e . 34
Actin-linked regulation....veveeaaseee-n, PETRRRE . 35
Dual-linked regvlation.....eoee.v... e
Phosphorylation thedry..... ... ..o inur.. C e eveeaen 39
Leiotonin theory............. A cens 44
ATTTONOMIC INNERVATION OF VASCULAR SMOOTH MUSCLE........ 47
Autonomic innervation cf the canfne lateral
gaphenous veilm..... ... . . it e e e e, 52
FLECTROPHYSIOLOGY OF SMOOTH MUSCILE . ., ieieerenrnoane s 53
Resting membrane porenr;nl ...................... c Sh
Na'/K* membrane pump......... e e e 56
Action potentiads.. ..o it s e SO
Flectro-mgchanical and Pharmaca mechant-al r~upling. Al
CrTCTIM REGULATION TN SMOOTH MUSCLE.. - cveev et oo ie e an 68
Activater calcium in smooth %lﬁ?l@ ............ R 6Q
Totracallular caledum SEOT@S. veveneenn o nrnnannnnn .. 78
Caleium sequesfrarion Aduring relakation....eeee. .. !0

Rnle of cyclic nucleoatidrs i the reg-1ott~y ~f
. Corar Uy e et vy N/



4

: " PAGE
ADRENERGIC NEUROEFFECTOR INTERACTION::eeeoosecessascoas 89

.

Transmitter synthesis and Storageiececeecscccsccesnes ‘90

Transmitter TreleaS@.iceeseescesossceeccscssssosoocsess 95 * ”

Transmitter disposition and termination of
1t8 effect..............l...........r................ 105

| DAffusion.eieeeeiriiiiiiiiiiiiiieereieaaaaaa, 105
Uptake; (neuronal uptake)e.eeeeeeesecessnancnes 107
Upt%kez (extraneuronal UPtake)eeeseeosoensacas 115
Catabolismeccceerieianirnsieeeinecnnsdonsinnneas 117
Binding of catecholamines to connective tissue.. 122
Relative importance of the disposition pathways. 123

Transmitter disposition in the canine
S82phenous Vvellei.ceeeereesrcocoreoncaoconeoasnnensss 123

Pre-synaptic modulation of transmitter releasecs..-. 129

TIT  METHODS . e s v euscnsoceeosoaoncanasanasocecseonasassesenns 143
GENERAL METHODS . e v vrvatessooncennnsnsonsncssonocnnanns 143

Prep&tation of yenous strips and rings.....ceevenee... 143
SPECIFIC METHODS e e et enevsnansnsnecocenonaseanoascnsssas 147

interaction Experiments: Protocol Onesecesecrencovnnenns 149
Protocol 1.1...............;......;..........,.;.... 149
Protocol 1.2............................;...{....... 154
Protocol 1.3............:.....,..........;.......... 159
Protocol lzé4........ ceesessransasaans Cesececrasarraa 160

. , Proroeol TuS.aiiiiiiiiiiiii B 13

Superfusion Experimente tPTotocol TWo.-wveevseeeaeneans. 163
Protocol 2.1...iietevecncacnnean P e v et arae e 166
Protocol 2.2.ieiinecceanann. Serereccreannaraenan veaea 173
Agolumn nﬁromatographic analysis..}.............;...f_:.1]6

Relaxarigp Experiments :Protacal Thrpe...............w.;v 163'”

~ Protocol 3.1..IT:TT..;:{ﬁ....,.}.ngJ.,,..%,.&J..%f.,;ﬁﬂl93
Protocol 3.3 ... R RN, S LN a0 i Wil $

e d,,,&f”%gco_; ‘%?;'3' '0::-34;"“'..0.-.- s ev o -'. s e s e o0 -’- -

C et

Protocol . h.. .. e LT e



PAGE

PrOtdCOl’Four.o-o----.....-o:..on-..-oJ....;-.......-.- 197
JSTATISTICALYANALYSIS..'...'.‘-...n--c.-....-;o;.uo-l... !99
RESULTS-.......‘.lo.l...o;‘ouwoo.o-.coﬁ.--ooocoo—.-.-- 200/ 

PTOtOCOL OMEcsessacsssenesasensascnssssssnssncssnnanses 200

PrOtOCOl_1-1...,-......}.-...q................f..-.. 200

Protocol“ 1‘2. L N B B .'. . e 9 5 S 0T 8 ¢ e a B0 PR ... s " 000 %S00 e 205
Protocol l.3..l.....il"‘..‘..o.;nn.c.o--oo..0...0.' 206
Protocol 1‘4.....‘...... ® 0 5 ¢ " 00 080 0000 . ® ® » 6 50000 0P 0 2’13

Protocol 1.50-0.0..0f01o.-o;}.000510-00.--f-o¢o-.-o-.' 218

Protocol TWOseessseescssssasovsansoasoscsssssosssasaasona 223
Protocol 2.r;.......;............l............,},... 224
Protocol 2.2c.eecssccccsionansecsassnassnssscsassases 229

ProtoCOl THI@Esssseovessersoannescrcsnsoonsssnssaonnses 234

Protocol 3.1.:.-....I...I........I..;.'.'.‘.O‘...J....Q. 236
Protocol 3e2ueeeeeccesosencesnsasasesenensnnacennnen 243
Protocol 3e3.ieececeeecesaresaasensnssnsanasosrasacsascs 251

Protocol T P Cevncecnnsares 253

ProtocCo]l FOUT.eeercescnasnassovsconnstoonscsanens scenena 255

. DISCUSSION..... ceesesecaesacseecrensesesssrrsansrarsanse 260
Calculatinn of expected contraction in Protocol One.... 262

Influence of sywmpathetic nerve activity upon the
sensitivity to exogenous noradrenaline............. . 268

Influence of exogenous noradrenaline upon the
sensitivity to transmural nerve stimulation....... . 270

Influence of electrical current on the responce
to exagenous poradrenaline........ S he e 273

w,/n, receptor {nteract{sh........... ......... 277

Tnyvestigation of the poscible mediators of the
inhibition obrerved in FPratocol 1.1-..... ceecreens .- 280

Rnle of pre—svnaptic 19 -inhibition 1in the fiﬁdings
in Protorol 1.,1....... © e e eereserracreerrreaanens ¢ 2R3

Relaxation to TNS....c.nav.. srresacadnevenaned YA

LR I X N

.ot

Mechanism responsible for the relaxatory response. ..
to TNS. . o i U et e eeceaene e - 290

XT



" ¢ , : .
< | o PAGE

Site of origin of the posG‘Eated inhibitory

neurotransmitter...,..............,...............;... 291
,zssible méaiators‘of tﬁe reIaxafofy_ esponse to TNS;.( 293
Influence of mode of TNS on the relaXtion...ceeses.... 294
Role of TNS induced relaxation in Protocol l.l.e.e.... — 295
Conéiderat@ons for the future...y..f...,........,..... 299

VI‘ BIBLIOGRAPHY....ll;’.:......;‘;ll.........l..lI.I...‘; 302

VII APPENDIX I: Drugs and chemicalSes.eeyeeseesssenses.s 331

APPENDIX II: Solutions used for column
chromatographic analysSiSe.sescececcesss. 335

APPENDIX III: §lutions used during chemical
gympathectomy with 6-hydroxydopamine.... 336

APPENDIX.IV--..-oo-'no-.-unoo--ooa;goc;rfjocoi..oc';o. 337

X11



'ABLE

LIST OF TABLES

-

PAGE
The form used for rééording of data during a column
chromatography experiment......icecieiiennnanecncessns 191
The form used for fecording of results during a
colum chromatography experiment...ceoevee--.. cherenee 192
Summary of results of column chromatographic analysis:
samples from Protocol 2.]1.... cevree evesesenenn ceran- 728
Summary of results of column chromotographic analysis:
samples from Frotenenl 2.2, ..., o0 von.- esenn v 233



d
/
14
-~
LIST OF FIGURES
FIGURE : ) o o ' PAGE
l. Postulated locations for afadrénogeptor sub-types
in adrenergically innervated smooth muBcle..ecesecccess 6
2. Schematic diagram of the strﬁéﬁural characteristics of _
' blood vessels in mammalSicicecsecessecscssccssonssscrans 9
3. Diagrammatic representation of the wall of an elastic
artery.........}'r.-..‘.'................................'.. 11
4. Diagrammatic representation of the wall of a ﬁuscular
AT BTV e eoonanceososranssensnssssssroscssnssscssnarcsansaes : 14
5. Diagrammatic representation of the myosin molecule...... 26
A. Diagrammatic representation of the structure of the
thin and thick f1lamentsS.eicsececssccsscsacsanscacasnasosnas 37
7. Schematic diagram of the phoephorylation theofy.icesaocss 40
8. ° Summary of the 1ed OLONIN LheOTY.eneusernsnenenenennnasears 45
9.  Model of the vascular smooth muscle neuro-muscular
B LT 2 R R R R R R R R 49
10, Steps in the syhthesis of noradrenaline and adrenaline
in the sympathetic NErvOoUS SYSTeM.escee-covosonescacasens 91

AppAaratus u=ed for the pbarmacological experiments in

the preecent atndv..,........ Ceasreereacatsessvsacrarannan 145
1. Summary of the ereps in Protocol 1.7, ..i.ieeeeneannevacaasns 151
1. A diagrammatic reﬁvesentation of the method of .

calculartion of the ewperted contraction in Protocol 1.1.,., 153
14. Qnmméry ~f tha =raps in Frotocol ) 155
15. A diagramma'ie representation of the methoa of

~alculation ~f the oxpe~ted contraction in Protocol 1.2-.. 157

16, Stepg of FProtosnl 1.4,

e P s e ae- g0t ssrPoerrerrer e ey 162

U . -
A diagrammatic representati-n of the-apparatus used for
the guperfusinn eXpPreriment e . vesesenssecreencanssserannione 165

10 Qarrmo o af oot Y ) R e e . e ]68



. . . . . ' - &
FIGURE ,  PAGE

19. Summary’ of Protocol 2.2...cececcscccccccctorarorencsracens 175

N

'20.  Re—pipette disﬁensers used for the column chromatographic’
L el S B R A ACREEREREEREE R 1R0

21. A diagrammatic representation of the glass columns used

for the column chromatographic amalysis..........cveeueans 181
72.. An example from Protocol l.le.eeeeecneacesoennn. Cireassane 202
23.  Summary of the results from Protocol l.l.............. e 207

24 The individual data points for the observed/expected

contractions in Protocol 1.1........ et e e 204
25. An ‘exawmple from Protarcol 1.7.. 0. cere ot o 207
26. Qummary of the reeulte from Preotoecol V.7, ... 0. .. ... 'nn

?7.  The individual data points for the ~hkaerved/=yge~r-=g

cantractione in Trotaenl 1:2..,..... [ . PR
?8. A repracentariva evample from Fr t~cal 1.3... ....., . 2711
29. Ruymmary of raesults from Protoerl 1 3,0 .. ..., e e e T

- i

30. A representative evample from Preoroacel 1 4. . . ' T
31. Summary of the results frem Frotocel 1.4 (backgroond

agonists:tyramine, higtamin- and methoxamine) (... ... . 21
1. Summary of the results from Protocol 1.4 (backgrerund

agonist :phenylephrine)v. ... ... cees . ; ")
13. Summary of the reailets fram Froroenl 1.5 (propranctaly T
? Summary of the res Itz ‘ray Trar o1 1.5 (fnilcvarha-f.

and ~tm vV EnA) . . . \ e e . . 221
L Quammat v S rvragulr o favam et el 1 oot t ...[\\.‘ LR I A ') o
1A Summory of paanlte o Fooae o] 1 . R . vy,
7 Qummary of rveoalte from Ty ¢ N LN [ . v
v The effoct of tetred-t winy -« tho Prarrfen ta rr3gsmural

nevye otim Jatisn, . S : e e, Pva e e "R
' An exapr Je from V‘f bt Y . . Yo

O ey ¢ Lot . o \



FIGURE

41.

42.

A3,

Le

48.

=~
o

PR

Scanning electron micrograph of the intimal .surface

of saphenous vein rings'....l.....I.........‘..I....‘.’..‘.‘

Effect of mechanical de-endothelialisafioﬁ'on ihefi‘
relaxatory response to transmural nerve stimulat

nq LR ‘E‘"o‘
Response of saphenous vein rings pre-contracted#with
prostaglandin Fé to transmural nerve stimulation

applied cumulatively following sympatheétic and

muscarinic blockade.......-. ctetesamravreceeserrercrrncnsed

Effect of tetrodotoxin on the relaxatory response to
tyangmural nervé stimulation...... e
! N .

Effect of cimetidine a»d indrmethacin on the relaxatory
rasponse to trangmural ~roe atimilAtioN. i eedteer -

Effect of aminop'ylline on the rolaxatorv response to
trangmural nerve atimylaticn

Effect of ouabain and zero K* "Krebs” buffer solution

on the relaxatory responge to transmural nerve
atimilation. .., ... . Peaccctcteseaceececresereseatreasee e o
Effect of amcorbic acid and catalase on the gelaxatory
response to tranemural nerve erimilatioNeece-voearasacn .
Effect of rcold storage of ghe iso'ated veins on the
relaxatnry rvregpnnee to transmural nerve stimulation-.....

Effect of chemical sympathetic denervation with
6-hydroxydopamine on the relaxatory respﬁnso tno trarsmural

narve atimulat{oNeceree: con oo aq- e emser e .- -
A reprocearative erample from Frowoed Feov.oo,,.. ... ., .
“nmmarvy of reenlte from Tratpeanl Foanvr..o- oo,

Effect of n radrenaline o"’t=wsion, taotal radinaetrd ' !
cuper!' cate an’ afflux of 1. argdrenalipne and
ELNE . Ty ']?Ct" ! [ IR BN BN Of Cauipn

P e s B e vy me o

" PAGE

261

242

244
245
247

248

2?-.’.



N . INTRODUCTION

The sympathetic nervous syatem everts fre off e 'n the body via

- .

the catecholamines noradr~nalfne, adraps ' ton o dopamine’1).
Noradrenaline and adreraline. the pradom! iant neort:anemitters '+ tha
peripheral avmpathet!- nerves, are velentad -t tv majic ~itaaes the

post-ganglionic  sympatheric narve endinpe and the idrena' alands which

contain ar-ecfaliged r1ost-agang’ien’e neurnnal eoll badier ' hat gecrete

thpae -+ '"vrwpones. Nere "vone! "na I3 the pva’ smin.ai “teectelamine
~
released ~f o £ oAbl wh) ¢ oadveralive than o n o Areeo 10 e §
gepvetad | ~1 “he Yarges af* - [N vare g RIS “tva [
nayadrenalt. ol s Ter el s e e thedvr o L e ; et
¥

atfmrtari.n ~f I,,? ‘ v . "o ]n:\gt 1 f e vt by a1 RN |
momhsana, Phy o et o ¢ “oadrenallae Aan Factaret oAb puae -l ) qg
hean juv,.-nr-ln re b L e "Q'L‘ ttrr metl ot ! el S RIT Y . f
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V)
believed to exert contrdctile effects in vascular smooth muscle through
a single population of a-—receptqrs(3). Evidence emerged in the early
1970°g  that the 'x~receptm"9 1oc§t¢=d at pre-synaptic sites might.b.e
pharmacologically different from thagse Jncated atv post-synaptic
giteg(4 5), Drugs such fa cTonidine end a-methylnoradrenaline were
found to ba.wmoro affnor{v:a at the‘ pre--synaptic a-receptor, 1in causing
inhihirinn of relecace of noradrenaline from the sympathetic nerve
endinge than on the p("qr-gy‘napt".((‘. a-reeptor gites on .the smooth muscle
marhyane meltating murrle (:r\r‘fract{nn, On the nther hand, drugs such as
methowamine and phenvlep' - Ina wera far movae effective ns agnnjgts at the
rret gynaptic  memhrane “han  at rthe pvo.':\'mpt'ir‘ memhrane, Alpha
notagoni{cra ala. chpowed a ~{milar dA{fferantial sens{itivity at the pre-
o peat aynapt T reseptar afreg, In ardrr o compare the potencv of
Atffrront Hropge at tha tun trceptor aitea. the effect{venesrs of bhoth a-
agoniate nd v sntagentera ot the pre- and poar avaaptrie T -raceptors was

e¥rregnad as a2 carde. Ihla pradpecr yarie ar ed from 0.01 to 100 with

A Trr e e Fadtca e g g0 apactyen nf di{ffarential gengitivipy
. Te v v ocepboreff ana fintings led " tha ~laas!fioat { wy F

. ~xnaptle arapbtasa oa ” g e ayvna f~ vyeacaptare aa A,
Piveses v, T Fbeagle vy Y ES RN thfe """‘"'7(’1("?}'; a8~ aLDh&—
Yrompt vm Tagpo  yoans e 1 Vs nhe poc 1ogi. o rharncter fa '(IQ nf [l?
Ty R . . o [ETRELIP PN C e prre vy n|emlsr,ﬂ'r ~f worpgtrthe 1 0
ey e ol v ro, L e - voresept oy s LIEELETU I B e [ vie 'oann ~f
Ace vl bl ine et Fapnd o wrarvmnathet oy evve andinge v 1 ha Taovar{aAn
nf  Hege e a5 4 T 10 Ve g aer ey pri tr relarion t-~ gvmrathetic

: 2
£

ne 1o g fpea - o verb e E1 tdon b el capacvmprthet e noroe
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system also posed a problem 1in this pre-synaptic/post synaptic
clagsification of the a-receptor sub-types. Thus 1t was p'roposéd that

'

the sub-types of the aiylp’t'x_a receptors be classified as q and_ a, 01j1 a
functional basis rarher’}han on an “"apatomical” basis(6). NPQ@rt£91ags,
the a-receptors on the vascular smrrth muerle cel]l membrane were
conaidered to be of a single (al) type. This concept wasg guestioned hv
the firdings of Bentley, Drew and Whiring (7) in an in vivo st'dy 'using
pithed rate and anaearhetieced catn which demonstrated that twn types of
v veceptora mediated the pregrnr rvecpnnacy ng.rho advenergic ngoniate
L
veedr ane tvpe war eelect'vely atimilated hy phenylephrine and hla lkod
by praza ain (a] f%vorfn;\: "he ~rher was stimulated by noradrenaline and
hlorked by phentalamine,  hat  reefgtant to prazosgin (v,  receptnar).
Furthev ip vivo etvdiee kv Nrew and Whiting(R) Dacherty . McDonald and
MeGrath(9) »and Timeamarr, Kwa and Voo Zwieten(10,11Y pravided morve
dnéinfr' ~ evidences for e lawiertence  of  hnth wl and %y receptores in

vacenlar amooth minecle, Tater, Do May and UYanheutte demenatrated

ey'dence far rhe pv{atrnce of hnatrh o, and - | roet avaapr vAy nee e e

'n vitro in < uvdnm svve-drg gnd veins(17)V.
- N - .

Poecihla locardions for these twn tupee of Enct avn&ﬁric Y Yacapterd

- o B O . o . ’ i L
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common response observed. At other sites ofA application,” a
~depolarization similar to an excitaﬁory junctipn pc;tential was observed.
This led to a generalised constriction of the arteriolar segment if an
action potential was ini;.t_iated by this depolarization. The former type
of response ‘waé; abolished by phentolamine but the latter tyﬁe of
response could be detected in the presdence of phentolamine. Transmural
nerve srimulation applied fo this preparation produced excitatory
junetion potentiala: 1nr~rc.=a.ch"\g the stimulus strength, increased the
magnitude of rhe Jjunction pntential leading to the triggering of an
actinn  petential  and a generaligad c(vv\ntvicﬁion. The junction
potentiale were vnot reduced by phentolamine, tolazoline or prazosin.
Thus, tha depolariration and ée;éra]ised constricfinn ﬁroduced at
necacianal aites by fantopharetically applied naovadrenaline .Segmed to
mjmic tha affecta ~f *vanemyral norve gtimilarfoa. A mapping proceﬂdllrg
vetng flv regrance micrngcopy to vieualise the nerves was employed to

fiod  the o~naroam?cal  relationship of the adrenergic nerves to the

A1 ffryant aites producing tha twh types . nf _ reésponses - to
{entonharartealty applied -n\rnd%nvmlﬂnm This demonstrated that the

Aites At which 4ior:\1?v:'*r\r‘m\ waé ati~i'ad hy 1n;\trpi‘;|;<;r;na1]‘v ;pr;lioéi
nevadyenaldine rare 1evtvictad tn regicrg clage to the swapathet [~ nerves
mrppiring crhe can le Mo ehanges {n mapbrane porenrin]l wnare Aderanted
b the e ef applfearion of the n radrenn)ine waa greater thanp 10
o com A )l —acent nevva, /\HhoUgh a faew Aepnlayizarin reaponneq

rern dat o e N 'rngf ns S-1( pLm Afdeaae rr?)‘m' a 7\0["7(\_ rhe m?"‘ﬂl",‘"'\‘ nf

. -
’ 1 T s
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A

nerve endings (i.e. outside the synaptic cleft) emerged (Fig. 1).
However; Hirst and Neild concluded that the intrajunctional receptor may
not be an a-type receptor because of its resistance to a-antagonists.
B#sed on the above findings it could be postulateﬂ that endogenous
noradrenaline (released at the sympatﬁetic ndrve endings into the
junctional cleft) would exert a greater portion of its effects through
intrajunctional a-receptors and exo%enons noradrenaline would exert . a
greater portion of 1its effects through extrajunctioval a-receptors. In
i{solated vascular smnooth muscle experiments in tiesue baths, endogennus
and exogenous noradrenaline would be equivalent tn transmural nerve
stimulation (assuming » predominantly sywpatrhetis Jnnervation) and
noradrenaline added Into the hath from ~uteide reapectivelv Althauygh
the inaividual effects o€ transmural nerve srimulation (TNS) and
exogenous noradrenaline in isolated blnod vessels have heen oxfnhs{vely
théstiga?ed,'poc wch information {is availahle ahout the interactinon

‘between the t&&lhffabts. This interaction has been studied with respecr

to the pre-svnaptic Inhibition p?odubed'bv axpgennug noradrenaline on

rhé ré?nase of ondogﬁwﬁus naradrenaline via.TNS(lﬂ‘ However, little
r:rt:ev.fd-mnj hng heen paid tn tha nrest-gynapt ie arpeet of thia
intevra-tion(1f). Thia ta proheble dan 16 70 farr vt nt rhe dAiffereces
tn the madiar ' sn of the veapor ea Af the tun o dee ot et taal s fan n trhe
prrt ayn prtie ment-oan b ame Aapnare anly Vv tag fha laer € -
b rthe fltacarvrars of Lt h v ~ed v? vecoptara i amactl mmies Ve,

The pl"OSQﬂr 'IV"'p"p'f_ ¢ gt ("'\ s ; nv--':rrt al' an ¢ St aAdy “}\1\ vt mn- gt s
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-Adrenergic neuro-muscular
junction

[

. Smooth muscle cell

&> 0 o)
m..w_*“ ‘ ,‘—-—-—‘ S
"Adrenergic nerve
e ,__//?\- < 9
2

N

“Varicosity

Figure 1. A diagrammati~ representation of the postulated locations for
r-adrenoceptor sub-types in adrenergirally fnnervated smonth muscle.
Fre-junctional v receptnrs located on the axonal membrane are believed
to be a, in type. Post juncttonal a-receptors are of two types.(l) oy~
receptors helieved to he located at the syﬁapfic cleft 1.e.,

Intrajunctio-ally. (2) v, receptors: believed tn be located away from

Che et Tnfr t.e | awrraiynerionally.
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whole range of the dose-response and stimulus-responge curves. " This

v

permitted any progression of the interaction to be studied. Canine

. lateral saphenous veins were selected for the present %Byestigationffor

the following reasons:

1 L] .

P
.

the canine saphenous vein has been shown to possess a good
sympathetic Iinnervation with nerves. penetrating’almost up to the

f

tunica intima: refer to literature review for details(17,18).
the presence of post—sgynaptic ay and a, reééptors have been
demongtrated in the 1isolated canine saphenous vein(12).

the 1isolated saphenous vein responds well teo hoth exogenous

noradrenaline and TNS,



LI TERATURE. REV_IEW

 The vascular syst:em can be divided into: Qhe arteries, the veins and

‘the. microvasculature(N 20)€Fig. 2).' - The arteries are. generally sub-.._'___'i.j;.'z B

divided into two categories, -the elastic arteries and the musculas

a_rte-ries. Elastic arteries eontain ,many elastic laminae in their walls‘

and generally have large - 1umi'na1 diameters’ (e.g. aorta,v carot"id

arteries). Potential energy,_stored during cardiac contraction in the

. . - L R R i OIS V) wr won

elastic tissue of the aorta and. its bra.nches is reco{werted into fcine‘tic T

o,

: -energy for the circulation. .dujr;i‘ngr; the - diastolic . phase. - “This- elastic -

recoil of the vessels sustain the pressure head better and renders bX¥ood

['4

" flow to the periphery steadier than 1t would otherwise be.. Muscular
¢]
‘arteries which are formed by branching of elastic arteries have less

elastic tissue and more vsmooth muscle cells 1in their walls.
Collectivelly, the arterioles, the. pre-capillary sphincters,' the
caplllaries and the ‘post-ca'pillary venules are referred to as the
‘microvascular bed. The arterioles which are 0.1-0.8 mm in diameter in
the dog(19), have the smaliest lumen: wall ratio (approximate—ly 0.4)
among all blood vesgels and thus contribute most to the -resistance to
blood flow 1In the vascular <ystem. These pre*napiilary resistance
vessels (arterioles) neually exhibit an efficilent local myogenic control
of their own vasenlar radius, and on this myogenic tone is superimposed
an extrinsic neural control effected by autonomic nerves. The pre-

capillary sphincters, themséelves. _part of the p,re—ca‘p*illary resisnance:...

R . ERREE A S Y
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N
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I capiliary exchange which is perfused at” any : “moment . in the tissue., an~‘—~~_--,_

.

tncrease -im the potency of the s'phincters causing an increase in - the

‘ number hof capillarieS‘ _op‘en‘; - "’i'he “'capi~llarie8 . funq_tion_,‘ .as _'.ea_(cl)_ang;e

'n“ Fe S > g e e
\

- '-v"esse,ls, aret particulary important‘ in. determining the . size of—then ) R
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Scbamatic diagram summariging the major structural

characteristits of prinhipal segmentg of blood vessels in mammals
f[Reproduced with permieﬂ?on

from Rhodin IAG Handbook nf
Physiology(ZO)].
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vessels where exchange'of'nutfients and metabolic waste prodUcts'between :
. e

10

the blood and the tissues take plade. :The‘veihs are generally divided f,_

into ' large and ﬁedium—sized‘ veins.. They fend-‘to have the \grestest.
‘lumen: . wall ratio among -blood Qesseis and these offer liftlei'on np..

resistancé to the flow-of blood. They also.possesssvalves-Cn pfevent

vessels are 1mportant sites of change in _the capacity of the°vsscukarf AREE

system. Changes in° luminal configuration (frOm elliptical ko circular

changes.

' cross—sectional profiles) and changes in myogenic tone of the veins,

@

induced by sympathetic constrictor nerves are of great importance in

adjusting - the'capacityvof the vascular_system,-particularlylin-postural

MORPHOLOGY OF THE VESSEL WALL(20) ~

The walls of blood vessels (with the exception of the capillaries)

consists of three layers: tunica intima, runica m9A1a, tunica adventitia

(Fig. i;‘Fig'ﬁ)fl4mhe_tuniegvfhtimay-the»innermostslaﬁe:.oﬁ thegbssculst’xﬁ"

wall ds composed nf the foli&wihg-structdres::' ! HTRICERC

o L , ’ T
1. a single layer of endothelial cells lining all blood vessels
N _ .
2. a basement membrane 80 nm fn thickness
3. the subrenderhelial layer - composed of collagen fihree. alaatic

fihrile and smoath mua-le ~e114; this sub-endothelial layer ir
urnally present anly fn the large elastic arteries.

The endotheliai cells are f1ar’and elongated with- their long axes

parallel to that qf the blood vessels. They are approximaeely 10-20 im

in 1length svd 5 pm in width at their widest ngtﬂt. They have a

thickness of about, O.Z:Q.an@“with a slight bulge at the region of the

y e

‘ﬁncléds;‘-ﬁm%f?'nﬁiﬁh610gy'Eédfbe best studied’ by pressure-perfusion

R

' back-—flow of blood within the venous system. ‘ 'I'he veins or capacity» e
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Figure 3. A diagrahmatic representation of the wall of an elaetic
artery with well organised elastic laminae in the medial layer (turica

media) [Reproduced witrh permission: from Rhodin JAG, HavAhnolk of
FPhysiology(20Y]
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: with the "fixatiye at a (pressure equal"to the" normal 1ntravascular>

pressure in, the' vessel studied., Collapse and wrinkling of the-

“nwendothelial ‘layer takes places unless ptessure-pé&fusion is used during

fixation. " The endothelial cells are -bound "to éach other by tight

‘junctions(zona occludentes) and COmmunicating Junctions(gap junctiong'

maculae communicantes) " The tight- junctions are areas where - the-

opposing endothelial call membraties - have ~Ffused. along ridge—like

-

protrusions of the 1individual cells. In section, these appear as

puncrate fusions of the two cell membranes. The gap junctions are

patcheq (maculae) of opposing cell membranes consisting of a polygonal

’

lattice of cell membrane sub-units. They function as sites for cell-to-

cell transfer of ions and metabolites (fonte. electrotonic and metabolic
couplings).¥ Both these types of jurctions are more common in arterial

. e
than venous endothelial cells.

)

The sub"endothelial layer, as stated before, is present omnly in the

-~

12

large elastic arteries. Ia the. human aorta 1t undergoes a series of. - .~

'

_rhanges during life, Ar birth. it is a thin structure with.a narrow‘

layer of connectiye "tissue fibres. In vesfing adults it increases 1in
/

thickness and becomes fibrous and collular hy middle sge. In denila

/ : :
sybjerts the 1aver[15 thick. fibroue and hyaliniged. In some cperies
fe.g. pig, mn) smooth muscle cells are pre<ant in the sub-endothelial
layer of the anrta, In emall arteries and arterio]es (where the sub-
endothelial layer is laoking). endothelial'lcells, and - smooth muscle
cells  in the imedia are closely connected th'ouph myo—endorhelial
1unction4. ‘These are oytoplasmic processes from the endothelial cells

or the smooth mmecle celles and they penetrate the basal lamina and 1f

rresent, the fnternal elaeti~ Jamina. There are few of these processes
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in small arteries but they become 1increasingly nimerous ®as  the

J“ért;riolés.éﬁhfbacﬁ fhéif;tékmin#i‘ramifibationé éﬁd the pre-capillary
sphinciefs. | T B

“~The tunica media is thermiddle laver of the va;>"1ar wall. Smooth
muscle cells  are the principle aounstituent of the media but it also
'5con't:’;':\1ﬁs'/’é'i;}ériad.'nuni_berc of ' elastiy iamfnae;zﬁéolragen “f1brils and
elastic.fibrils(Fig. 3, Fig. 4). ;It is usually honndn& by the internal
and external elastic laminae and 1is thicker in the arteries than in the
vaine. The tunica media of the human aorta cﬁntainq éhnnt 40 A0

y

fenestrated elagtic laminae. These elastic Taminae which avra ahour 3 im
in thickness are concentrically arranged énd spaced equidigtantly. They
are intercounected by a network of elastic fibrils and this highly

structured " and "elaborate elasticr Fframework gives tha medda ite grear

E . ’ . - F—— . . . .
resilifence "and ’strengfh in the elaerie~ artrerieg. The amnaoth mugrlae

’I

cells are found within tb}s.framowork. The elastic laminae Aiminish 1in

number and 1o organisation, the smaller the size of the artery with

arteriolés gener$i1v.1aéking e1a§£{c i;minaa. Mret of the smaoth muerle
cells ¥n the media are ortentad oblinuely runvring diasgenelly nat amal)l
anglag between 'he alar~ti~ laminae,

The amasth mincle colle 19 th madta topd *o Farm o+ 3¢ lral ale) gh
the orientatrion may varv with rhe diaranling § v eafl 21V, Weelingby and
Glaszov(Zl_) in a3 atndy  ~f  the rabhir anrt v ftyad be' o Alaqmra'{e
pressure, showad that rhe emoath e la relle ave orfented hlfguaele oo
even pevrpendicularlv lvvi‘th r‘r\';np_f‘" o the elant tc l2aminge. Hewveyer {f
i:ﬁe preparaticne vrre f{xed a' preagiares cqual te \ grearas thay the
diastoldr preasore  the amonrly oy a1, R T T R P (P S|

Cangei Vel g R I I L A T ’ S 1 '
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of the hel;[w can vary depending on the contractile status of the
vascular wall. It is conceivahle that in a murcle spiral with extensfve
mobitity, thea pitch of. the helix may ‘ change con's'lvdﬁrablv and the
direction ~f the mir-le cel’a may ~lter from longitudinal to ‘'iagneval
ro ﬂerpor\'imvlav. syt rtes 3l and v":‘-""n{]in;v on the F’uv' tianal otare

the ! 1and ocanel,

Thie grnarmnt  hell~- ar agement the amr ‘th macle ralle in
r,h?- media 1a tha tza's "o “he telfieally cut atrin flyer intyodo al hy
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some medium- and lérgg.siied veins, smooth muscle cells are present in

N .

abundance although these cells are often located outside the zone that

is classically regarded as :thé media (1.e.'~in the subfendothelial‘

Htissues and 1In the tunica adventitia). However, as the external and
internal elastic laminae g,te not present in ‘veins, the distinction
between the infimal, med'latliand adventitial layers: i_s not as clear as in
arto;.ries. The smooth miacle cells in veins are arranged longitudinally
and circularlv ae wall ags helically 1in different types of 'veins. Thus,
the rat pnrtal veln ;nntains two distinect layvers of smooth muscle'cells,

1

an 1inner, narrw aub endothelial layer with circularly orientedbc,ells,

and an ont~r, wider laver with longitudinallv arranged sm?oth mscle

.

calla(28), In tha hwoyine mecentaric vein the contractile response of a.

lTongftadine Y1y er atyip to tranamural nerve stimulation was .about 20

’

times thar of a cirey’nrly cvt atrip dindicating the predominance of

longi' 1! nlly ayvﬂv\‘;zcw" amooth migele cellae in thege veine(?26). The
salle N e N AR BB NSTETYS RTRTT nn]‘agﬁn fihy oo meparat!ng indisidnal
"h maae s ¢ 112 ae we'l a- lavevre ~f amnoa ' h muscle.

LTED ‘ Taooar ey te g the vtarnnnt VTaval of the vaeru' gy walld, The

VL e . 'l - Cy o Syt e s b YAy Aty ('er 'v\'liv\q A the tvpe and
V.o B N I R Far toasvanvo Vs soprnbrgl hlped veggdela
Vomae e N N K . teenp s 7 ne!t - g ~f denae fihrn
Vet t v ve r . [P S eme ] ot tt - YUand vessel wnll
[ S vt Ay 1, IPTIT ay! '\"\P‘ rie ' 'qsg;!”m‘t"ogetbov

o
P
vt vl O T oy e ) "o, 1, ey B
to VoA o e th o miygnle cells i
L sty chrirda sweopt  dn large 0 ne hitel “ntain ‘Ungirudina].l.v
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?kgissue.wtlln_lthe elastic arteries, the adventitia tends to be thin

s

.
v
1

nervg§ffo5‘the~vascular wall itself. The adventitia functions to anchof

the :blood vésseiéﬁo#};s‘surrounding tissues by way of ldose connective
: . o e . e - T X o -

P remra  ® b g [ -
- L . .

SN :
especially in the larger ﬁesspls and contains a loose network of.elastic

fibrils. The tu;ica adventit{a“ tends to he wider in. the mgscular
arteries often occupying-half of the vessel wall. The adventitial lsyer
ia thin and inconspicvous 1in arterinles and venules mergirg with the
surrOv\nriing connective *issue. This Tayer {¢ heat devoloped in mediumn-
qized and lnrge veins compriceing op to 75 per rcent ~f the wvascular
wnll, Here the adventitia da mad. vp of enllagen bindlaa, elaatitp
fihres and amnath mugerla callg, Th ecellagen hundlae are arrang~d in 3

heliral Ffagshion forming » intimate velationchip with the anrantrh migcle

calla {n the advent{itia. Thie ralat{onchip gnd th: firm At ryehemant of

the Advent It ia toey the suarrovnadd ng cangye 1t [N ¥ R a1y tha
aduent it fal laver tn r»‘qv A wore Al s 1 L e LI R NPSC IR TIE I BN
~t an  c“ampare with the vrorf{ooy.
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for sensory organs, muscles’ and visceral organs 2) vasomotor and sensory




associated with these vessels: the pericyte is neither a smooth muscle

cell nor a }ibroblast. Structurally, it 1s surrounded by an external

lamina, and it contains a . small number of micro-filaments in its

- -
- s - . oy - . » . “ » - - - -

cytoplasm. Tt could represent a potential smooth muscle cell or
-

function as a phagocytic cell.

Morphology of the canine lateral saphenous vein

Most of the studies on the histology of this vein has been dome by

Osswald & Cyimaraes(17). This 1s a medium sized vein 3~5 mm in diameter
containing an abundance of amooth muscle fibres. The tunica intima 1o
this vein 1s made up 6f a single laver of endnthelial cells and the
hacaget memhranae, with no definite sub endéghelialAlayer. The tunica
med{q hoedng a thin, discoﬁtinuonn elagttiec Jamins as 1its ihnermosg
laver ta vrvelatfvely thick containing R-12 layers of smooth muscle
cells. These smooth mugcle cells are moatly cirenlarly oriented
although thara are Jongitudinal as well as obhlique fibres. This
rredominantly cireylar arvangement of the smooth muscle cells accounts
far the yery mu-h greater tenefon developed by ring preparations of: thé
ver ol compared wirth haldanlly »J; stripg. The smooth muscle fibres of
the vcln wall were found to make eap! act with each other at their ends
»nd alan lareyally altheungh spares of variahle width eontaining enllagen
e rannone alaatic Fihrile Qovn often ford hatwoen the mugcle rella in

the above studies. The tunica advenriti- . 1= avehanoug veln - weld

"develnoped with numerous elastir ({hy-~.

'LTRA STRUCTURE OF SMOOTH MUSCLF CETLS(28,29,%0,31,32)

o«

Smanth macle falle have apn plnngnrnd bt frrogutar echape with

mu'tirloe cal'ular pratrugiane. Thev are a 40 {00 jim in length and 2-5

' St e b e Ul Ay spavsd with cardiac misnle cells which.

18



are 10-20 .pm in diameter but approximately of the same length. The
smooth muscle cells have a single nucleus situated in the middle at the

widest portion of the ¢

. .

ell body. Each cell'is surrounded by its plaéma

I PRt «© - - YRS

Ca
6o & o D A o

'membrane (80 A in ;hi;kness) ;ndmthere'fé ﬁé.p}dfbbfagmic‘26hiinuity
" between cells. The plasma membrane and the basement membrane, when the
latter 1is presént,‘ constitute the sarcolemma. The presence of a
~distinet  basement membrane {s regarded as being one of the
ultrastructural diagnostic features of smooth muscle, and it has been
demonstrated in a variety of blaod vessels. Tn tight junctions between
smooth muscle cells, the fuged plasma membhranes of adjacent cells are
éevoid of baéement membranes(31). The amall inter-~ellular space between
amooth musrle cells rontains hlood vessels, nerve fibres, extracel Inlar
matrix and reticylar fihres. Connective tiscue rells Aare rarely frund
in the interstices of the cheets of =mooth muecle. Thegse musnles do not
possess a digtinctive tigeue “¢apenla’ or perimysium rcharacteriatic ‘nf
ske1;t21 muscle fibra(33).
The plagma membrane of smooth migcle rells contains mltiple small
flask shaped 1nvag1"ﬂf15ns termed cavenlae or surfare veairles. Theae

are 50 80 nm in diameter and are also present in endathelial celle and
e 4

f‘[hrn\-\]agrg_ TV = aw-hraoml]u]py’ SpAce rontines inte t}‘ag(x cvenlap as

Ademrngtratad by the fact that axtrarellnular marbere v b v enlletdal
AN}

Lan' “anum (1.7 ) ard tagp 'e acid erv oar thoge weol Vool ' ALY Theoer o1t~

nor ENELELE arattered  oucsr  the el any fo - huar tand to hayve

Vanaglyrvwdinal rlentatf - {n emaagth maes 1~ 32Y Ther cavpnlae in  reaee

rhe Aanry fare mamhrane arnon rer cell volume hy 25 710 per ront .,

Nevertheleaae ‘hny nre fFar loge epxtonati: > rgompated ta tha transverse 1)

Y T I I F TR R LR nd v Atae e le ‘?"(‘r-‘"" Ahemr e v

- - , £



the mouse coronary artery indicated that these surface vegicles may

oceur 8ingly or in more complex forum that resemble chains of beads'

fused end to’'end. Thege beaged ;qbq}es pay. he compased of. as manyuas a1

BT e

. [P . ve g
,,o».ao.,-,,, EIE qu' ® 0 T hose 3 w D Be taets EER I A Ve
. . PR

vesicles and they often extend deep into the cells(35). Smooth muscle
lacks T-tubules and some investigators. believe that caveolee are

analagous to the T-tubules although no conclusive evidence is ava;leblq

Low

. . : ok ' )
at present. The surface vesicles may not be fixed structures and their °

distribution may reflect ‘the functional status of smooth muscle(36).
Occasionally 1in electron micrographs, some of the surface vesicles
appear to be {intracellular and have therefote . been described as

pinocytrntic. However, the penetration of extracellular markers into
these vesicles after fixation and the examination of tilt pairs of

miecrographs 1indicate their true extracellular nature(32). This
i
artifactual intracellular appearance is probably due to their narrow

necks which may not “enter” into the plane of section. Nevertheless,
the possibility that they may become pinccytbtic under some conditions

cannot be definitely ruled out. Both mitochondria and sarcoplasmic

.

reticulum have heen qgbserved ﬁg be closely assocliated with the'scrface

vesicles, with the.intervening. distance being as small as 3-6 nm in some
: - .

rases(34). Hewever, the agsociation of the gsarcoplasmic reticulum with

these surfdce vesicles 1s far less common compared with the association.

.

hetwean the garcnpiasmic reticulum and T-tubules in skeletal muscle.

The sarcerlasmic reticulum in smooth muscle, as 1in striated muscle

can be divided into the rough endeoplasmic reticulum, with 1its associated

ribnenmeﬂ~and the samwooth -endnplasmiec retjeculum. These are continuonus

with one another and also with the nuclear membrane, but not with the

tvmer of the golgi apparatue. Extracellular markers such as co]loidél

‘4
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close couplings with' the surface vesicles(29)

lanthanum, horse radish peroxidase .and féféibih"”do not enter :the

'sarcoplasmicvreticulum confirmingltheir true intracellular -nature(34).

S ae .
. 4 LC o T - vo - -
®e o= w "%r g oo

in’ striated muscle. HoWevér, “the’ »thbuies of the reticufum are
distributed throughout the cell and they approach the sarcolemma forming

surface couplings. The two membranes may be as close .as 10-12 nm at

- - - ¢
CENC T Y o

these surface couplings and this intervening space havaeen-observed to

“

be traversed by» eléctronddense bridgingﬂ structures ‘which have a

The sarcoplasmic reticulum of “smooth muscle. is not as well organised as-

(o

periodicity-of.20—25nm,(34?37),“ Jheisarcoplasmic retTeuldn also forms -

o

It_ds ,thought that the

‘twitch contractions of vascular smooth muscle, triggered, by ;action)

potentials are mediated via the release of calcium from sarcoplasmic

P 25 o sy K f7s

reticulum at these couplings(38) but no conclusive evidencé®1s availa¥le

at present. The volume of the sarcoplasmic reticulum 'shows a

the rabbit portal—anﬁé@ior mesenteric vein  and ‘the taenia coli it
constitutes only 2 per ceédt of the cytoplasmic volume. On the other

hand, in the rabbit main pulmonary artery and aorta it amounts to 5.0~

7.5 per cent of the total cell volume(33,38). There 1s a ‘direct

correlation between the volume of the sarcoplasmic reticulum and the

ability of amanth miscles to Cont;art in calcium~free
soluttions(32,33). The sarcoplasmic reticulum is rogarded as a major
calcium source and sink (i.e. a sequestration-site) in smooth musc]e.
Strontium has heen wged to demonstrate the ahility of the reticulum to
accumulate divalent catione as it 13 more electron dense than calcinm
due to 1its higher atemj-~ nnmher(37). The electron-dense deposits can he

identified as strontium by electron prabe analysis.

7w§ignifican&gvaria&ion between different &ypes of, smooth muscle(39). In-

21



The mitochondria.in'smooth muscle were previously considered as a

;;possihlé*source ahd sequestration site .for calcium in _smooth muscle.

o They too are often closely associated with the surface vesicles, a 4—

© e

"nm distance separating the two membranes. Recent studies, however, fail"'

e oy

- to show any evidente for~a roleoﬁor ndtochondnia in,the physiplogicall,,

_..,, b T ." - ~e s W,

(as opposed to pathological) regulation of cytoplasmic calcium. In the.

presence of Mg2 » 1solated vascular smaoth muscle mitochondria(39,40)

have a “father low affinity for Ca (apparent Km = 17 pmql), that is o

inconsistent with the~requirements ‘of a physiological relaxing system.
" However, in damaged~muscLe fibres, massive mitochondrial calcification

in the form of granules has been readily demonstrated(él) In these

cells intracellular Na and Ca2 .were high and the intracellular k+ low,

suggesting that mitochondrial calcium loading may have been due to the
."abnormally high cytoplasmic Ca2 ,caused by cell damage.

Smooth’ muscle cells ‘contain ’an elongated» ellipsoidal nucleus
.containing one or two nucleoli and a double nuclear envelope in the
relaxed cells. However, the ‘nucleus ‘becomes highly compressed and
convoluted in contracted’cells(36). |

A variety of cell junctions are present between smooth muscle
cells. These structures, are helieved to .play a rtole 1in ionic and
metaholic cell—to4cell‘ communication and are also present in vother
excitable‘ cells such as cardiac and nerve cells and .in nonnexcitable
cellg such ”asw endotheliél 59119" liver parenchvmal cells and
fibroblasts(32). Gap junctions or nexuses having®a 2~4 um ‘gap between
tha ourar 1eaflets of the opposed cell membranes can occur between two

parallel cell membranes, between opposed cell protrusions and between

invaginations of one cell into 1its neighbour. The entire width of the
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junection (inclﬁdihg gap . and membraqég) 'ié_ 15449_ nm. |, Extra—cellular’

markers such as horseradish peroxidase and colloidal lanthanum penetrate

the gaps 1in these -Junctions. The second type of junction that is

believed to be present in smooth muscle cells is the tight junction or

zona occludens which 1s not 'penetrdted by these extracellular markers.

Freeze "fracture _studies of the tight junctions ‘show a strikingly

~ .

different appearance from

‘ap Junctions. ".THey sfiw 4 meshwork. of ridges
with furrows on‘ the. complementary face as compared{ with the 8.5_ nm
"»dtaméter'pgtric;es ;nd corregponding pitsAseen in freeze fractured gap
5unctions(32); Ogher'tyPeé"of junctions such ‘as Intermediate contacts
(attachment plaques), septate junctipns and simple appositions are also
- found 19 smooth muscle. 1In electrically excitabhle cells, gap junctions
provide a 1low-résistance pathway for the spread of d?polatizatinn
throughout the tissue. In smooth muscle, a}though all -cells appear to
‘be electrically coupled to one another, 'the extent of tgis igoupling
varies widely from tissue to tissué(&Z.H3). The structure regponsible
for this coupling is also not established but the gap h\ﬁctions are
favoured by many workers sas fhe evidence for their involvement in ionic
coupling in other tissues is very strong(4?,43). The gap junctions are
also believed to participate in metraholic coupling allowing tranrsfer nf
small molecules wsnch ag aminn ar{de

» ugare and nuclentides from ~el1 ¢y

cell,

Ultrastructure of the canine lateral saphenous vein

Electron miaragscopic study of the tunica _médiw nf thia vein(18)
dpmonstltate.d that the numerone amnoth maerle rplle rreaent cont ainad
many cehort proje~tinna and .*ndon"n"(ﬂne. o rheir e facem. The

o
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junctions;. At these junctions, the intervening space was appfOxima:_tely
... 20 om in width‘and the oppdsidg sarcolemmal membranes often demonstratéd

an electron. density.A The -cells contained many oval shaped surface’

3

vesicles -80 .nom in width and 90 om 4n 1eng_th>.“' The interstitlial space
between the smooth muscle cells contained a varfable amount of~colfégeh

fibrils, an amorphous filame.nt'o’us‘ backgrduﬁd rich in 10 om. thickv )
' microfil’)_r:i‘léA and-rare elongated fibrocytes.

.

STRUCTURE AND CHEMISTRY OF THE CON;I'RACTILE PROTEINS

~ - As in skeletal and cardiac muscle a sliding-filament mechanism is

. v . .
believed to operate .in smooth .muscle. contract¥fon. .The elements “of the

-

contractile apparatus include three types of filaments (thick, thin and
intermediate), dense bodies. and attachment Nplaques. - When isolated
smooth muscle 1s observed to contract, small closely spaced blebs form
on the cell surfape interspersea with undistorted regions(44). It 1s
helieved that the latter are éites‘f‘ attachments of the Acon.tréié‘;lile
elements to the'sarcolemma and - have been namled a;taéhment plaques;g
Dense bodies, too, are similar structures  but dispersed~throughout the
sarcoblasﬁf and believed to be intracellular attachment sites for the
contractile elements analogous- to thé 7--1ines in cardliac muscle. a-
actirin si.}nd.l;ar to that found in skeletal muscle has been isolated from -
some types of amanth musCIe; In skeletal muscle f!--av:ti_.n'{n is helieved
ta farm part of the Z-line 9t|;ur~r.ure. In smooth mmscle a-actinin has
heen Incalised in rhe dense hodfas (using an antibody technique).

" Smooth mierle calls contain 3 tvpes of filaments | in their
«‘m\r'actilf; ﬂm"'r;—arne: the thick fflaments 13~20 nm in Afameter), the

thin filameatas ("8 nm 1n dismetar) nand rhoe {intermediate filaments

(apprevico sty 10 v dn d{amet The ¢ rre genersting apparatus in
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smooth ﬁhsciéiiéAéréﬁngsed less intricately thgn in cardiac muscle, in
thqyaVhighly'AStrﬁCEdfe&"péf;iiél ér;afs of -intérdigitéting filaments
‘charactgrisyig of cardiac nuscle“afe'nbt'ééeh(45); Ratﬁer;‘one finds
throughout the cytoplasm, . large numbers oﬁ filaments arranged  in
éirections roﬁghiy paralle} to the longitudinal axig of the cell. When

the miscle 1is rélaxed,_tﬁe_filaments tend to lie parallel to the long-

axis of the smooth mscle cells. However, when the muscle cells

o Rt
=~ -

.. contract, the“fiiaments tend to assume a progressively obiique direction

to the long axis. At maximal rontraction the angle between the long

axis of the cells:.and the filamantg may bhe Qs_mugh as 25-40°(4AR).
- - - ‘

Ih}gkAfiiamentq
The thick filaments are fihtois(a-helix) in structure and contain
protrusions with globular heads along tﬁeir length (Fig. S)- They are
comprised 6f upwards of 200 myosta wmolecules (relative molecular
mass:470,000). Thg mynsein molecule can be enzymatically rleaved {nto
two parts(29). .
1. Light merémyqsin (LMM,'rélative molécula; mass: 150,000) - this
1s a fibrous protein which aforms the -ftaii" of the mvoecin

molecunle (150 & 20 »m tn length) and linae up In a ~lLoarh wirk

nther 3imilar mnlecules to form 3 thick il ment.

? Heavy "K‘V‘OmY(\Q‘ﬂ MY - thie appeare aa pratruclione ffram the
thick ft1lamenta. THrgea rrat caatlone foarm the crraza by idgac
hotwaen tha thi{s and rhin fi! mante Auring cantraction, Thae

hea 'y meremyrnaein ran he fnv"‘nv anth ‘yantianatadl Intn a fihynaa
Q-2 Aegirant (vnlgf" e roleclary masar G’)'OOO\ and g g‘oh.,]qr- ~ 1

qagment «~.»'fa(1-ty\g the tva headg nf t''> myasin mnlacole (O ¥

‘7",0(‘0) RANETER ] Tage vt 17 enmpre red £ ron ddeor{eoal te
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HMM S-1

. ~90A x 584
~ 120,000 daltnnx

- globular head
two identical units (2 x HMM S~1)
each containing:
1 site for ATP hydrolysis gnd
actin binding;- :
2 light chains of : .
~20,000 and 17.000 doitons HMM S-2 ~500A

. ) . ~60,000 doltons

ongin of cross~ bridge

%//%LMM 8007\ 150,000 dalllo 7 /%%WM«%/
~ ~ n
. %//////,,,,/////////////////////////////////%//// /////////}/////////////////////// é /

L4
total length of Myosin mojacuie ~1, 400 A

Figure 5. Diagrammatic rppfpsnntarfﬁn nf the myosin molecule composed
of the light neromyosin (LMM): heavy meromyosin subfragment-1 (HMM S-1)
and heavy mer dhyosin sub fragment-2 (MM S~2>. fha a~heli al portion of
the molerule 18 dericted ag 5 rope'-like strucfure. "t rhe origin of the
crogs-bridge, f.e.. one end of rhe HMM $~2 molecule. it {c n“or known
whether the y-helfeal stvyeture {g rgrning;d (dagbed 1ine). The positinn
of the foaur light cbaing (shown ags the emaller ~{rn~laq In the glebular
head) 1s completely arbitrary. Conformarion ~f the glohular head
differs from the reat of the molecule in thar {+ iq not predominantly an
w helix, and this differencg is rre~ented diagr“mm=ti°ally. [Reproducei

with peruiissio‘n, from Marsaharn: N1 .04 Tare M A, Hendlask of

!"\v.‘l \,,‘(,,(*:\\]
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each containing an attachment site for actin, an enzymatic site

that hydrolys‘es adenosine triphosphate (ATP) to liberate energy

L 4

used up for the contraction, and two "myosin light chains” that
are 1involved in ’ the fungti_on ofathese segments. Although
striated muscle also contains myosin light c¢haine, ‘here are
distinc;: differences {n structure and ‘functimv from thoee of
smooth muscle. The H.glht chain compeaition 1a to a degree
characterigtic of 3 parricular myasin. Smaoth rmlﬂc;a mvﬂe‘l‘n

containg two light rhaing of relative molaernlar ma<s 70,000 and

two - 1{ght ""hf-l‘lnﬂ of realntive m~leenlar maas 17 000 (rne nAf ~-ch

“

' {n the twn heade): nyogin fryom cardiac .'....-,,-'ia ).;'-v twn ~laaepae f

light chafns of relativa molecnlnar magae 27,0 ' and P 000

Jn general, mvoefn frem non-mugele  anyprcee oy ocoel oo e )
miec]a tvpe tn fre T{ght rhaly comprairion,

The hegvy meramyosin 3r1d rhe Tight meramvaain apprear ;\-? forim a

€lexihble ”h}ﬂqa hetweon them. Thee Fibrpone hearv mearomyogi fonectiane

to transmit the forece generatad bv the oporatianal asite of r};o v onein

vv‘nlﬂl‘n]e, to tha light werye vnain. Tyaatin mole ale ﬂrr" A emhlel fnrn
fivlaments ar 2 tajl to tal? hiapetar - gment' 2t the canvre, an! ervtoenlin
Iin o bhead-t o rai? Foaaly i O a'rh ol wf rlhay et - fa triaved
R A T e ) Ar v ot of b b O I IV PR T N va Lt f Lo
tha < 'yiartal mue- 1 elle la "POR' ~ thgr , ! ' Ve P y -t (1t
™~

relar arcage sant T grooth mag -~ 2 vonto ! har e o e har e
apeg oo ) deviamet e fn oty t boaer oot ~in oo AL AR R
rhat Fo’ﬂ\ t 3 | B I . e v ot v ‘ Te o ~lapral ' 1.

tlenprdftal, . ,
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smooth muscle, myosin molecules are packed so that their heads are
oriented in ovnly one direction; 1.e. each half or face of the filament

has the same polarity (unipolar arrangement)(28,47).

Thin filamenté I

“ -

The thin filaments contain the contractile proteins actin and

tropomycain in ~*mooth muscle. Tropontn pfesent in gtriated mﬁ?ﬁfzz;s a
protein  which r°2"1ntni contractile activity, {s absemt in smooth
mur le. Actin, rhe pajor cnmpnnen§ ~f the thin filamenr, ié present in
all meccde col'a and in almogtr 311 cukaryoaric celle. It is t?;erefore
net avrprieing that there appears ;A be littla Vifforance 1in the
chremdonl cornge!ttan of acrin from different goyrcos. The thin fiiament
fa crvoced of 3 devhlcoogtracded helical Filament (Filamentous/Fibrous
et F ace ta) wirh oan a;ia1 ?vpeat of abont 36-I8 pm(1?). The F-avtin
fa © prlymes of rhe (glaklular) O-getin mn1er‘,n1¢;§; (5.5 nm in diameter).
The " a rfin ma' v vla {g a aingle chain pratein with a relative molacnlar

maea of 2 OO0 "™Me 7 1 eubfragment Af the haguy mevemyoein (t1.e. the!

globk Tar herde af Vo 1 ~ain mrlacaled hindg tn the thin f{ilaments to

foorm ~rggg " ridgnea. Tar Tavetloral rnlan auga gt ~d for the actin In the
centract "Ta v nceas oar s (1Y W fravemiact. v f for e ‘e'Jvarad hy the
P At (LI Cy v kr(-’g«/ ot tho e vatyy malary!’ Vet tygstonr af
tha PR iy e Ty AT T e ! aen fy oa energy f. N N

untoe gy ry. Mer o ne Uy T Yiiarle)

' oy e Ty~ a4 A I T Y ST BT RIS I | typo of

ERTIR | T /\\r’;v. ¥t . . F oyt b { T DY L R ~oampae Lo [ 3 &~
e - ' vt ¢ BLE S TR oy ey thana ny = ner

Ced . | T . it A N I "';“\”""" 3. y\‘/
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to F-actin(48). Tropomyosin- forms an slpha—helix Jvirg 1in ftha run

grooves of the doyble-strand of F-actin and is composed rf tr - nomynsin

-

<‘o]_em|1e9 I(,rc'].atuiv; .ﬁu 1em\1ar' mass: approximately 70,07/ Tha mnlar
atof chiometr™ ~f yrrto ro rrapomyogfo (apprevimarely 7:1 " n'm'%nr {n
al’ "Ypd" of riec e Rocavarn f *he ahpen s o f spa O [ SRV RN
cf trep o yogdr N Tmnnth muecle fa netr olear or jragany

ITn ene'a], R'PWOt“) e ~ontgine Yae v et bl o b aleral

'

mueelon, The "\'vc't'n contenpt o an orh ey 1o a 1w A

mg per ¢ all oo v et oampay ' o dleh 2 g o g Wt e’ eolatr
gkeolatal nees Tl 1D h‘(\"gh 30 N sz e~ yaa 1 S| Voo
4-n-\(~ay\"vvv' foan f mrove by rrared e ter et g o P | L TP P
iaq .h{p' 0y | I fev o' ale ' tae e Y TH LREYEY cr ey et vi. {gqg muaeh
hiaghar . ~ [ FRECEEE W B - LR ) DRI L ot sl Tetal
"
woa s Ta), Y ~p i e f oo b L ELENTRN wf e At Y LR O T I
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smooth muscle could result fromqlsuch an" arrangement of cells

whose {individual ahility to develop fbrqe ighﬁoréhfnjkeqpingfwith
their myosin coantent(48). The Obliéue arrangement of the
filamentga du;ing c6;§raotion in smboth musélé m;y alg; "ﬁfer A
me chant ra] advanr;hé r1 srggeatad hy ﬁnsénylﬁth(SO)."

[

L A langer carract ©'po wf i fyonag “"‘[l‘ge with artin during the

ryogg-hridge r~y Ty

"rrermed! te filaments

Thr  intapmadiate filamentes are the third tvpe of filamentous
¥

ctovet o found I emanth ""'\919. and hove np Alamertary of-abprowim&teli’-

1O e Theoo fillament + are arnQra11v rngociated with dense bodies,
after oy yundiag them, Tn rraneverse sectinon thé? -Aappear holiow-
“Htmi o fi'smente hars haen ohearye ! in a vartety of n6n~muscle cells,
e o g1 Enl FiTameanra, fFi{lomenta - of fibroblaete and endothelial cells.
The dntormedint= Filamor g g1n nat at tachad Alrertly r; either thick or

thine filam=ata  and  1h it eppear o ptav a direct role in the

Fer T rankile nrgoagg. 'hey are dieracraed throughant the aafcop1asm and
oo beldee b va el ee 4 v aTe n the wel' arehitenture as 71 cytoskeleton
Yy g S tdgae acvage d nee held! gl Thae frrermodiare filamente area
nade T rrotete pee ol agnlat 'y (ralat!'ye malacylay maea: 5%,000)
The tr nye P cr v oemanth wacle fibree gpd crewd out
b TR D "ot am e ate filamertr are halfo-ad
[N l : R . Yoo "(‘denr' 4. Ayt takle e
N U I N RTTTINYE B «"a'artal rmiacle hag been

L v v noo vona a v b v;v'l "o Toop' 2 Tara' mygeln a—actinip

f ' [ ‘
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"actinin has been localised . in the dense B&dies, using ‘an antibody

technique. The dense bodies fo an anchor for ﬁhe thin filaments in

smooth muscle and are bhelieved fo serve as an equivalent *to the 7-lines

of gtriated muscle.

REGULATION OF CONTRACTION IN SMOOTH MUSCLE

In 1994, A.F. Huxley & Niedargerke(51) and H.E. Huxley & Hanson(52)
proposed {independently that the shertening of gtriated mue«le was the
rasult of a relative glidinrg hn'v;en tyo cetg of filaments. Thie merhnd
af shortering Y newn aa thn g1 fding £11ament machantiem, firmly
eatabl'ahed In strintad mmacla, {1~ nlgn belfeved tn ﬁpar;zro in ementh
mueecle ecnntracrtion. Tha twa aecte of filamentg bnve heen {dentified ag
the thick apnd thia filamenta. Nafther filamant rype altern {p length
dnr'fn.;z qhof‘rqn‘ng nf the mpaeecle, the change {n longth af tt s maacieae
haing achfared hy varvica amonnte -l oyarlap between rtha thirl and thin
f{lamentn, The thiesl filamente n': composed ~f v osain metacnles
arranged in a manner euch that the e mat{c3lly ac' tre partfnon of the
melennle lv'rfﬁfruf‘es from rthe bhady of 'ha ' lamene, The o peaty sding

ppl + "V'\F‘ l"l')Wﬂ as rthe (’rﬂﬂ’ﬂ"}‘v""ﬂ_ @, Boad t thoe A=ty f th thio

ftlamenra during ~~r'vrocrfar vy form tirer Y repeiar Tor 1 ent, LIRS

internct fan hotweer t' a2 's and o at- ! I L R R ' che o et

and ¢ mety 1 [T YR T vr' pent Ay Ty o ml gl e 1 I 4
annr ¢ Aol e al yrenag tn meanarh oamees b fo M B T TR N

e . T -
(M [ BN e "l‘! b Te hvdeadee A Jdoydpng ng V4 Ny rae Loy Vo Che
' T .

arrr v g e dane atne to! aph o ooy (¢ AT e EE IR L L NERENE | o
- PR I S NPT A AR FE f b .o R

‘

[ e vy abe s - . .ot . o “ . . ey

31




B

correlation with the enzyme activity(29). Vascular smooth muscle has a
shortening velocity which is very much 1less than in skeletal wmuscle
suggesting a marked difference in the actomyosin-ATPase activities in

-

the two muscle types. The velocity of contraction is belieyed to be a
function of the.cycliné rate of the cross—bridge. A cross-bridge cycle
consists of tht attachment of the bridge to the actin mqlecule, the
gsliding of the two filaments, detachment of the cross—bridge and the re-
atfnchmen; of the bridge at a different site on tﬂe'thin'filament. On
the other hand, the force generating ability of swooth muscle 1is equal
to or greater tham that in etristed muscle as explained under Structure

and Chemiatry of th~ Contractile Proteins. The force of contraction (as

oppnsad to veloeitv of contraction) {s believed to. be a function of the

\

numher of ~imsltancously antivg f‘YOﬂR"‘ht’idgeS' th“';P.@ﬂ the thick and thin ]

s
filamenta, =nd the afficien~y of the transduction of the force generated |

v a gingle crosg~bridge to overall féorce generation by the muscle.

2+—AIPaée activity in

Apart from the lower wmagnitude of the Mg
emooth miscle there nre nther gg_xlgpg‘features of this enzyme which are

differant {r omooth muecle 2- compared with striated muscle(53). The

L
Armacrh sianle ‘nzywre req'reg a8 highar concentra’' ion of Mg2 to generate

v liam anmyime acrivity, "he oegeon for thie {a not vet eclerr. Apotrher
fen vva that e Mo fvant o 'he deprndence of the ATFage activitv on
the neantrarton (f myonsin. Ar Tow o cantratiosng of the enzyme the
=~
vate of pre luot Cnemar{en “nl1V0ys a Tineny Tnapandencea on the
canceantrat oy of the ecnoy e tvn abetatal muraelo. Tn amnnth muscla this
Ans andinpnen |a rct Hone 'y, Thie Qf(ﬂct mey hoe renlated ta the sn1ubility
L the ebe o At ‘o cament et atfoon oY et wweain the pr teins are

L ] vy ! [ ' . .[.l,‘. : ' P . vy “ vy ;,,'" [N 1 iad t“"
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protein forms'a preciéitate thgt has a higher ATPase activity. FEinally
the Mg2+—ATPase activity of smooth muscle 1s 1less affected by an
increase in 1lonic strength in the surrounding ﬁedium (efg; addition of
KC1) than that'of skeletal muscle. |

" As in striated muscle, an increase in intracellular (sarcoplasmic)
free 16ﬁic calcium (Ca2+) leads to contraction of the muscle cells and a
decrease to relaxation. The increase‘in infracéllujat.Ca2+ is regarded
ag the final common step in‘initiat}ng contraction. Furthermore, the

fonic 'concentration of Calt

required for activation are comparahle in
the two muscle types with abqut h91f"wax+ma1 etivity ar 3 a
concantration of about 1077 mol/1.

Recent]y{'free calecfum indicators have been utilised to studv the
relationship hetween inrréopllg}ar fonic Ca’’ concentration and the
contractile state 1in smooth mscle -cells(54,55). The biloluminescent

photoprotein aequorin was uvsed in these studies. Aequorin, first

Isolated 1n 19%1 from the jellyfish aequorea forskalea (aéquorea

EEQEQFEEI jse =a oalcfnmmact{vared rhotoprotein that emits light when it
bindsa Ca?& iong(“é). Mnrrgan rnd Morgan(5%) wsing a microinjectiion
technique tn 1nad vascalar ~manth mmecle rell~ from Amphh#né trids~tviom
with aequorin demenatyrred that econtracrticng caveel! hv exegennue dyugae

ar wel]l nag electri~al at imalnt fon wevra aqenﬂif\’oﬁ with an'anced 1{ght

reapangen rthich precad A the Feorcian Teapanaee Th. Tighr v rop nee o
clackry ! al o Tomlgt ton aheved a ' yepcdont pe»'( whirh appeare! t o ratngre
Fao the Ta-ql Jaw ! b) the t {ma Cter~'an rearh ' 3 pona' BFnwevery
enhan« n~i Tesdl g \lc ‘e rolln with acnunrin Tl Loy sha ~ells
""per\"""' TR re the [AEALAL AR o) “‘:m(\' atrr: rad B} crn'lar | aunt =’ yad
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Tﬁe activator .Ca2+

for contraction .in. smooth muscle comes from
either intracellular or extracellular sources and these sources seem to

' ' . : - . _
differ between smooth muscle cells from different vegsels and between

diffe;ent agonists used' to -initiate contraction. At present there is.

-

considerable controversy ;egarding the sources, and sinks kiié.

2

f in smooth 6uscle(30).
VAN . .
.Although it is well established that increases in intracellfular

2+

gsequestration siteg) of Ca

free Ca leads to contraction of émooth muscle cells ultimately by

v

2+‘effects this activation

activation of the actom&osin—ATPase, how Ca

2+ regulates

rema{ns controversial. The molecular mechanisms by wh;cﬁ Ca
actin-mvosin interaction \have been’ examined in a vgriéty of muscle
types, e.g. vertebrate and invertebrate striated and smooth muscles, as
well as in various non muscle motile'systgms'e.g. pratelets. wBa‘seci on

these studies a number of different regulatory mechanisms have 'been

identified. These mechanisms can be divided into 3 groups: ,

1. myosin (or thick filament) linked regulation

o
2, actin (or thin filament) linked regulation : .
3. dual (or sctin and myosin linked), regulatinon

Myosin-linked regulation

The myonain 1inbkad raguelntory eveatam ~an ha dividad inte two

¢

auttupea(20),

Regulation hv wmyosin, with 027‘ acrting as a disinhibitor. e.él
molluscan fmocth muacle(29). The regulatory system 1in this
misele lies in the myosin 1ight chains (reiar1ve moleculgr ma:::
20,000) which inhibir the nor{vétion by actin .of the actomyosin;
2+

ATPawn, This ftnhibition 18 removed 1in the presence of Ca

fone . Wovayar . 1f the mvorin l{ght chaine are detached from the

34



‘myosin __moiecules by treatment” with ethyleneglycoi;bis(ﬁ-

aminoethyl ether) -N'lN',N'&N'-tetréacetic acid (EGTA, 10 mmol/l)

the muscle cells can be activated‘by actin in the absence of Ca2+

ions. When the 1light chain from mollascanj muscle or gmooth

2+

muscle 1is added back to this system the Ga requirement for

activation is resf@fedf : Myosin light chains . from mammalian
skeletal or éardiac muscle cannot subs;itute for the former.
Phosph&rylation of the myosin 1light chains of molluscan muscle
does not regulate the actomyoéin—ATPase activity in this systeﬁ.

VB. Régulétion by phosphorylation and dephoéphorylation of the light

2+

chains of myosin, with Ca acting as an activator of the

phosphorylation’ reaction. The phosphorylation of the .myosin

lig@fpﬁhain allows the activation by actin of actomyosin-ATPase
leading to contraction. This theory known as the phosphorylation

theory is believed to operate in vertebrate smooth muscle by the

P
majority of investigators. The theory. is discussed in detall

below. '

Actin-linked regulation

Three 3uh~types of actin-linked regulatisn have heen {dentified(57)
A Ragylation by troeponin is belfeved to ba the primary rvegulatorv

eygtem in vertehrate strriated muscle. A mixture of pure actin
H
and pure{ myosin exhibits a near maximal activitv of actomyosin-

ATPase thus maximal contractile acrivitv). Thue Ca2+‘is nnt

necessary for the activation of the pure sgveater. However, 1in
tn£§fr resting muscle and in the extract of carude (native)

2+

/
getromyngin the Mg -~ATPace activitv fs {nhibited hvy a2 ~cmplew

( cnnrerar ! o fal) cane- f troapanin anAd Fyopomyaonmin T



‘inhibitory action of troponin and tropomyosin 1is -prevented by
P : :

ca* which tﬁerefore acts as a disinhibitor rather than a direct

activator. Ebashi and his collaborators discovered this

inhibitory effect of the troponin-tropomyosin molecules, which

are bound to actin in the thin filament both in situ and when

extracted in the native system(58). Thus, in situ and in the

y R

native system the formation of cross-bridges between actin and .

mf,'osin are prevented by the presence of trbponinv and tropomyosin.
Striated muscle tropomyosin has a relative molecular mass of

66,000 and 1s composed of two helical sub-units that coil about

. ' . J .
each other. Tropomyosin. molecules are .polymerised end-to-end and

form a strand that 1lies in the .groovés of the actin filament
(Fig. 6). The troponin in striated muscle exists as a globulat
complex - of three proteins: troponin I which acts t';o inﬁ%bit the

actomyosin-ATPase activity, troponin T which serves to bind the

3

globular gomplé'x‘ of trOponin' to tropomyosin, and troponin C which

2

serves as a reversible binding ‘suite'for ca’t ions.

In .the ahsence of Ca'2+

, troponin I binds tightly ito actin
and t}'opomyosin, maintaining tropomyosin in a position on the
actin molecule that prevents the actin-myosin interaction(59).

Binding of Cal¥t

to troponin C rpsuité in a reduction in the
Pinding affinity of troponin I to actin and tropomyosin leading
*o dissociation of troponin I from the 1att‘er.v'ﬁ This in'turn
reeults in a shift 1in the pogition of' tropbmyosin in the actin

groove. This new position no longer prevents the actin-myosin

interaction leading to the formation of cross-bridges. During

2+

rolawation, Ca 1s removed from the tropeanin C which ultimately
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ca2t Myosin-8ased Reguiation
al Ca?*.Binding
b} Phosphorylation

/

: <

. | \)
Figure 6. Djagrammatic representation of the structure of the/ thin and
thick filaments and their interaction in muscle. The diagram‘ghows
components of three known regulatory systems for actomyosin—ATP;se
activation. (1) The thin filament regulatbrv system in which th&ye
troponin molecules (iJe. troponin-T, troponin-I apd troponin-C) ﬁius
ftropbmyosin act cooperatively, in résponse to an increase in free
fonised calcium to permit the activation of the actomyrsin-ATPase of the
globular.porrion of the myosin mnlecule hy actin. (2) Actin activati~ »
of actomyosin-—ATPage bv a direect binding of calcinm to mvasin (3) The
phosphorylation of the 20,000 dalton myagin I{ght ~hain, therebv
disinhibiting the actomyosin-ATPase. Nofr shown in this diagram i< 3
second -thin filament regulatory system thar inval-es leiotonin
molecules, which are bound to actin. Note: samooth muacle does d&E
contain troponin [Reproduced with per~isefon from the Annual review of

Blochemistry, 1980: 49-925, Adel~' ' ™ (Annual Reviews Ine )]



‘theory! is ani?al;erqgtive to_ the - pho‘phoayia o{ﬁﬁ;b
" -

resultgm!nta shift of the tropomyosin to the "old" position in

tﬂE‘atcin groove‘and thus an 1nhibit10n of the actomyosin—ATPase

activity.

Regulationhbyéleiotonin, a protein that is believed to be located
~ l

1n the -2
\,& ﬁ - ¢

(discussed above) in smooth ﬁm&cle regulation. Leioto-,

] v t&
presence . of Ca2+,

leading to contraction. Thus, lehotonin can be compared to

~ Ly ,

troponin 1in striated ‘muscle. However,-unl#ke in etriated muscle -

(which demonstrates near maximal Mg2 -ATPage activity i1in a

‘ ftlaments. This theory, known as -theq leiotonin:

activates the actomyosin-ATPase activity -

mixture of pure actin and pure myosin - without troponin - in the

absence of Ca2+) pure actin and pure' myosin in smooth muséle does

not have - any ATP-ase activity in the presence of Ca2+ unless .

leiotonin and tropomyosin are present. This leiotonin theory is

s

38

discussed in detail below. : o f_\

Recent studies suggest ‘the presence of a unique thin-filament

linked regu]atory system in certain smooth muncle types (e.g. pig
aorta) that 1g ohararterised by ,ﬁhosphorvlation of a basic
protein (relative molecular mase: 21,000) - in thin

filaments(40), Thig phosphorvlation of the thin filament protein

the thia filaments. Further, the eight-fold deacrease 1in the Ca2+'

concentration which 18 required to switch on the thin filament
1

activati n ~f akeletal musgcle Toromyogin MgZiATPase, was also

Y odie T Vg (AR p'\/vqphory]n"‘r-n

- reavlta {n an avprnxihately four-fold increase in Ca2+<binding by



uDual—linked regulation

Dual (gctin and myosin-linked) regulation has been shown to occur

in some invertebrate muscles(61). For,instance, the skeletal muscle of

.

"Timulus (the horseshoe crab) has been shown to possess a thick filament-

linked system (myosin phosphorylation) and a thin filament-linked system

(troponin)(62).

In summary, the two most important theories are the phosphorylatier

.

theory and the leiotonin theory. These »re digcussed in detail belerw.

Phosphorylation theory

event

This, the more popular of the twn fhenries, states that the key

in the activation of the Mg?."ATPaae activity fs the

)

phosphorylation of the myosin light chains. The basgsic cancapte heohind

this theory are(28,29,63) (Fig. 7);

T

ey
o
-

i I ! ;
Tn the relaxed miscle the sarcnplasmic €Ca”  {s about 10 mal/1;
myosin 1is 1In the non-phosphorylated erate and cross-hridge
{interactions between actin and myvosin are datached.

13
Contraction is initiated by an increnge in =arcoplaem! . frae ".a?

fonea. This Inerenaed Ca2+ cancentrarion actiyvatea the eonryma
mvnaein light clain binagns (mCK) whiteh P‘ Aarhayylares “he +Fun
20,000 roleri e molecenlny mera "igbr Vg e f mvogir wap i oy

of ? mnleae of heaphante ocan Voo 1o g w1 Yo w ' Lot
rheap per

1 mnla far 2a~rh light ~hain)d
f

The light ebain pheoepbarytartaon ' e th aetdl:orfcn hy ot in of
2¢ .
Mg SATPa~~  acriyity nf meoove { Thin leadn 'y srnee hyi lge
formart~n nd craoe~ hridage ~yeling 'atween aqec” in Alompy oty
N o
ig reauvmed thnt AN ‘0"{! g tbe (- Coansontre Yoy r opaling

rhe act fupr i o cahinl Y vy L N . 1 ' e v U
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Schemaric diagram ~f rhe phosphorylation theory of regulation
of actomyosin-ATTase iv smo-th mugel~s and 1's modulation by gyclic AMP
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The myosin

" The larger s‘ub;""n“' Vhag 5 relnriue malesulpr wo - ranging from RN 00

p‘v.n,’ .

Relaxatiop follows a return of the sarcop}asmic Ca2+

to below, the:
activation threshold with.resultant inactivation of the myesin

light chain kinase.

Phosphorylated myosin {1s depRosphorylated bty one or  mnre

phorphataser antiafying the ranuiremente f « the veurrathility nf

the asysatem.
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apoenévme. The phosphorylation of Site A leads to diminished binding
(r'-"-\ . .
affinity for ralmodulin, whirh is reflected by a diminished amyosin light

chain Vvinage arrivity(A), Smnarth mug-le relaxant activity of cyeclic—

AME {a in prrt 'ue tao the alve ovent Ty e -MF g of courge, alen

)

helieved v et Y 1,..,'1‘.,' [ IR Fyon LI . "‘m‘ﬂﬂfrar‘[on 1'1 rh"

carcoplaem,
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calmodulin dependent myoéiu_light chain kinase frbm turkey gizzards to a
1imited digestion with a-chymotrypsin. Thie generated a kinase fragment

(velative mrlecular masg:é0,000) that was fully octive in the abesence of

+ ) . 4

frao f‘,a7 tTone ., Phospbov'y]arion of the "voele ip rhe ahaence nf (‘,a?
. el

allowed Aiaxgociation ' .phosphoryl ' » from ogther potentinl (=

\‘ : ’
dep’r"‘hnt regnlgtorv me orviome (o] {v\dapev\dgn" ryag{n
. 2
rlyu:phnrv‘ at{on regulr«l fee a2 lagg ©f “n eqeitivity of the == t{
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cost of eneérgy maintenance in smooth muscle. However, no conclusive

evidence for the sheve i9 available at present.

l.elotonin Theory

This therry was put forward by Ebashi and co-workers in 1975 witﬁ
the d{acovery o% a 80,000 relative molecular mass protein componeng ;f
native actormvogin from tha chicken gizzard(67). This ‘ﬁrotein, named
Teinrtonin, wsg ensan;ia1 for activation of actomynsin in the presence of
Caz1 {opa. Tt differed from troponin of striated muscle in that its
affinity fn' actin wa~ greater than that for tropomyogsin. Nevertheless,
tropom seis wam nmlgn required for the full activation of actomyosin-
ATPaas aat fvity Lefotonin alse Adiffered from trbponih in that pure

<

netin ond pore moefn from chicken gizrard did not have any ATPase

ey

. -+
artivity. even dn  ths praganca of Ca? ions unless the regulatory

.

protaine la’~ta la a1 rropamynaein we'e algso present. As the lelotonin

fe  located {fn  tlr  thin filaments this theory differs from the '

phoocherd vtan v vy which 4= 2 woein  (thick) filament-linked

R T "vnein 1ight chkain +haephorylation fs ner {avolved
' © st santy thagry o ewmmarfacd by Fhaah{(AR) The essential
r rf thia ""\eoly-y " (Vg MY
Telatanla At g et apecifie { v amonth mieecle (aleletal
Crapamy "optrared v ongrirate the regnlatory
cumt o
el e fqg e e o 7 ke gybeanite:  lejotonin A, the
St TS I rolecular magss: 80,000) =and leintonin

LI R

nlaentapr manen "‘(\(‘(\)'

44



Tlgorre

LEIOTONIN ©

FRIONINANTIN A THiac ™!

(‘a.a [

LEIOTONIN C - Ca?

| FIOTOMNIN A - ACTT R

ACTIVATION OF

CoToMY 5t rr o

”

e

T

45



S

3. Leiotonin C is a CaZ+ binding protein, which, élthough,clearly

different from calmodulin, can be substituted for by calmodulin
in fthe activation of the 'actomyosin—ATPase by leiotonin A.
Howeveéer, - leiotonin C camnnot . substitute for ealmodulin in

activating enzymes.

h. The effective leiotonin/actin molar ratio is less than 1:50.
S. Lelotonin has no affinity fnr tropomyosin,; but only for actin.
s, During contraction nrr superprecipitation ( an in vitro analogue

of contract{on) +of amooth muscle, Ca2+ binds to leiotonin C.

Thia allows the activation by 1leiotonin A of the actomyosin-

ATPage acrivity regulting in the actin-myosin interaction. 3

Tn addition to providing evidence for the leiotoriin theory Ebashi

d
. -

and  co—-workera " have presented the »follbwing evidence which argues
againat the phosphorylation theory(69). (1) Leiotonin, while fully

artivating the actomvogin<ATPase =artivity nf a mixture_e® actin, myosin

"

)
and trorhmvosin in the pregence of “37 , DPhosphorylates myosin only*

wbnu1§: O the orher hand, a mjxruro~nf wyesin light chain kinase -and
calmrdnlir  phagphorylates the imyosin completely, but only weakly
activates the ATTage. Thﬁs, thé phosphorylation ~f myosin appeard to be
dfe-orfa ol from the actemyorin-ATFPare nactivity 1in thede experiments.

(?) When a ythrarhatase wags added tn nat{ve actamynsin auperprecipitarion

v

. . .

cerareed in the pregenca of pqy ions withant any phosnhAYV1at{on of the
> .

myoain 1tght chafna.  (3) The pH dependency ~f thia gystem aleo pravided

avf{derece againet the phasphorviation thaory. Ar pIv 6.7 the ATPage wnag
(+1lc nerrjve with only minimal phosphorylation.
The men'anfam »~f ant{'n nf the Jel{oranin 1g not rlear at pregent.

Fnodadar 0t fenprt el e 0 vy Lo Yt arenins perin ratdia, {1t is
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believed that its role is unlikely‘to.be structural. If this is proven’

it .would.:be another difference from the striated muscle regulatory
prdtein, tropénin, which plays a structural role im the activation
actomyosin—AfPase. This low (1:50) leiotonin: actin ratio has been used
as an argument agalnst the. leiotonin theory as the effective
troponin:a;tin ratio 1is 1:7. However, two other proteins, f-actin and
gelsolin haﬁe been found to be effective at a molar ratio (to actin) of

less than 1:50(68). These two proteins da not require tropomyosin for

e
i

effective function whereas tropemyosin Je required for activation of
ATPase by leiotonin. The exact role of traromvosin in the lefrranin
theaory 1§ not well understood.

Tn summary. there seégf to he gond evidence for and against hoth

[

phosphorylation and lelotonin theories. Tr i& possible that bath
4

regulatory mechaniams may hé\ functional 1in smooth miscle efther {in

+
A{fferent muacrlee nr in a gsingle muscle e a dual regilat vy cyatam,

AUTONOMIC INNERVATION OF VASCULAR SMOOTH MUSCLE

b 4
Avtonomic nervee have bean identified in the wallse of mast Pl 0d

vesgel~(70N). ‘i'*a' ~f the norve fibred are ayrpathetic nnr=drensygle in
“rfg' noalthoeagh |ympo! hetiec - Hnline ragl- filhrae are fennd in eapre veagaela
anch 35 the sbeleta! meinglr vangu'sr bed, A paracvmpent het {r’) rapply ie
preaent fa rhrr hHlood vpﬁv‘;1=‘ anch r£e "'+ vae ylature =/ tho orortile
tdrauvar god tn cevehyagl clyonalariond’ ), Moarae yreentls . the avxietence
rf 1o "aerelic erves 'n non yaecalay omath mie la hea hooan dToaeament o]
(772). Ot he ‘ther hand, eome hlac " weranl~ andd A he nrhil{enl
L
artery ar 1 the lampn derp Tlm welne ccm ot dnner at A Mo~ Tarrer

contafng RETIYERAK magyacloe PRI ¢ Ntrarte i Yaapos ot vy W eneldrens
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v

. vindicating the presence of an adrenergic nerve supply(70) As a.great

deal more is known about the adrenergic nerve supply compared to the

other two types the ensuing discussion relates to the former unless

specified otherwise.

The adrenergic nerves to',"blood vessels are ’nbn—myelinated, post-

ganglionic fibres. . These fibres usually form tv;o plgxuses in the

adventitia: a primary plexus in the middle ‘or, outer third of the

adventitia and a terminal plexus typically restricted to the adventitio-
medial junction(73). This adrenergic terminal ground plexus tends to be
 similar to that found in non-vascular smooth muscle, being irregular,

multiaxonal and of varying density. - Non-myelinated axons, 0.25-0.5 pm

in diameter with a surrounding schwann cell sheath form the plex%ﬂv

which surrounds the tunica media like a sheath. The axons contain

varicosites 1.5-2.0 pm {o diaméter at intervals of 3-10 pm along their
lengths. These are the storage and release sites for noradrenaline
which 1is c.om:ained 1.h'a large number of storage vesicles within the
varicosiltecl- A nerve 1mnul‘3g"iﬁpr(;f>'égating along an axon successively
depolarizea a ocpr{iac of vario&miti‘es resulting In the release of
rranamitter at aach nf these sites. " The releagsed neurotransmitter
hbrings aboutr  changee In  vascuylar smooth muscle tone. The ner.ves
themsstvre terminatre ar the adventitio-medial junction or in the outer
f’#li’]’.‘(‘ ~f the mddia In menrt yesse19. A model for the innervation of
aponth  miecle  has  heen proposed by Burnstock on the basis of

alectrophyaintagi{ al, histnchemical and electron-microscopical

gtwlfon(74), The maanent inl fonryren of thig modal are ag fOl]OW‘S (Fig.
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of

!

The effector unit is a muscle bundle rather than a single smooth -

ﬁuscle cell.
Unlike” those of the skeletal muiscle neufomuscular éystem;
R .
autonomic nerves in smooth muscle run long distances, cdntainin;
varicosities which ,have high 1levels of - neurotransmitter:‘ the
-
transmitter is released en passage during the conduction of an
. . \
impulse. ' _ .
Tndividual muscle cells are connected by low-resistance-pa:hways
or gap Jjunctions which all§w3 eléctrotonic spread of activity
within the effector bundle. i
In most smooth muscle bundles,_some (but not all) muscle cells
are diréctly innervated, i.e. in closeA (29—120 nm) apposition
with the iﬁiiée varicosites, and are directly affected' by the

transmitter released from them ("directly innervated cells”).

The adjoining cells have been named "coupled cells” as they are

‘ electrotonically coupled to the.forﬂ.i by low resistance pathways

so that excitatory junction potentials can be recorded in these

cells. These junction potentlals are very slow (nearly. 1.0s),
resulting fn‘ a whole area of the effect;r bundle depolarizing
almost simultaneously, triggefing' an action potentiai. The
action potential propagates through the efféctor bundle to
activate a thi?d group of cells named the "indirectly Eonpled

cells” which are neither directly innervated nof directly c¢oupled

and yet respond on stimulation of the nerves supplying the organ.

The density of innervation tends to vary widely in different parts

vascular gystem, Tn general, arteries receive a richer

frmervarian than veins with large arteries having a relatively poor
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nerve supply compared to small arteries and arterioles. Further, there

is considerable species variation in the innervation of the same type of

"blood vesael. Rat aorta 1s sparsely innervated, whereas the rabbit

aorta contains a tefﬁinal plexus at the adventitio—medial junction: The
large elastic arteries usually do not contain nerves penetrating the

tunica media., Muscular arteries such as-the rabbit ear artery tend to

~

be wmore heavily 1innervated_ than eiastie arteries. However, the
~ '

/
innervation 1s usually confined to the ddventitio-medial junction in

v

most muscular arteries. In some muscular arteries, particularly in

certain species such as sheep and man, the nerve fibres penetrate about
7

one-third of the thickness of the media. Although veins in general have

A

an innervation which is 1less dense than arferies, some medium sized

veins such as the small saphenous vein of the rabbit have an extensive

medial 1innervation. Medial {innervation is commonly found {in sub-
cutgneous limh veins. A summary of the innervation characterieties fn a

vatiety of blood vessels is provided by Bewan et al.(71) whe alse make

the following points regarding nenronal doneiry din covace!or o en
muscle.
1. Nerve density- does not =~»ry syetemarically with ca ~al liam oy

nr wall thickness.

N The game v~acel may show a widelv Ai{fferenr pattern of
innervarion depending on the ~roaecr  locatinon  ar  which *he
morphelogy 18 fnvearigated, e.g., the firgt fow millimerren of
the rabbit saphenous artery 1is not 1"‘\"F“'V?"“d- Tt then givee nff
a amall murenlar branch after which the frnervarion hecomes denae
and medial fn nature, Pasging 11atall+. the feonervat inn ral-: on

nn adventit{n o« 1) nat oy Ty .. Ve LR P | PR TN
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excised for in vitro studies, they have to be removed from the
v I .
‘same anatomical site.

3. = Nerve density, provided other parameters of transmission are

similar, can be related to the maximum lgVel of neurogenic tone

of which a vessel is -capable-. Howevar, there are exception% to

-

this rule.
4. Nerve density does not remain constant with age.
S. Neuronal density of a particular vascular segment is not the same

{n different species.

Autonomic innérvation of the canine lateral saphenous vein

An investigation on the innervation of this vein using fluorescence
microscopy (with formaldehyde) and autoradiography (with tritiated
noradrenaline) ﬁas reported by Osswald and co-workers{(17,18,75). This

\
study demonstrated.the presence. of .adrenergic nerve fibres spread across

the ;hole media. The nerve fibres were unmyelinated axons';hwrapped by
Schwann cells. Sometimes the axoplasm was geén to contain microtugules
‘nly, but in most cares {t contained numerous doné;wcofe vegicles -(made
up of large granular and smallfgfanular vesicles) agranular vesicles énd
miTocﬁonﬂria. The large granular vesicles constituted épproximafely 43
§ : : : A :
per cent of all dense-corn wvesicles and were 80—200 mm - in Hiameter
whevreas the small granular veasirles wprc; 40-60 nm in diam;ate,r.‘ This
crnaiderable proporrion »f large granular Jesiéles {43 per Fenr) found
in this vein ts different from moat adrenergic nerves, which conpain,.
predominént‘y sm?ll dense core vesicles. The diameter of 'the lafg§¥
danse-cnre vegicles observed is also larger (80-200 nm) than in most
adrvanerqle rcoryvee. Th? agranuiar vesicles present had a 'diamete;

pangdog foom 70200 nm ™e areas of the axons containing dense-core



vesicle; were often found to be Apartiall-y la;:king'.Schwann cell sheaths
and were located in ciose appositioﬁ to smooth muscle cells. The
neuromuscular distance at these points ‘usually varied from 100-300 nm
. with a much shorter distance (20 nm) sometimes being observed rarely.
There was no thi.ckening of the opposing plasma membranes at these
neuromuscular junctions, however, the basement membranes were continu;)us
at these points, This narrow cleft width observed in the qarhenc;us velin
accounts for the predominant role pléyed by upta‘kel in the transmitter
disposition in this vein. Ir. may als» arenunt for the relatively short
delay (vegss than =2 second) bhetweer the commencement .of electrical
gtimulation and the heginning of the """tragtile reéponse, okserved iﬁ
this prepara;ion. | |

The sympathetic innervatian rto the “eine of the dog hind- limb
origin.atéﬂ from the lumbar spinal ard( 6 77), The nerves leave the
cord via the upper lum'\mr raotae and  run {n  the main evmpathaetic
ganélin. The nerveg jfoi th- ac'latfec royve vin the ramj to the aixth
anri seventh Jumbar narvei = tha cocand eacral nerves, Thra, surgf -al

sympathetir denervation f the yeine Iin the hi-d 1imh {e 1+ "fove' hy

dividing the gvympathaeti chaln ar 'he cacond or thivd Towtn: cerpe 1l

hody and Aieeecting the ~hain fraz fyem the eurronndtop 1 . “he
level of the f{fth lumhar vortehr~' ' . (7R).

ETECTROPHYSIONOGY OF SMONTH MUSCLR

s

Vasculae qmnvwh micoc Ve vn"é-, 11 A1l rther livire cella rodotatn
A pote(\r‘lla'l 1" Pferenra 7 rage thefr ~all] membt anen . with +he  ipngide
Qeing negative campared to the nuteide. This reerico nepbr ne por ""tinl
(Fm) vari-n from -40 to 7‘» my in Afff-rent amosth = 1~ alla, Vit s

prrentinl M ffernn: -« 1 e A-peandent vy tre faert v o ' | I SN
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distribution of ions across the sarcolemmal (cell) membrane with
- :

different permeabilities to the respective 'ifons. (2) The electrogenic

transport of ions across the cell membrane with the aid of rhe

sqdium/potassfﬁm membrane pump (Na+/K* pump).

. ’ . I
Resting membrame potential ——
The unequal distribution of ions across the sarcolewma regiiiits in
rhe generation of a diffusion potentfal for each ion depending its

concantratjon difference ' across the sarcolemma and the membrane
permeahil{ty to that parvrticular ion. If one assumes an unrestricted

movement of a par'’er'ar ‘on, the dAiffusipn potential (at which there is

no nart mavement ' rhe ' snvose the sarcolemma) is given by *he

Nern -t vorpr o

Ey . RT #n I]o

= TT1 N
. N 0
Eq . cqilihrium Ai{ffueion prrertial for ion T
R ' gAas congtant (8. 314 + rey lrevee
r ' abanlute temperature
valenecy of the ”ﬁv
¥ ' Farnday conet ant ’0(\'500 (‘()I‘](\m:hﬁ/mtv' NE o
" . natural loegarithm (2.3173)
frje - ~oneantrar{on of {lon In evtracellular fluid
frre roncentrat ton of {on in Inrrpcallylar “Twi?
At a remprratuvre nf INTC the Nearnet aqmatfon (o <l v {on can be
1 v L B 1 \0:
" 316 x 303 2.3 log [K+]o Tt
A 10 . -
97500 i

. - .

o0 "‘9.',” [K+
Ik

——r—



Thus the membrane. potentia would depend on the reeultant effect of

all the diffusion potentials for the different iong *» ths puscle cell

dnd the extracellular “1uid. ‘Yewaver, the potantial J ffeiancre each ion

contribureg t~ the Em deprends on the nermeability cof t'e <« reolemra to

tbat prrticular {on, in the reating otate. This ‘- CovaYan fipn
r\rv""'xnr U tho Narnst aqunasisan which asaggam » anrea’ - S mes -
the {ong. Te vagting wmembr *ne patant ot {r chee oo . N

fons oy N K+, Cl1') acroma th e menh

~or ] el ? ‘yation of oldwan(72)

R . Py (K)o Fug (Na Y~ v Fpp (17

o ,‘,")J a i .
o L T '

ve et e EAR e ‘A"?'(‘:t-l' ale v ' 2 the wem!
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. N )
. N . N _’.,
musclé compared with skeletal mscle. Secondly, as [K ]lo 1s increased
tn  vascular amwnérh mueclae, x* conductance (RK) increases (gK: the

~onducrance A fon through a membrane {s the reciprocal of {ts

h)

regietance - Tt 1s Adaefined ar tha nett cyrvert flow per udit
voltage) (80" Snehan {reverge in g, tendg  th hypevrpnlarize the
membrar«s At any givan o1 va .. 4y (V ' T, Tn other words, the amount of

3

i
Tapolnr -t than produred hy a vlyen ~lavati  n fa [¥ 1r would be less

he agyen of the '{r\creapg in gk_ Thie fq,\_":‘r “enda ta be .more prbminent

™

{n arterfal smoqoth miscle cell +hi h "sva 1w gg end Py sinece Fo (the

memt rane puf-onv_{ai> 1s frpr v! . v r'" " he ¢ ~quf iyt ratontfal)
o et
" membrans  priap
Ty o o I a' vsa t)w» rem gl ran: equl ' {hrtym a4 ffvvgioﬂ rotential
for o a o na oy ) ot al yadng C he “aldman eqaat lon; The
reauttoayg Rr . vad | amoet b e la i1 gn tendr te ha '~qae
.
Cegrtdon o by Gt el nam! - ane rPatent il (noy ra- yrded hy
m
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electrically neutral. However, in most cases the exchange is not onme
for one, more Nat 1ons being extruded than Kt ions- brought.‘ln, i.e., the
pump'i,s e1eétr0genic. The coupling ratio for the pump in red bleod

cellg. 1s 3Na'v2xt. "Estimates 1in other ti<sues though wvariable,

‘genérallyAapproxi‘mate the 3:2 ratio. The pump is energy dependent and:

{g =nsenciated with the membrane bound enzyme Na"/‘(f*ATPa"@' which

hydrolyses the M/g—ATP. The pr;sence of Mg—-ATP inside the cell I1is
essenrival for the activity of thé pump(79) with ane mole~ule being
hydrolvred for every three Na+ ions pumped out. The l‘level of cell ATF
can he lowered _b); removal of sgubstrate from the bathing medium (', and

L

glucose being replaced by N, and ?b":"l‘- Sinre “mooth muscle -ells
are capabhle of_. anaerohic regpiralde - 'mﬁbiv*'\tj"r\ nf indarerare and

dinitvaphenel is reanired tn reduce cell ATP 'n vrmeagurable levele.

- '

Under these clrcumstances cells 'r'ily loce v' and rasn Na (83). The

C ) '
antivity of " he Na+/¥ pump 1e a ‘uncrion of the {in*racellular Na

o
concentration and th» rtracellular f coanecentration, 'he pump heing
' - . N
inhtkrited {f the ¥V cor ~c ontdo v of “he hath'ng medli - {a made zervo.
Ty I alag - frtihitr A "t 1 e Foapa atuyee VZaeguyee o f {re " anergy
feperda =v. v 1Ta glvedatdec (- ouals 4 Aigtral’ ) Il k= the
vy Of Ve " the putcyhal o Tl Ve Ee ) TS n S " . "r' v
o,
T'nre '~ caova{derab’ debeoto ~ LAY tt o~ magn" el o the
' k)
~entrr ! vt inon of *hhgr Ne /k ramp ' o th- "~Vf1v'q me ‘hracd  potent {a' {in
Amyarh myacle. ™™WO apry sachor brye bean e tn aari{imat - "“hie
sty fhard 'n(87\- Tvre fidret m Yo' 1o - lvag the tarmination " the
vier nwee bhoatwean the 1ax~gy A T R want in? 'd that ¢~ et o]

\
| "'sldwv‘v' e o 1 abo L e ovnye!
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involves the determinati"ofi'of Uhe. change in memgbrane potential during
' the inﬁibit;oﬁ “of t.he' pump.‘ ‘Both t.net'_hod's- are not Qilthout error(82)
ﬁaking:tﬁéwquantificaé%pn of the contribution of the pump t§ the resting
mem'branel_ ;otentigl’di‘fflcult. The _cont‘ribution' is probably‘ much less
than was ;ormerly Believed amoupting’to about 4mV(84).

In smooth uniscle,‘ where tension 18 a function .(.)ij the’membrane
potential, the Na+/K+ ,pumr‘S -may function as a mediator of the
va-\soconstriction and .. vasodilatipn asso.cia.ted with certain "d'mgs"(82).
Hyperkalaé{nia ‘and hypokalaemié (moderate) are assoclated with
vagsodilatatfon and vasoconstgictioh respectively. This 1is probably
mediated fhrnugh modulati;n of the activity of the Na+/K+'pump in the
muscle cells. Thus, high extracellular K* leads to stimulation of the
pump with resultant hyperpnlarization and a decrease in tension. These

responges are antagonised by ouabain. Shepherd and co-workers showed

that the Nn‘/k‘vATPﬂse inhibitor écetylstrophanthidin potentiated the

<

contracrticon af the 'ateral saphenous veins. produced by ﬁoradggnaline,
S-hydvar trvptamire a “y¥eholine and bar{um(8S). Thege effects of
cardiac  alyeaatd Aare 1 ohgh'vy due b q%nnpeq fn resting ﬁembrane
" ate t1al1(82)

The inwardly rerted P gradient rreated by the Na*{k* pump is

eed 1+ rv-v3pavring other fone or molecnles against their concentration
. + ' ‘

gradfent "ha Pt a2 axchange, Na /amino acid exchange and N8+/M82+

cyrchrnge nve anme of ‘he ryengport processes ﬁn“sm"oth muscle, which are

el . o + - . . -, 4 .

yel{ e~ ry netion weing thig Na gradient(83). The Na /K" pump may

sltae pl=- » 3+le dn the post-junctional dupersensitixity in smooth
IR | ™ + +_ s

meeele, hue  a decrease in Na /K —ATPase activity th a partial

] 1 .t e 1

~f the amocth muacle cell membrang leads to the hyper-—
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reactivity in some cases of post-junctional supersensitivity(82).

Action potentials

Action potentials of different configurations have been recorded in

a wide variety of blood vessels(8l) and they occur in bursts or at

‘regular 1gtervals. The action potentials may resemble those in sgkeletal

muscle with a sharp rise and fall or they may have a pfoloﬂéed tié;
course with a plateau phase similar to that observed in cardiac muscle,
e.g. turtle aortge The spike potentials in smooth muscle mhy have an

overshoot of up to 20 mV. However, the maximum rate of rise of the

spike 1s very much slower (5-20 V/s8) compared to striated muscle or’

nerves (1000 V/s). The maximum rate of repolarization is often similar
te that of depolarization or it}may be slightly faster(84).

Some smooth muscles such as 1in the guinea-plg urinary bladder and
in the porto-mesenteric veins of many sgpecies, exhibit sponfaneous
action potentials. Others demonstrate acti6n potentials only in
response to stimuldtion with drugs. Tetraethylammonium ion (TEA) which
reduces K' conductance (gk) induces - spontanecus action potentials in
some smooth muscle with no inhérent activity. ‘Tn nther smooth muscles
which do pot respond to t:ﬁnsmur;] ner;e etimulation with action
prtentiale, it indirea spiﬁes in.rquonse to stimulation(80). *

The ‘fonic basis of the action boténtials in smooth muscle has been

the &snhiert of some dehate(81). ' As vascular smooth muscle a-ction

poten'{als have a varietv of configurations with different time corrses,

it {a penaihle that the {onic mechanisms may he different ip different
mus 'es. Tn the peinrity of preparations reduction of the extracellular

Na en*se c¢ fon A-as mnot have an appreciable effect ~n the action

per o e '} muscle. This same manouevre caulfes a reduction/in
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the rate of "depolarization and the amplitude of the overshoot in nerves
and ' skeletal muscle. This argues against Na ionsvplayingﬂa major role
in the action potentials 1in:smooth muscle. The lack of effect of the
fast Na’ channel inhibitor_tetrodotoxin.on the action potential supports

the’above concept. The smooth muscle spikes, are blocked by the bivalent

ions cobalt (002+), nickel (Niz+) and Manganese (Mn2+). They are also

abolished by the removal of Ca’* from the extracellular fluid and by

calcium anatagonists. Both strontium.(Sr2+) and barium (Ba2+) ions are

2+

able to replace Ca as carriers of the inward current(84). The above

2+ ions being the major ion involved in action

P

potentials of vascular smooth muscle. However, in the quiesi?nt sheep

findings point to Ca

carotid artery, Keatinge was able to induce electrical'aCtivity'in Ca?+

2+ free solutions(86). These action potentials were abolished

and Mg
when extracellular Na® was replaced by Tris or choline,-and they. also
ceased when Ca2 ‘or Mgzv were added. It was concluded that Na't _gas the
principal {ion carrying- the depolarization current in the action

potential in this preparation. However, tetrodotoxin, the fast Na

‘channel blocker, d4id not abolish these action potentials.

Tn addition to action potentials, some smooth muscle demonstrate a’

regularly occurring, rather slow changes in membranes .potential (lasting
up -to several seconds) which are referred to as slow waves(84). These
slow waves vary in frequency and time course from one tissue to another
and mav not. ‘necessarily exceed the threshold toi trigger ‘action

potentials. Slow waves are present in intestinal smooth muscle of many

a4

species and their amplitude is "generally about 20 mvV, though it may bef

up to 40 mV rarely. They may occur without any accompanying changes in

tension. The slow waves i%crease muscle tension either if the,ﬁaves

oy
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crosses the threshold and initiétes (one or-mofe)'actiqn potentials or
if they cross the contraction threshold in gradedly responsive muscle
(see belo&). Unlike action potentials, slow wave activity is 1ittie
affected by changes in the membrane potential and tﬁey aré also not
.propagated: in the tiésue(87). “The depolarization phase of the slow
waves are believed to Se mediated via a Na' influx which.is resistant to
tetrodotoxin. lThere is good evidence that these slow waves are a
function of sponfaneous change§ in electrogeﬂic pumping(82). Ouabain,
K+-fréeisblut16ns and cooling inhibits slow‘wavés, QUpporting’the role
of the &a*’/K+ pﬁmp in the generation of these waves.

_Etectrophysiologically smooth muscle can be divided into two broad

types A

(1) spike éeﬁefg'ﬁm'm
(2) non-spike generating smooth muscle.
'Tpe‘vSpikefgeneraping smooth muscle can be sub-divided 1into the

single-unit type and the multi-unit type. on the basis of their ability

to generate and propagate electrical activity(81). 1In both single-unit

gnd multi-unit spike generating smooth .muscle, "the contractions are
brought about by action potentials. However, in the single-unit
Avariety, the action potentiais are ‘triggered k by .slow—wave
depolarizations or pacemaker potentials resembling the phase 4

depolarization of cardiac muscle, buﬁ having a much slower time

course. The .portal-mesenteric veins of ‘many specles provide a good

example of this type of vagscular smooth muscle. Smooth muscles of the
intestine and urinary tract are other examples of single-unit spike

generating smooth muscle. The action potentials may occur in bursts or

at: regular intervals in this type of smooth muscle and they travel along ~

I



the tissue at. a conduction velocity of 10-80 mm/s via low resitance

pathways between the muscle cells\' " However, the spreagr 1s uSuallj”.

decrementai. Thereforeﬁlarge prgpatations show multiple'pacemakervsiées_

and variable patterns of contraction(sl). These action pdtgntiéls
rbriginate within the mscle itself as phey ".are unaffeéted' by
tetrbdocoxiﬁ. The cdntrhctioné in this type of muscle is triggéred by
the action potentials, witﬁ_ the basal tone 1in the muscle béing

pfoportional to the fFequéncy of the spilkes in the resting state. The

. frequency of the action potentials tends to be decreased cooling. On

stretching
of - the muscle. " This may provide a"possible s\ for myogenic
autoregulation of < blcod £flaw. Neurotransmitt: ) eased at nerve

endings within the muscle‘ and exogénous'Adrugs also modulate the

..

- frequency of the spikes with either an increase or decrease depending on

the agent involved. These drugs may exert their action by éhanging'the

membrane potential:. depolarization = causes an’ increase and

Ahyperpolérization a decrease 1in frequency or the ' abolition  .of

gspontaneous activity(84). -This is probably due to the fact that raising .

or lowering the membrane potential would increase or decrease

[ Y

(respectively) the' time required for the spontaneous depolarization wave

to reach threshold potential, thus altering the frequency of the

spikes. Stimulation ,of portal-mesenteric veins by noradrenaline and

adrenaline has been shown to result in anbincreasi in the frequency of

v

marked depolarization produced, obliterated tﬁé action pétentiﬁis;
. : . \ : ER

However, the strong cpntractile.response remained intact. On the other

action.potéﬁt}als(81,88). With high concentrations of these agents, the
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/

was not as clear cut as the above(8l). . The drug caused
hyperpolarizaﬁion with‘cessatiqn of spontaneous activity in,the'fabbit

and guinea pig portél‘ veins. However, 1in the rat portal ;Qein,

isoproterenol resulted in the action potential pattern changing to one

of short, frequent bursts, each containing fewer spikes associated with'

depolarization of the cell‘membrane. It is possible that isoprotgfnbl

may héyg other actions which alter the relaxatory mechanisms in smooth

muscle‘igge'@irectly via the B-receptors and cyclic AMP.
In ﬁhe milti-unit variety of spike generating smooth muscle action
" potentials are initiated by transmitter induced excitatory ‘junction

potentials.' The transmitter released at nerve endings produte miniature

-excitatory - junction potentials at the post—synaptic membrane. These

miniature junction. potentials summate to produce an all-or-none action

potential when the membrane potential reéches threshold. Mouse vas

deferens typifies this type .of "smooth muscle. There are no good

examgles . of vascular smooth muscles with similar electrical properties
. oL ' M
and preddminance of neural control(81). :
) . o A
Non-spike generating vascular smooth muscle contract in the absence
of action potentials. This muscie 1s characterised by graded
depolarizatigns and contractures %nstead of spikes and twitches. The

contraction 1is accoumpanied by a,membrane depolarization without a true

action potential with the contraction being maintained as long as the.

‘membrane -remains depolarized. A trué cause and' effect relationship
. - I v,

between the electrical andbmechanical‘évents is morefdifficult'to prove

> : i -
in this type of smooth muscle: it is possible that the Ewo respéaggs

just bc%ur as simultanedbus pargllel\phenomena._ Rabbit pulmonary arter&

provides an example of this type of vascular smooth miscle. In smooth
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muscie, which shows a graded response, eléctrotonic spread of the

depolariéation’producea by neurotransmitters probably does not play a
significant role in the cell-to-cell spread of activify@' The‘abseqpé of

action potentials 1s probably due to the fact that' the mechanisms

necessary for the fast, regenerative changes in ion conductance that

mediate spikes are; in fact, not normally operating in the membranes of

these cells(81). -However, some smooth muscle of this type can be
'stimulated’ 50 produce action potentials by the tetraethylammonium ion.

In both spiké-generating and non spike-generating mﬁécles,_ an
2+

L J . .
chanpels;' There appears. to be a number of voltage sensitive Ca

inward Ca current occurs during the depolarization phase_ via Ca

2+

channels in smooth muscle: rapidly activating and inactivating thannels

. involve{ in the upstroke of the action potentials, and slowly activating

but ‘maintained Ca2+

channels functional ddriﬁg prolonged
. L . '
depolarization. Drugs which produce depolarization by amechanism other

2+

;han~an.inwa;d Ca current may also secondarily activate any voltage-

sensitive Caz+ channels if the membrane potential 1is moved into the

°

correct range. This .would geﬁerate tension - in the smooth muscle by

2+

increasing the Ca influx. The éxactl mechanisms by which drugs

influence. the membrane potential have not been established in most

'

_cases. In principle they probably- act primarily through an effect on

passive ion permeabilities and in some ‘instances electrogenic ion

tténsport(BO).

LR

Electro-mechanical and-PharmacOFmechanical‘Coﬁﬁling-

"In both spike generating and non Spikeégenerating.muqcie desériﬁed

above, the contraction of the muscle cells is coupled with,an'electfical

event at the cell membrane: an actioq;poteﬁtial in the former and .a

2+

64




graded depolarization in the latter. This type of coupling is referred

to as elgctro—mechéniéal coupling and is similar to the'phenomgnon found

"in skeletal and cardiac muscle. A.quantitative relationship between the

membrane potential and the tension‘can be ‘demonstrated in skeletal and
cardiac muscle after blockade of the action potential. " An . S~shaped

relationship has been found defining the mechanical thfeshold and the

-

characteristics of the electromechanical coupling(8l). These curves;arg

' ' v . . i
shifted by drugs and 1oms. Attempts at si r characterisation in
Rl i "

smooth muscle shas been less successful because of the difficulty in
blockiﬁg the act;on potential ﬁithout-'losing the contracgility(89).
However, expériments carried out ‘at 10°C were more successfu] in
demonstfating a S—shéped relationship Dbetween tension and the
xxtracellular KV concéntration in the rat porfal Qeip(90). The fact that

normally” spike generating vascular smooth muscle maintain tonic

\
contractures in depolarizing high K* solutions demonstrates that the

action ‘potentials are not essential for evoking contraction in these

¢

tissues.

Although ‘changés in membrane potential can initiate changes 1in
tensioﬁ, in smooth muscle ceftain hormones a;d drugs cén causé
contraction without any éhange in the' membrane potential. This

. - »
phenomenon known as pharmaco—mechanical coupling was first described by

. 1 & .
Somlyo and Somlyo in 1968(91). Pharmaco—mechanical coupling has ,been

defined as a process or brbceéses through which drugs can causél

contraction or relaxation of smooth muscle wiut a necessary change in

the resting membrane potential or in actio otentiallfreqﬁency. This

’

“definition does not imply that pharmacomechanical coupling cannot also

“act concomitantly with 5 change in the membrane potential. It is quite

’
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probable that electro-mechanical and pharmaco—mechégiéal‘.coupling
processes contribute: to activation (or inhibition) simultaneousl&.
 Quantitative investigations"are needeﬂ to ascertainy the relative

magnitudes of the two -processes. For instance, if the contraction

: N 7 -
produced by an agonist which also ‘produces a-simultaneous depolarization

~
1s greater than that elicited by an equivalent depolarizatiom by high K

solution (or an electrical current), it is probable that the eiéitgtory

actions, of the agonist -i1s due to both electromébhanicalLand:pharmaco—

mechanical coupling (or to pharmaco-mechanical coupling alone). Farley

and Miles 1in recent experiments ‘carried out in the dog .tnachealis
muscle, demonstrated that although acetylcholine in a concentration of

10"7 mol/1 produced some meﬁbrane‘depolariiation with a contractién

approximately 15 per cent of the maximum, an eqﬁivalent depolarization

A

by high K' did not generate tension(92). Further, a recent study)on the

+ .

66

guinea—pig main coronary artery demonstrated that the contractions =

caused by QFetylcholine‘ were accompanied by -~ 'a. -membrane

hyperpolérization(93). The evidence for pharmaco-mechanical” ébupliﬁg

L € ;
has been summarised as follows by Johansson and Somlyo(81):

l. the same. blocking aﬁd potentiaciﬁg agents are effectize in

polarizedlas well as -depolarized smooth,musclé.k

éﬁ depolarization by drugs hay be less, but the maximum contraction
. - . - .
greater than the respective effects of -high Kt solutions.

\.

3. the differences in thelmakimum.coﬁtracfi;e effects of different

s drugs are maintained after depolarization.

4, drug—induced'cdﬁtractions may be sustainéd in smooth muscles thatj

resporid to deﬁolarization by ‘high X' wieh ‘a _t:ansieﬁti phasic’

contraction.



~

5. relaxing agents can relax polarized smootg‘luscle without evidence

of’ hyperpolarization or inhibition of spike electrogenesis.

«g

These authors comment that 'whereas theoretically rhe possibility
of excitatory pharmaco-mechanical coupling without depolarization in
polarized smooth mugcle 1is posslble, a rigorous demonstration ofpthis

phenomenon requires experiments 1in which membrane potential and

contractile respohses of single cells are monitored simultaneously’.
The mechaniem by which pharmacomechanical coupling occurs is not clear

at- present but the suggested possibilities are(81):

2+

l.  mediation-by the influx of extracellular Ca As by definition

the membrane potential.should not change dEring pharmaco—-mechanical

1
coupling, for the above mechanism to account for this process there

has to be ‘a simultaneous movement of another 1on te balance the

- membrane potential change ;hat would be produced by the influx of

Ca2+. ) S ‘ - v N !

. . . ’ i
2. * mediation via release of Ca2+,from the sarcoplasmic reticulum in

regponse to a change in permeability of the surface (plasma) membrane

at the. couplings between #he reticulum and the surface membratfe.

3.¢/i>mediahion via a dire&t‘effect of the drug on 1ntracellular Ca2+

storage sites.: It 1is unlikely that - large polypeptides such as

s

angiotensin could act via this mechanism bup-more permeant molecules

such as the prostaglandins could gxert intracellular effects.

N

These mechanisms are not mutually exclpsive, thus two mechanisms
could occur together. In summary, although all 4dvailable evidence
. - . ) - . { . .
suggests that pharmaco—-mechanical  coupling probably occurs. in smoofh

muscle, no. absolute proogxiseavailable at present.
: . T T "ﬁ—"_llf — :
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little 1s known about the -sub-cellular regulation of Ca

' CALCIUM REGULATION IN SMOOTH MUSCLE(29,30,81,83,94)

As tension development in muscle is.-a function of the concentration ‘

2+

of free intracellular Ca“’, the éegulation of the 1latter is of prime

importance in all muscle eells. Compared with striated muscle, very

2%

2+

muscle.  The specific role of the wvarious Ca binding sites

(sarcoplasmic reticulum, mitochondria, sarcolemma) is not clear at

present. Further, the immediate source of activator Ca2+ is not known,

N
nor 1is the mechanism of relaxation known. Smooth muscle cells are

activated when the ionised intracellular éa?+'rises above 1077 mol/1
with -maximal activity between 10~ and 10_4 mol/1(83). The total tissue

contént of calcium in smooth muscles nay, however, be 100 fold of the

C:T‘;Ebunt required for maximum contractile activity. The total tissue

.ot

'

-

.

calcium 1s made up of extracellular free, extracellular bound,
intracellular free and intracellular bound fractions. Brading and
Widdicombe estimated these calcium fractions in the taenia coli of the

guinea‘pig(95). The total tissue calcium,was found to be 2.73 £ _0.13
2+

P

mmol/kg fresh weight of tissue (Ca

experiment = 2.5 mmol/1).. the free Cq%f ptesent in the [lAC] sucrose

A

space (used to estimafe‘lhgv tracellular space) was substracted . the Ca

¥ .

remaining 1n the tissue was 1.8 + 0.13 mmol/kg fresh weight of tissue.

?

The extracellular bongg Ca was estimated “by treating the tissue with

Ianthanum (La 3+

-

some cellular Ca 1s lost during the La3+

treatment). If this amount is

ubtracted the remaining- Ca, which can be considered as the total
AN
intracellular Ca, was found to.be 0.43 + 0.09 mmol/kg fresh weight of

. 2 .‘\,\

3 .

N tﬁgﬁue. This is still an order of magnitude greater than thac necessary

. .
AR |

k-

in . smooth

in the .bathing medium during the

5 mmol/l) for 60 min (this may be an_overestimate as

68
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to activate maximally the contractile apparatus 1in smooth muscle

v

cells.” The bound intracellular Ca is located in the orgadeiles such as

the mitochondria, the sarcoplasmic reticulum, the nucleus and 'in- the
. . :

i 72+
sarcolemma. In the resting muscle, the concentration of free Ca in

i

the myoplasm is less than 10’7 mol/1 although the concentration ~f free

2+

Ca in the extracellular fluid 1is greater than 10-3 mol/l. Thus, for

2

vascular smooth muscle to be relaxed, its plasma membrane must support a

10,000 fold concentration gradient of the ca’* ton. Recent studies 1in

. myocardial ti<sue by Langer have formed the basis fnr = model wherehy
N\
the glycocalr (a coating external to the wnit membrane) parti~ipataes in

the transmembrane ionic evchang~(96). The glycocalyx is composed of twn

layers: an inner. less dense. 20 nm thick surface c%?t and an outer,

.

slightly more dense,'30 nm thick oxternal lamind. A high roncentration

of negatively charged gites are present in the glvencalvx, Sfali~ acid

“

resjdues which form th» torminal groupes in the »'igrsaccharida partie-a

"
«

of the glycoproteins and glycolipide éfempocing the glycocalyr form a

majority of rtrhese negatively f“\arga'i gttren, Treatment af myoeargial

tissue with neuraminida=e, which <celectively removes sialic acid

residues,. increases the ubtake and  wvaghout of radioacrive cal?
R A4 ';l'

fivefold. Further. following this enzymn' '~ rreatmeant, 1- ior [ which

are normwally regtricted to av!‘rnr-vpllu]nr “pace antere tha eell terdineg

to displacement of mqre than 80 per cent of the ‘exchangeable o:lniﬂm.'

Langer proposed that the glvencalyx may he necessary for the prevention

of uncentrolled calcium entry from the extracmllular spaée~

- -

Activator calcium in smooth muscle ;-

The Ca2+ responsible for activation #n smooth muscles -comes from
- ’ -

e " #
intracellular and/or extracellular sources- The source of activatgr

_— e e § A.;(_v, t R
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Ca2+ seems to differ bethéen smooth mnscles.from different vessels and
between different stimulants used to 1initiate contraction. Vasculaf
smooth muscle, ;;ich shows spontaneous contractions aécompanied bf
action potentials (spike génerating smqoth muscle, see above), depend on

extracallular ca?* for this spontaneous activity. The action potentials
- :

in the poffo—menenteric veins are blocked by the removal _of

extracellular ca’t ions(81). Agonists, which cause depolarization of

2+

the cell membrane, lead to entry of Ca’’ from the extracellular space

Ca?+

through ~hannels resulting 1in muscle contraction(97). Kkt

depolarization hag been uged for the investigation of depolarization

indu-~ed contraction in =mooth muscle. Contractile responses produced by

high concentrrrions of K' are conslderably Jinhibited in a Céz
' -

2+

med{np lendine further support to the role of extraceilular Ca in this

. +
contraction. The contraction Iin the presence of K. consists of two

components: ;h initial, large, transitory phasic component, -and a second
slower 1increase in tension which subsequently Aiminisheg to a 1o;er
plateau leval of tensio; over 90-120 minuteg(98). The latter .is
referred tn ae the tonic componedf. These rhaaic and‘sonic compoggnté

of the contractile regponses bhave been {dentified in many agonist
“« :
induced contractions -in smooth gubcle. The phasic é&omponent has been

2+

found to be dependent oo intracellular Ca“" ions and the tonic component

v,

3

om extra~rellunlar Caz*(99). Howaver, boé"combqnents in the case of the

14 :
contractile resporse to K+ appear to be dependent on extracellular Ca2+
hY - . .

rd

" 1ons(98). Thus both CQPponents of the response were highly sensitive to

. 4 L5
the Ca2+ channel antagonist verapamil and also inhibited by La3+ which

. :

" competes with Ca2+ -ions primarily at extracellular sites on the

N
o

memhrane. Thesé.findings do not imply that extracglluiér Cazf is the

[
- . : -

+¥free'

.
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only sohrne of activator 1ons for the contractile apparatus in Kf

indu~ed rontraction:” Tt is quite possible that the inflow of Ca2+ ions

from the extracallylar medinﬁ.may*trigger a further release of Cal* from

Intracellular Cz7* storer (valcium~induced calcium release). Hurwitz et

ai(OR) suggested that the two components of the kt induced response in
frr~atinal amonth mueele are probably mediated via two separate ca’?t
~hannels {1 the membrave. The prefevential inbibition of the phasic

3+ ) )
comrenent  hy 3 lower ~oncentration  of l.a (hath components being

I

fohibited %o a higher crncentrarion of La suggeated the above

ronelagtan, ' abould he clear tha' the terms phagic component and

oy

Corompeant are ruaraly Hner-r'lr"’v@ tarma ne~d o td@ntify components

A gondRt Intaeed 4 nrrgettops  in rurnle. The source of Caz*

oradlle for o the tue compenent +omgy eaey Aapending on agonist as well

et LIEXT-S Tw. ¥
. “
Ty Camye gt N “ he'parogenione prouws of ' nrhannels 19 rhe
ot me e 1o ,77 v Taw o an Ty e Vit ey rt o~ recent vearg
) .M
n lakilty oy I R ' "ot {nhibit g
' [P P | ot | ! [ “harnye Ja
' 1 I LAl
’
vy ) Pyt v " I PR s “hame v (P
e ' .. . A N ¢ v, t “ 1. l.,'.-.-l|‘nF t ha
t v . . e oy “erey PE—— v ey lnr‘l'riv'g
s ' 't Vo T 1 tTima [ | pe ' !
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change 1in the membrane potential, e.g. low concentrations of

R, :

noradrenaline. The channelg are hlocked by sodium nitroprusside

and amrinone but are relatively resistant to the organic Ca2+

channel antagoniste cited above. When potential operated channels
, s
are activated 1in the preeenin aof depalarization pecduced hy Tan

agonist, one cannnt axclunde » ginalt ananne ctivation ~nf ocoptas
4 a r

aprer~ted c~hanrele ‘In(‘npenvlent nf the depnlarization.

-~
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bath was approximately equal to the sum of Ca2+
Vd .

- . \

the activators was present alone.

Several techniques lhave bﬁfn developed 1in the last aecadé ‘to

measure the shift of Caz+'betweeh the™ extracellular and intracellular

7/

onmpartment;. Van Breemen and co-workers pioneeréd a method(102,103) in

.

which tissues ~ould be exposed to a variety of agonists in-gﬁé presence

v

5 ! '
of radioactive Ca2+(4“Ca) and subsequently placed in wash out solutioms

3+ in these solutions is

containing Laq' ione. The ooncént}atinn nf La
rap* high enough to replace all Rupe?fiotqlly bound 45Ca and to prevent

. 4s / 3+ :
any furthar nuptake or efflux of Ca. The assumption that La” would
replace -the exrracelluiar and superfieially bound 45¢cq and prevent
further I'S(‘-a uptake 1is justified.  However, the aegumption that La3+
would hlock 45ca effinx proved fo ba incorrect(100). Thus modifications
such as the use éf a higher La3* concentration and a lower temperature
during the wash—ont perlod ware infrodured. T%p steps of the La3+

me hed ar uge' by Gadfisind et al(104Y (for rhe measnrement of the

214 -4
11 - a of Ca fntn aartiec mie le 211a grimulated bv ¥ and *he effect

)

tagentrra wm liig upt alre) are 'ie'ed Palaw:

atyd = o men oy umafghtog 611 mg o were 1o vhated oith phyalirlaglienl
Aa’ e dat o cants' Iag rhe oovagentar Ceyperdoacnrat ctyiee) for
Yoo et e - po Al T gt aty ' e Ver:! i 1'aln
rhyvat ' gt~ o ] aan { vy LI P et rennfet e ne T o LD *he
Voo Fmv B T o, o [ L I (P ' L vt e tmenat gl
~tvipa ety

the artard ] eroe bt e Tverv b aran! tr'y phe " 1. gl aoalr anluricn

gt - ll“' nl ) (2 Tty oy nr the (Of ay‘n'.‘hor 2

influxes when either of -
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3. preparations were washed for 5 minutes in 500 ml! of tris buffer

solution (pH 6.8) containing lanthanum chloriqe (50 mmol/1
4, thé strips‘were then weighed and ASCa extfactbd using pzt hyoric
'acid and hydrogen peroxide.
5. the radigactivity extracted from the tissue was counted in a ]iqﬁid
scintilation counter.
A modification of this technique can be used to estimata the efflux

of 45

Ca produced hy agoniats. Stepe nf the procedure a8 naed hy
. A
Godfraind et al(104) (to mweasure the ‘sCa efflux  prodne~l  he

prostaglandia an with ar without antagoniste) are liated helew-

], aortic strips were 1incubated with phygiological salr galutien

4 -
containing ‘SCa (3 ¢4 m Ty for 120 minutes with the antaganiar

heing present during the larr 30 minntes (contre! stripr without
the antagonist).
7, tissues were ringed far ° nlrtee in o~ large yelums  af  non
radibactive phveinlngical ant elardens girh 0 wlrhoear the
antagon!ar,
tigguea wore tranﬂferrpd to 1 phvainl - gieal ¢ '+ aole faon
containing v vataglandin F, v U omin - Lt AT
antgmaniap),
the t{cenca e thare ~F1 . ' o .. [N PRI . [

avperfmantg . " s AFfar nheoe

A d'fff."r' ot bl st "V"\p_ MmN At by ! r".~' hane he s~y dnct L AP

- "
{Tdeant i f and cha-arrtartan 1! s nre capinarente te vpral (100)Y, "Thie
type f plor mod A tglinaty A v ot a1l by oAt ) LI O IS S SN ooy 4 rhe

h'vyrl'ng nf @ '’ I P PR PR ' v oame ! ' YT | I v el
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of the 4SCa taken up by the cells would be present in bound form and (2);

2+

that the extracellular Ca cOncentration is equivalent,to the free Cs2+

)r/

level in the solution. Thus the bound I’SCa and free /ASCa are measured

-
LI

after incubation of the muscle tissue with different e&tracellu;ar aSCa

. / - . ’ . - . X &
concentrations. A plot of bound- ASCa/free ASC& . vs : bound ,I‘S
1 . ' ! : N
eonstitutes the Scatchard plot. This usually results in a curved plot

¢

which has at least two linear components\tn— smooth mscle(v?IOO)': a high

2+

affinity bhinding site for Ca ‘apparent at low ,: (0303 , mmol/1)
‘ ' R Ty
extracellular QSCa concentrations and a low affinity binding :site for
2+ |

Ca ions (apparent oﬁly at high (1.5-5.0 mmovl/l)v' extracellular

¥

2+ in an appropriate contentration . canvbe used to

roncentrations. St”

block the high affinity cat ions uptake site while ?%eaving the low

affiniry uptake sites relgtively unaltered. ’ With&qrespect to these

-

results 1t 1s also of interest that Sr2+

2+

ions " can ibe used as a
k) N
substitute for Ca
than in maintaining a noradrenaline induced tension response in some
% £

i

o

amonth mscles(100,106).
Althongh extracelluar Ca2+ is an important source of gCaZ*‘ for

i

~ontraction, some vascular smootlr muscles respond to ag&nists with

contractinn in the absence of extracellular CaZ? ioﬁs(Z@) In the
rabhit n~orro contraction produced by high concentration %f K+_decliped

W

e

rapidlv  {n Ca2+-free medium, whereas those to noradrenaline'“apd'

higtamine persisted with less reduction(107). Extracellufar La3+ too

b

hag ~ lﬂqssr inhibitory <ffact on contraction produced by norsdrens1ine

than oo contractinne ' oduced hy K depolnar{zation Iendins furtﬁeg
v B

2 -
SUPF Yt ta the ra'-aa of torraeallnlay Cg during noradrenaline induced
T Thue an (ntracellulsr prol probably provides the ca’t

Cractlian produeed  he narndren~line and higtamine.

Ca

-In- supporting a K" ‘induced tension resP°93€%%bre

g8,



: A ' B v
However, the contractions induced by . these agonists in the absence of

extracellular Cazﬁ are reduced .to one’ or at the most, two contractions

suggesting that the 1ntracellular Ca2 pool is a limited'one bedause it

i

must be . refilled from the outside(IOZ) This intracellular pool takes

up Ca2

n

lanthanum bl\ckade ‘but not to Cazt antigonists such as. methoxyVerapamil

inbthe rabbit aorta(108). *

Deth and Casteels(lb9) in some elegant experiments in the rabbit

aorta, investigated the effects —oF . different agonists oﬁ “the

intracellular poola, of caZt involved in contractions as described

above. As the metﬁod used in these- experiments is another technidue

used in the measurement of Ca’t fluxes in smooth muscle the steps of the

procedure .as used by Deth and Casteels(109) are listed below

U
| o

hours in 10 ml of physiol gical salt solution containing 45Ca,

1.5 mol/1 (5 x 108 cpusmny. ¢ - L
2. . the tissues were then rinsed ‘for 5 seconds in a large volume of
- v A\
physiological salt so]utinn to remnve rha  adharant  1nading

solution.
3. the tissues were traanerxed ar 5- or 10 afnaure intarvale *hraneh -
series of D?Q“(ﬁuel varhad o tardTard oy viala containing S ml nf
’ 4
+
physiolngisnt  qaty snlution  with a Ca2 <concentration of

. 8 ‘ :
1.s mm"‘/l:; Oxygen <was bubbled through the solution fo maintain
oxygenation .of the tissue. Detn and Van Breemen ugéd Ca-EGTA 1n
this’ efflux NEdlxw. to minimine boackflyy of Vg Ty toe e

afflow 1 1o,

_from t&e eéxtracellular medium by a brocess sensitive .to-

tely 15 mg were .incubated for 3
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4. nogtdrenaline or, caffeine’or 2 a-dinitrophenol were introduced into

the physiological salt solution in the scintilation qials at

Various times after the éommencement of the efflux measurements. oo Sn

" #y
1 3

5. the tissue strips were - dried and weighed ‘at the end of experiments

- _—

3 and_the 45Ca remaining in the tissue -extracted oy.@igestiod?

The‘efflux of 45Ca measured in this faehion follbys ananponential
4
pattgrnw- Addition of noradrenaline or caffeine r&sulted in An immediate-" t
oLt e g :
'increase«of the efflux which reached a maximum within‘lO minutes. In

contrast‘the response to Zs'é—dintrophenol (DNP) appeared more slowly

1

reaching a maximum only after 20 minutes. A similar difference in the |

time course of action was noted on tension development in rabbit aortic

‘rings in. separate studies carried out simultaneously. Further, a plot

'of the amount of 45Ca efflux (estimated from the area under the efflux o
‘ ., % N,

y!

curve above the control) and the concentration of noradrenaline shqwed a

- s

*ngood correlation with a plot of * tension generated againstu the

2+

'ﬁ

concentration of noradregaline The 1intracellular Ca pools%utilised b;a
R ": X3 .

é
; N )
by neradrenaline and caffaine appeared to be a gingle pool as—under

) . 7 1 ' .
evtracallylar Ca’-free conditions, a prior transient caffeine exposure

eliminated the ASCa efflux produced during ‘a subsequent exposure to

. );
noradrenaline. Estimates of the ASCa pnol gsizes and the rates of

exchange for the three agoniata ciggestad that the noradrenaline and
caffeine probably ghared a single pool while DNP appeared to 45Ca from a
separate ponl. k* depalarization uti{liged during the 45Ca loading
rvncod"?e to incresen cellulsr uptake of AqCa also showed a differvential

effact m the rhree agonigt {induned effects. The 45

Ca efflux produced
hv. DNT wag  fnareared three to four~fold hy this - mannueuvre while,

rath-r cnvprdstigly . the affluy produrad by :nffeine and noradrenaline

. ¢
] -] te e ol e ) e Ye e e ces Tode that at Jeent tun
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A
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»

o

"Breementllﬂ) demonstrated that"altnough 'noradrenaline produced am

vsomewhat pénsitive to Qhe§e agents ‘but more specifitally sensitive to

AT B : g .
o . . -

'differenttyools of iﬁtracelluler Ca are involved in the contractions -

° \

produced by the three akonists #n the rabbit aortic miscle. Other

S -

studies to¢ suggest at lea&t twoeintracellufhr pools' a low affinity

(rapid releé%e) pool responsive . to noradrenaline, histamine,

2 .

acetylchoﬁine, caffeine;”‘ahd a. high affinity (slow release) pool

v

-

3 ; % -

DNP(30).‘*-~ . separate _study pn ‘the rabbit aorta by Déth and Van

s \"r

£

5increase in _4§Ca efflux this dould ‘not be- reproduced with a second

LR

Ve

5Exposure to the drug. Thus the SCa released from the intracellular,

store by noradrenaline i{s unlikely to be taken hack {ntn the gamn atora.

]

Intracellular -calcium stores
Although the role of intracellular Ca?’ prols in providing rcaleium

for contractions produced by gome agonidts 1isg' avcepred. thore {e

considerable debate as fro the exant enmrce(g) of this intracellnlav

Caz+. The prasible ritng mentinned nra tha nnyﬁﬂrlaﬂmic reticnlum, *tha
mitroachondryia Aand the earcalems-. Tha  ear-~nploayic rar{c ' am i-
developed tn a wvaryilng ewtent 9 I0ffirenr gme th covanla oot Qe
conpgrirating ";\prnw'mn'alv 2.0 7 S pery et of  the 01T - 1me e

"'g_h‘-‘v valuere found in the larg-~ Tantde artearfas tveel An A ad N NN

prg‘\nrt")y‘g of r(\"rvh "'\dOl" rom i o tet tevediem vlipngn Ca T .—ag, tee e ey
mav not he aa much o ag that € thea gmie Yy 1o Ter Vin e C - Voo
tha Qﬂr(‘l\[\1asﬁ]1n ver "eplarm e At {ragredd onty 2 e Y] 3 C e e Y
volume, asdnming 1hat 1{ko the ratdoualoon 0 g Tat ot W T f et atan
AN}

25 mwral f e .0 Amplerte ralaneas of ), BN A TR I R T I AR A NP
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'
t

extracellular, Caz+ ions(32,3’3.). As ' these measurements ~did not
distinguish between roughv and smooth endoplasmic reticulum in. the
different smooth miscles and as the perme_abiiity of the sarcolemma is

: 'k>nown té differ b‘e:tye'én different smooth muscle it is possgible t:ﬁa}: this

cor'rela_'tion' is spurious(8l). = Surface couplings in smooth muscle are

A

speclalised regifms similar to those 1in cardiac muscle where the

sarcoplasmic reticulum is separated from the surface membrane by only a.

10-12 om space traversed by periodic ‘el_ectr‘cm opaq'ue processes. These

k

have been suggested as sit':es';:where depqlérization spreading along the

A

sarcolemma may trigger the relejase of -’C'a?'+ from the reticulum. Although -

sarcoplasmic reticulum 1is a possible candidate as a Caz+ source, no
definite structural evidence for the actual release of Ca2+ from the
reticulum is avajlable at present(ll1).

Tsolated mitochondria'ftcom vascular smooth muscle are capable of

accumulating caZ*  and other divalent cations such as "Ba?*  and

2 .
Sy +(R]). This has bheen demenstrated by electron probe analysis and
\v 2+ - !
electron mtarnenoph. The apparent Km for the (a uptake = by

mito hondria wae 17 umn1(39). This high Km of igolated mitechondris for

24 '
Mn auggeats that mitochoandrfa ave "wnlikely ta regulate cytosolic frae
24
Cn roncenty 2tfon 'inr'["q the neymgl contra~tionp vyrlavat{ m ('VC‘]‘?- At ' a
- . .
fntrace'Tulpy (ron 4 coneentoagrion of 1 pmal/Y1 (which 1 helieved ta

praduce  abop® S0 8" ner sent af rhe  mav! mum contrarcrtion {In gmnnth

mieclo) v el nf ' ha W raochondrial travaport avgtem wnuld he
[ L |
An tre narton poafbil4ty {a that the fnner aurfnce of the plasma
7+
womhy ana tn th. P |-|:"{'\‘\| fall] r\r‘age glite from wh" rh Ca ‘Iong are
realeoncacd  du Trp contarnet toan, Snzuki, "ugi and Po—vﬂ'“ﬂts(tl7.113)
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potassium oxalate, the intracelluiér Ca2+ was 10calisedw‘to *the

peripheral cytoﬁlasm_ adjacent to the .plasma membrane in the relaxed

state: following drué inAQEed contraction"in the absence of external
c‘_a.az*, the CaZ*
suggégted t:hat,,:.the,.‘C'az‘+ bound to the inner surface of the sarcolemma was
released intorthe sarcoplasm during the contraction. The role played by

the sufface vesicles or ‘- caveolae in possible Ca2+ regulation by the

sarcolemma 1s not clear at the pregsent time.

Calcium sequestration during relaxation

From the foregoing discussion it is apparent that there 1is

»

2+

considerable controversy ahout the source of Ca for activation in

smooth mscle. However, there is an even bigger debate about how 'he

2+

free Ca ienn are remwoved from the sarcoplasm during relaxation {n

smonth muscle Relaxation fn emaorh muerle as {n striated miscla e

brought sahout hy a lowering of the 'arnopl.aw'-!o frea Ca?’- leadina {in

E4
tarn tre a dacrenged acrtamyagie ATPage artivirv and a detachwrent ~f the
l
RN

croga 'r{laeaq, Th! o Touaring f rhe “av~aplasmi. O4q can he hronght
ahaont b aaver ] rYo snnag Afmt oy [ ) thoga chaoy rad {o covddae
7y
mugiele Flrnr ot the iarcalamna tha fpward Mo “vrvant that recvve
durding dopal e "saertan {a sntt 11 .4, ing ANy | Thia g brought ohent by an
. ' 24 !
{nsremae In 7 a¢- »l’l"_v SR A MHeh 91 1nwg the rige ir LAKY and Npa
nermeahi{ ity "o noeth e le cf bl o {an natantigla and occure
Afwal o vye e sty LEN Ymavant-h mraeloe grhe oy ¢ hrw vraled dpro"av'—q"'nnq
- ) A
woly e dgs In dntys- ATV, .. Cn verr e T e bl trigagay far 'he
! "‘ . B +
rfern ‘. r vmeasbil [ZANE Ve N yoaalt {n an ontwerd 113«"(‘*‘[;]’1' 14
Ty ont Ve vaanl U yy oo Y'anr rat o yrdng vo memb ane r\‘;-'mea}-’]’vv r
. Yy
[ R tonr {ng Vet 1) Sare At by Gl el "nw: A (- ¢ Crvent

stain was fdund'difoSely throughout the cytoplasm. This
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accumylated in the sarcoplasm during the . inward currenﬁ ‘has to be

2+

.removed from the . vicinity of the contractile proteins.v This Ca is

either extruded ,egt of the cells at the sarcolemma or taken up into
1ntrace11ular storage sites. NS

. ) s ,
2+ ions out of the cells is an energy consumlng

Transport of Ca

procegss as it involves a _transfer against a large electrochemical

B

There are two principal mechanisms through which Ca2 .is

gradient(
believeg 3 transportedﬁgpt of the ¢ells: (1) the Na+/ba2+ exhange
system and (2) the Mg-ATPase dependent extrusion system. The features

k]

of the Na‘t/ca* exchange system can be summarised as fbllows(llS):

1. Nat* 1ions move down 1its electrochemical gfadient from the

extracellular fluid to inside the cell.

calt

2. cougled to this {inward movement of Na* ions, “icns - are

extruded from the cell.

0

3. the eﬁE}gy l1iberated by the inward mwovement of three Na¥ ions is.

2+

required to move one Ca lon out of the cell.

" ATP may nhdifv the kinetics it 1is not a primary source of enefgy

for the transport gystem: the energy being provided by the *

alactrochemi a1l gradient for Na* {ons.

Py

> ' +
. for the pump te function the electrochemferal gradient of Na has to
vt
he maintained via the Na' /X mgmbrane  pamp, ATP {a of conurse,
utilised far thisg.
' the transport system can ~leo move the {ona 1in the reverse
[ 24
Adre-tian ({.p._ Nn outwards and Ca inwards) acrnss the mepbrane

when tha gradi{ente are csuitahly altered, because of the competition

24

] . : .
between Ma »nd Ca 2 aitea on haoth sideg,of the membrane.
, Vo 2
The evideonca vy the axicrence of the Ny /ra pump 1in smcorh
mae VYA fq fndire. IS I R (N Sttt i the 2914 awon wheyre Na‘

/
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dependent ﬁSCa fluxes havé beeﬁ Qhowﬁ(llé). Iﬁ vascular smoqt

lowering of external Na+, for instance by’ replacement with L1t 1éads to

N

an increase in. tension. Further, introduction of ouabain, the
. S~ }

N

ATPase inhibitor, often leads to contraction. in vascylar stooth

associated with an elevatlon of intracellular Na* concentration. ' Both
'these manoeuvres lead to the loss nf"the Na* gradient which would

. : T .
inhibit the Na+/Caz*~pump as propesed. Re—establishing the Nat gradient

by rte-introduction of the Nat or removing ouabain in the above

experiments leads to a relaxation. Although the evidence is strong that

Nat plays some tole in the control of {intracellular Ca2+

¢

, 1t 1is never
theleds quite clear that an inwardly directed Nat gr~tient is not
esgsential for the tissues to be able to regulate intracellular
Ca2+(83). Brading(116) dempnstrated that smooth muscle can not only
remain fvo the felaxéﬁ gtate hut also corrract and relax again éo stimnli

i

4 ' .
to the ahsence of a3 Na gradient, ~lthough the response may bhe

qualitatively different from the control etare. ‘ther warkers tno have
found similar resulrell114) Racar1e of theno 'vn-r"m*!‘t‘.’é'n("lef, AT
. 24‘
Adapendent extrueion of Ca i~ hna haen guggrer 1 naq an  Jtorn-t -~ tn
' 24 L2 .
the Ma /Ca tranfopnt' = A 1t om. Th?e la puwr o Yo ldico ' he Tt Vay
tn that daeartdhe’ I: e bland rFalle vy Tehiar wa 2117 Agate Mteeon
2
avidence for N wi reo o nf g ~ ! prrme tyr vanepntay amec th omer o Ve
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of the sarcolemma are the possibfg‘inttacellaiat storage sites for Cé2+,

ions. The majotity of the studies designed to 1ﬁveétigate ;he»pbssible

Ca2+7 storage sites have. used differential centfifugatipnf of smooth
muscle ‘homogenates to isolate subcellular fractioné that ha#gtJbeen‘

" proposed to "be _pdtentféi” sinks and sources of actfvator calcium..

[y

Mitochondrié are isolatedfby sedimentation between 9500 and 15,000.3 andﬁ~

a microsomal frgct;on obtained at 40,000-15,000 g(29). ihe* latter

( g

sarcolemmal fragments. A fundgmental problem in identifying'specific
sites of calcium accumulation in smooth muscle has been the fact that it

hae heen difficult to. isolate either pure or enriched fractions - of

aarcoplasmic reticulum and sarcolemma. The grggcebt difficulty'h;é been -

the reliablé éeparatton of reticulum frgct}ons' from sarcolemmal
fractiong. . This éhbject has bgén recently reviewed by Alién and
Bukeskif94). Mitochondria ﬂabelbeon isolated in sufficiently pute fodm
Auring the lagt few years allowing rhe charaecrarigati-n of the Cal’
accumulatdn by theee organeller- Theae studies sngg~at the p?esence of
an «<rérg- depandent mwitnchandrial Cn7' transpert  eyatem(8l). - As
ment ' el hefhra thig gyat e, ﬁan n T "Ffiqi'v but a high capacity;

thea fr 4o unlikelv thet mitechondris rlay a major role -in the

7 -

[equeatyatin: nf Cn fons dnring re1nxatiqn i smooth munrcle, However,

Inenffi - tent dava 's'rav;ilaH"e af rresent 'n definitelv exclude a

grear v vrele for m"-f,‘ Tk tepe of ""‘C"";h mecls euch as the
U yaviatylnry,

Mirveeomal fracrtons of ameo 'y rmiaele Yave been shown to scenmulate

ta by an AT" dependent ~vatn - rver tha di{fficnlty of sebaratinn

cf rertiilar Fragmentg Freom 7 mal fragmente have made {t

fraction, however, containg a mixture Qf sarcop1§smic9reticu1um dnd

-
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difficulr to draw a firm conclugisap ag *to the memhrane fragment

¢

ragponrihlie for the transport system(94) The requiremer‘a far rhe

x

uptake of Ca by micromamal fracttena o emooth muscle nrm im{lay ¢

those for atiiated rmgele with hath ATF and Mg2+ jonr heaipg frquired

)

This uptalke 'épenda nn the temperatrr: n, M ftug highay at I« pian gar

N°C aptimmm pH valyag repor_@ hav e toas T and T7.8(”M ATt hough
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produced by the action of the enzyvme adenylate c¢yclase on ATP. Beta

‘

adrenergic atimulation {s known to cause an activation of the adenylate

cyclase ayatem with the' production of cyclic-AMP. The degradation of

eyelie nuelantid including  cvelic-AMP 1is carried out by

nuleotide pheorphndiegtaraaen. These anzymes or family of isoenzymes,

nnr,qlvf;ma the hydrnlyvaia ~f the 3' hont of the 3':8' ("y(‘]‘l(! phosphate to

give the 5' monephaoephate.  Qyeclie-AMT axerte mort of {tg effect through

the a~t'tvyarion of rratein lFinases 1ocated In the cells(119). " The

¢
preortedn ' nacea ar: apmprsed of twe gub—unite: the catalytie sub-ugit

4

Aot 1

galat ore ol aefp, The Jattror {nh{hits the action of the

forrme: na roratine hound ra Ty,

lf\ng At ‘¢

en vyme hv  gombta’ g rith rhe ;'gnlﬂ'f)ry quh~-unit, therety t:,rausing its

dircgociarden fro ot} cntalytf. anh-upft of the onzyme. Fhe activated

(s

prretcfn 1 ass can bk voupor pheapheorviate a ygriety of guyhatrate

pratefna ' rranafer ~f » gamme rYnaphn' ~ areup from ATP, a.g. glycogen

avnthane  phorphorylase kinase, ote. One guch sauhetrate orotein

pbosrh  vlar 7 by the cyeli~ AMF dependent protefn kinage, 1s the enzyme

myoela Thebr L adta T fagen

Thonobsrylard. v f the light chain kinasge

,u,]m‘o,l-.' "+ loadipne ¢~ ‘tecrenged vh(jgr\hnry].gtinn

f wy ain 1T1aqt Vet 1 thue e ryagge ! vyt rasr{an {(yefay abe e,
N B 1y y ! N B ' 1y £, % IR B R} Y . for attle v 1 v 5 he ane
machesnicm LR B v T M BRI KRNI A cebae ot fe cme £h
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plasma memhrane as mentioned bhefore. It is possihle .that cyelic-AMP

“

activates. the Ga2+"ATPase in eifher membr ane ‘whtch. in turn, could

2+

. +
uptake Into the reticulum or the éxtrusion of Ca2 acrogs

B

incrpase.ca
the plasma membrane or hoth. It hag Seqn suggeqted_that cyclic-AMP 1s =
mediﬂgor of the relaxation preduced by ~ertnin druga. The evidence (-
tY ' rvelie-AMP hvrwthos{n ¢ v ha summpr fged ag fall' s AR TANR R B I

f adrenergi- agoenfata Ao A relaxar fon f e b
accompanied bv an fncvenma in oyelie AMF 1-veln.

2. A quantits'ive apc ; remporal ecnyralation bhatyanen the elouvytint of
rvelie AMP and the yelavat{ian hae haan rhotm  deh feopsy nal noe( 7 0)
R Wlnrcking agenrte 1-~dvee both e o - R A ' o T
valawat {in nradncnd Ry p-qpn;JvN:

Palavat nry raapange te I oedrer catse o Tanlat an ba s et bgped e
agente that {v' thit rha R v M aara Ly P

cyveldn AMP.
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7. As,k mentioned above, two possible mechanisms of action for cyclic

\
\

AMP induced relaxation has been‘dgmonstrated in smooth muscle.

’

8. Other drﬁgs which pfoduce relaxation in smooth muscle also increase
cyclicQAMP.lévéls, eg. prostacyclin, adenosine(123).

Alrheugh the above svidence appears snbstantial, some doubts remain

-C
as the vesuwlre have pot heen consgistent from different centres(125).

For finrtgneca, during = x* deprlarization, propranolol, while blocking

the Jdenrrenaline-induced rise in eyclic AMP, 1Q4V85"£he' relaxation
prodiuced by the fsoprensline jntact(126). Tn demm"nnr.rat'lng' that cyclic
'
nire! st{deg ha's a function {n a ecellviar regponse, it 1s necessary to
f’""" nat only “hat evelie nuelentides are altered by the came agents
that ~vnba the jthyefalagi~al reapnanae, but alge F}\ﬁr these alterations
are correl-ted quantitavively and temrarally, Unfortunately, kthe
majori' of rke ¢rudine {19 gupport of a rnle for éyclic—AMP.in smooth
mimels velswatior da nor ©a1€41] thia rvequirement, Cyclic—AMP 1c;veis
haye “aen  ften mapaured ar only ~na *rime poeint of contraction or

.

rrlavat{ion, ~t onlv one (oneontiation of the aganigt or under incubation
condirione wher the t'asue wrag not nnder a mechonieral "P"‘?{O"l('].,ls) .
ITnterp “tarion S rhe Y tveer ’g;ﬂ tona eyt 4 out te Aemangtrvatre the

EEREYR ryalawant efflapts o vc'[ir AMT yeved A1twutyrvl ch] e AMP have

.
proan A el e orer Lone ane- rynadng the shiltry of "he merlepatiden

PPN ¢ O Ni 1ct! ., an' auectiers coancrepning vhe eoffarva of
Vopds Ty s preets ta o fmoarftdies have hoon aecldam deolr with in f‘\ﬂﬂé
S T e 'heen D enirrale arding adecoeln . huatyrate, othory ourlearidec
ol g alkla aantaminagte Vave npot 'ren tegted adequataly(]'8), This
Prc itep da pacttentmde lopertact ag high qvnvu-o'yﬂ‘va' Yene (10D 41000'
T-" 1 " gher tha thn Dreodls et sl 1T el of ey VLU AMT v Al hutyry)

Ty have t Vo O T ' ' SR N A e A faythar
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complication arises because _F§clic nucleotide derivatives are also
'capable of inhibiting phosphodiesterase activity. TkEs a defivativevof
cyclic AMP might cause elevation of endogenous cyclic~GMP and vice
versa. With regard to the studies using phosphodiesterase inhibitors,
again, no clear demonstration of‘the relationship Qstween the relaxation
and the time-course and magnitude of the changesxin cyclic—AMP 1levels
has been carried ouﬁ. Cyclic~AMF is helieved to increase the uptake of

Ca2+

by microsomal fractions of emooth muscle via a protein kinase.
However, grudies by different Investigators have resulted in
inconsistent findinge: some showing phoshorylation and uptake of "ﬂ?':

others showing phoephorylation with ne 2+

binding or vice verea: and
rarely no effect nr phaephorylation ar uptake of Ca7“(]]ﬂ).

With regard o the role n ryeclic-CMP in sgsmooth muscle
contraction/relaxation, 1ess_/}nfo; trien {a availahble at the present
time. Farly atudieg rnréfod an  elevariaon of ny'nlir CMFP levnle

accompanving contractions  in smooth miecla produced hv a varietyv of

agnnﬁsts including prostaglandin F?a' Acetylcholine and alpha-alvanergic

agenta(11R). Further. it wags schnwn that oy wae peraczrrv far the
ah: 1o affarr. . On e haa! " Af *hHhaaep atndine ey Vi O gy rongfdayed
A A pediator o e et ! mua e coanrrgetd ia. Weer veey euheaquant
"'""li?"‘ Teme bty oA ” Veve s Adeanc 7 0, Rt sramy thee oty ae b 4oy
rroedaced and e ey T, 0T Jayel e Tn st dan . pityoglyeeyine
vl o vipyrantda an e vag ot vl gy rontaining rampmirndea hnove hern elingn

tooopr v la A |-rgo Inerveveen tn r'v(‘l"r‘—'GH}‘ (b\lf_‘ nt ~f ('Y('l.f'" AP'V’ W"rh an

Aoce e e Tavae e 1T 198, Theae agen - do "ot generally reguire
A

iy L th-ty cffoe' 3 o -yo]{r oMt le 1ol o, Thyge "'I"V‘q the 1 at g
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absence and presence éf M&B 22948, a potent,;nhibitor of éhe hydrolysis
of cyclic-GMP(lZ}). Acetyléholine, on f{ts éwn ca;sed a contraction of
the arterial strip accompanied by an increase in cyclic- GMP. In thé
presence of M&B 22948. the dose response curve to aéetylcholine was
shifted to the'right‘accompanied by a further increaséxin cyclic—-GMP
levels. Thus, a higher ievel of cyclic—-GMP was gssociated with a lesser
contractile resﬁonse. This study casts serious doubts on any role for
cyclic GMP 1{in the contractile effects produced by acetylcholine; it
suggeste a possible role on a relaxatory effect for cyclic~GMP. Further
support for the latter is provided by the fact that methylené blue,
while z;tenuating theqinc;;ase of cyclic-GMP prodﬁced by acetylcholine
in the thovine coroﬁarv artery, increased the contractile response
rrodveed by the drug(123).  Although an interesting association between
vralaxation and cyclc-GMP {n gmooth muscle hag been demnnstrated, no
definite proof for a cause and effect relationship is availahle at the
present time.

In summarv, it could be said that it appears likely that cyclic—-AMP

ta invalved {r the relaxation in smooth muscle produced by at least the

betz adrenevglec agoanigta. Howaver, 1t has nat heen conclnsively shawnp
that thie cyrlie nupeantide {g an abgsolute ne-nasaity 1+ the medfatior of
the relaxart fan, although the agsociation 1e fRtrong. With regards tn

cvelde - CMF, much more wo'k has to be dene haefore any cenclusion can he
arrived at. Forther, 1t {a not likaly thet all smooth miscle relaxing

Arngs would act through a cyelie miclrot{de me hgetam,

AMRENERGIC NRUROEFFECTOR INTERACTTON
Srveral ewcallent reviewg on the subject have bean publighed during
recant vesva (15 77 .120). Almogt a17 hland vegaplg are innarvatad with

toar ganglt v - evmp vt hatr oo vavgee Alihangh the daneftyv ~f taper \.'qtir'vn
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varies widely. As 1in other adrenergicailx tinnervated tissues the
7o ‘,72 . .

ability to synthesise, store, and release 'nora;ftenaline resides in the

adrenergic nerve terminals found in the walls of the. blood vessels.

Transmitter synthesis and storage (Fig. 10) »

Noradrenaline and adrenaline are synthésisgd from the precursor

“

amino acids, phenylalanine and tyrosine(130). The sequence of events
. : : UQJ/\ ‘-".‘
has been confirmed and the enzymes involved l%ﬂentified and

charécterised. Tyrosine, which 1s generally availabié'jin the body
fluids i8 taken up by the nerve terminals and cnnvgrted to 3,4-
dihydroxyphenylalanine or DOPA by the enzyme tyrosine hydroxylébe._ This
Enzyme, present in the neuroplasm, ;°gulates the binsvnthes?§ ‘of the

[

catecholamines, ae rhe hydrqu]gf{nn of ryrngine is slowar than& 'thP

v

subsequent steps. Several physiological mechsnisms are precent bto

modulate the activity of this enzyme and thereby regulate noradrenaline
synthesis. Tn the next step 1n the syntheric pathway DOPA s
decarbaxvlatad to form dopamina in the nenroplasam. The dopamine {s then
taken up by the gtorage vesiclas contained within the adrenergic nerve

andinga, whavre v {g ronverted to noradrenaline 'v rhe enzyme drpamine

B-hvdrosiylan-~, Aa Tapamina f hydrovvlaae {e ot rregent in the
V‘O\lYO[\]an‘ "f\pnmi "we maigt bhe ",ql'nn np t"f(\ fhp vesfeoln h(\"nrp
naradrangline ecoanld be fovmed, Tn rhe adreanal wmedu'la, meat Af the

noradrenaline leaves the granilas and {r merhylar- 1 {9 the cvtarlasm tn
Adrenaline and 'hen rgmahtpra a diffavent grovp of fntracellnlar qtarage
veajecloeg, whevre {t {ig etored until released. In peripheral avmpathet i~
nerve cndivcas tha enzyme phehv]ethannlam#ne N--mﬁr}\y1trn.ng(prago(PNMT\ in

atsenr a1 rh pripcipral trangirter fa noradrrnalire. However, ' ont

Y'-”xy PR ! Y ' Vrmeme d EEEEE TS N Wt e o o M o
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C—CH—NH,
H |

COOH
H

o H
HO@—C‘——CHz—-NH,
OH
HO — —
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Figure 10: Summary of the steps in the synthesis .of nqradr;_en&liri‘é and

adrenaline in the sympathetic nervous system- Steps 1-3 take pi-:;a:c'é.' in °
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consist of adrenaline; this probably reflects adrenaline from the
circulation that is taken up 1into the herve endings (wheﬁ plasma
concentration of adrenaline 1is raised) and released subsequently

together with noradrenaline.

@

It should be noted that some of the enzymes involved in the pathway

of catecholamine synthesis are quite non-—-specific, capable of acting '

3

upon many other endogenous substances as well as certain drugs (130).
For 1instance 5-hydroxytryptamine (5-HT, se?otonin), tyram%ne and
histamine can be produced by L-aromatic acid decarboxylase (or DOPA
decarboxvlase) from ﬁheir corresponding amino acids. Ty*amiﬁé, in turn
can be oxidised to. octo?amine, the phenol analague of naradrenaline:
while octopamine 3jg pregent only In emall ameunts  in mammals, it J<
probably the major adrenergic neurotransmitter in certain ipyor;ehrﬂre
species. The antihypertengive drug a-methyldnapas 1s alan metrahnliged bhv
this pathwav forming a-methyldopamine and enhsequently the ‘falge
transmitter” a~methylnoradrenaline. The enzymes involved in the "pathuav
are probhahly syntheaised in the perikarvenal ecall hodies ~f the

adrenergic neurnnee and then transported along rhe axnns ta their

terminals. A slow tranapart ecystem (1 tn 3 mr rer day)d and a fast (1 tn

10 mm per haur) gyatre s hg o Yaen 1iosimant ol 'L'Vroﬂ' = b 'roxylasce f-
hoal{ievead 1 v M aa t Yy !l o gar Yoy oarvan A s Qv e’ anm and q pv\m|np—ﬁ
hvArawylage the factor SRR RN Micrvrart haylay yetoewm preoc o foo 0100y
mrvorlav a v le 4o rhig Caar Franpeosrt cyvarem (130 ] 1)

Qoyer-1 morbaniame ragutoag e the avnthaeaatlae naradyennlfy, via
moadultat i of the ryragine hei's yvvlanaa nerfulry alrhery fon the ahert tepm
"t o a long~term basie! 73D Firat rf\e ond product i‘jlc)';f‘a(" ARURR LY

medrtarea the artd [rs o phe caevan by Cenad haol fab0n ny 1, Wa e
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mec his_m may account for Ancreasefl activity of the enzyme with
aécelerated synthésis of norad’i'@line during nerve s'timu."l.at:ion;' Th;e
total peuyronal content of no;adrenaline need not necessarily be
decreased for the enzyme to be activated: thus a specific compartment of
néradrenaline in the cytosol probably parti‘c:_lpates in this regulating
mechanism. In addition, the influx of Ea2+ that takes'pl{ace during
nerve stimulation may also~ induce the  enzyme. This'may help tc;
acéelerate the synthesis of noradrenaline during continued symﬁathetic
nerve sfimulation. Trans-synaptic mechanisms may also inhibit (via_ pre-—
synaptiec a, receptow. or activate (via pre-synaptic B-receptors) the
anzyme. Other co;ﬁoundn such as angiotensin, prostaglandin .and.
aceatylcholine ton mav regulate the tyrosine hydroxylase activity in a
similar manner(lBO).' Acute (s,hort—tet"m) regulation probabiy involves
allosteric effectors that alter the affinity of the enzyme for co-
factors, gubstrate or end-product inhibition. Long-term regulat*lon
occurs by other mechanisms such as alteration in the synthesis of the
enzyme an;l covalent modification of the structure of the enzyme. The
. . ko]
effect ¢ thase long-term mod'uluations nsually takes a few days .to
develop, hut they can pérsisr Fof severnl weeka: the delay probably
7o era the ti{me required for tranaport of newly ~ynthesised enzvme
™ cell hodv to the nerve terminnl.

Horadrenaline contest nf the wp?l,g» ~f bhloed veggels rangee from
n_on u;{/g‘ wet weight in +the rat anrvta tan nearly 10 ug‘/g wat weight 1in
the @ninea pig wterine arréry(T). Althaugh such measurements may
provide 3 rongh indication nf rhe density of adrenergic inqervation they
ran he mi.éleédiﬁg, ’enpeciall.v when ;xvfeésed as a function of tissue

IR X N1 TN Ny g\drénq1(“9 Fraganr LR adrenmrg{~ narve end,iﬁg-g ia atared in
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" granular vesicles (also called stgrége ves_icles , dr dense—core vesicles)

with the vesicular membrane providing prdtection from the intraneuronal

:

enzyme monoamine oxidase. The noraﬂrenaline in the vesicles 1s

complexé& with ATP and proteins; of which chrbmagranin A is the most.

important. ATP and notadrenaline are presenf in é_molecular ratio of
1:4(130).. Dopamine-B-hydroxylase is also present in the vesicles. The
vesicles, at least 1Im their 1initial state, avre bhelieved to be
faynthesised in the cell bédy and trannaorfnd down the axovn,

Two types onf storage veeicles can be {dent{fiad hy electron—
microgropy in adrvenerefn ner;e endinge; gmall dense-core vesicles, 30-60
nm 1in  dfameter and the large dense-core vesirles, 60-170 nm 1in
diamater(137) The large .dénse—core vesicle can constituyra S-S50 per
cent 3nd the ~mall denge--rnre '%esivla S0 05 per cent of the vesicle
population {n an adranargie nerve términa1, although the latter
predominate 1In mnc; ~aqea, Tn generai, tha largaer oanimals seem to

rossees higher numberg ~f large denge-core veasicles In their adrenergic

nerve andings. Tt should he nnderstood thet s murh gmal lar Bercontagv

nf large dense-core vesicles .may provide 2 larrme ~ore i lume ‘{.e
stevrace c(apo- tty for noradrveral{ice) at the nerve crling o haam  In o«
nevve ending v ataling 1Y 1R et et Tayge yeafelpn and A% 00 pPeY  scent
am 1)1 wpel Tae vh. enr~ vaTeme Fay thon e tvpeea N \9""“’" ‘Ppeay to
ha aq00! I man, the 19!’gp ~»ai legq mav Compr'{qp vty 80 D pary cant
PAX N 1 TR AP P | at oy agees ~anpacrit: Iv covetalin 'nivnn:.:rq'r vari "Q(’fi"!}(‘?’)\.
Small wveginle~ rro halloged v+ ~hntain up te a 1ON0 a4 e tae of
noradrenald e v v yent.ils Wile n» '-v-gp verleYe "mac (o aln ap te 17 D00
melergloa T ridye rar ety LR FARNEEEETS I X SR P RITATI I TP Y BN |

1

L meovgias oyt ! ' . o v, ] [N v 1.
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densicy peak of noradrenaline is enriched in small dense-core vesicles
and the high density peak is thought ‘to correspond to the large dense-

core 'vesicles, the <.correlation between electron—microscopy and the

biochemical methods 1s by no means certain(73).

»
-

Transmitter release

The stored noradrenaline may exit.from the nerve endings via the
neuroplasm or directly by exdcytosis(ls) In the resting state, a small
amount of‘ the stored noradrenaline diffusee into the neuroplasm
continuously through the veeicular menbrane- Most of it 1is deaminated
by the enzyme monamine oxidase (MAO) to 3,4 dihyhydroxyphenylglycol
(NOPEG), but a small fraction escapes intn the synaptic cleft as intact
noradrenaline together with DOPEG ‘and the other metabolites formed
within rhe nerve ending. The minute amountg of 1ntact norédrenaline
1eaking out produce minfature excitatory junction potentiale which can
be recorded. _Eoweﬁer?,;he amounts re]eaned are usually not great enough
to produce any active renslon In most arteries. Drugs such as tyramine,
amphetamine, ephnadrine and' guanethidine are taken up inte the adrenergic
nt~rage vesiecle and lead to rh" Afgaplacement of the r\oradrenaline bint:o
*he netiroplasm.  They probably e-art their effect by having a greater
ffinity for rthe atnrege prateina rthan noradrenaline(15). As with the
apontanesuslv lenting tranemitrer  part of the displaced noradrenaline
fs deaminated te NOPEG hut a aireable fraction 1s released as intact
noradrenaline to preduce affecta of the smooth mnscle. Pharmacological
Aigplacement of rhe tranamittar, unlike the exogytotic process, ig not

dependent on an 1indrease 1in neurop1anmtc»£ree‘Ca2+ concentration. As

the indirartly qcting syppathomimerie drugs.have to be taken up into the

e barmtasl by -.,-v-.l,n' {ome kq;]qw) hafoare thevy ranld axert their
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effects, their action is blocked by inhibitors of uptakel. 6% the other
hand, inhibitors of MAD, by preventing the deamination of the displaced
noradrenaline, potentiate the effects o6f indirect sympathomimer { ~

agents.

™

During increased sympathetfc activity, propagated action po;ehtials

ébreading along post—gangli&nic sympathetic nerves resulr {n the faléase
of nnradrenaline 'w ewocytosis at the adren;rg{: rarve farmine'e. At
the nerve tarminal the 1nurrd curra;r af the actior pataential e  ar {ed
by Np. and ('Tnn‘ fovg., Tnrraaee tn *ho nevraplaem! - "‘117. raanlra Jo tha

oxneyt naia nf the atorng: veal lar wyith relen~e ~f apvadreapaline qnd

nther vern{ienlar cnantentn fqu-h aa  the cnzyme  d nam! e ~ﬁ hvdy v Tane)

into the o-» neptie cl: [ LT tagpnlaatend amnnth  'mr ‘o . " rangmur al e e
atimplatin:: fvdne a roelenan of v adrenaldoe Yy _ewarytoa 'y, [
\
excitatfon of r*he Tyt yagmr: al nerveas vt oy gy 't » fgolate' ™ r..
Ll
with induqtion ~ e Aer . potenti?]n('ﬁ\ . "t qh v amilt 1 yiyv@ et ey
{enlatad " ammoerth megele oot ITning adyeaey o 'y ner v leading * o

depoalarization of the reyroa endings with rn~loage f the stored

~

naradreraline By excrvtoale: =a with an gef {on porentia A {nverd Ca

cnrrent A omp mmien ' "ire day W Tay te e oprad et by the 7 fona

friga ying 1} velo . [N N {Qo—€‘ U v e ' CLIEEE I Gt el
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¢haﬁnel blockers verapaiil,. prenylamine and D600- although at

;,‘ This

£

concentrations higher than the usual tﬁerapeutic ranges(137)

vasults in a decrease in transmitter release.

During exocytotic release of the transwitter, only a small (up to 5
rer cen%) percentagé of vesicles within a varicosity release their

~ontenta Furthar, any single varicosity does mnot respond to every

-

affmoluen by ralensing transmitters; thus the release is intermittent and

. <l e
helioved to orrur once aevery 7-8 action potentials(132). It is not

Yncwm whether the fntermittency of releace fn beégﬁse the varicosity 1is
net alvava {nvade! hy *the act{on pntrential, or hecause 1t ig 1néabéble
nf frry yafracrore Fa) trangmitter release for 3 finfte period of time
following releana anndvnna1i"° is released from both:large dénse-core

and  gmall denee~core veafplea during exncytosis. The releage of

tranemitter by ~woervtoaia from the "wg types oF vesicles has been .

nbhgevvad fn alecry oy micrggraphe takan following superfusion fixation of
fine gmoth m¢'  gtrips during tranemural narve stimulation(132).

Hovramey, there 1o o debate at the precent time asg to whether .each

veoisl releaser all its contente (tonra] -antent release) or only part
SRR mrents afth ~v vytngie (1 'rtial content relaagea)(73), Vesicle
te vy anTd ke . nw~f";nvv occyrrenta wirh  the latres  thaory
alth aph "t aqld s a wlaca ~an afe '~tal content relamen and thus
Aver nor apnfritnte o 'denca agatner +rha former, | There {s evidence

thet wead 1 i eveling ormrrg ot nerve 'orminals includihgfgﬁrénergic

aynareece du Ing tranam!~ter wel'gn'wﬂ’ 118)Y, F‘.Kkt_'race]lu‘lnr vmquers such- as

Prevnredigh g oravidass have hoan demonatiated inside vesicles Following
‘ter teres tndie 1 % trangmaral rerve stimulation.

»orly % Y mange  tne leferene(139)
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demonstrated tbat the adrenergic varicosiries contained approximately 93

per cent small ve='rles and 7 per cent large vegsicles: 73 per e¢ent of
W .

the former and ©9° per cent of the latter cnntained electron-dense

. LS .
cores. The core aires var'ed from 50-8" re+ cer* of the veafcrle

2

diameter +‘n rthe smal' denae <»ra vegicler 'nd war> mere uniform -nd
typ'lr'n]'lv mescrored R0 [\;vr coant 'n thae 1nrn v+ Adenac « vo vomnfelea. Tn

mugcle goagmente fixed 1mr “df{-rnlr {nallavring 'rapngmur ' ner 16 atimnlation

a 60 rer reon' reductior tn the q11 veal laa ~tth o "hnnﬂe ty the
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in thes mean perimeter of the varicosity fpllowing t:he f:ransmural nerve
stimylatian. (3) ﬁoﬁever. vesicle recyecling (or the formation of
entirely new vegiclee) at the cell membrane of the varicosity, appears
ta fake plare dAvring trapemitter release, as evidenced by the presence
%
of  hovmar=dish rarioxidasa {n the vesicles :f"ollnw‘lng the nerve
atifmularion . (4) Vormation of hew vesicles at the synaptic wembrane
N
aprear ' tp N)’r.\t'irmo frllowing the gtimulation period: the mean perimeter
nf the “arf-ogirfiea nan' the vesicular pumber returning to control values
during ¢ *ws  herr  peet gtimnlatdan perind. (5) Ref‘ﬁnishmﬂnt of

trenoamirrey o nyea in the yrafeler 4n nat dependent on 1~ vprtake Af

e Yvannline alen "nd (‘uv"iq r\:;r\fm stimnulation,

ATt vogh e Vy e V] Aenen ravra voealirlec wore Ahgerved L be
yoleraaad | IR I P ahaoye avd rhare beliov~ that Inrge~denan core
veerlolen ave alan Tawnl o0 In rrangmirtrar roelaase Nalenn a}ud

Haldo 760 1Y) Toimonvabr ot oA Yot the 'ndlvonr]v ,—;cf--ln't ':'\v"]pnrhom;l.mpf_"(r

agant: t: amins ead  eqaat Aepleat fooo oF v’-\var.|v~rvvr~lir\o from hnth h'jgh

and Voo iy Ty Fya ~ 1 an: te s 1ated From auer ~ar denelry pradientg.
' i ) . .o [ ! .
Fur’ ey | avme b Ve e it ¢ e g denee vare yericrle ove formsi at
- Coapt 1y moem i s s haagy e . croryteatle vyalonnn frooa rhe large
Toape: ooy . ot A B |',H)_ TR N AP B PPPS Thprtheele 1o that Adivect
X TR AR | EEY ths Yavge dcgna- - R 2 " A AL RTRE A I ':rvi('ns{rw gi‘ve&
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'.[‘. ' ) e ‘y"’f ce t, LI, iy '\‘,_.v 'ﬂ veovy [ ]0 """“nc.e
o e S g P hee e ' e g sont  timal( 37 The  foarme:r
Lot e min [ B TS SRR IS | by b fnaet thpey ey LI BB I Adopamine f
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correllation, or lack of it, between the released catcholamine 1'évels and

the dopamine-f-hydroxylase levels during sympathetic stimulation. As

both populations of vesicles contain the frransmitter and only one fype

contains the ~enzyme, the ratio of the released transmitter to the
re]er;ﬁed aenv.ymf.-* would d“;pen.d' on rhe relative proportions of the rwo
populations of vesirles: thia differa from risene tn tiggue as well =as
with the functinnal status even in a single t{ggue ae explained above.
Tha hypotheais ¢ould algn axplain how antigenic activity m'gh‘ be
retained bpfv"op *hbe large and  -~aal) ﬂﬁnse—qpro reginleg. At the
present time . the ewact ardgin of  amall «]onr‘nlﬁqro vegirlea ie at!]]
nncart afn Yarg>» denge-rare eefclag, an the nther hand, are krnown tn
ho farmed in the .f‘,»”, nozl el hedy  and trangported down the- awen ro the
wevva termin-l. May 'ng thi{a rAssage the vag{rala: contrent ~f
vor ~drengline incvanmea while trhe dopamine - f “hyvdroviy V1 aer activiry  and
'he ATY ecant-nt of the vee'rle 1emrin un(hanged(llsl).

Another contrnverainl area in neur tranemis fon in smooth muscle 1g
the d'fferent sub-cellular cowpartmenta ipynlvad in trongmirter relegace:
theae ' h ~alln! camp Yy rment o may he ATFCarant “vpeea nf vaaieleg (o g.

Torrge 20 amall dance cove), oa sub-paenlation of a2 gfoqgla type qof

vegiale fe g vee'rleg whi~h have gone throaugh 3 rycle ~f exo anf

- w - .

bndnoy;on'la “bv‘”{;q 1"';"[“1‘9& w‘.?h :mu::‘vtv;viqw‘\ir-&'nr, '\;wl rrv"Fr 'pvwffnllx'
rﬂ'laﬂlse'i\' 'y ri(F.fov en* [Vl)'\if- 232 LAY ';7!‘v1v:m{(-\"¢;v wirhio o anf;"lrr'.
Yy (""o'»'{"] relerea o F yard Ty dynyr o 1 baed A dam' vo- wag derconvaty 1 pd
feo - LT S IPEE I B PR PR B B N B Toapty st aY (T4 Aema ot caral b he
mema . Lo adyaaay e, T A ', [P B, S eple o Tr thq-
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nerve terminal to 14

1I‘C-no'radrenaline

at a high frequency (30 Hz) resulted in release of
having a greater specific activity than that found in the spleen
indicating that the ‘newly synthesised noradrenaline 1is selectively

3

released. When spleens from cats which had been ‘treated wjth “H-

noradrenaline (insgeadb of TaC-tyrosine)( were perfused, 'the specific
activity of J-noradrenaline initially was similar to that 1in the
spleen. With continnous stimulation the specific activity fell to about
one—third that ¢ound {ip spleen. 1If the perfusing solution contained a-
mathyl tyraoeine (an {inhibitor of noradrenaline synéhesis), the initial
relegge was not altered. At Jater timee however, only about 0ne~tﬁird
ae miueh neradrenaline was rélegsed and the specific activity of the
releagead a'"*nrradrona1ine was Rimiia; to thar 1in the spléeh. These
regulte anggest that, during rontinuous tapid 9r{mhiatibﬁ, it is fﬁé-héﬁ
syothe~ia nf the tranamirter which plavg the kay rnle ;n maintaining a
atahte ouvtput of noradrenaline, T+ should be noted thatr, experiments
comparing the aperdfin acrivity Ff releasef c?mponpds with that in .the

A - R

~nY gan faro a namhbhe? Af ATfEd (‘:_!‘.]].,f"j_ye:s W‘-’T‘l,r“h ) may’ Yead - go » efronéddg

o~

fiodings(173), For inatance; rha homagenication procedure .(utilised 1in

maaruricg ‘he apac{fin actisity {n tha tigsue) used may lead to the

ralaaqe ' the tra- smitrer Mecharic~l ashearing that nerre endingg are
c.:vr"nq’bﬂ “ d>“1| Tyoer 1 foeao A'F"Upt‘r‘" and homogenjzgr{nn FARR] (i tha
. v,
preaen o vk “n [ | eyay e *he ve\lpnqe f\f trnpcm"tp' fFrom n \qrqo
N B P P
A atyds b Huzher and Roth(143) (p the tabbit portal vwein and vdaa
B R - ;
) g . - - . -

)

1nfo vt viald ' o 1 fave v o yeevlr® from the stivdy  of Koptr et al

B L TR e et o ¢ N R LA JLAY AR SIIE BETNNTUIP N [PT WO I I

C-noradrenaline). Stimulation of the splenic nerves
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using a combinafion of 3H—n6radrenaline and 14C—tyrosine. The out;ut
per pulse of newly synthesised rZ’C—norac'l'renaline remained constant as
the train length of TNS ‘was inﬁreésed whilé the output per pulse of 3H4
notadrenaline increased under fhe same conditions. Tﬁis phenomenon was
independent of the stimulus frequency. Thus,'ii thié study, the newly
synthesised noradrenaline did no; appear to be preferentially released
during stimulation. Alth0ugb this study, too, is not without criticism,
it is apparent that different sub-cellular compartments of norddrenaline
exfgts in adrenergic nerves. Further, thege compartments are prohbably
mohilised " in a different{al Ffaghion durirg atimulation  of  fhe
sympathetic nerves.

A model summarising the charaeteriatice of ~atechalamine syntheciqg,
catechalamine porls and permeability wae put  forward hy Kiein and
Lagercrantz(132). According to the mode] the larpge dense-core vesicle

is belleved to contafo two noradrenaline prols: A readily saturable

fasthelease'pooJ for‘newlyvsynthesjsed anradrenaline, which exclusively

- -

accﬁmwlapes,{n this pool and a slower release, ATP-facilitated uptake
pnal. The fast rnlease prol mdy be localized at the veef~wiar memhr ane

togather with the enzyme dOPamfve~€~hydf8xy1ngp whirb {e¢ loraliged at

- -

rthe {innar evrfage of the vesicirlar memhraqe. Papamine {s rakan up inrn

.
this pnet by - high aff!n{rv.mérhnn'Qm whi - h v relative'v any' lantad hy
novadyecaline vl diese Yot Twe ATY D bhe ot he he 1 tha cleg
roleqaa oo takee  np navadranalina and H“rnm'”ﬂ by A Mg?l ATT
far{lfetated uptale e mtam where nnradrenaline nfoempetee very of fact {anly
with dopam'né.' The -éht»nql,mpmhraqn ton cnntajrr o cavrier vme '{nted
uptales f, "' ‘..i\ \{q f et Y ‘\,\' This "r""i° vRl m epd he Yarge
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slmilar, high affinities (Km ‘epproximately 1.0-1.5  pmol) for

2+ _aTp

noradrenaline. The -'small dense—core uvesicles too have an Mg
facilitated uptake system but the Km value 1s much higher (approximately

22 umol). However, the Km of the 1ntraneuronal metabolising enzyme

monoamine oxidase for noradrenaline is approximately 100 pmol. Thus, .

both vesicle types especially the large vesicles compete very favourably
for free noradrenaline in the neuroplasms compared- to potential
inaCtivationvby monoamine oxidasge. Further, a considerébly hiéhef level
nf free noradrenaline 1in the neuroplasm 1s also probably needed to
Iohibit the 1induction of tfrosine hydroxylase (end-product feed-beek
inhibition, see above), the rate~limiting enzyme in the synthesis of
catecholamines (Km for tyrosine >10 pmol). Thus the events during the
syothesis and storage of noradrenaline in the adrenergic nerve endings
can be summarised as follows. With the actlvation of noradrenaline
synthesis hy dopamine—6~hydroxylase‘1n the large dense-core vesicles,
there angueg a rapid, ' ATP-enhanced overflow of newly syntheeised
noradrenaline from the fagt releass pnol iﬁto the neuroplasm. The
noradranaline {in the neuroplasm 1is taken up by the ATﬁ—facilitated
wptake gvstem intn the denge~cora vesiclen, which may gave been depleted
and are resdv to he  ra-uged °ro which may bhe 1locally Fformed from
erecialiged endoplasmi -~ veticular elements in ;he nerve eerminals. With
the v°1ar1ve saturarion ~f the ahove vptake Iystem with noradrenaline,
naurnplasmiec levels nf noradrenaline would vrian amd  “turn-off"  the
tvr nqfne hydravvlnqn activity,

Althongh the ahove wentioned model 1{s bhoth a plausible and an

gtrractive snc. moate invesrigatiana are needed before it can be accepted

: 8

LIERE B |
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The noradrenaline released from the variéositiés.entéfs into the

<

synaptic cleft between varicosities and the sméoth muscle. The synaptic
cleft width can range from 20 nm in the guinea pig vas déferens to 1900

N4 .
nm in the rabbit pulmonary artery. In general, in the circulation, the

smhller the blood vessel, the narrower the cleft, although there are
exceptions(144) wikh the cleft in the canine saphenous wvein being about
100-300 nm. Although neuroeffector separatign is quite small (15-25 nm)

in most non-vascular synapses, there ‘are exceptions; thus the closest

neuro—muscular distance in the longitudinal muscle layer of the.

"intestine is about 100‘pm(553. The néurogenic response of smooth muscle
can be reiated to the width of the synaptic cleft and the density and
distribution of the nperve varicosities, Blood vessels containing a
dense innervation have a greater maximum response (in relation to. the
maximuﬁ responge to exogenous . noradrenaline). during maximum nerve
aciivity'and a steeper's]ope in the frequency<résponsg relation. For
instance;, in the rabbit proximal saphenous aftery and'iq the rat éortal
vein with dense adrenergic innervations,ﬂEPe“maximum~fespoﬁ§e to TNS was
85-90 ber centt ~f the waximum contraction produce& by exogeno*s
noradrenaline. Tn cantrast, in the rabbhit pulmonary arreri which has {t
nerves confined tn the adventitfio-medial junction with wide clafte, the
max{imim responge to THS wae approximately 50 per cent of that to
exopenone noradrenaline(145). On the other hand, a negative norrelatinn
1a F"“Bé betwean the {nnarvarinn density ;nd tbe‘ EDSO h;p. gxpggﬁous

noradrendline. Bevan determined the concentrations of noradrenaline

- RS .-
- b P

inside and outside the cleft diridg . the tfanéﬁﬂral

.tefvp'\Qf;_sgeady—stgtg;_gxpgenoug‘ noradrenaline. doncentratibg. In the.

rabbi;'pdlména;y}artgtygwithna:wyde_cleft;theltwo es;iﬁagéslwefé,simiiar

e P I — B T - g L R R s . . e -~ -

nerve’ stimulation- in:
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,”intrasynaptic concentrations were estimated as high as 1.5 x 10

-l -

with 1.5 x 10-7 and 5.5 x 1077 mo-l/l Ainside iand» outside the cleft

_respectively. " With a narrow cleft as in the rat portal vein the, L

-5

"-*‘while the outside was estimated “at 6 0 x 10 -9 mol/l during stimulation

- of the adrenergic nerves(llwb) Thus, a high transmitter gradient ‘may.

- exist- between the insfde and the outside ‘of thie neural cleft when the ..

synaptic distance .is small. This 1is probably due to a mechanical

barrier to transmitter egress with" alnbarrow eleft...,'l'hese studies, alsq.

../)nq\\g

mol/l_» '

-~ e o o

,suggest that the noradrenaline must be releaséd onIy from the ‘area- of’

the varicosity facing the smooth muscle, rat‘her -than fr—om. any' part *of.
. ] .
the surface of ,the varicosity as otherwise such a big gradient i1s

unlikely to be produced. It 1s this area only which is usuaIly' devoid’

of a surrounding Schwann cell sheath. It has been observed that the
neuronal ' uptake of tritiated noradrenaline (per unit noradrenaline
content) diminishes by as' much at 75-80 per cent with diminishing

synaptic cleft width(144). *

Transmitter disposition and termination of its effect

Diffusion, neuronal uptake, extraneuronal uptake, tissue binding

and catabnlism constitute the 1important rtoutes for disposition of

released noradrenaline at adrenergic nerve endings. The relative

importance of the different pathways variles depending on the density and -

patrern of innervation, and the width of the synaptic‘cleft.

In blood vessels with a wide synaptic cleft the immediate movement

Lo R

-
A

.-

"-"diffusi;on:_.'f_-H-owever, “in a- narrow cleft the movement is restricted

a -

. ,.witvhin"the' "clE'f"'t “abd ‘diffusion’ outward ‘can only -o_ccur,_ "from the .

. R

of the released transmitter into the perisynaptic area is governed 'by

-

juﬁc't‘{bn' ‘of ' the- synaptic_ sli_t_,.wiith“ the--- gene.r.al' extracellular space. v

s v el . .
- .- “ R e e, - .
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-;n-;,adventitial and 1ntimal Qides of che blood vessel guring TNQ has been

[

OnceAthe transmitter reac es th
directions;laltﬁoﬁgh-iﬁitially thdye 1s some tahgé;tiaivénd iong{tudinal
movement of thentrangmitter within thé rve plexus due to the scattered
sites éf ;élease. ‘The traﬁsmittér reaches either the tunica adventitia
or.the tunica media- by diffusipn, and its Aistribution btheen thése two

layers depends on their relative thickness and on their resistance to

transmitter diffusion. The éécape of* tritiated noradrenaline from the

1nvestigated by Bevan nnd 9u(146) in the rabbit/ thoracic aorta and

rébb{t:>ééf"értery. An isolated segment of vessel was perfused (to

egtimate the overflow of transmitter from the intimal surface) as well

. ‘ ~. -
as superfused (to estimate the overflow from the adventitial swrface)

with buffer solution, . during transmural nerve stimulation - after

labelling the noradrxenaline stores with 3H---noradvenaline. In the steady

‘ﬁéaté, in the presence of phenoxybenzamine, the ratio of {intimal to

L3

adventitial outflow was 0.1 for the pulmopary arterv and 0.16 for the

ear artery. Presumably in vive, fiuat as 1n vitrn, there are large sinks
at the advent:lt&al andl,'lnt'ma'l aurfareer the advent itial averflow nof
noradrenaline hefng carried awav via the adventirial capillarv plexue,
and Intimal overflow entering directly dinroa rhe cireulation. This

\

transmitter entering the cjrrularion constitutes the mest important
fraction of circulating noradrenaline (most ~f the clivenlating

adrenalinen.brigihétES ﬁrbm: the adrenal glands).. In Jisolated blood

vessels, gxudig&:'undei contralled conditions, there {s a linpear

“correlation between the ohaﬁgés'in overfio&’of endogédous noradrenaline

ﬂ,qnd changes ip the ggfeqtor response during activation of the adrenergic

!9 v w

‘nerve endings(L5;147)- Diﬁfusinn Qf tranqmitrﬁr aut oF fhp hlond yagsel

perisynaptic area it diffuses im all
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wall has not been adequately 'investigated in most studies cof . .

-noradrenaline disposition.. This is partly because of the difficulties

encountered in obtaining proper estimates for diffusion compared ‘with

the other disposition mechanisms. It should be noted "however, that the.‘

rate of diffusion may - exceed that of all other mechanisms.

" UptakeICneuronal;uptake)

e e e e e - h
CERPRFENEN -

Neuronal uptake or uptake1 is the active transport ‘of noradrenaline

and adrenaline into. the axoplaSm of the adrenergic nerve endings. This

S

is believed to be one- of ‘the ' main pathWaYS responsible for términation

of the action of ‘eleased: noradrenaline at the neural cleft. The

charactegistics of this membrane carrier svstem has been reviewed by
Tverson(148, 149) and are summarised below

1. Uptake1 process appears to bhave identical properties in the,

noradrenaline containing neurenes of the peripheral and central.

nervous systems and restlts from the activity of a membrane

P R S
° . . - N

- . L e s

'carrier sv3tem requf?ing metabolic energy (Note The dopamine
217

contaiping -eurones in the mammalian central nervous system have

a membrane carrier gystem analagous to uptakel. Hnwever; this
uptake gystem has 3 verv high affiniry far dopaminc and a lower

affinity for noradrenaline).

2. The uptake prorags is gaturable and has a very high affinity for
noradrenaline, the franspnrt constant or apparenr "¥m” baing
between 0.2 umol and 1 pmol {h most tat tissues.

3. ‘ It 1s stereochemically selective 1in rat tissues having five

times the affinity for the naturally occuring (~)noradrenaline

compared <with the (+)enantiomer. However, such stereo-

\ - . . \y., - P ,“a;

selectiviry seems ,to “be lacking  in guinea pig and rabbit

tissues._



A

about half of that of noradrena?l

[
Thé'néceésary‘struct¢r§1 requirements for upféﬁel are: (a) the

- . . ~

absence of bulky N-substituent groups (1soprenaline 157 not a
substrate) 4(b):ébéeﬁcé76f methoxylﬂgrOU§§ on the aromatic ring

ro . . E

'.(normétanebhrine and methoxamine are not‘substrétes for uptakel)

(c¢) 'presence of at least one phenolic hydroxyl group

(amphetamine, phenylethylamine, phenvletrhanolamine . and

norephedrine are not substrates). . . . -

3.

Dependiné on the abnve,hvariOUQ fubstances are takern up bv the

adrenergic nerve ending- with varyihg degrees of affimity, e.g.

metaraminol, a-methvl gnradrenaline, tvrnmin;; 6érhp361na,

Agrenaline is also taken up by uptake; and has an affiniry of
&ne.

As with moet other memhrape transport éVSfOMR for organic

aompounde,  uptake, {s temperature sgensitive (approximatelv

doubling of the rate of uptake for am increase in temperature of

.10°C) and can. he ‘inhibited ~by metabolic pofsena  such  ag

dinitrophenal and cvanigp nt by anoxia.

’ - R B 4
It f=a dependent on extracellular Na with a matrked rednetion in
v -
uptake whan rxvecryn=! Na  {nna are vemeved. Tt Algn reauireaa the
= o .
prefanacs of ] LIRS cepvcont "a"{on ‘nf v ‘Qv\q (p'\'~ yor Timar o Ve <
\ J
mmol/1) but {e fphibited by high ~oncentratisne of VvV (A n0

mmol/1). Uptake; 1s aleé fnhihited by inhi{birare f wemhrane

Na"/k* ATPase such as ouahain.

- The structure—aerivity relaticonships for fnphihition of nptal e,

N

can be gummarigsed ac followe:

(2) nffinfiry €or vrtake, =ites i Aderrmansd hy *he Praceonce  .f

3
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- & - :

bufkf ‘substituent - grogps on . ‘the - té?mlnél nitrogen of

phenylethylamine side chain, 'by ‘thé bfésehce?vof methoyl-

P ]

" Bubstituénts ‘on the ringﬁg gpd‘wby_wthe predencs™ of a;“ﬁjdrbxyl

"group on the  3;¢arbon of the -side. chain. °~ TFor 'the 1atte;

compounds, éffinitwaor uptake; sites is greatest for the isomer

covresponding to (-)roradrenaliné e .

-

(b) affinity is incéreased by the prkéenéévo?ABheﬁo}ic_hydrdxylA
groups, particularly in para—- and meta- positions, and also by
wethylatipoo of the a-rarbon of the side chain. 1In the latter

case, affinity is highest for the isomer corresﬁbndidng to (+)

amphetamine.

It should be noted that the structure activity relationships. for

L

inhibition of uptgkel by sympathomimetic amines ‘are not
Adenticsl with the requirements mentioned above, fqr substrates-

for the uptaké process. For instance, amphetamine. or. f-

phenylethylamine, which lack phenolic hydroxyl.grouﬁa,ﬁdo‘ﬁof"‘"

' appea¥ tn bhe sgybstrates for: uptake,, but are - nevertheiess

competitive inhtbitors of ?vagqédrena]tne uptake. -  This
guggests rﬁar‘ ‘such _compounds, 1ike 56mpétitive ..eﬁ;yﬁé
Inhibirora, are able f6 bind with higﬁ hffi"fty to uptake; sites
in the axonal membrane of adrenergic nerves, but lack the
further structural feastures nee&ed for the inward_vtransﬁort
gtages which follow the - binding. ' Alternatiﬁely, 'many

sympathomimetic amines may -‘compete "with novradrenaline for

bipding to the uptake, sites and thie may he followéd by =

transport of the competing amine iute the axoplasm. Thus,

indirectly . acting svmpatﬁpmimetic' amines notr only release

e

-

a
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noradrénaline’ from “adrenergic nerve-ending<. but they 3lso

potentiate the actions of the relessed carechnlamine by

inhibiting its re wptake, e.g. tyramina. .

Many other compounds {1nhibit uptakel apart from the close
!

‘éffﬁéturélv'ahélogues: given ‘abeve. - Tricdyelic “anttdeﬁfésééﬁts

such as imipramine, amitryptaline and deemethyliemipramine
(desipramiﬁe\ are potent 1inhikitnrs with the latter omponnd
being one of the most powerful finhihitors avatlable ar procenr
K
(50 per cent inhthition of 3" naradrenalin- uprnle v the rat
!
heart at a concentratinom of 10 mel/1), Other §rhihitnrs

include the Jloecal anaegthetic drug rocaine, adrenergic re-epror

P

bl("‘k’ing d;'u;zs ’ f)he‘hoxyiwé:r" ami ne- Es! A (\'v'rv'v'(;msv'n‘i V\;S ' the
monﬂaﬁ15ﬁ,ﬂxid=°; Tnhibitars franylrvpr o mine =t phenelaias and
the adrngery{(.l- neyrona hlocking druge b"Pt‘j"‘ fam and
g"anérﬁidipe- Uotate]_‘“ not *nhibi';d F; r¢<c[r{gv.

»

There apboarc te be k] tempnral digsa~ tarinn hetywean the
31(‘.('1‘03(*5" of tha v\gr Ve ""r'm"ln 1 an’l pfe rdpal li]" nke proc ok
with frhe larrey voraprira oanly whe r the pecrvar ] g’y s
prlarized (15 150) Tnothe gt e g vrap defaor e the gprel

of "W naradrrnaltdipe ve~ chera 1o T fahiwEe 1 by e iy la '

the affertnry neyruvac T o o quiapno v dependeny ap o0 iV \

Thea tyanemi{tt oy takon ap b the wyt Vo Frocnae Te airher atored In

1

the veelclea fal) dram’ nare Vo the venrep! yami oy Mt viee Fne

oxidace.

storage

.

Th?. noavad:ran-c 1 ine { t he ('cvvwr\p‘—yam to tyrere vt nl tn ' b

avlrtem by agr e 3y degparnd oA v [EATR A ie "

rrpe o ate ‘o . A I L RN B e
N
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dependént' on ‘the presence of ATP and Mg2$ and is accpmpanied by ‘a
splitting of rthe terminal phosphate groups of ATP. This vesicular
uptake system is potently inhibited by reserpine, tetrabena;ine' égd
prenylamine which are relatively ineffective as "Pfﬂkel inhibitors.
Reserpine 14 vprrticenlarly potent being effecttve in vitro at " a
conrent vation of 10 2 mol/1l. The vesicular uptake system too, appears
to hae tamv°rqruref depandent . enf?gy requiring and QterEOChémiﬂélly
nel cviya 1 \nnvri;qnalina. The ATP-dapend~nt uptake systems of bhoth
the large nod amall drnea  ~ra yeaicles have inwer transport congtants
"K'+ 1.5 umel and 10 jpmol reepectrivelv) for noradrenaline than the Km

.

of menoamine cxidas~ for no'~drenaline (100 ymod). Thwe, most of the

5
'

noradraenaline talen yp {inte the nerve terminal by uptakel presumably

goe@ hack fnto the vesic'ar vather than heing enzﬁmsritali} deéraded‘in_

v

“Vrerergie varicositiea.

Follaing frénsporf of the naradrenaline into the vesicles it forms

a terrsentecholamine-ATE compley (molar rartfo 4:1) with ATP, < This in

tirn miwv be hour' te *he sgolnble p- relin PhromOgrnnin(1<"). Thisg

voricrn! - Mrarage LI A TR approcr te e diatdinet f-'m the vesicnlar

upt al- e~ oyt ] (R ] ')'“v"'u hath Fanot {nang PRNEY inhtl irad by
vecerpiae 1TV "he m -t oy vf reec e ny rhe cngdonlo np"qkp
wme vty v v he somuet Iy e i) --'h"\nlam{nqg' e th: procence
Y A P e belamive cnocentrat fare in tha viainfry of the reserpine
voor o san e mpate i’ the 41 g [ATH "a 1 “her hand' orce regarpinea
hne et wnet D gt v he T age evat ey the "9tvrey remair - Irhib!ted
v s Vo preacare AF wayads analfne Thet . *he infitial arrion (nn
rhafenl g vpralke) W vr\novrl-w; ' ¢ eorafibhls Ky the 1l ey acrlay T an

v Vv PROL T N e T O ey 1! - vy !
ag v o v
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the arrival in the ~lrenargi~ nerve terminal, of new vesicler (from the
neuronal cell body) ot affacted hy the drug(152). However, it ia not
clear as tr how the a"'va']. nf ~ relarively few new vesicles rould, by
themgelves, allow the almost ~nmplete restoration of the uptake
! »
funetion, The gatorag: ‘uanction n the vesicles exhihits - greater
qtruectraral gpao{f(é"\' ne  comp2red with rhe vegirular uptabts - amine
which 8 relati~'v n n-gpectfir. Stractuyral v pelrgmente (v atnrgge
in adren~rgic ve~ferlag nre pbhernylathvliminee with 2 f-hyd enwvl groap and

at leag' o~ne heaaot i, 1t sap . Tve ma menle algn mgeiet hba af the caprieer
r b4 n c

aprical ronf agur o~ vrapirding to theat of 7 neralrenaldine/157), e

app- v thoar ey v gre Ty ‘en, nc o ced o Fhaa rrtalre for v of
the veaf v t e P ':~| S e e (o (] vy membr 1) t+he
aha~lute 1At - wyin ot (A Vo ' Yo iy I | A hoet
pn"adrn':ﬂl"\q' Saran o 1 B D . e LIRSV I
ta chyeo Terpeo o . ' o : o,
vl J i
Tt T f [ 1 v !
!
A fogn~ Vot t Pt
nor Ve o : PN . o [N
covdingn YR : o s e o
. , ! . : ) N
B
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v

deaminated metabolites especially 3,4—dihydroxybhenylglycol(DOPEG) is
reduced; DOPEG iQ'fprmédvby the action of monoamine oxidase (MAO) on
the noradrenaline, subsequent to uptakel. 3) a moderate'augmgntation of
the contractiie response totiow—frequency stimulation océursg- there is
" usually no augmentatiéﬁ with higher frequencies; this minimal effect 1is
prﬁbably due to the fact that upt:ake:1 1s inhibited Qduring sympathetic
nerve satimulation in a freque;cy _dependent mannér(lSl). Thu;:V“an
uprpkel inhibitor may not change the tr'}ansmitter. concentl;a_tion at t.he
qv'mr.\fio cleff‘ during nerve stimulation to any abpreciablé degree. 4)
the contractile respénse. however, ftends to become prolonged and the
ralaxation dolayed: rhia neevrs as uptake, plays an important tole i;
removing the tranamfrter from the receptor aite once the stimulatiéﬁ 1s
Ferminated, "lnckade of rhin would lead to a prolnnéed effec;,while nét
atgnificantlv nff;~fiwq the "magnitude of the concentratioﬁ of Eﬂe

"rdlrenalice (and thue the mac ftnde of tha contraction) a2t the cleft.

et ﬂlrc‘ T9hihit hre rloc¢ Pt eantfara the vregpeneees ro evogenous

rntache!am! yea The mognitale f 1hitqg por'nvﬂ"[ar{rn\ t~n depende on the
Aev -ttty of Tan svatfon and ¢be  wfdrh of tte vnaptico ~left nnd also on
the pavtfagla catecd Ta s aradl 101 00) Thue "ptabe, inhihitare
e wtlete ‘h, NN Sl ey ane T Tan b g groeter ovtont than thoee
o N R I BN [ O AV R vy rlf oty Fory Yoe g ;'alte rrocesq.,
T PV ¢ 0 f e ' e e tint e s e w1 anly neeyr F
e fo0 S coan d T e e T Yy 'Y W agopnigt 1e -
e g T g Sty it e b Ametoar - Y gﬁé:'féfgonist
il

P I R R R pharma 1 w100 reapone . T v Cange ar ﬁc‘h d;)takel
v " vat\‘rn'n*. that 1g 'F',Dg(, v g R r"*fe1";af{'01;1 will

.

' . , .o . .
e nl [ — {._‘ PR - o L LI "f. * . neatagt
only, o fec t
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in tissues wuch as the cat nictitating membrane with a dense adrenergic

1nnervatioh;" and - not  at. éli in tissues’ lacking sympathetic

’ihneryptiqg.' Also in tissues in which the'neﬁrohuscular interval 1is

o<

e

smaly;thebpofent%atigggby %gtakg&ninhibiggrg will be-greater(153); the

-~ w - . PN

_yptakel-~$roqe§s rin general would significantly alter the cleft

«

e ’3:' 3 .
concentration of noradrenaline only. in the case of a narrow cleft in

spite of the fact that the rate nfwd{;%us{on of exogenous noradrenaline
into a narrow clefr would actually be legs thar thar {nto 3 wide cleft
(see above).

In addition to the abhove, the route of adwministratior of the
catecholamine mav playv an {mpartant rnale §r  the magnitude of the
porentiatiaon produced by nr\"ake’ {rhihition in {cnlated hlnod vn.e,‘;nlc.
De La Lande et al./1S4) 4n o gtudy on the fenlated, rerfused, rentral
ear artery of the vrahhir, demnngtrarnh *hat while cnceine greatly

potratiated the affects of ~xtraluminally administered naradranaline, if_

had 1irrln cffect nn the aengitivity tn {otraluminally admipiectered

novradr-aaline Svrgleal Intevraption of the ﬁymp?”“-}f"” svrrly "Q the
arteryv YA 24 Qave prrisr - the arrveryimen' a{malat ad the Al f~ate  of
coeraine Joaer Ehed ahir a, Ceeedrnm trgalf b ad ay adgnd ! foa o affeont
Fallaaging ‘b enrprtenld Aevopre 1V H -y Thoanano Vaar nt{faonnm Ao ryqb by
ware Vg taynd e oy tVhamy the ot vatoar gl Ve f.‘”'|_y(]"”0r:‘ re Al A hian
[ B T th ! thoy Al gays §0 0 { e ma g bnt \ya 10 .~ Ay
{ta eoffer on the apooth wmie 1ae o Yy Tenire -t rne ot s plesaa
supplving t" medis of fthi - veowel o t.iasad da 4l Tryer oad et it fa
g ! F ELIE B v{n. ta vl e e nd v e T qld e wan' ' he e o A



media thus limiting the response‘to the drug. Cocaine and denervation,
by blocking the uptake process, 1leads to a supersensitivity to

extralupinally administered no;adrenaliné only. However, studies .using

.cocaine are. complicated by the fact that .the drug has a. post junctional

. . -
s e - s o -t . “ .. » PR - - PRI R

sensitising action in addition to the uptakel blockade. Thus, it

potentiates the respounses to the a-agonist methoxamine (which 18 not a

substrate for uptakel) in the vabbit aorta(l53). Osswald in. a similar.

study in the canioe lateral saphenous vein(l7), demonstrated that
cocaine potentiated. the effects of both intraluminaliy and
9x§ralum1na1]v applied noradrenaline to the same extent. This 1is
rrobably due to the fact that 1in the canine saphenous vein adrenergic

nevves are digtributed throughout the tunica media.

~;.,»°7 (Fwtraneuronal uptaka)

Thi~ da a trargport avetem for catecholam&neé, present in smooth
miecle, cardlac muscle, endothelium and certain glandular
ticeeues(14R 155K), This system has 3 much iower affinity for
navadrapaline and adrenaline than uptake1 (Km For‘(~)noradrengline 0.27
wmel and 252 nmol for ntptake, and uptake, respectively {n rat heart
tisaue). Hewever, wptak9? hsse n verv much higher caoacity than uptakol
althoug' 1+ Jg entuyrable. An the acenmulated catecholamine {s not
Fivrmly  votained hat  vonddly  meraholised by MAO and catechol-o-
methvlrrangfarase (COMT)Y, upra#97 fr not wveuwally detectable at low
~concentrations of catecholamines. Uptake, does nnt demonotrate a
stereochenical vﬂoolf1cjry far (+#) or (Inaradranaline ar adrenaline and
hag a higheay nffinirv For rhe Tortar, Tt hee quite a different

atthgtrate eperificityv from uprabn‘: taoprenaline, an amine not taken up

'" uaptala e~ hetter suhetrate than even adrenaline far uptakez. The'
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stfucture-éctivity relationship for the {inhibition of, uptakez by

sympathomimetic amines are almost the converse of those found for

/
uptake1(148); thus inhibition of uptake, was enhanced by N-substitution

., ~and. by ,O—hethylatioq,l,qurmetanephrine and metanephrine -being pofgqgr;

inhibitors. Onmn the other hand (-)metaraminol, a potent'inhibitor'of
ﬁptake1 had no inhibiéory4effect on uptakez. Phenoxybenzamine too 1s-a
potent inhibitor Tof ubtakezdalthbugh its usefulness as a tool to block
uptake2 1s limited due to its other actions such as blockade of uptake,
and the blockade of a—receﬁtors. Steroid compounds have also’ been
discovered as uptakéz inhibitors, f-oestradionl ané corticosterone being
quite potent. Uprake2 e less dependent on Na* jons” compared to
uptske, . The effects o% anoxia, }nnling and ATP deprivation are algo

not as clear as with uptake,(155).

Unlike uprakel. the role played hv uvtakez in the termination of

the actinmng of catecholamines released at sympathetic nerve endings 1s

1ikely to he minor, However, under condit{ions idan which uptakel is
blocked (eg. by administration of tricvclic anti-depressants) 'uptakez
may. assume a higger vole. On the orher hand, because of the widespread
distribution of uptake% sites 1in wvascular smooth muscle, and the
preference for adrenaline as snbstrate, it 1s likely thar uptake, plays

an Impertant role 'n the rapjd r2meval and dAnactiuartoa of ~dycecndlaring

~aterhnalaminea(148),

Same Tnclated smanth minele auech aqa the rabbit anrra and the rahhir
far arte y chiow g patentiation af the affects of vcafm’hnlnm'{hes wi'f,h
hlockade  of  aptake,(153) 0 slthogugh  the potentiation 1s mych Jess
compared  irh that ahverved fﬁlinwing blockade of uptako]. In the

perfaeed wahhis aay  artery. 1eepaneca ro  both iantraluminal and
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extraluminal noradrenaline are potentiated ‘and the supersensitivity is
not decreased by denervation or cocaine. Another important feature of

the uptake2 process is ‘that: in- contrast to the adrenergic nerve ending,

P RPN u-o---'\’.*’""“‘ d hE A
. .

St extrapeurornal.uptake has~ 1ittle or' ho %:epadity"f’or ‘8t'orage” of -Uncha ged"”"'"-'-""
.amines (Note. capacity for uptake is however, high).' The extent to
which 'uptakez influences the concentration of .catecholamines. at the
reCeptors is ultinately'dependent'oninetaholihhﬁﬁw éaﬁl;-ilhhsfiffébﬁlhv“
is‘ inhibited, blockede of -extraneuronal 'optake does not lead to
supersensitivity. These findings suggest that uptake2 and metabolism by
COMT, are arrauged in-series so that blockade of one process eliminates. ,L
the effects of blocking the second. Thus, fo; supersensitivit&fto'occdr’ .
“the agonist has to fulfill two criteria: (1) it must be a substrate for
uptake,. (2) it must be a substrate for the enzyme COMT(153). For
instance, phenylephrine, althougp substrate of uptakez, ‘1d  not
metabolised by COMT .as 1t .is thb a catechol’ compound. Thus, " the:
response of the nictitating membrane t0'phenyleohrine is not potentiated

by hydrocortisone, an uptake2 inhibitor.

Inhibition of uptake2 may have one or more of the following effects

on the response of blood vesselswto sympathetic stimulation(lS) 1) no,,

or modest {increase in the overflow of 3H—noradrenaline. 2) reduced
-appearance nf extraneuronalv netabolites of noradrenaline - (eg.
normeranephrines). 3) augmentation .of the contractile regponse. 4)

moderate prolongation of the contractile response and delayed

relaxation.
Cataholigm(156,157)

Chemical inactivation of noradrenaline in adrenergic neuroceffector

syatems 1s controlled by two enzymes, monoamine oxidase(MAO) and -

Mo
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o -

catechol-o—methyltransferase(COMT) The enzyme'ﬁAO-whichicatalyses the.

deamination of a wide variety of .amines is widely distributed in the

body with the liver kidney, intestines, stomach and- aorta constituting B

2o -e

~rieh souroes(lSﬁ).h Itnis itber ‘absenf, ‘or preSent”ln very low amounta

r,..
&

- e,

" in skeletal muscle, plasma ' and erythocytes,- although_ it " occurs 1in
~platelets. It has ‘also been demonstrated in a variety of blood

vessels(15).- ";Despite ‘thigvfwide"diSCributiongf monoaminev.oxidases

isolated from different grgans in species show considerable differences

4 [

in specificity. The enzyme 1s located almost exclusively in the. outer

b d » R [EPa—

- membrane cf athe mitochondria, insidei cells. " The minimum molecular
NOT N 3

‘'welght of the enzyme has been estimated at 100 OOO .although it can vary

[

up to one million depending on the preparation(156) The enzyme exists»

i )

in two main forms MAO—A and MKO<E. - Ad?energic ﬂbrves contain mainly

Bl

type A and the vascular smooth muscle cells, probably type B. The total

MAD content of the rabbit -ear artery is reduced only 10 per cent by
1 c;}y

chronic 'sympathetic »dene;vation indicating the larger.'size*:of the

extraneuronal. stores. of the, enzyme. However, this relatively small

amount of neuronally localised MAO, metabolises the tranemitter released
at the nerve ending ahd is thue‘functionally important in the adrenerggc
neuro-effector interaction<73). Extraneuronal MAO {s effective only
against high concéntratinns nf noradrenaline, HAnd {tg inhihition' has
minimal JInfluence on the responses tn endogensus or exogenouq
naradrenaline(73, 15R),

The enzyme COMT, 1like MAQ, is also widely distrihuted in rhe body
including the  brain. with high concentration 1n  the liver and
kidnev(llﬂ}. Hrwever, unlile MAD, it 1is Jocated in the cytoplasm and

bag na ealacrive asgoeciation with adrevergicr nerve endinga. Meet nf the
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»rpresumablyv in the vaSCUIar Smooth muscle cells. ‘Catabolism of

COMT actiyity of . .the. blood ' vessels 1s ‘extraneuronally located, -

}~‘.~

catecholamines in the body results from a: combination of. actions fromi_
: the. two enzymes’ at> neuronal~'and -extraneuronal sites. T Oxidative'

deaminag}on of noradrenaline by MAO results in the formation of 3 4-—

- v e o .
*'z.,« > e @ . & -~ e e - - - © .-

dihydroxyphenyl glycoaldehyde (DDPAL) " 'Thé ° AIdehyde metabolites * of
catecholamines can be demonstrated in vitro, but are rarely detected in

tissues or urine. This is because these aldehydes are immediately

ey
. - . - -

metabolised to more stable products. The'oiidation~offD6PAL hy aldehYde:

dghydrogenase 1eads to the formation of 3 A—dihydroxymandelic acid -

.-

(DOMA) . The reductjon .of DOPAL by aldehyde reductase (alcohol

dehydrogenase) results. in- the . formation of 3 4—dihydroxypheny1glycol

-~
b

" (DOPEG). On the other hand, action “of COMT on noradrenaline results in

A

methylation .at the ortho—position with the formation of normetanephrine
(NMN). ‘The NMN may be acted upon by MAO to. form an unstable aldehyde
which in turn can be oxidised or reduced by aldehyde dehydrogenase and
aldehyde'reductase respectively. “This' results in the formation of 3-
methoxy—d—hydroxyman:e1ic :acid '(incorrectly called vanillylmandelic

acid-VMA) and 3-methoxy-4-hydroxyphenylglycol (MOPEG) respectively,. 3-

methoxy-4-hydroxymandelic acid ("VMA") constitutes the major metabolite

of catecholamines excrered in the urine. The corresponding product of
the metabolic degradation of dopamine, which cantains no hydroxyl group
in the @ide'cﬁain; i3 homovanillic acid (HVA).

A significan%.porrion.of'nziaﬂrenaline,soontaneogaly leaking‘out of
the storage vesicles in the. reeginé state and that displaced 'hy

indirectly acting sympathomimetic agents are acted upon by'MAO,vwith the

ultimate prnduction of DOPEG as the major metabolite under those



v . ecircumstances. Seme_6f'theinored:enaline that 1s.£aken?up~(bY:upcake1}j

following exocytotic release too 1is subjected to oxidative deamination

- by MAQ with the production of DOPEG and DOMA as the end pneducts. These

two compounds may possibly be 6fmethyla£ed (by COMT) in extraneuronal

.- 120 -

tissues with the formation &f MOPEG -and VMA. - Some of the nOtadrenalineif

€

: released durfng sympathetic nerve Stimulation is taken up by uptake2

T - : : P/ \a

into. smooth muscle cells as explained before.' This noradrénaline is'

degraded by COMT which is predominantly located extraneyronally with the
'"fofﬁefidﬁ’oﬁuﬂMNtt As extraneutonal uptake plays a major role in the
disposition of cirCuiatidg'eaEeehelamiﬁee; reiafiveiyihore’ﬁMN end‘the
?fher'two o;methylated prducts (MOPEG and VMA) are formed under these

circumstances. The relative proportions of the different metabolites

formed seem to differ not only with the mode of adrenergic stimulation

' (exoeytoﬁic release, displacement release, stimulation- by eircelating
| catecholamines) but also with tissue and Speeies variation(157,159).
Inhibitors of monoamine oxidase may have one or more of the
-following effects on the response to sympathetic nerve stimulation(15):
1) decreased appearance of deaminated and o~methylated deaminated
metabolites, - and moderate augmentation of the overflow of 1n£act
transmitter. ?) mnderete (or no) augmentation of the contractile
response. 3) modarate (or nn) prolongation of the eontractile ragponse
end delaved relaxation. In addit{ion rhev may augment and prrolong the
response to {ndirect sympathomimetqc a;{npﬁ and toe exnganous
noradrenaline. Analyaig of the effeats of rhese inhihitnrs are made
difficult’ by rhe Ffact that these drugs by rhemeeives can  cauge
pha}macnlegica1 dieplarcement of the stored éranemitter and farilitatre

the rélease apvoled " by Aadrénergic st{mtlarisn. Supercenedr tufre o



.ekoganus noradrenaline onduced by MAO inhibitors_ushally'occﬁrs oﬁly

.in .innerwated muscle. AMbreQGér, in the perfused rabbit ear artery

preparation, .nialamide (a MAO-inhibitor) potentiates the response to

.

extraluminally administered noradrenaline but . not. to hintraluhinally

appiiéd noradrenaline. These fih&iﬁgs suggest thgq~the supefsenaitivity

‘produced by MAO inhibitors 1s probably ,due to inhibition of the

neuronally 'Iocalised MAO, rather than htheA-extrapeurogg}ly 19&3113éﬂn

4

enzyme(153). Thué,hthe"ébbénéehsitivity following inhibition of MAO is

more pronounced in those tissues in which‘uptake1 plays é.major role in
2 : .

)
.oa

th; disposifion;of.che tranpmittg:. B I o7
Inhibition of COMT by drugs such as pyrogallol, tropolone and
U~0521 may have the following effects on the response - to sympathetic

nerve stimulation 1in smooth muscle(1l5): 1) decreased appearance of o-

methylated and o-methylated deaminated metabolites. 2) augmented outflow :
e . \ . C

-

of intact transmitter and dea‘tnated metabolites. 3) moderafe (or ﬁo)'—”m

A

augmentation of the contractiig _ responsé. 4) moderate (or no)
prolongation of the contractile response.. They may also. augment ‘and
prolong tﬁe contractile éesponse of smodfh muscle to exogenous
catecholamines. This supersensitivity is probably due to the build-up
of noradrénaline in the muscle cells with resultant slowing down of the:
extraneurnnal uptake process, as the two processes seem to he coupled in
series as explained before. ’Canerselv, 1f extraneuronal uptake is
blacked by sternide, then inhibition of YCOHT does not produce
supersdansitivity. fn the d{solated perfused rabbit ear artery,
inhthition of COMT ﬁorentiétes the responses to both intyaltuminally and
extraluminally applied noradrenaline ro the same extent. TIn addirfon,

the efferta of COMT inhihitora are not affecr~d by prior treatment with



"gsensitivity to catecholamines is high.

uptake; blockers. These'finaings indicate that the supersensitivity is
prdbhbi&:.ddéj.CO the inhibtion of [extrapeuronal COMT rather than the

intraneuronal enzymé (c.f. with MAO inhibitors)(153). Superseﬁsitivity

following COMT inhibition is related to the sensditivity of the tissue to
the catecholamine rather than to the functional state of the uﬁtakel
mechanism.  This oc¢curs because the o-methylating system 1s easily

saturated. Thus, supersensitivity occurs.only in tissues in which the

ur A

Binding of catecholaminesvto connpct{ve tissue

A part of the noradreha1iﬁ3 reieasad ar nerve endings 1s believed
to bind to connective tissue. The role of catecholamine binding to
collagen and elastin was 1nvest1gared‘hv Ppwis(lﬁo). Collagen showed nn

specificity towards binding of eifther (~) or (+)adrenaline and

~ noradrenaline while elastin hound the (-)isomers to a greater extent.

Both elastin and cnllagen demounstrated two sites of binding: a high

affinity, limited capacity ‘site and a low affinity, high capacity

. site. Tetfécyclines”inhib{ted this binding, with oxytetracycline in a

concentration of ].0._A mol/l inhibitings the binding of noradrenaline to

A

collagen by 68.4 per cent. Oxytetracyline (10 mo1/1) wae shown to

N

potentiate tha amplitude of the regporse ol fhe rabhit ~ay Aarrarvy to

noradrensline and to nerva atimnlaticon ten and giy fell vacpertiv~ly,
As bPlond veggels contain a relatfyaly high prapartion Af claatin and
"01182"‘" (ayer 60 per ~ant of the Ary velight v aome veageled coanneect iya

tiaane binding nf catacrhalaminan e nld theonrarinsrally avart a
¥ ¥ g
cangiderabhle effect non the magnitude of the reeponecs to  theao

compound« Tn the rahh{t ear artery the po'-ntiation prodaced by

k]mnhf,,je ~Ff “DC"‘"“] LR | ‘"""'k_?'\ veye IB‘C" "‘S" rl\qn the pr\f_‘n'\"l;—"u'.

122 -



produced by oxytetracycline. However, some studiés did not show any

potentiation” of the_ responses to neural stimulatfon “and exogenous

- catecholamines by tettacyelines(l61). Thus the 1importance of the

connective tissue binding = of catecholamines (as: with the other

»

mechanisms of disposition) may vary depending on the tissue as well as’

-

with the relative role played by each of the other mechanisms in a

”particular tissue.

Relative importanee‘oflthe disposition pathways
Although the existence of several disposition- pathways Bf
! - o ' .

noradrenaline tn vascular tissue is well established, the relative role
played by esch in a particular blood vessel remains unresolved.in most
"Breparationsﬂ'l). The relative roles are partieulerly .amffected by 1)
the densttv of the adrenergic innervation, 2) the anatomical arrangement
of the nerve endings within the blood vessel, 3) the width of - the
. Junctional cleft,4) the content of collagen and elastin in a particuier
blood vessel and 5) whether neurogenic noradrenaline or ,circulating
noradrenaline 1is being investigated(15). If the cleft is narrow,
ubteke] usually plave a prominent role;” f {t ig wide, diffusion ane
extraneur~nal uptake assiume a greater role. The 1nvesti§ations designed
ro anawe; rthis quastion in a particular blond vessel are complicated by
the fact “hat JInteractinns hetween these mechanisms are frequent.
Therefara, controllipg one mechandam by 1teself may alter the magnitude

~f the vnale plaved by another mechanfem. thya confounding the rogulte.

Transmitter disposition in the canine saphenous vein

The relative role of the d}sposirio"'pathways 'n *he canine lateral
eaphennus  veirs were fovertigated hy Cu{maraec; Orgwald and co-

Terkere (17,172 143) . Tn these gtudfes the vprale, dnhikirion hy crenine
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s 4
(10-,5 mol/1l) shifted t;.he\ dose:-response' curve to exogenous noradrenaline
and the stimulus-response curve to TNS, to the left by a factor of 7.1
and 4.5 respectively(162). The difference im the extent of potentiation
between exogenous noradrenaline and TNS, which was s_i'gnifica_nt, may have
been due to the local anaesthetic effects of cocaine leading to a
deérease. in thé relegse of endogenous noradrenaline during TNS, Thus,
cocaine would have two opposing effects during TNS: blockade of: upr.airet
leading to potentiation of the contractile response and inhibifti-w of
release of the transmttter leading t6 a decreace in the reépqnse. ﬁ‘té
disc%ébaﬁcy between the extent of porantigtion of TNS ae compaved w@ith
exogenous noradrenaline could alan he explaired bhv tbe fart that uptélkel
is already blocked to some extent during TN® (np"nlra‘ ia halioved }n ka
not aperative when rhev nerve rerminal ie Adepelarized), Thia el d
result in a le'sser pnfenriaf:lon hv the cor=fne. The-. prtentiardicn of
:exngenmm rioradrnnal‘lné'rnspo-rv'ne.c fn ecnnine sgaphannue :‘;ehm was alac
proa'lﬂav‘ by gurgical denervat'm 810 Jdayve prier e the axreriment.
Cocaine had no further effart In thage weina Followiog *ho agqrgfanal

Aeneryation,

The authorr alan mogeured the 1 {pe vequired - NWalf solawanrion
follrwing TVS hy th~ {1 "mmerela. techendignet 7Y 1) Tocatna th o reaq o wd
thiga time 7 2 r{me-~ "Hhe apt nl'f-.) tohihivrarg 10 NG31 and 0 v *aw e he ' i
slgrifl-an' off'nsnt on rVa rima of relaxati n ¢ sape vivg Vot 0 Y aa
"Pt"al'o.) A ner yaprenoar {rportant pathinye fyr the oy viuar] . € 4.
reloaand tranamitra | 1 (XIS TENE 2P IR 2R B S e ?,.-{.1 e s A
Iprrveags too the (tur aaaded Tar Nalf o 0 oot o, CTwee prale R

Pl elrad l»\' Cgee ) T vl | \id ¢ e i LA T I

i
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increases in the relaxation times with prior cocaine treatment. Thus
both COMT metabolism and‘uptakez are able to -compensate for the. loss of
uptake;. This may, in fact, be due to the increase in the sensitivity’

1 T

to endogenous noradrenaline produced byx cocaing _resulting in " an
effectiva concentration raﬁge'fdrNthg‘nora&renaliné, at which COMT and
upraka2 Aave no longer satjurated as explained above. In summary, it -
appears that nenronal uptake represents the most imporfanf pathway of
w (na~tivation for endogenous noradrenaline in the ‘saphenous vein.

09qwsﬂ! et a1(17) aleo Investigared the relative roleé played by

the diffarant dispeatit{ion pathwaye, during the rﬂ‘]axatinn after . a
contractior  indueed bv .§§95§992§”.RQEEQFEQéliQE; bv  the otl"tmmersioﬁ
Fechofque.  Tpronta=id pre-treatment increased the time tn 50 per cent
relavation 1.f fnld whila ccraine and imipramine augmentad the time only
7.k Fn{é Tropalene (a3  COMT  {iphibitiy) éawqed only 1.38 fola

o jncranqm~ When rhe rhree drugs (MAO inhibitor, uptakel inhibitor and
COMT 1inhitfror) ware used {n  cambinarion (changing the order of

Mdirion) iproniazid adde! after tropolone and cncaine produced the

higgear py “Trngatian of the roelavation +{me. The anthnre coaneluded that

awidarive Tt pnat fon }- MAO wna the mart fmport ~nr pathway for
Hapoals ! on 'oespan e e At vafal fne In the canine anphensue vyeinp.
Worevay  when thfe vt Tam y1raa  tn cetfgstod hy gt ..qvg.-,g the - wtant of

’/
retenattarfan af phe o qet Tan 1o ragrs e ra'renalin: aa rhe tan]
o f YA Y gme w1 dead f et ,‘.n‘ ey ! o ey e LET PR I P nvr»—-'ag}

/
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per cent was metahbholiged. Deaminated o*mef}‘ylarqd metabeliteg (MOPER
and VMA) rebrenented_ 59 A,‘- per rent and marhylated' metahnlitog
(metanep-hrine) respresented n .rve' crent of the tota1"'n;etahol.1sed. The
*deaminated me‘gabo]{.;jon (DOTEC and DOMA) represented tha halan~s 10 rer
cent. Cocajr~ veduced the remaounl - f 1” “drenaline hy the rfaeus + R0

per cent of the eontrel salis. Thin vadquerion + a maatrly  f the

nometabaliced (» ared) fraection vhic wonld rvarqmahts e Vocare ' ie 1 he

adrevargir oo ye r.efmina[g. apd t'vwe hlebad 1o e eq i, Tere were n-
major ¢eh cgon {n the Propert i - FIf rent 0 ahal i . The oy !-n7
hlacrkor Tanevenrprf{enn vy ne o rhe onthe- hand fr: aaed the
ynratabal .. - € e § v [ /,‘s per 0t hiTn tadur - LI oy ti
met SWallaad, Forthey 0l pintayn of hiot o O mat toe I R R R R
the doantant od vomerhelarad met abhe 11 o4 e a0 A PN

the o wothyl <1 e fyoet oo +ra A oY e

T the aqpnas 0 1 qvatvannline fabeo poby the 0 aae W0 [ ol St
woa roetahgliemd with @ Per om0 remndning aa {neget o AR N e
dezmi-atad metabolitea (Do naysy repre tant o4 7 e o o
et b ! P(,\d' o gminﬂ -1 e v 10 e (MQPV( e v d e v . AN ot ()
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abolished with ‘a reduction also 1in the o—methylated,' deaminated”

fraction. TIn summary, it could be stated that¢déam1nation predominated

b}

fn the metaholism of 3Rmnoradrenaline and o-methylation 1in the
. el s

”» .

. k) - . P
metahalfem of H-sdrenaline 1in the saphenous vein, . The metabolism of

.

-ndrenaline wag markedly redurded by extraneuronal uptake blockade.

The atudy alen demnnstratad that.a significant amount of DOPEG.fo%mation
\

acenrrad axtr-ieuronally ton when higher concentrations (2.3 pmol/1) of
». N

the tririarcd ompornds. were used during the incubation periédd. Thus, .

in c¢ *rast ro mary other tfssues in which extraneuronal uptake plays a

minar vale in the digpogition of eateiholamines, in the dog saphenous
*' - ' » . *
vein 4+ plavs a aignificant ro’l~ 'n  dnactfvation of exogenoue
. \ = .

catacholarmtnes ngpecialy adynr\‘av‘[{np_

Yn 2 morn ocent gtudy Muldeon et 21(159) analyesed the metabolic -

froctinga Aurt-a TINS  fallewing labellire of fhe tissue stofes with 3H—
anr ~iranaline. ndar hasal conditions fntact noradrenaline accountéd
for enly ; amall fracrion nf the total ;ponténenun efflux of tritiated
mate: (a1, Th~ Aearinatad metaholiteg (DOPEG and NOMA) represented the

main fracet o wirh the amnvnr of NDOTRE heing 4-8 times that of DOMA.

The @' rmnl MOFF( na *he 1largen' cemponent among ‘he o-methylated
metabot 1 (MAFTE, UMA, NMNY and M® 1he emallest. During TNS the
amonnt  of e M e drenn' s in the aapnrfusate inareacrcd, and it
Capmed ths ‘ayge v frac tan ot froquaopst s of 207 and higher. Among ?:ho
meta' 11y IR ahe ced o moet « riling inrreng fArllowed hy MOFEG.
ooy T ' RV EERYAT L /AR | ‘v\rvcu‘n(' trh In reasng frequenecv whila VUMA
nhere? oo ! ! : fnerenca Tering  TNS fOllO‘»iT‘é hlarkade of

roet Wt Y et ety vl s feactiong increared

o~
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tﬁg other hand, the MAO-inhibitor pargyline produced a decrease of the’

total radioactivity in the:.basal state w;th'a decrease in all deaminated
compounds except DOMA. Howévér, the efflux of intact noradrenaline and
NMN showed a significant increase. During TNS at 2 Hz after pargyline
pre~£rearment. there was an increased amount of total radioactivity in
the guperfusate accompanied bv increases in 1intant 3H—noradrenaline and
NMN compared with the cont%ol state. The amount of DOFEG was less ﬁhan
in the controls. In this study the amount of DOMA in the superfusate

,

was consistenrlykleng than the amount of DOFFG, Thie Rugéenrc tHat, in
the saphenous vein, after deamination of noradrenaline, the formed
aldehyde 1is reduced hy aldehvde redyctage (ro the élvnnl NOPEC)Y vnther
than oxidisad hy aldehvde debvAdrogenase to the acid DOMA, An
alternative explenation {s that DOMA formation takeg place mainly
°xtran°wrnna11v. This would pxpfn{n wvhy en~3ine djd not reverca tha
efflux patrern of DOMA, TIn the ~age of the o-methylated metaholites,

the glycnrl MOPEG wng alwaye found in extess of VMA {in the suparfussre,
< .

Thug, here too the aldehyde reductase appears to rlay the more dominant

role. The o methylated, dearinated metabnlitor rnuld he 1 radired hv
either te norye t¢'m1;a‘ﬂ nr In the axtranauaranal tlicanem. Ag ocoine
augmonta rla apoked rirage o s methvlit el daamine o o~ e A ing
TNG (rhile Mo g ing {6 v o fF DOFRC ' P I B N T .
thage Voot el Vo : t . e bt . e,

e e,

Te EITIRYY R | bre cot e d Yoy '.: 2l cvperdme vt gt AT iatne 0 drd apa
cat orhalamine - the 4 patb )y axf{at s |', Alppes~ts o N [ T ‘n

'
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differe;t techniques are used to‘investigaéé the relgtive rolé of the
"disposition pathways. The studies by Guimaraes and Osswald(17) where
the effector response§ were invgsfigated, suggested a predominant role
for uptake1 ,and deamination bby MAO inl, the disposition of
noradrenaline. | The other,studieé(159,l635 Qh;re'metabolite fractions

L 4

were measured, ‘do not indicate a major role for the above pathways, but

stress the role of extraneuronal uptake. This 1s probably due to the

fact that the criterion measured is different in the two sets of studies
(effector response and metabolite fractions) and thus do not mean the

same in physiological terme.

Pre-synaptic modulation of transmitter release

Three groups of recepfors are generally 1involved iﬁ chemical
hourv;ransmission(lﬁb). 1) The receptors on. the soma"and dendrites of
the Jinnervating nenrnne which éetermine the frequency of impulses
catried down to the axon ;arminals. 2) The post-synaptic receptors which

. <4
recognige the rransmit;er and mediates the response of the‘innervated
calla, 3) While these Ewo’receptors would be adequate for the sysgem to

rroduce an effector response, there 1is evidence that a third group 1is

laratad en the nerva endinges modulating the release of the transmitter

and 'n acwe race {tre aynthesig. Thesge _feceptora are known as pre-

junecttonal  or pre-ayneptiec receptnra, Biochemical experiments that

ret:aapactively can n explained by pre-gynaptier receptors date bhack to
!

the 1950'=(145,167 " Sfnce theere initial reports a large number of

rrblicarione have copfirme? that a -adrenccertor blocking agents, 1like
phenn~r hanzamina,  fporeage the overflow of norepinephrine elicited by

nerye atf{mulatt . These Ffindinge were iInitiallv attributed to,

v Vlow a0 afr. f Y e v thg tranemitter at the - veraptnrg, the

v
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Biocking of neuronal uptake and the biocking of extraneuronal uptake by

'these a—adreﬁoceptbr blocking agents.‘ The first éf these possibi%ifies

was later found to be untrue and the other two possibilities, a;though

true, not sufficient by themselves to account for the-magnitude and the

patternm ‘of 1nérease in overflow of nQraArenaline and its metabolites

obéer&ed with a-receptor blockiﬁg agents., The evidence against these
‘ . .

hypotheses.hés'been reviewed by Langer(5) and Westfall(129), 1) Cocaine

and desmethylimipramine (desipramine) which are potent inhibitors of

W £ *

uptakel produce only a small increase "in efflux of 3H—n_oradrenaline with

’

nerve stimulation 1In contrast to phenoxybenzamine which produced a
mafﬁéd Increase 1n efflux. 2) a-adrenoceptor blocking agents produce a
further increase~ig efflux when added, following blockade of up;ake1 by
a maximal dose of" cocaine or dgsipramine. 3). a-adrenergic blockers
increase the efflux of noradrenaline in dg;es that do not block neuronal
upéake.- 4) The a-adrenoceptor antagonist phentolamine which.does not
block extraneuronal uptake also brings ahout an increased efflux of
- noradrenaline during nerve stimulation. Thus extraneuronal uptake
cannot account for the incressed release of the transmitter. 3)
Tnhibitorse of COMT and iJnhibitors of untake, such as nnrmétanephrinp
produce a emall or nn increase in rhe stimulation-induced effluv . of
noradrenaline. A) GD 131, A f hn]onlﬂv]amine aimilar to
rhenowvhenzamine, that {inphihits bhnth nptakae,  and nprabo7 withrnr
blocking @ racertrre p'r\dn"0€ onlv a ~lfaht {ncreace In the stimilation
inducal offlyx »f noradrengline(129). 7Y Aeccompanving the {increaged
afflux of vmrndrénél{;ie produop:i by Aadrovmrgic antag:miqts', an
in readed nverflow nf the 1nrraveaicglar enzyme dopamine-fR-hydraxvl-ae

tg nlee hen: 1 Sin-e thie enmymem e o vatliae lavpr w o Yamyle that tn
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not taken by uptakelior uptakez, or subjected ‘to inactivation in the

tissue after its ex0cytotic release, an - increase 1in overflqw of the

enzyme does indeed represent an actual increase in ‘Felease at ‘the -

adrenergic nerve terminal.

2

'-These findings led to the hypothesis of pre-synaptic regulation of

transmitter release at the adrenergic nerve ending put forth

independently by four 1laboratories in 1971(167,168,169,170). The

hypothesis proposed the existence, of a—-adrenergic receptors on the pre-—

synaptic membrane~ at the adrenergic nerve endings; these, when
" stimulated by the released noradrenaline, would lead to a- decrease in
further release of the transmitter, i.e. a negativehfeedback control of
release.

Evidence available for the existence of pre-synaptic a-receptors as
bropssed could be summarised asbvfollows(15;129). 1) A numuer. 6f a-
‘adrenergic antagonists Including phenoxybenzamine, phentolamine,
dihydrbergocryntine have beer shown to increase the. overflow of

noradrenaline during nerve stimulation 1in concentrations that have a

minimal or no effect on neuronal and extraneuronal uptake., In some

cares, but not all, the 1increase 1in overflow of ,nuradrenaline' is
accompanied b;-an increase in the effector responde in the preparation.
2) a-antagonists lead to a facilitation of the release of noradrenaline
from tissues (such as the heart) which are believed to contain
relatively few post-synaptic a-receptors: This suggests that the

raceptors involved 1n the regulation of the transmitter release are

located pre-synaptically (and argues against a trans-synaptic regulation

where the post-synaptic effects of the transmitter leads to. the-

formation nf a mediator suhstance which subsequently acts pre-
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gynapticélly to regulate the t;ansmitter release). 3) Phenoxyben;amine
has been showﬁb to :increase_ the stimulation 1induced efflux of
noradrénaline from axonal sprouts,of culturéd ggngiia where there 1s no
évidence of post-synaptic'Lﬁnervatioﬁ. \Thus, thé site of actior hasvto
be neuronal. Similar experiﬁéntS'wiﬁh synaptoéohes (résealed torn-of £

axon terminals) too suggests a direct—action. However, 1t should be
& : c

noted that'synaptosomes often have post-synaptic membranes attached, so-

a trans—syﬁaptic_action cannot be definitely_éxcluded(171). 4) High kt

(external) solutions lead to release of  neurotransmitters by a direct
depolérizing action on mnerve terminals: tetrodotoxin, the fast- Nat

channel inhibitor blocks the traffic of action potentials. Hence, when

a drug (e.g. a—agonisf or a-antagonist) modifies transmitter release

induedd by higbzgffin tﬁe presence of tetrodotoxin, it cannot bé aéting
by way of adéig:{potentials in interneurones or by an action potential
propagatéd down to the nerveltef?inal froﬁ the nerve cell body. It must
act gither on the terminals undervstddy'or on neigﬁbouring cells. This
model - has been wused to e#clude interneuronal pathways in the a-

adrenergic inhibition of nofadrénaline reléase(l7l,l72). 5) A wide range

of a-agonists intiuding noradrenaline, clonidine‘and oxymetazoline have

»

been demonstrated to decrease the thmulation~ihdﬂcéd efflux of
noradrenaline 1in a variety of tissues unrelated to a post-synaptic
effect(129). This effect can be blocked by the‘simultaneous use pf o
adrennceptor antagonist;.'

Further investigations on the a-receptor .mediated inhibition of
transmitter release resulted. in the discovery thdt pre—~— and post-—
synaptié a receptors A{ffered from each other in their pharmacological

charantorisrt(wﬂ?ﬁ\. When the two rypes nf receptors were comp‘ared_ in
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the same preparation, a marked difference in potency was..noted: between

different a-agonists on the two receptor types. For instance, in strips

of rabbit pulmonaryiarte;y(l73), methoxémihe and phenylephrine either h

~ did not change or enhaﬁced, but never reduced, the contractile response

to transmural nerve stimuiation. In contrast oxymetazoline, a=

methylnoradrenaline and tramazoline at Yow concentratfbns seléctively
inhibited the response to fransmural nerve stimulation. The rank order

of 'potency for the reduction of stimulation induced efflux of ,3

noradrenaline by 20 per cent (ECZO pre) was adrenaline)oxymetazoline

>tramazoline)a-methylnoradrenaline>naphazoline)phenylephrine N
>methoxamine. On the post-synaptic side thg]rank<order of potency for

producing 20 per cent of maximum contraction (ECZO pést),yg{

°

adrenaline)oxymetazoline)naphazoline)phehylephrine>tramézoline)afméthyl—

noradrenalined>methoxamine. The ratio EC,, pre/EC,, post was calcuf&ted
for each agonist as an index of its relative pre- . and post—synaptic

potency. According to- . the ‘ratio ' the agonists were arbitrarily

'.claqsified into three groups: grouﬁ i (ratio abouty 30). - preferentially‘7

post-syhaptic agonists e.g. methé%ﬁmiﬁé;*phed&lephrine, group 2 (patio

around 1)—similér bre—and Apostvsynaptic potencies e.g. adrenqline,'

naphazoline;’ group 3 (ratio below 0.2)-preferentially - pre-synaptic
agonists e.g.l oxymetazbline; —methylnoradrenaline'.and tramazoline.
Although this method 1s not without error it illustrated the differences
between .the pre- and post—synaptic réceptors_with regards to potency of
different agonists. | 'Similarly, the. iffectivehess of different a-
antagonists at the two receptor éités in a single tisSue.was found to be
different. These diffetences in phatmacologic profiles suggested that

there 1is a fundawental difference in the structural requirements for

.
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binding at - the two receptors. ~ This resulted .in the classification of

the post synaptic receptor as a, and the pre—synaptgcm:eceptor aé'dz as -

w s

originally suggested by Langer(5) and . later adapted 'hﬁiversally

following the review by’ Berthelsen and Pettinger(6). The studies
involving the determination of relative pre- and post-synaptic potencies

of agonists demonstrated a fairly consistent pattern of the relative

¢

order of potency for the pre—synaptic. effects of different agonist

between différent 'tiésue preparations. However, the relative post-
syﬁaptic potencies of the diﬁferent drugs showeq'discrepant findings in
vdifferent vessels; In ,barticular, some apparently prefsynapﬁically
gglective dfugs were fpund to be quite effective on the post~synaptic
gide as well. This was ?ot well ﬁndérstoodv at the time the above
'e#perimenté were carried out. Howevef,dwith th scovery of highly
s‘elective ,;1 and a, antagonists it became clear, :§
.present on the p&st-synaptic membrane %s well. As the relative numbers
of a, énd @, receptors .on “the smooth muscle cells (i.e. post-
synapfically)~would differ from tissue to tissue the above mentioned
discrepancies would no lpﬁger be entirely unexpected.

The mechanism by which pre~;ynaptic a, reéeptor stimulatinn leads
to a decrease Iin the release of noradrenaline is belleved to be mediated

2+

by Ca‘’ 1ons(129). FExocytotic release of catechalsmines fs triggered bv

2+

an  increase 1n neuroplasmic Ca fons. Pre-gsynaptic @, receptor

stimulation probably leads to a decrease in the availability of the Ca7‘

ions involved in thig neurosecretorv coupling. The availahle QV1XEnro
¢an be summarised as follows.

1) - The release of noradrenaline from -adrenerglic nerve endings

. Al .
produced by bnth transmural nerve etimulation add high v

»

a,-receptors were
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Ca

‘”saphenou& vein demdﬁstpated that while noradréﬁalfhe

‘“\\

<

solution’ f% dependent on an influi of Ca2+ ions with exocytosis

of %‘% sto:age vesicles. In contrast, the indirectly acting

sympathomimetic agents release noradrenaline from nerve endings

by displaceﬁent without - producing an increase in neuroplasmic
"h&*" :
2+

"‘ﬂ

& 4 L R
the release of 3H—noradrenaline produced by both K and !H

had no effect on the release produced by tyramine an indirect

sympathomimetic agent. Starke and Monﬁ;}(l75) found a similar

-differential effect in the isolated, perfused rabbit, heart with'

both a-agonists as well as a-antagonists."'

. The magnitude of the pre—junctional inhibitory effect produced

by a—agonists has been found to b€ a funetion ofé,the

extracellular - Ca* concentration(129). Thus, 1owering ‘the

entracellular Ca2+

from that normally present in the superfusion
fluid (2.5) to 1.0 mmol/l resulted in a dramatic potentiation of
the ’inhibitoryl effect of clonidine .on sﬁhmulation 'induced
noradrenaline efflux(l}6).» Conversely, raising the 2+
concentration to 5.0 mmol/1 prevented the inhibitory effects of
ctdnidine.. A Qimilar Ca2¥ dependency has been observed 1In the

pre—junctional inhibition of adrenergic neurotransmission

produced by adencsine inﬁthe canine gaphenoug vein(177),.

The pre-junctional inhibition of noradrenaline release by
activation of a-receptors has a negative correlation with the
frequency of stimslation of adrener§ic nerves(129,178,179).

2+

Thig too 18 consigtent with a mediation via Ca ions;

>



a

h

;d’f by the activation of pre—-synaptic a-receptors.

<

Although the evidence in favour of Ca2+

'“Presumably, at higher frequencies of stimulation, more Ca

2+

is

available in ‘the neuroplaém overriqing the inhibition produced

as the mediator during pre-

synaptic aé inhibition is convincing, how the az—receptor activation

limits the availability of CaZ’

there could be a decreased influx or an increased efflux of ca

alteration 1in Ca2+

is ‘not known at present.

utilisation (e.g. by affecting its

affinity

Theoretically,

or some

»

or

* binding. to sites important for exocytosis) at the adrenergic nerve

terminal.

Pre-junctional 1inhibition may partly account for the observation

that uptakel blockers such as cocalne or desipramine produce only a

"

mild

to mnderéte increase 1in gH--noradr«:mal4~ e overflow during INS although

uﬁtakel is believed to play an important role 1in the disposition of

neurally released transmitter. This may be due to the

concentration of noradrenal%ne produced hy the

uptakel

higher

cleft

hlockade

inhibiting 1ite own release during TNS. Thue, the actual release of

noradrenalina may In fact be less during blockade of neuran=1 uptabe.

The othey factors thar might conrrilyte to t'is appnrently
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Angus and Korner(182) investiﬁated the effects of a- antagonists

'r

'on the chronotropic response of guinea plg atria to a single

pulse or a train‘four pulses - (one pulse following each bf'fou:

consecutive atrial electrograms) applied’duringAthe refractory

period. Under control conditions a tachycardia was observed.
Although phenoxybenzamine produced a marked potentiation of this

. g
response, two other a-receptor antagonists, phentolamine and

thimbine were without effect on the respénse to both single and
four pulse stimulation. ihe same result was obtaified when'the
four pulses were applied within one refractory period. As the
concentrations of phentolaﬁine and yohidbine used were adequate
for effective blockade of a—réceptors, and as yohimbine is known
to be a relatively selective @y-antagonist, these findiAgs are

>

unexplainable on th& hasis of the pre-synaptic a~receptor

thebry. The uptake blockers desipramine and B-oestradiol (used

& o

in combination) produced a _similar potentiation " to
. L . N

phenoxvhenzamne in thig prepararation. This suggests that the

potentiation proaduced bv phenoxybenzamine may have resulted from

uptale hiackade rathar than pre-gunapti- o recraptnr blnrkade {n

thie prerararion. "hus, no ovidence was 3wailable for pre-
svpaptic 1n‘ﬂGrltim\ in the grinea rig aty uam during the
experimental cpndirdiong of the ahnve atudv. Rand and: co-
‘woOrkera(1R1) tn a aaparata ctuady tnveagrigatadt the effacrta nof

four pulsee ar frequenaies of 0,175, 0.25, 0.5, 1 and 2Hz in the

v

an

. 3,
guinea-pig atyive mmaanring tha nverflow nf H-nnradrena1ine.
Thent olsate 4o vaand tha offlyx and the cardiac responges at

LT R 2 T T I TS Y A T e 7“7. The conclusinn
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.

reached was that the pré—synaptic inhibitory. mect}anism had a
latency in excess o'f 1.5 .séconds (as the inhibitory feedhark was
not present at 2 Hz) and had_a persigtence of he;'wenn A and 8
seconds (as the inhibitory effect is present at 0.25 Hz but not
at 0.125 Hz(181). lIt wag further postulated that = HV?Chat;'ism
with guch temporal charactrristics would r;fﬂ“ﬂhlv {nvelve =a
second—mesrcenger foarmation and deatrnetion, “ith the pre-
junctinnal receptnr prohably ecoupled tno an anzvme gen-raring the
;:or(.wnd mepeenger(1R1), Hoyoey~r 1t a1 he nated thar rhayae
{8 no evidence n‘vnilahlo'nr the pregent time Far an- N R TP
above crnclugions reaechaed by Pand, M. Cullngh and Story.

Ralgrer (18} {nveat igated the affect of phenpxyhenzamine (3.

'0”‘5 mrl 1) on the affluy Af 3‘“ noradrenaline and the mech nieal

reqaponna f the qxifr\aaijgy_ var daferene tn a4 alogle pnlac and a

trvain of four pulres ar "{'- Phoenavyhenraridne 'nersaaad the
efflay of ‘” norvadrer 1tree 1 cagranas t g nele T"" o ! 3on
rer cent 'ta ot o A e Th masha e rempenee ‘ng Teo
{ncroenncd Y roe A voat veanl: Wy SV vt eal” IS N
f gy DU“-‘" ty ' L /2 ETUNERY S IPRR S U[‘"""", e ) “y e
~ltonifteo e ff e s vt eal paar o ' NN R .
ﬁ{ng] r| VTme V., ot b gy .-,f'fec;-s N P T A
At BV e e, vt r ey b h e ‘|Dt3k9 “lorkade "hao o n e
L R R vVt haan]l efflax of 3"—13—3':"'?!"' L v e
Py et ey e Arleal @i tdarion ' N Y v
[N ' 'y [ ] ' ' N 1g' ! [
1 ~ v o= ' i !
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inbibit further release by. the same puise appears unlikely

. wro

the 1nward cat current (which triggers the exocytotic release)

1

1= esgentially tormihatéd with the end of the action potential:
the raleaga {tself may not commence for another few
mill{seconda. Rand ~nd  co-workers(l8l) explained . these
ohaer-atrinns on the  hasfs  that gpontaneously reledsed

tranemitter may he exerting  feed hack inhihitian 1in the vaé

defarens i» the reating et=¢ pheu~wvhanzamine by removing this

{ohihitr {n wonlAa increaar 'ha of flux ~f 3“" '\oradr"ena\&ne

rre"ired hy - "‘1"219 w“]_se, The eovt'ramp- v varrow cleft 1in the

. .
var dofevrenall ’n/;) ‘msy""qhggpﬂ rad ae tlve factay respﬂnsible for
the offrct nf apontancanely ra'eage’ rrgngmi'ter (as =a higher

coevesntration woanld he attaftncd {th a rnarvnw clefr). Alrhough

v ta plaug'{hle no ev'!loneca te avai{leble at prregenr that aueh

L]

3

s
A phangnycyn\% actual Vv (A TP P1 P Further . A'\g‘uﬂ and
-
& .9
Vovney ( TR2) observe ! . stmtlnar prter daring afifect ~f
Phennvyhaneao v in the g en pig right atr{iom which haa 2
S e G‘]%t LX) A ld e 7 =1 rhat spoinr vmecaagl vyelon ad
I S )
rrevy 'r%gkﬁ-\n LRI P2 BERPEELEE B B BRI ot ey Qv it 1oy v ptaoy [
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th w",' ner 1 'P' Tahe et vl p Ty v ey . O I Y ‘xonent w14 oot
3.
heo " apnpahle t W the pre T Y e gyt Fan [- SARE RTUN Pand ' Al far
?
BIPS P nf potent TR } p'\enrn'gmif\q nf tha f(luyw

Y

produced hy atdmulattop * 0 177 Mt {0 wag aupmanted that pre
cvvnp B T R FTY R T | vrraliten o fF VTaeq than O 4-(50'1-]5;

e, . { ape vt vty LN B ' YR R R R Y. ) o s nn
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If negative-feedback inhibition takes place during continued
release of Oﬁdogpnaus noradrenaline at the cleft, t'e magnitude
of rhe inhibiticn of efflux {nhibition, prodv-ed hy a fixed

coneentration of exogenscra noradrenaline s' - '? Adecline ae the

aynanptic roncentyvation nf roradrenali{n~ fnereannd hy
incroaséd endgrrecys tranemi! * 1{hernt {nan. Coweyver, A fiwed
nonrentrat{on onf exOgen ‘ue e r‘;r‘v\an:\] ine~ I~ vange ' ‘ the
q"'imll‘lat*."n-' e d e FTwe of N ner adeaaldipe t e~ MY pa)eea
LR R At T T i ¥YS T, rf oatmi Ve ewr ooy 0 Y YA gnd A4
rer car’ Anhihir tan rogpact ! - ! a2 the eame three (raquepnriced
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experiments would exert post-junctional effects by themselves.

Utilisation of specific a-agonists and @,-antagonists will not

overcome this éohfounding effect as @,~receptors have been

digrnvored.post—jnnrtinnally as well, during the last few years.

Valaner regarde the ohsarvation of lesser pre—synaptic inhihitipn
wirh  dAncreasing frequency of etimulation as  being against the
theory(180)., 1t was suggestad that higher cleft concentrations produced
tv. hgher frequencies of stimulation shoula lead to a greater éffect on
the  pre éynaptic @, Teceptors. However, thie argument cannot be
arcopted ag evfdence againgt the théorv as 1t 1s only a philosophical
aroumen” rthat rogards the pre—avnapti~ 1nhibition as Fhe dominant event
at the adrenergie neurﬂi cleft. Tt conld be argued'equally well that

higher f(raquoancier f **irnlation should bhe able to override pre-

evnnpeic Il hitdan, ac the nrfme fFuncrdion at the cleft should be the
televaa of o qamirte
Anrot heoy "

tr mnt fant to) rooevnapt e roadylation ie the megnitudes of the increases
Q1 Teorecsi e {n Cranamitrey g lenge ohgerued. In some ewperimenta the
' . .
froreacce o0 Nt e yangag 'Tohnanitrer release amount to lesg than
Tioel T ehangea. AT » 9¥ngle f51d ~hgpge mav ceap substantial
a Tt deee reepr gge mn cpanra 10,000 fold eencentration range,
Vs A ot gl €40 “lang. v fvanam{ittdr ralence may not have any
"rperectable <00 0w phe el Cear regsponge(180). Althongh thie hy
fraelf deos o - ‘rgue ag- v tha cviatence of a pre-synaptic theory ir
qree Tana ¢t} clen{fioar S~ 0f Fhe effecte of pre—l-aynapt'ic Inhibitinn
TV vaqpeat o "he ¢! 'Y vYeepiraag. However, it shonld be noted
Pt mieh Javg s rha ARREEE raloane “nre heen .ﬂbrn"‘v@,d fo

vl\'--l“.. ot AR AN

‘etor  that  har  to  he rengidered in experiments”
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In summary, although considerable evidence is available at present
for ﬁhe pre-synaptic az—recéptor theory, a number of observations remain
unexplainable on’ t‘:}‘\e basis of this theory. The significan‘ceA of tbe_.
‘phenomenon may differ markedly n‘ot only between species - and betwe'epr;yi:m
tissues, but:\) also with the particular experimental condition being
studied. ;T‘hl.rs, caution should be exercised in uging this theory to
exp'nin experimental observatinng unleas rhe existence of tho‘ ﬁfwenomenon
haa heen demopstrated 4n the particular tissue 9fudied wvnder similar
experimental situatiens.

In addirion to rhe pre synaptic a,-receptors, a variety of other
pre-synaptic receptors have ~heen described al; adrenergic nerve
endings(15.129,171,179). Some, like the prc--svnap'rio a,z-:/recéptolrs, have
been sghowr tn inhibir the release of nor.-adrenﬂlfné ﬁh”o r)t;hers have
been ghown te faeilitate the releaace nf the transmirter- The {nhihirary

v

mediators 1nclude aﬁptyh-hqlfnn’187,188,189), adennaine and adenipre

vmniaoridoqllcmjﬁl\' higtrzwine 1"?\' 5 thl’OY.\‘Yry'V""amiv\D(]Q?\ aal gnmo
p'rr\ﬁfag]-v\ri{r\s(]q"10/4,10'3\. M faciflitartory anthat yaron t oo tade
anginfpv\;‘_{:‘ 170 f (Hfoﬂ"a?‘,-(]ﬂ'.' 192 nnd aeceo por .¢tap_]. It.af Q) t

g%fnnrn ! 1 YR voelipo Ny S a[rri < ., "I ', s

I . . ' L IR \




METHODS

GENERAL METHODS Lo

Lateral saphenoas veins exciséd from anaesthétisgd mongrei dogs
(15-25 kg body weight) of either’sex‘were utilised in the studies. .Tﬁe
dogs were anaesthetised with sq&ium penﬁobérbital (S&mﬁotol) or a-
chloralose (100 mg/kg body weight) and the veins excised together with
the surrounding fatty and connective tissue. Care was taken &uripg
dissection to avoid unnecesgsary stretching or tfauma to the veins from
the instruments used for the excision. The excised vein segments were
{mﬁediately placed 1in ‘bxygenateg; cold,' modified Krebs-bicarbonate
buffer anlurinn of the following composition (mmol/1): NaCl i16.0, KC;

5.4, Cacl, 1.7, NaHCO3 22.0, NaH2P04 1.2, MgC1216H20 1.2, CaNazEDTA

N,.021) ., Lk ' . y
. i -~

Preparation of venous strips and:rings(1§9) | ~

The excised veins werejplacedvin a dissecting tray contalning cold
Krebs-hiecarbonate buffer ssiufion and the excess fatti:::; connective
rissﬁe remsved while Jleaving the rhin, vneafiy transparent sheath of
connectiye ticrye enrrvounding the tuniea adventiti; {ntact. Preservi;g
thin sheath halped in 6btaiﬁing a maximum response to transmural nerve
stimilarion ~loser to the maximum contrectién produced by exogenous

noradrenalinae. Thie 1s poecibly due to the fact that the nerves

innervaring th= tunfca media of the hlood vessels gourse along the

swrface of the hlond vegsel before extending into ;Ké:media th}ough the
S K3

adventiria. The blnond vegsels were then cut into alther spiral strips
o

~r vinpgn The epiral atrips were cut at ao angle of approximately 45°

tn the long axis of the hlned vesﬁéls using- a palr of fine

wlervdfaecsed o eodggera. Thev warve approximately 2.0 - 2.5 mm in width



7 :
and 15 - 20 mm in length. A strip cut properly tended to curl itself

back into the shape of an intact blood vessel. The rings (approximately
4 mm in width) were prepared by cutting transversely across the venous
segments with a pair of sharp scissors or a raéor blade. During this
whole procedure (of cutting étrips ‘or. rings) the tissue was kept
moistened with oxygenaﬁed.Krebs—bicarbonate solutioﬁ.

The strips and rings were suspended iﬁ tissue baths (capacity 12 ml
or 22 ml) containing Krebs—bicarbonate,bﬁffex solution at ‘a pH of 7.4.
The apparatus used i1s shown 1in Fig. 11. The buffe¥! sélutinn was
maintained at 37°C and continuously aerated with a gas mixture
containing 95 per cent 0, and 5 per cent co,, tﬁe flow rate of which was
controlled by an ,aefgtor valve. The temﬁe;ature in the tissue bath

. -
fluid was maintaLﬁed constant with the aid of a heater/circulater (Model
/

N;. ETS;\Haake/%ess;Technik Gmbt U.Co., Karlshrue, Federal Republic of
Germany) which circulated heated water through a wéter jacket
incorporated in the ; tiseue bath. Freeh Krebs-bicarhonate bhuffer
solutlon was fed into the fisene bath from a reservoir which was also
aerated and waintained at 37°C. The bath fluid was changed with the ~id
of drainage/ ferder” tubes and the bath vnlume was maintaived c¢ovatant
by means of an overflow tube. Bath Arnafnage and nverflev ' 'oe ware
~enmectad to a vacuum apparatus to ensur~ romplete dra;nngn.

The atrips were mounted bherween twn parvallal, recrangular. platioum
elertyndes and thelr lower ende attached tn g mnemahl~ gqupporr, allowing
fine adjnustments in the lengths of the stripa, The uypper ends of the
stripe were connected to a force transducar (Model Nowv, FT N30 Graen
Tpat yument Ca, . Quinev, Mass. ".S,A Y for {gometrie ror.\si"r‘ racording.

Tha ovarpiir g of kb tr mnediinare 1oy e nm[\‘ FEded and v cavrded (Mada .
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Figure 11. A diagrammatic representation of the apparatus used for the

pharmacological experiments on the 1solated, canine saphenous vein in the .
present qrudy;



2400S, Gould Inc. Cleveland,.Ohio, U.S.A.). When rings were used they -

were mounted on two stainless steel triangular clips and the triangular
clips in turn attached to the moveable support at the lower end and the
faorce .transducer at the upper end.'§;O silk string was used for all

attachments. Transmural nerve 'st;mulation;u(TNS) was applied from a

v

stimulator via an impedance coupler(200). ~ The electrical impulses
L . \ :

congisted of séuare wave puiseg:‘l.o ms duration, 10 volts. With the
impedance coupler the voltége measured across the piatinum electrodes
wés approximately equal to the voltége setting on the stimulator. The
ddu;ation of the square wave pulses as well as the voltage across the

electrodes were periodically monitored with the aid of an oscilloscope,

to ensure that these values corresponded to the dial settings on the.

: . ]
stimulator. Before experimentation, the rings were stretched to the

~

optimum points of théif léﬁgth—tension curves using the method describéd
by Vanhoutte and Leusen(ZOl).J This involved tﬁe detérmigation.bf the
length at which the response to'a fixed train of electrical stimuli 1s a
maximum (train parameters; 10 volts, 1.0 ms, 16 Hz for 10 seconds). The
length of the preparation was 1idcreased (1 mm every 3 minutes) starting
from a length at which the tension was aéproximately zero. Following 2

minutes of stabilisation a

each length the preparation was stimulated
with the stanaard train of imuli. | With the initial increases in
length the response to rﬁp train bf <timuli increased. The magnitude of
the response reached a plateau with further increases iIn length aund then
decreased if lengthening was continued further. Thg optimum léngth was
regarded as the length at which magnitude of the responses rea;hed a
plateau. The preparations were then equilibra;ed for a further 90

J Co <
minutes hefore the experiment proper. During this time the hath fluid

Y
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was replaced with fresh buffer solution every 30 minutes.
Dose—-response curves to all agonists were obtained in a cumulative
manner, graded doses being added to give the desired concentration of

the drug in the tissue bath(202).‘ The total volume of solution added to

the tissue bath during a cumulative dose-response curve was less than &

per cent of the total volume”of the bath. Following a eomplete dose~
response'eurve no other drug was tested for at least 60 minutes witn
repeated changes in the bath fluid during this'period, to_minimise_an#
adverse effects due to deseneitisation. v

Stimulus—response curves to -transnural ‘nerve stimulation was

“obtained. in a cunuletive manner, by increasing the frequency two-fold at

each step from 0.5 through 16 Hz (pulse duration 1.0 ms, 10 volts).

SPECIFIC METHODS re - ‘

The specific protocols carried out are listed below:

Interaction Experiments: Protocol One
Protocol 1.1 S
'.h 4
Determination of the response to exogenous noradrenaline against
a  background contractiou produced by transmural nerve

stimulation (TNS) | . '

Protocol 1.2 .
Determination of the response to TNS against a backgruund
contractidn produced by exogenous noradrenaline.
Protocol 1.3
Determination of the response to exogenous noradrenaline against
a background electrieal current produced by TNS following

blockade of the contractile effects of TNS with guanethidine or

diltiazem.
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“frotocbl 1.4
,”Detgtmiﬁéﬁion 6f the fésponse to exogenous noradrenaline against
a vfackground coutraction produced by TNS and againét‘ a
~back-grouhd-cqntractioh produced By éithér:;yramine, méthokamine,
» histamine or phenylephrine. . |
Protocol 1.5
Déterminatidh of the .response to. exogeneous :ﬁo:adrenaiine
against a background contractionzproduéed by TNS and répetition

-_-of the same in the presence of either proprinalol, indométhacin,

aminophylline or cimetidine.

Superfusion Experiments: Protocol Two ..

148

e

Protocol 2.1
Determipgtiop of the effecg of eiogedous noradrenaline éppligd
againstva baekground contra;tion pro&ucéd by TNS, on the reiease
of tritiatéd noradrenaline and 1its metabolites produced by thé

AN

TNS: ekperideqt carried th,in’thevpresence of cocaine.

Pro£ocol 2.2 (
Dete}miﬁation of the> effect of a background exogenous
'noradrenaline, on the relrase of tritiated noradrenaline and its
metabolites during TNS applied against this hackground:
experiment carried out in the presence of cocaine.

Protocnl 2.3
Column chromatographic analysis of the superfusate samples from
Protocol 2.1 and Protcol 2.2 to separate ‘the tatal

v radiocactivity present 1in the superfurate into noradrenaline and

its metabnliteg. -




1
8

Relaxation Experiments: Protocol Three

-«

' Protcol.3.1‘ ' :

Determination of the effect of TNS on a vein pre-conrracted with

prostaglandin Fou following b10ckade of the contractile response
-to TNS with guanethidine and phenoxybenzamine.

Protocol 3.2°

Determination of the effect of the following drﬁgs on - the‘

relaxatory resbonse to TNS observed in Protocol 3.1: cimetidine, .

indomethacin, ouabain, aminophylline, cyproheptadine, tetrodo

”

toxin, ascorbic acid, catalase.

Protocol 3.3
Determination of the effect ofvstorage of the saphenous veins at
. N :

4°C for 9 daye, on the reiexetory response to TNS observed in

Protocol 3.1,

Praotoeol 3.4 : | .
Determination of the effect of chemical sympatoectomy of the
saphenous vein rings using 6-hydroxydopemine; on the relaxatory

response to TNS observed in Protocol 3.1

Interaction Experiments: Protocol One :
‘ . '

In this series of experiments the interaction between transmural'

nerve sfimulatinn (TNS) and exogenous noradrenaline was .studied in

1solated canlne saphenous vain strin9 After setting up of the

preparation and equilibration for 90 minutes the following protocols
were carried out., Only one protoccl was done in each preparation.
Protocol 1.1,

This was designed to (compare the response to a concentration: of

exogenous  noradrenaline alone, with - the response to the same
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concentration of exogenous ' noradrenaline added against a background
contraction produced by TNS. '~ The protocol consisted of the following -

%steps (Fig. 12). Firstly, a dose-—respyonse cugVe to noradrenaline was

#

) obt.a‘i.ned: Step A. Tension was then allowed t;o return to baseline with
Arepeated changes of the bath fluici. This was followed by a stimulus
response curve to transmural nerve stimu;ation: Step B (approximately 60
minutes between completion of dose-.;'esponse cuf‘.fe. in step A and
commencement of Step B). Then a dose of noradrenaline was added tn
produce a contraction between 20~-80 per cent of the maximum: Step C.
This was takér; as the 1initial control. After washing and‘equilibration
TNS was applied to produce a contraction betv}eéen 10-90 per cent of the
controi. Oncé this coQtraction reached a'platéau the control dose of
noradrenaline was added while maintaining the bhackground TNS and the
‘tesponse determined: Step‘D‘. After washing and "equilibration, the
control was repeated: Step E. This was taken ag the final control.
Steps C, D and E of the prapnenl wera then rapeated using dif'feren_t
magnitudes of contracticn preduced by hackground TNS Hmée' 1090 per
cent oof the gontrfsl) and different counéentrarione of cxcgonone
noradrenaline ag the cﬁntrn] {(range: to produce between 20 RO poor e
~f the maximum rontraction te noradrenaline |in the preparation}.

The study was designed t~ coppate tHe contrictiron produced hy a

i / L

concentration nf noradrenaline wirh thé additi snal contrarction proadvned

by the same cnncentration ~f novedrenaline againgt o harkgronund  of
‘ »

TNS. However, a ditect camparigon hetwaen the twn would be ervroneons

for the following reasons. The contractions tn noradrepnaline in “tep €

and Step E ('controls) and in Stap D do "ot commen-e from rhe game le ol

nf arise raneinn In the veln Aeti- tenglen ,in yprer s st s by Ay e



Figure 12.
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NORADREMALINE (NA) DOSE-RESPONSE CURVE
CONCENTRATIONS¢ 10~ - 1075 moust.

TRANSMIRAL NERVE STIMULATION (TNS) - RESPONSE
CURVE .
STIMULUS PARAMETERS: 10V, 1 m.sec, 0.5 - 16 KZ

ADDED A DOSE OF NA TO PRODUCE A CONTRACTION
BETWEEN 20-80% OF THE MAXIMM - INITIAL CONTROL

APPLIED' TNS TO PRODUCE A CONTRACTION LESS THAN
INITIAL CONTROL, (RANGE 10-30%). CONTROL DOSE OF
NA-ADDED WHEN CONTRACTION ‘REACHED A PLATEAU |,

TNS MAINTAINED THROUGHOUT. EFFECT OF mA

MEASURED - TEST VALUE h

STET ° SETTATEN  EINAL CONTROL

‘
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Surmmary of the steps in Protncol 1,1: M :invoganous

"rrangmural nerve gtimulation.
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Step C and Step E whi],é it ‘is-‘g_reater than zero by the amount of active
tension produced by 'I'NS in étep D.' The wagnitude of the contraction

produced by a fixed amount of an agonist would decredse progressively as

the active tension is increased commencing from zero. This is evident

)

from the hyperbolic nature of thé dose-regponeer curve to agoni«te, i.e.,

a decresse in slope of tha dnse-reaponse curve as one nmrorcade a'! rg the

x-axis. (Note: The dose-response ~nrves to agonfate fs linear in the

-

mid-range only afrer a logarithmic tra-sf rmatfion of th- . .ncentrat’an

of the agenfgot). Thug, the amrvnt of an éghrtst that fa yagquirad to
produce a contracttorn from zer~ ro 10 per cent waulA be mich lese thar

the amount needed to incvearce tha rantraction fram 10 to 20 per cent

Conversely, the magnitude f *he gorfract! n produced by a- fixed amrint

of an ag-nigt would legsen 9¢ ane proceede al-'ng the v axigqg of the dc-~e
' N

re|sponge cyrve. Thie e ddentiecal te th girpati o av anpt ey e tn

Protaanl v Thug A Afpecr  asmpoviane etesan the  cant o ant{pna

P 1 crad by pneoradienaline {0 Trep Y and a1 nl tb et predoac~) {n Ster

Dode nor poge"h'- Bafore a oy~ inan co st s T the -magnitude f
rthe contyaect ! an thar  wgntd N rrod e by Sy vyt v ,1;\§p e
noralvenaline omesnelag fv 4 an e ( et T [N ot Tent  tae
thaer pr - duced 1y v vl s g 1. LEPPIS [P | TVie a1 - a
) owga Fiog. 1) T6 thae antracrdian o py e o md T Tty e Yy, T
.
rer cont of the cawimon (foy aaradrenaline v the part - ulary py pern Ve
stndil A) ar' the tartal coantact {ag prédnrad bhe ING and v ad e s T “a
! rer cemt o the observed comtractign to rhe wradvesilfn aln .t e
(Vv ¥ rev cont ) Al B Mypae [ Tntrant {op (PN Chy. vy ey o
nAare el “ The ver o ' A ot f a e ' e !
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noradrenaline dose-response curve shown in Fig. 13, The X per cent
éontraction produced by the background TNS was related to a ’notional

point on the abscissa. The same concentration of n‘oradi‘enal"ine as used
in the controls was added along the abscissa starting from this point

and the correspénding total contraction was read off the ordinate. This

is 'r.epresented' by Z per cent. Thus, the expected contraction was taken
/ = -tlon

as (Z-X rpey cent ). Comparisons were made between the g_l?served

contractions and the expected contractions using the student's t-test
for pnired data.  The dose-response curve used for calculating the
expected contractions was obrained by pooling the data from the dose—

resp~nse cvrves done each day., Although this macwd 3 derermining an

3 .
expected contraction mav not be without €rve'. it wan 1'ad 3s t'ie hesr

.
. ) i

mathad av~ilable ag a dir: t eodparison =+ al'! ha » i R - )
~f the qit at ' n "Qscr'{"' )
fegtroesl 19

Thiag “ag Ao T t - oo . the reepansoe o ) fvoqurnrv nf
rransmiral ner ¢ Plawr At b tte raapon-s tn *he g e frequonny of

1 o
T‘N;\" agnlin-~r ¢ ho dege ol S L prodoced vy ~xogenonue
./ AY .
-
neradrena'{nc . 4 a0t he e Ty v'of Trotoecol 1] The proteegl
econgd e’ af the Fal o ,"E Trape "fg VAN Firo» ly’ * dcer repere
DA o onnradrenaline we s T Step A Thia e feo]ll we' by a.
IR BT BT Arronge v ana te tryangmavral nervve attmglar !t e Qo Th ‘n a
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STEP A

STEP R

STEP C

STFP Q) -

NTRP E

NORADRENALINECHA) DOSE-RESPONSE CURVE.
CONCENTRATIONS: 1077 - 107 mou/L

TRANSMURAL NERVE STIMULATION (TNS)-RESPONSE
CURVE :

“STIMULUS PARAMETERS; 10V, 1 m.sec, 0.5-16 HZ

4

APPLIED TNS T PRODUCE A CONTRACTION BETWEEN
20-802 OF THE MAXIMUM - [NITIA CONT

ADDED HA TO-PRODUCE A CONTRACTION LESS THAN
INITIAL CONTROL (RANGE 10-90%). WHEN CONTRACTION
REACHED A PLATEAU, CONTROL TNS APPLIED. NA
PRESENT TN BATH THROUGHOUT. EFFECT OF TNS
MEASIIPYD - TEST VALUE '

STEI 'FD - FINAL CONTROL g

z
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l

Figure 14, Svwmary of the ast-ps in Protocol 1.2; NA:exogenour

“arerenaline, TMT:itransgur~! nerve stimalation.,
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/

of TNS was applied and the response determined while the exogenous

"noradrenaline remained in the tissue bath: Step D. After washing and

equilibration the control was repeated: Step E. Steps C,'D and E- of
the protocol were then repeated using diffetent nagnitudes of
contraction produced by the background enogenOus noradrenaline {(range:
10—90 per cent of control) and different frequencies ot’ "INS if the
control'(range: to produce 20-80 per cent of the maximum contraction to
noradrenaline 1in the. preparation). .The frequencies 07 TNS and the
concentratiqgstof exogenous noradrenaline in Step D of both protocols
were.chosen in a manner that the total contraction in Step D would be
less,than the maximum obtainable with exogenoos noradrenaline alone in
the s;phenous vein. This ensured that the total response observed in

Step D was not limited by the maximum contraction attainable to

noradrenaline in the preparation.

”

Protocol 2.2 was designed'to compare the contraction produced by a

frequency of TNS with the additional contraction .produced by the same

frequency of TNS against a background contraction produced by exogenous

noradreneiine. As detailed under Protocol 1.1 a direct comparison would.

be erroneous as the contraction to.TNS in Step C and Step E (controls)

t .
and in Step D do not commence from the same level of actdve tension.

.Thus, before a comparison could be made the magnitude of the contraction

that would be produced by the control freQuency of TNS commencing from
an amount of active tension equivaient to that produced by exogenous
noradrenaline would have to bhe calculated. This was' done as follows
(Fig. 15). 1f the contraction produced by TNS alone in the controls is

C per cent of the waximam (for noradrenaline in the particular

prepararin wtudied) rhis could be related to a notional concentration -
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Figure 15. A diagrammatic representation of the method of calculacion
of the expected contraction for a fixed frequency of transmural nerve.
stimulation (TNS), applied against a background contraccion produced by.
. exogenous notadrengline (NA) in Protocol 1.2. Step C, Step D and St:ep
E refer to the ;‘teps in ProtocolHl .2 (refer Fig. 14). All percentages

have been expressed, conaidenivng them n to exogenous
noradrenaline in the canine saphenous vein as a 100 percent.
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of noradrenaline on the abscissa (;epresented by d mol/l). This ﬁonld

be the concentration of exogenous noradrenaline necessary to produce a

contraction equivalent to that produced by the control frequency of TNS{

and was used as a substitute for the latter in calculating the expected

contractione. If'the'cont:action produced by‘efogenous noradrenaline in
Step D was X per 'cent of the maximum (for noradrenaline in- the
particulaf preparetion studied) and the totai contraction produced by
the exogenous noradrenaline and"TNS was Y vper cent the observed
contractionAto the TNS alone would be (Y-X per cent). " The expected

contraction- to the same frequency of TNS commencing from a level of

active tension equivalent to. that produced "by- the exogenous

: - .
noradrenaline was calculated using the noradrenaline dosé-response curve

.shown in Fig. 15. The X.ger cent contraction produced by the background

g

noradrenaline was not ioffal point along the abscissa. The
concentration of exogenous noradrenaline that was equivalent to the

control ffequehcy of TNS was added alomg the abscissa starting from this

notional point and the corresponding total contraction read off the

ordinate. This * is represented by Z per cent. Thus, the expected
contraction was taken as (Z-X per cent). Comparisons were made between

the observed contractions and expected contractionS‘using"the student's

t—-test for paired data. The dose-response curve used for calculating

the expected contractions was obtained by pooling the data from the

individual dose-response curves done each day.

Results of Protocol 1.1 and Protocol 1.2 1indicated that tne

contractions produced by exogenous noradrenaline in the isolated -canine

saphenous vein were "inhibited" by background TNS as in Protoecol 1l.1.

Therefore further experiments were performed to elucidate the mechanism

P
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responsible for this inhibitory phenomenon. These experimental
protocols were further extensions and modifications of Protocol 1.1 as

the inhibitory phenomenon was evident 1n this protocol only.

.-Protocol 1.3 ¢

This protocol, was performed to determine whether the inhibitory
effect of TNS on the exogenous noradrenaline contraction was due to the-
excitation of intramural nerves or due to the field'of current.per se.

'Steps A-E of Protocol:l.h were‘done as before. Then the adrenerg%c
ﬁneurone blocking ' agent guanethidine was added to the tissue bath'in a
concentration'just sufficient to block the contractile effects of TNS at

the frequency used in Step D. (Note: AComplete abolition of the

N
-

contractile effects ' of fTNS up to a frequency‘ of 32 Hz was not

attempted). Guanethidine was kept in the tissue bath for a minimum of

i 60 minutes befor® further experiments were carried out and was present
in" the .bath throughout the rest of the experiment. After the blockade
of the contractile response to TNS, Steps c, D and E were repeated i.e.,
"the two controls and Step D. In Step D, TNS at the same frequency asply
used before the addition of guanethidine, was applied first. This did

e not produce a response but the flow of electrical current between the

platinum electrodes during the current pulses would still be present.
After 5 minutes of TNS.the control dose of noradrenaline was added while
maintaining the current.and the response determined._ The contraction
produced‘by e€xogenous noradrenaline in Step'D was compared»nithvthe mean
of that produced in Step C and Step E by a’student's‘t-test'for paired

- data. Calculation 'of expected contractions to noradreneline was not _

,necessary as the contractions with and without guanethidine commenced

from the same level of active tension (which was approximately zero in'

s

—*———the_present_Tﬁstance).
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Steps "C, D, and E of the protocol'were -also repested‘using the'
calcium channelvblocker diltis;an in place of gusnethidine.cipiitiazem‘
brb&uheg a differential.effect on;the contractions'produced by TINS as
compared withlthe‘contractions produced by exogenous noradrenaline_in
the csnine saphenous vein. It was used to block the contractile effects
of TN?;whiledleaving the contractile effects’of exogenous\noradrenaline
relativel&l unaltered. Again,>'complete blockade of TNS 1induced
contractions up to ba frequency of 32 Hz was not attempted A
concentra:?fm sufficient to block the: effects of TNS.at the fﬂequency
used dn Step D was’ used. Incubations were carried out for minimum of 60

~minutes with diltiazem and it was present in the bath fluid toi the rest
’Qof the experinenta
Protocoh l.4

These experiments were desiéned to determine whether the inhihitory
effect 'of“ bsckground' TNS, on -the exogenous noradrenaline mediated
cont;ZEtigni observed in érotocoi 1.1 was specific for TNS 'or whetherlit
would still® be evident when another agonist is substituted in plac;“;f

» TNS. The agonists used were: ‘ | ) o ' |

(a) t}ramine - an indirectly acting sympathOmimetic agent

(b) | methoxapine—a specific al agonist which is a. poor substrate for
| uptake1 ’and th#@ with no indirect sympathomimetrt effects

(c) : histamine

(a) ‘ phenylephrine , ‘

The concentration of . tyramine used was kept low enOugh to avoid diregt‘

effects on' smooth muscle which appear at higher concentrations. T
5 .
4
concentration range which Pproduced indirect effects only was determined

in preliminary experiments where dose—response curves to tyramine were =




\ ‘ . - : .

.done with. and without an uptake1 inhibitor.

In Protocol 1. 4 Steps A—E of Protocol 1.1 were done fitst., Then a

”,

dose of tyramine (or methoxamine,ot.histamine) was added_into the tiésue

bath-to produce- a contraction aﬁproxiﬁttely.equal iﬁ magtitudé tt”that_

produced by the background NS in Step D (Fig. ‘16). : Onct ithis.
contraction. to _tyramine reached a plateau; the conttoli dose' of
noradrenaline was added and ,the tesﬁonse detgrmined. The additional R
tontraction‘produced by nbradrengline égginét a backgroudd of t&taming»
~was compared witW the'édditionai contraction produced by'npradrenaiine

against a backgrouﬂd of TNS with the student's t-test for paired data. -

Calculation of expected contractions to noradrenaline was not necessary

as the tmagnitude of the ba¢kground tensions " (produced by TNS and
tyramine) were approximatelf equal. - In practice the -triad (étébs,b, D

and E) with(tyramine (pr'histamine}or methoxamine) wag carried out first

1
'

and then the triad was repeated substituting TNS,in'plaCe of tyramine as
‘ - ' ' v
it was easier to match a contraction by TNS equal in magﬁitudg'to that

grthced by tyramine than vice versa.

Protocol 1.5

;This was designed‘td investigate whether the inhibitory effect bf

©
‘.

TNS on the Qexogenous noradrenaline mediated Lcontraqtion observed "in

Protocol 1.1 Qould still be present in the presence of the

»
a). . beta—-blocker propranolol (120-5 mol/1) _

b) _'A cyciOfoxygenase inhibitor indqﬁethacip.(ld-s'ﬁol/l)

c) Pi-puri;oéeptor antagonist aminophylline g;o‘Smolfl)

d) "' Hz-receptor antagonist cimetidine 1074 mol/l

Firstly, steps A—E of Protocol 1. 1 were repeated as. before._ Tﬁén

one of the above drugs was added to  the’ tissug bath to produce the

-
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le 4

Tyramine

4 NA

Figure 16. ,Stegs of Protocol 1l.4. The first part of the protocol is
shown in the upper half of the figure: the control contraction to thg
exogenous noradrenaline (initial control), the contractiom to the same

concentration of noradrenaline added against a background contraction

_produced by transmural nerve stimulation (TNS) and the final control.

The second part of the protocol 1s shown in the lower half of the

figure: the initial 989tr01» the contriction_to the same concentratipt
of noradrenaline added against a background contraction by tyramine (of
equal‘magnitdde_to the contraction pfoduced,by TNS in the.first part of

the study) and the final control. 'i
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concentration gigen above. The drug was then present in t eibath for _
the rest of the experiment. Steps C D, and E were repeated following\
incubation with the drug for a minimum of 30 minutes. Only ok drug was
tested in one vein etrip. The additional contractions produced by

exogenous noradrenaline against a background of.. TNS with and without

each drug were compared with the student's t-test for paired data.

Superfusion Experiments: Protocol Two

In step D of Protocol l 1 exogenous noradrenaline ‘was added
dgainst a background contraction produced by TNS and the additional

regponse measured. When the additional Tesponse is ‘taken as éhatr
; .

produced by the exogenous noradrenaline, the assumption made is that the

-

magnitude of 'the contraction produced b&_ thé background TNS remains

unchanged during this period. ‘However, exogenoua noradrenaline‘is‘known .
to produce inhibition of release of noradrenaline by (thus inhibition of

the , contraction byi‘tbe sympathetic.nerves acting on pre-synaptic aqy
1 . . : , ‘ ]

receptors(203).’ If such.a.phenomenon takes place'in Step D of‘Protocolﬂ
1.1 this could confdund the results. A similar situation could take
place in Step D of Protocol 1. 2 when TNS 1is applied against a background
contraction produced by exogenous noradrenaline, Tbus,it'was decided to
'inveatigate these two confounding effects by measuring the reiease.of
noradrenaline from‘the.SYmpathetic nerves in isolated canine saphenous

. . ; <
- velns .during experimental situations similar to Protocol 1,1 and

‘Protocol 1.2. ' - . : \ ' . :\

~

. 1 . .
A wodification of the superfusion technique described. by Vanhoutte

et al(1l88) using tritiated noradrenaline was utilised for thia'study.
U B - ' ;
Lateral saphenous veins were isolated from anaesthetised dogs as : L,

‘ described under General Methods. The veins were cut‘into spiral strips .

- . | . S
VN ) ’ . l4 B .
WAV . . . :



/ ‘...

’app.roximately 2-3 mm in diameter- and 50-60 mng in length. ‘I'hese

R

: preparations were incubated in 8 ml of Krebs buffer solution containing ‘

Y

-3H-noradrenaline (specific activity 10-30 Ci/mmOl) in a concentration

» .

of 10~ -6 mol/l while aerating the solution with 95 per cent 04 -5 per
" .cent ‘COZ. This was carried out in a fumehood. After 60 minutes the
strips were then transferred to a fresh solution of 3H—noradr:enzalin:e in
iKrebs solution and incuba.ted for a further 60 minutes. At the end’ of
the second period of incubation ‘the vein strips were rinsed. in 25 ml of
Krebs buffer solution (without any 3I-l—noradrenaline) and -mounted for
superfusion in a glass chamber similar to that described by Hughes and
4Roth(204) as 1llustrated in Fig. 17. The strips ‘were mounted between
two platinum wires (‘0.032 cm in.diameter) inside a funnel shaped chamber
maintained at 37°C with the aid of a water jacket. The plati‘num wires

were used as electrodes by connecting them to the stimulator—impedance

coupler system (refer General Met-hods) The gaps_ between the electrodes
\
Jamalt

i .
and the st_rips were wide enough. to allow contrac’tion and relaxation

4

without restraint and yet sufficiently narrow to be filled consistently
by part of the superfusate retained by capillary action, thus ensuring

continued electrical conductivity. The lower end of the- stri‘.}p was
) .

'at‘tached to a plastic holder and the upper end connected to a force
' trans,ducer. (Ho‘del No. FT .03C, Grass Instrument Company, Quincy, Ma.

U.S.A.) for ‘isometric tension recording, The transducer was mounted on

~

a moveable support to allow vertical movement. The connection to the
“. . -
transducer was ‘made with a wettab]J.e twine stri‘ng 'to aid 1in the
- 3
. - . + . '
superfusion. The vein strip was superfused with oxygenated Krebs-

. bicarbonate buffer solution pre-warmed to 37°C. The solution was made

togdrip along the twine stfr{ng on to the vein strip between the two.

<64
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SUPERFUSION APPARATUS

“to Recorder

- ) |
oxygenated |
Krebs SUtter N« R ,

Force transducer

AR Platinum sjectrodes
NN
— X —
IN B
N .
N Water jacket, 37°C N
N
N -
\
N |
N |[#71 T-Tissue - -
N ! " K-Krebs buffer .
N : ‘ o
»QVK T
DR

" to Fraction collector

y

Figure 17. A diagrammatic representation of the apparatus used for the

%uperfusion experiments using 3H-noradrenaline in the present study.

.
A e e . !
»
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-

platinum electrodes. The buffer solution cascaded over both the vein
\ N s

strib and the electrodes and was collected 1in test tubes in a fraction
collector &Model No. Frac-100, Phrmacia Canada Inc. Dorval, Quebec,’

“Canada) through the outlet tube of the superfusion chamber. The samples
' »
were collected on a time-basis with a change of the tubes everv .2

minutes. The superfusion was carried out .at a congtant flow rate of 3.0

‘

ml/min with the help of a positive digp1acemént roller pump (Model No.
Miniplus 2, Gilson Medical electronics, Viliers. le.bel., France). A
three—way stopcock upstream from the pumpﬂallbwed rapid switching from

control Krebs huffer solution to buffer s~lutfons containing drugs

4

whenever necessary.

. :

e After setting up, of the vein strips the initial bas R tension was
. : " : : .3

set at 3.0g by stretching the =stripe. (by moving the force transducer

upwards). Superfusion yith Krebs buffer solution wae continued for 120

N
minutes before the; experiment proper, to 2!'1'ow for any looselv haund LE

noradrenaline to bé "washed ' away and the baaal effiux of radioacrivity
to .stabilise at a gteadv level, Iha vaerimgnts. (Protocol 2.1 and
Protocol 2.2)'Qere cgrried'out in the presence‘of cocaine to 1nhipit
uptake, as pre-synaptic @y inhibition has gonerilly baen demongtrated in
the presence of an uptake, tnhibitof(l74). The superfrring solntinn was

. . .5 .7
changed to Krebs buffar golution cantaining cocain~ (3 x 10 mol /1Y 30N
\
minutes before the commencement of the experiment,

Protocol 2.1
&

In order to determine the effects of exogenous noradrengline on the

-

efflux of 3H—noradrenaline during TNS, step D of Protocol’ 1.1 was
. ' . x .
carried out as a superfusion experiment. As eiogenous noradrenaline
.

. e
does not change thi¢2}§al'eff1ux of 3H—noradr°naline significantly 1in

7 .

N
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the presence of cocaine(l74), Step C and Sbep E Protocol'1l.1 (i.e., the>v
measurement of ’the response to a concentration' of exogenOus'
noradrenaline alone) were not done here. The experiment‘ proper was
carried out as follows. The numbers refer to the consecutive test tube

numbers in the- fraction collector (each tube corresponds to a two-minute.
period of collection _containing 2 x 3.0 ml=6. 0 ml of the superfusate)q

e

The triad of consecutive tubes used for determination of the efflux

of 3H meradrenaline representative for that particular period of the +

protocol are denoted by asterisks. These constituted the- final ‘three

-

tubes of each period. The pooled superfugsate from the same triad'of

tubes was used 1in column chromatography to separate the total
]
radioactiVity into noradrenaline per =e and its different metabolites.

PFP[OD T: 1* 2* 3> (CONTROL)

Superfusate was collected for 6 minu€ES (3 tubes) as a
control period ‘"r determination of the basal efflux 3H— - R

)

noradrenaline.
FERTCD TI: " 4 5 6 7 a+ P 10* (TNS)

TNS was applied at 2 Hz for 14 minutes while superfusing
with Krebs buffer solution. . ' .

PERIOD T17: 11 12 13 14 15¢¢ 16% 17 " (NS + NA)

Suwperfuring eolution was changed to Krebs buffer containing
noradrenali~e (1070 mofl) for the-next 14 minutes while ‘
maintaining TNS% v S

e

PERIOD 1V: " 16 19 20 21+ 29+ 234 244 .« (TN8)

Superfusing solution was changed back to .plain Krebs buffer‘
while maintaining TNS = 14 minutes.

PRRIODV: 25 26 27 28 29 30 31% 32% 33k (CONTROL)

; ' . A\
INS terminated.  Superfusion was continued with plain Krebs
o buffer for the next 18 minmtes. : s
. /.
- The protocol is summarized in Fig. 18 o a




Tube no. —_ iT ..
1*

» .

3% CONTROL

4 TNS

8*
.

10* TNS

11 TNS + NA "o
12

13

14

1S*

16*

17% INS + NA
18 g

19

20

21
22*
23%
26 ms
25
26
27

28

Fig. 18, Summary of Protocnl 2.1. Numbers refar to' consecutive test

tube nuwherg in the fraction collector.

perird of "ollection of surerfusate.

MU fer auhes s ane celumm chyamat ographic snalysis.

.. Protocol 2.1 |\ ?“7

31*

32%
33*% -

o

€

A\

CONTROL.

END OF EXPERIMENT

Each tube represents a 2 minute

Asterisks
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; : Q.
Total tadioactivity present in each sample collected (total of 33
A ’ :
tubes) was determined using a 1.0 ml aliquot of the superfusate (detalls
given below). The superfusate collected during selected 6 minute
' : ' . W{V
intervals (the three consectuive test tubes indicated by,asterisics was

also utilised for subsequent column chromatographic analysis to separate
3H-—noratch:enal:Lne from its métabolites. To minimise the adsorption of
tritisted noradrenaline and ite metahkolites on fp the glars wall of
these triads of test tubes, esach test ftnhe comtained N0.5 ml of a stock
cérrierhenh:rjon containing unlabelled noradrenaline and each of irs
five major metoholites (composition of stock solution given belny). The

-

atock carrier solution also rontained sodium metahisylphite, disodium

ethylene diamine tétraacetic acid and hydrochlorie ~id ag ‘protective
agerte to prevent oxidation of catecholamines., Thede fuher were kept 1o

the rvefrigerator =ntil just priar tn collaction of rhe super-fnaate.

Following collaction of the anparfnsate 1.0 wl wae yirerted out for

total radiocactivity men~nremente as explained ahn o, ‘A ~rrection var
made 'n the calenla*fnn "f toaral yadioncrd iy {r adeh o f rhese aamples
qaaved fcv o iberquent ¢ Yogm ¢"row tograph * o0l oeie - rh [ AN o
cuprr Fumare Ip cach b b tibe M larad 65 ) e b A A d
N5 ml Af th acanal vy e aalagrton U e 4y g crev € nar-
Caprr v fmar =1y T T T N N A R 2 Yoy £ oq:l 1) ehg
T 1 ragemthor (me viooup neg ' ety vt ! Pt we! !
Aand Unpt Feo RO EPT St e ! il t byt f

IR P ST

\ } 1 “rrer cor b ga gy vy ot rf"r'! =y v moynd
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and metabolites retained in the tissue were extracted(205) by placing

each strip in a small vial containing 2.5 ml of extraction fluid (see-

belo& for composition) and agitating - the . contents of. the vial
continuously for 36 minutes. Then the strip was transferred to another
vial containing the éame extraction fluid;‘ After a further 30 qinutés
of agitétion,»the strips were redoved, and “the two 2.5 ml extraction
portions were pooled and md*éd.' A 1.0 ml aliqﬁogLfﬁgm this 5.0 ml Qas
nsed for measurement of the radioactivity present in the tissue.

The amount of. radioactivity present in each 2 minute (6 ml) sample
collected, was expressed as a fraction of the total radioactivity
present in the strip, at that particular time-referred to as Fractional
releasé(206). ‘ Thus the radicactivity present in the last sample

collected was expressed as a fraction of the sum of the total

radioactivity pregent In the tissue extraction fluid and the

radinactivity present In the last gample 1itself. As the resultant

ke

.
frartiongl v~lesae values waya small, each valur was multirlied by‘IO3

for ~lar ey, ) fnﬂwrrqcnﬂ 1o grnrhp end pal 1o,
e.g.
vadianct tylty pragent in the laar ggmp'lo ~ANO ,.|pm/m1
rodionct{viry precant fn the penultimate  ampl- ~A400 dpm/m1
total radi ac'iviry in the tfaeuve wvy 0w
At ths end nf rha xpe-imen’ ~6ﬂ0’000 dpm/ml
Frn vl sntl vnltonar f + Jaat anmple M (400 X 6)
(600, 000%5 )+ (400%6
' ¢ ree U aempla - N '__(_600}{6)

(EAN ERL T TIA00x6)+ (K00 x &
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Preparhtién of stock carrier solution (Personal communicatiwﬂ

-RR, Vanoutte PM.) _ ) -

1.

A d.Ol pef cent solution of each of the following drugs in 0.0]
per cent ascorbic acid was prepared by dissolving 10 mg of each
drug in the ascorbic acid solution and making it up to 100 ml:
noradrengline ¢NA), 3,4—dihydroxyphenyl glycol (DOPEG), " 13-
methoxy—4-hydroxymandeli.c écid ("A), normerane h+iae (NMN), 3

methoxy—-4—hydroxypheny] glvend IMOFEC)Y e 1 YV b de e

mandelic acid (MOMA)

800 mg endium metrhiaulphite and 800 mg A3 endium  thylona
diamine tetra acetic acid w;rﬂ walghed aut intn a healer and R.0
ml of each of the enlurions pr pared above were added 1in the
fofiowing order, while «t'yr!' © Tauouslv with the aid of a
magnetic gtivrer.

8 ml NE

8 ml DOPEG

! ml VMA

8 ml NMN

R m] MOPEN
R ] OMA

] ml of 5 N hudrechlor’ e U g 2t o togn Thie 4. o+ ' i

ar~ VW {:\vv‘ v Al et bt '
e ,.<1 " ‘ : eV

NS nl o e Coe o [m'v'((m an ad ool vt t'e tact
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ag the drugs are in suspension."f‘- b2 .\

.
- L

S

. Extraction fluid:-Prepara‘t‘-ion(207)~ I Py N
\ . : ) fé

b

Extraction fluid used for 3H—noradrenaline igﬁj?ction from the tissue
was made up as follows. | ! :

: - : P : 2
1. 5.5 mg NajEDTA and 44.3 mg olNascorbic acid %eve dissolved in

IN acetic acid and the total volume was made up to 500 ml with

IN acetic acid itself. ‘ Ty
. ' 2 ¥ )
2. The. resulting solution was kept at 4°C and wag good “for 6
months- 4
i
N * :
Radioactivity measurement &%
3

Total radioactivity, was measured in all samg&gs collected in the
3
fraction collector. Following the’ collection, the superfhsate contained

<y
in each tube (6.0 ml) was mi xed thoroughly with the help of a~vortex

£

mixer, and a 1.0 ml aliquot .plpetted into a liquid scintilation vial.

Ten ml of 1i{quid scintilation fluid (Aquasoﬂ New England‘?Nuciear

e

. @ S Y o .
) . o

magnetic stirrer and the 0. 5 ml. was pipettéd out while-etirring:

g8 -

Canada) was added to each .of these vials and mixed vigorougly with the

1.0 ml of the enperfusate, by shaking to ‘form a “dclear fluid.,

Radioserivity warn measured in a liquid scintilation couﬁter (Mbdel no.

R500, Beckman Tnstruments). Each vial was counted fér 10 minutes or

until 10,000 eounts accumulated. Corrections for quenching were made

with an ertern»' gtandard and counting efficiency was a&broﬁimqtely 36
: ] i

per  cant, The  rintillation vials were left for 120 mionted for Adark

Tt e v orrement of radioantiviry, ¥



Protocol.2.2‘

oA T

(%

This protocol was carried out to determine ‘the effects of a priorn‘v

t
application of exogenous noradrenaline on the efflux of 3H—noradrenaline

during transmural nerve stimulation,- i.e., corresponding‘ to Protdgol.

Lt

1.2. Thus, Stepﬁﬁ; Step D, andetep E of Protocol.l.2 were cérried out -

N

.as a superfusion e}beriment, Cocainevf3 x 107 =5 molﬁl) was present in

3

the superfnsing Krebs buffer solutinn throughout the experimentm dThe

experiment proper was carried out as follows. The numbers refer to‘the

————
B v.

consecutive test tubes in the fraction collector. The last three tubes

during each period'of the protocol were selected “for suheequent;cokumn

chromatographic analysis as in Protocol 2.1. These test tube numbers

are denoted by an asterisk. A ,n 3

Q b ' e

. 'PERIOD I: 1*  -.2% 09* (CONTROL)

'Superfusate was col ted for 6 minutes (three tubes) as a

conitrol period for determiantion of the basal”gfflux of Ju-

noradrenaline. g v

_PERIOD II:° 4 5 6 7 8% (9% 10% o " (TNS)
. [
TNS was applied, at 3 Hz for. 14 minutes whild superfusing
"with plain Krébs buffer splution- TN® was terminated o

the end of the 14th minute.

PERIOD ITT: 11 "12 13 14 15 16 '7 17 19 CEONTTOT D
20021 22 23 *h 25 26+ 1T
.Superfrmion warc et e 1 g h rla;ﬁ Krebs buffar solution
ﬁnr il miv st~ * ;

PERTOD TV: 287 29 30 31 32% 33% 34 B “T(NA)

Supetfusing solution was changed to Krebs buffer conta': !

noradrena11ne (3 x 107 Tme1 10 For the pext 14 wminega

£
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/ Bt

PERTOD“V: 35 36 37 38 39% 40* 41* . (N, + TNS)

TNS was applied at 3 Hz for 14 minutes while confinuing the
superfusion with Krebs buffer containing noradrenaline

(3.3 x 10 =7 mQel/1). o e T ¢ \:, @;. ,
. T S Byt g
PERIOD VI: 42 43 44 45 46 47 48 49 50 5F 4 ;  (CONTROL)

52 .53 54 55 56% 57% 58%
pTNS was terminated and the superquing &olution changed tos

2 - . plain Krebs buffer soluticn “For the next 34 minntes as a
. . - ; ‘?:i R '
\{: control period. : .'l
PERIOD VII: 59 60 61 62 3% 64* 65% f (TNS)

o

TNS was applied at 3 Hz for 14 minutes while superfusing -

with plain Krebs buffer solution.
PERIOD VIII: 66 67 68 69 70 71 72 73% 74%"'75% ° (CONTROL)

TNS was terminated and the superfusion con;inq§d with plain

Krebs buffefr solution as a control. - o
[2Y

3 [
3

At_the‘end of the experiment the. total radioactivity'}emaining in

the vein atrip was ‘dxtracted as explaised in Protocdl 2y1.- Total 8o

radicactiviry wag counted in each sample of sd%erfuste) collected and
' ah .
enlnmn i chromatohgraphic analysis was done 1in “selected samples as.
. ., & : :

-

befote. The protocol is summarised in Figure 19.
: .

»

As =tated above, the radiocactivity present in the superfusate
collected 1o the triad of test tunes denoteq by asterisks were
ronsidered as representative fnr that patticular period of the
evheriment. The last three samples during each peried consitituted this
rriad  of test tubes which were also used for the column
chromaragrarby.  The mean of the radioactivities present ia the three

armp tea wor aaed Far atatigt{cal (jgmparisong,

PET
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: . Protocol 2.2
PES #
, J .
_Tube No. 5 ¥ ‘:
1* - L 2 L 30 o
2 e Bt IR
3% CONTROL % / 3%
A TNS g | : roo33x 7
s - BTN Y
6 o 7T 35 A+ s
7. ) . 36
g Lt R o 37
9w | 38
0% T™Ns .. L 9%
11  CONTROL hO*
12 : 41* NA + TNS
13 : 42 CONTROT,
14 o 43
15 ' 44
16 45 .
17 ' 46 '
18 47
19 48
20 A0
M S0
22 S?
;4 S
25+ S
V6Hw SN
27% CONTROL w6
28 A S7 %
~a W LONTROL

Figure 19. Summary »f Frotrecol 2.7. Numhare raf

tube numhere (n the ‘ractrion collect r. Farh !

reriod of enllection f auperfusate. ‘eteri{al:

o apbas e o 1 e AR RPN I et 1
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59 " TNS

63%

64*

65 INS s

66 coNTROL
67

68

69

70

7

72

73

’7/,;*

75 CCTROL
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The efflux of 3H-noradrehaline decays with the pasgage of Eime in

most preparations in superfusion experimeﬁﬁs. To coftectvfor this the

following procedure s usedf174). Evoked release of 3-noradrenaline

. »

during an intérveﬁtiaﬁfiﬁué@' as "TNS (or a combination of TNS and

exogenous noradrenaline) was calculated by subtraéting the average'bésal

efflux of 3H—noradrenaline'during the two control periods- (done before

o

and after the ;intervention) from the efflux duringlthe{interVention.

Column chromatographic analysis(188,208,209) -

This was used- to speparate the ' radioactive matérial 1in the
K] o \ .

superfusate into,,ndradrengéine (NA): gnd its major metabolites: 3,4-
dihydroxyphenylglycol  (DOPEG), 3,4'—d1hydroxymaﬁdguc acid  (DOMA),
normetanephrine (NMN), 3—méthoxy-4fhyd:bxyphenylglycol (MOPEG) and 3~
AN

methéxy—éwhydroiymandelic acid (VMA).

Supmary: Alumina, Dowex-50 and Dowex-1 were used for the separation
which was carried ~ut in glass columns (0.5 em dn d{ameter). First, the
0aﬁechol corpounde (NA, DOPéG, DOMA) were separated from th; ‘non-—
~stech l'n ™ adsorPtion, of the former on alumina. The NA and DOPEG @gre

\
eluted frow rhe aluminn with acetic acid, followed by DOMA which was

@l ed ~irh 09N and TN hydrnchloric acid. NA was ceparated from DOPEG

(to rhs ~lired NA/DOPRC mixture) by'adsorpfion of the former ~n Dowex-—50
And o elarinn Ierar with hydrnch]ortf scid. ~ The non ecatechol compounds
vreaent in *he aluming offlnant were veparated by adsorptinn nf the NMN
to Powex~50 ~clumma with the affluent containing MOPEG and VMA. The NMN
adaorhed on e sw 50 . wae suhgequently o1uted‘wffh hydrochlaric acid “n
athanel HUFF® and VMA were eeparated hy adnofprfon of the latter on to

Nevax 1 avd fr- <ot aequent elution with hydraochleria acid.

[} .t Y. ey, "’ LIERIEN il by ot “’7""'07"")"(?”"‘
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S

This waé carried out in a fumehood as follows. _
100 g of aluminium .oxlide was added to 500 ml of 2N hydrocglofic
acid in a 1000 ml beaker, Qhe beaker cévefed with a watch glass,
and heated at 90° tb 100° € for 45 minutes with continuous and
rapild stirring, using a mag;etic stirrer-hot plate.

5

The beaker was fémoved from the heater-stirrer and the heavier
particles of aluminium oxide allowed to settle for "1 1/2
minutes. The supernatant'fluid (distinctly yellow in colour) was
discarded along with the finer particlés of alumintum oxide.

The aluminium oxide was then"washed. twice with fresh 250 ml
‘portions of 2N hydrochloric acid ate 70°C for 10 minutes,
discarding the supernatant with the finer aluminum oxide particles
each time. -

Aluminium oxide was washed with SN0 ml ~f 2N hvirochlorir aeid ar

50°C fay 10 minutes. guppvna' ant  with the fla-y alumina o' { Van

dAig-ardad ar bhefore.

»

The altiminna "ae the waghad ’q"vlr"'\q fay 1 10 minytes) repeatedly

(abhewt 20 25 td-aa) with fysah 200 np rotinee nf et i) 'al woter

merti]l the p” af the guapcna’ v uea 34 The o« ot Coee
finer pnr Joleg wag deecnnted ¢ oh ' Ima.

Finallv, *hha alvm{fuyn ovide cna traneferr~4 tn v ~ape at ivyg
A{gh an? s {yntral by bhesetng  or N0°C foar ? boavire e gk 200 70
nvernighe CA mb CFT at fan of phe ooy fginal methnd = re-amr nded hy
Yan anttae, T el e heur reraonal cemponicer ') AL

IR ;v-?l ! gt Ty LN B ey
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"beﬁéx-SQ'x 4 resin (200f4¢0 mesh) = waéhing o

’

1.

Noweaw

ek

£aar

.;s ’
a

. . . ., . . ) N )

-~ &

one volume "of the Dgwex«§0:ré§1n was suspended in dpproximately

three volumes of distilled water and continuéusly stirred for 20
minutes. . The deex;SO was then allowed to settle’ for 30 minutes

and the supernatant decanted. .This was repeated’ AQSK times. .

Followfﬁg the fingl washing the Dowex-50/dtstilled water.

suspension was filtered on. a Buchner_$unne1—Buchner flask (with

d of light negative pressure in the Buchner flask) and air
.

—

overnight. ny

The resin was then suspended in three volumes of 2N hydrochloric

acid and rcontinuously stirred for 30 minute;; The suspension was
allowed t~ settle for 30 minutés and the supernatan? discarded.
Thig étow\was repeated with fresh 2N hydrochloric acid until the
supernatant was almost colourless - approximately 2-3 times.
(This procedure cycles the Dowex - 50 fesin thrbugh a gt form).l
Thgﬁresin was susp;nded in thre:‘volumes of distilled water #nd
stirred for 30 minutes, allowed to settle for 30 wminutes, and the
supernatant discarded. This was repeated once.

The Dowex~-50 was then engpended in three vnlumes of 2N soﬁiqm
bvdrovide and stirved fnr 0 minuteg and the *upaernatant dtscatded
(Thta cycles the resin through a Na® Form.

The resin was then washed four times witbh dist{lled water as in
step three. <n4 filtered on a suchnor funnel flagk and allowed to
air-dry.

The waehed remin wag nmtorad in a bnattle at 4A°C.

S0:  an Iyvet. -] grade ecation exchange resin - AC  SOW X 4, 200-400

hydrne ! “{O~Rad‘Lahnr9tnr19ﬂ. RichmOﬁd, M farnia 1.8 A,
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Dowex~l resin; no special washing necessary. The resin powder can be.
| o © . < . ‘ .

used- directly- in the pfeparation- of the columns. Source; Dowex = I:
. : . . 4 o ' )
"stock no. 1 x 4-400 chloride form strongly basic anion exchange resin -
. . o oo i
4 per cent cross linked — dry mesh 200-400. . . v

. Solutions used for Column Chrpmatography"(Appendix V)

]

All the solutions ‘used .thrpugho t "the chromategraphic pracedure,

including the de-ionised bi-distilled water, contained 0.1 'per- cent
’

. ~ ) - 1
Triton X-100 unless specified otherwise. .The addition of Triton X-100

not only improved the recovery of MOPEG and VMA, but made it also
possible to pass effluents and eluates directly over the next conlumn

without the formation of air bubbles in its narrow bért(208)-

e .
Re-pipette dispensers of different volume as indicated ¥elow, were

used to facilitate delivery of the required volumes of the solutjons
( .
during the chromatography procedure. As the delivered volume need not

be exact, reﬁipette.dispensefs of the type shown in -Fig. 20 "(Fisher

> - L

Seientific T.td., Toront~, Canada) were ns;ad for the purpnse- When =n
number of gamples (e.g.. 6 R sawmples) are analvsed n{ﬁn;raneﬁuw‘v f=¢ 1s
usually.done) a fast delivary he amem eaaent fa'  enligg chi oo
dispenser particulsrly suirable.
Praparation of the Glass Colurne

Glasg ecolum< aed had 2 ' recrnal liametcy of Y T aned nara
plugged with gloaa aond (F{g‘ 2 Eoabhner cdece of ailasgttc ahdi o ne
attachad #- the - m - 4 7 a oh o~ Cuen e cnshlae g ogprinag o o fo

pand (- te 0 ' S v RIS
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4 ' . o
One threé';ier‘rack: , T

Upper: Alumina columns

Middle: Dowex-50 coldmmé'

Lower: Dowex-1 columns

The, columns were mounted 8o that the effluent f;gm_\the élumina
column dropped directly into the Dowex-50 resin column, snd the efflbent

from the latter, directly into the Dowex—1l column.

e *wn tier rack

"rpeve  Alumina “olumre (the glaes columns from the top tier of

th~ three tjer rack are rransferred hare).

lower: Doawev-50 clamne

Thren afngle tier rarbe
1 )
Claga enlumne f'eom the thrae tier and two tier racks are ultimately

tveovafarved tg thaoe raecks.,
Graduated cylinders (with glass stoppers,fto facilitate the mixing
‘ ) . ) ; “\
of rbe solutions contained within) were labelled A,B,C,D,E, and F for,

) .
colltection of rhe affluents and eluates, containing intact noradrenali

an' tta five mitahnljtes. . They were numbered 1A, 2A, 3A, 8A depending

nn the ogmbhar of rarples ranlined s{vﬁ-v]tane'\usly. Twenty-five ml,
vi{ndera were dpaque:’ fay 11 ;'rv" thae A 'v-v{@‘g vhava {1 Ffry )
v Ui 'ar o wer ~ a0 1
npre % N RETETIR Tv=r vration
A~ ~repne'on wae yrepared hy "fMiné nme va'lime (aprrovimataly) of
Afar {111 c=rey O U pry uprt Teften ¥ 100 te ave ynlume of the
wan 1 T g e o © 0 ant erfrving eontivuovely with

uvv‘grn !
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1.0 ml of .ythe' ‘l.)bwex-SO resin suspension was addeci’ i(while s'tirring)
to each Dowex-50 column. The resin settled at the bhottom of the
colgmn above the glass wool. . The_ dong—SO resin should form a
columm about 2.5 cm in hei'ght; if the héi’ght was not adequate gome
more Dowex~50 suspéns,ioﬁ was added. The beaker icbn\‘nini.“q “he
unured resin suspeosion was covered witb parafilm ant! st - Tn
the Yefrigérafnr ar 4°C for umsa ocver the neyr' - Adaye.
The »11lowing waere added rn each snl.own

15 ml 2N HC1

‘§ ml Airtilled water/ND.1 per cent Trir.» ¥ 100

15 m1 sodiom phogphate btuffer

S wl digtilled vater .1 par et Tritan ¥ 100

Fah eolutfion wag ad'ad nly »fter the praviowa aeolution had

Irnined through the ealumn,. ' e, when rhe menigene jret raached the ter

of the Dowex-50 regin. ©nece 211 fanr solaticng had Aratned thravgh  the

eflan?

unt {1

amaunt

fadiads it Gl

fe tubing attar' et ta the tottom -~nd ~f rhe colum war 'amped

the  euxperimert rYoper viag heguan, Tt tras ey rod Fhyae . o ngl]

Trohe e LAt ]

nf Flatd yamnined gheve the regin = £ ofd v ae f

nd. ‘
o
\
Nryer5) colryns « re plar o 'y P
v b apnd tha T e 0y ' y
| ~lumne v T !
A Srifgyey oy ’ I - v RS B Yy o TV N tfar 11 04

ol oy
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2. 1.0 ml of the resin suspension was added to each Dowex-1 column

while stirring. - More resin was added, if necessary, to form a

)

Dowéx-l.plug appfbxipately 2.5 cm tall.. The balgnce of resin left
was kgpt at 4°C after covering the beaker-withAparafilm-for use
over .'rhé next few days. -
S m of 0.1 per cent Triton X-100 was added and the silastic
tubing at rhe-bottnm cla;ped once this had drained through the
colvam. .- o

h. The DNowex--1 columns were placed on the lower tier of the three

tier rack,

o

"m-chromatography - separation procedure

The enmples used for the column chromatography were the triads of

test tubee containing the superfusate representative of each period of

the raperfrainn cxperiment. . The. superfusate coll‘l.eé‘ted fn rthe 3 tubes of
aacrh  triad were panled roéerher (after remoaving 1.0 ml from each to
count for total radicactivity) and stored fmmediately at -23°C until the
cnlumn  chromatographic snalysis was done. . These tubes contained
nrl"ho{Y;d NE, DbPEC. YMA. NMN, MOPEG and NOMA to minimise adsorptibn of

ths rritfated camponnd sn tn the glarg, They also had disodivm ethvlene

R itne retya deerte, acydd g0d{vr metahiau'nh''e d bydrachlorie gqeid
. a v

" "lrﬁ:(\":f_{“(- ‘gent e [ prevp"r ag{ Tt U tt, tyte faqr~1 ¢ompoanindg
f 'veow RS F(\v ] p-i]n‘
Whtla rreopay 'nq "«f‘w.p S0 zud DAwvay ) rolumea the v rin aamwplon
were vemoved from " ha fram-ar and allowed to thaw.
The erententa - F 0 1 samt e tube were mixed wifh rhe {1 »f

v o v sattle for S omlegren. Theo U0 )
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was plpetted out 1in dup}icate for determination“ of total
radioactivity; )

Then 10 ml of each sample was pipetted into plastic beakers
numbered ‘according to the samples.

Approximately 500 mg of activated alumina was added to each beaker
containing 10 ﬁl of the samples. :?

A suspension (alumina + sample 1in beaker) was prepared by
continuous stirriﬁg with a stirring rod and each sample was
titrated to a pH of 8.4. This was done by using 0.5 N Na,CO4 for
coarge titration énd 0.1 N Ns,CO3 for fine adjustment of the pH.
The sam#le Qae maintained at pH 8.4 for five minut;s using 0.1 N
Na2003 1f necaagary, while atirring conrinusnely. Note: Na2C03
solutions did nnt noﬁrain Triton X- 100.

SOAml graduated ~vlinders lahelled 1A, 2A etc., were placed under
the Dowéxw1 glass columns in the lower tfer f three ;ier rack and
the titrared sampleg and the alumina (i» the rlastic haa?ere\ wern

added to the glass cnlumne in the upper tier. The plastic beakers

were rinsed with distilled wat-v/0.1 rer cent Triton 7-10" uging -~

aquirt bottle. tn v"mo"n_.ﬁr’\y advrre it alamins fv'v’m the hn..ql'orc

. . - \

The c].?ﬂrm art o hedl a the ' o R0 rnd Dy 1 yoomne o tha

three -t 'sr ynclk Jore ramwmove ! o aTae Po e b0 ‘h

[aXAR RERLARE BN A SHR S N At a2 alipve

VToa ales e 11 af the cample bel oran thraugh the alumiaa aleen
ml  ~f 3 ot 1 Ved tigteyr 1V par pcant Taftan X TN una added o

vemos s 't ete e adbhering to the g'ass an the vrpear payt of the

o lomn . Tl e ealygtd pe addc T s tha alumiaa o~ 1Ty s drafine !

thro gh te the "y 2% oylanga In the ' 'Te oy C tha thy 3

Cfer 0ot Tyt : U o et AT ' Y
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10.

"11-

NuN

13.

Once the 15 ml di_st'illed water/0.1 per cent Triton x-100. too had

drained through, the alumina coluﬁns were removed from the. upper
tier. of the three-tier rack. and positioned over“the_ Dowex+50
columns in the two-tier rack (thus the same ai?mina columns now
formed the upper tier of the two tier.rack). 25 ml gr;duated
cylinders labellédf 1E, 2ﬁ, etc.; were placed below the Dowex-50
columns in the iower tier of the tﬁo—tier,raék. ‘

The foilowing were added to éach column.

4 x 2 ml 0.2N acetic acid

Note: added in fodr stages, 2. ml at a time once the previous 2 ml
had run through the column.

Alimina columns (upper tier pf two-tier rack) were then removed
and placed over 25 ml graduated cylinders labelled 1D,_2D? ett.,
in'a single tier rack (refer - DOMA, Step 16).

The Dowex-50 columns (the lower tier of the two-tier rack) were
rinsred with 5 ml of distilled water/0.1 per cent Triton X-100.

The offlvent coutained DOPEG(E).

3

Onr~ all r;} 2odnrions had drained through rhe'Dowqx-§O columns 1in

the middle rier of the three-tier rack, (refer Step 7), 5 ml of

distilled water/0.1 per rent Triton X-100 was added and allowed. to

run throngh. . . '

These Novex: 50 columne were remcved an& blaée&‘.over‘ 25. ml
p

q'n'"?*ﬂﬁ “yliaders labelled” 1C. 7€, atc. on 3 eingle~tier rack.

M wan eluted with 10 ml of FM U /orhanol qolutisn and collectad

Tvs tha qv'ﬂ'wyv ned O\"""‘QTW((“
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DoMA

15. Alumina columns from the t_xppér- tie@ig:wf the two tie'r rack. were
'.'_posit;i.c>ned ovei; 25 ml graduated cyl.ij;l;lé:s labelled 1D, 2D, etc.
(refer ‘'steps 10,11). ol '

16. The following solutions were added to ’e;g_te DOMA:10 ml 0.2 N
hydrochloric acid followed by 5 ml 1 N hydréchloric acid once the
former had drained through. The solutbg}ﬁ,.\ contained in the
graduated cylinders (D) contained DOMA. - ‘“ ‘

NE

-—-. »

17. The Dowex-50 columns remaining in the lower tier of two-tier rack
(refer gtep 12) were removed and pogitioned over 25gw)1 graduated
cylinders labelled 1F, 2F, etc. e

. 9

18. NA was eluted from the Dowex—~50 by adding 10 wl of 2N hydrgéhloric
acid and col]ecFed in the graduateéd cylinderce (F).

MOPEG /YA

19. Once all tﬁe §olution9 had drained through the Dowex-1 columns fin
the lower tier of the three-tier rack (refer Step 7) the cnlumns
were tvinsed with 5 ml nof distilled water/0.1 per cent Trit->n X-
100. The effluent war collacted in the SO ml graduated eylivdere
labelled 1A, ?2A, eotc. This contained MOVEG.

0. The S0 ml gradusted ﬁyiinders (A) under the Nawax 1 ~s)imna rere
replaced with 25 ml gradvated cylindera lahallad 1P. 2R 1. e
vas elu;ed with' 2 x 10 @' nf 2N hydrochlaori- neild

Fro-n-tione and aids during the procedvr~:

Farh colution was naprlied to t¥ - ~' e anly after tha pra-tocn

e Yod ran thpeeoughy the cnloemn.
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, b)

c)

d)

e)

£

R

The resins were not allowed td dry'At any time.during the‘entire

*

procedure. This could be considered as the most Jimportant

4

‘vfrecautionary measure during the procédure. - Thus, the menisci in

all the columns were observed continuously. However, one need not

’
4

be frantically worried about this as a 1-2 minute delay from the

©

time the:applied ‘fluid reaches the compound to thejaddition of the
next  solution does not cause a detectable dffferenceb in the
radiocactivity. ‘

A 10 ml syringe with a thin silastic tube attgéhed to itS‘eﬁd; was
kept handy. .This can be helpful when an impropér fluid has been
applied as one can suck out the wrong fluid immediately, in hope
that the assay has not already been ruined.

If one applied the strong acid first in Step. 17 and then the weak

acid, no obvious problem with the counts occurred.

A 50 ml cylinder connected to a large bore needle with the needle -

pier@ing a rubhef sfbpper that fits tightly at the top rim of the
glass columns was kept handy. This was used to apply slight
pressure above a fluid contained within a glass column if the

drainage was extremelv slow.

v

To tmprove eeparation of the carechol .compounds that are absorbed

on to the alumina in step 6 (if the separdtion 1is nof
gatisfactorv) the following procedure can be adapted. Collect the
effluent from the alumina columns (upper tier of three~tier rack)

in step 6, following the addition of the superfusate samples, in

25 ml graduated cylinders. Thus, the efflueni is not allowed to

run into the Dowex—SO and Dowex~1 columns in the middle and lower »

W W

“t{nrq of xﬁg*fhtee tier Yacks ﬁwhiwwpamt o&ﬁ&h@wexpéigment é;é bg

" s v Ty A e o=

R S N SR St A P ’\z,
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done. in a single-tier rack). The effluent is then re-applied  to

the alumina ‘column and thé effluent Jla'llowed to run into the Dowex~

'50 and Dowex—1 columns the second time.

Radioactivity measurements
The volume contained in each of the graduated cylinders *was
measured and recorded at the end of each stage. The contents of each

cylinder was t‘h‘en mixed weJll" and- 1.0 ml pipetted out in duplicate and

the radioactivity measured in a seintilation counter (refer Superfusion

‘Experiments for details). Each sample was counted for 10 minutes ox?'

until 10,000 cdun;s accumulated. Unlike' in the Superfusionl'Experiments‘
the efficieqcy varied from sample to sample because of different degrees
of quenching by the different solutiong wusred in»th"e chromatographic
analysis. The ef_fi,c.i-ency \}aried from 30-38%. Thus, disintergratioﬁs
per minute (dpm) were u.vtiliseti‘ in all calculations involv;ad.' As each
sdmple was couute.d‘ in duplicate ‘f01: radioactivity, the average dpm
contained in'i.O ml of the sample was first calculated. From this valgo
the‘amo'unt of radioactivity pt‘_esent in the 16.5 ml (3 x 5.5 ml) of
superfusate present in each of the triads of test tubes used for the
column chromatographic analysis was calculated (refer Superfueion

Experiments for details).

e.g, Volume nf euperfueate pregert In rvyiad=16,5 ml

Unlume oFf asupaerfuvegate noned oo e 1o chromatoagrarhs  orocedypre

(vrefer srep 3) ~ 100 m

a) If the fipal volrme eolleactrad in thae graduated cylinder A
(containing MOPEG) fs AA.1 w1, 1.0 ml from this was ~ovnted din

duplicate for radioactivity. 1If the mean r»ad{oaé'tiv*rv prearnt

@

in ],..0"‘*131 was 91.1 dpm the amavnr nf radtasntiviry preacor ae
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2

MOPEG in 16.5 ml of the superfusate = 91.1°x 44.1 x 16.5

. . 10.0
S

- 6629 dpm

® b) If the total radioactivity present in 1.0 ml of the superfusate

(refer to colummn chromatography procedure, step Z) is 1801.1.

The total radioactivity present in 15.0 ml of the superfusate

£

= 1801.1 x 16.5
= 29718
Therefore fraction present as MOPEGA
' = 6629/29718
= 0.223
’ = 22.3 per cent

1

The forms ﬁsed for the recording of results during column:chromatography

are ghown in T.abie 1 ‘and’ TuBle 2.

kS
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3A

38

3C

30

aE

DATE OF CHROMATOGRAPHIC ANALYSIS - 13 Oct 1982
DATE OF SUPERFUSION EXPERIMENT © 11 Oct 1982
TRIAD NO. IN SUPERFUSION EXPERIMENT . 5
TRIAD CHARACTERISTICS :
COLUMN NUMBER . 3
VOLUME OF SAMPLE USED FOR CHROMATOGRAPHY 10.0m)
I:!:I".'""'1"“".:::::F===S-==3:=l=ﬂ===ﬂ=====:==========f-'
TOTAL : VOLUME : VIAL
, VOLUME,.m1 : COUNTED.m! : NUMBER
ORIGINAL SAMPLE : _ . 1.0 : 1
(TOYAL RADIOACTIVITY) : 1.0 -2
DOWEX 1 EFFLUENT : 44 1 : 10 : 3
(MOPEG) : : 1.0 : |
DOWEX 1 ELYATE . 14 R 1.0 5 '
(VMA) : 1.0 6
DOWEX 50 ELUATE : 9.5 1 0 7
(NMN) : : 1.0 8
ALUMINA ELUATF : 14.5 10 9
(DOMA) : 1.0 10
DOWEX 50 EFFLUENT : 13.7 10 11
(DOPEG) : 1.0 12 ¢
“WEX S50 ELWATF 16.3 : 1 0 13
(NA) : o] 1
The ~rm vged f '+ o o0 17 ' Ay ing

Table 1:

ahromatragy nely R R
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g
DATE OF CHROMATOGRAPHIC ANALYSTS 733 Oct 1982
DATE OF SUPERFUSION EXPERIMENT © 11 Oct 1982
TRIAD NO. IN SUPERFUSION EXPERIMENT - § .
TRIAD CHARACTERISTICS
COLUMN NUMBER. ™ . 3
‘Ilt'l!'ISIIIIIII...I.llll!llllllIlll‘Il-’I:!l:I::lx!l:':ll!.‘!l'll!!l'!l
METABOLITE |viaL | EFFICIENCY MEAN | TOTAL jTOTAL
FRACTTION NO  fcPpM| - g DPM | DbM vaLuMe | opm/ . | v
: mi 16 Smi
TOTAL RADIO 1
CACTIVITY  [----- R R T cs--11801 1| 16 s 29718 | 100
2 .
3
MOPEG  |----- R R R - SR KR 6629 [22 3
4
R . L T T, R R, - —— -...\_ v e O . c e e
5
VMa  f--.. LR R
6
............... N [ (PO BT S R P .
7
NMN el it EEE R U
g .
........ R R EEnd E T SR B - FRRpR R DU
-9 :
ooMA f---o. et B T, R RS R L _————
10 ‘ .
11
DNPER Il R R R TR - .
12
. werra . . I U N B T T S, - - - --—
~l 13
NA ..... Rl IR -——- - R N -——--
t4

o s TYTNNTANY C swe gy vy A S A R R

Table 2: The form used f-~v e nding f rasults during a column

Chr’)m‘lfﬁg\’nphv awprer fme ot

Y



Relaxation Experiménts:Protocol Three ) , ‘

The resﬁitsi of the inc;faction Experiﬁents described ;above
indicated hthat' béckground TNS 1inhibited the contraction caused by
exogenous noradrenaline in' the 13518ted canine .séphenOus :ein. One
possibie explanation. for this finding 1e a concurrent relaxatory
responge “produced by ‘the transmiral nerve «atimulation. The present
-investigation was an attempt to demonstrate the existence ;f such a

: ) : :
relaxatory response 1in the canine .saphenous vefn (-~ fere~  “11awing

blockade of the contra«t!le response to TNS.

Prntncol 3.1

La.t'e'a’l eaphenous veine warr excisrei fraoam anrsastheti~ed 1lnga aa
exfa]ainmi under General Me! hndea. Fyxceaa copne- tive tigrue wse rvomnved
and the npo;}"'"' ng cut {nt: rings spprorximately 4~ mem fn yidrh. F rrampa
care wan toben during rte ;"tcisior‘ nndh prepararin Af ringe. to avnid
rontactr of eurgi{rg) {ing’vrmentg with rhe luminal evrface nf +rho blaed
vessel or rubbing of v;o "opposing lumiral ~gpfaci s agefbat eh ntheor
in ~rder to praesarve the endnthelium. Tn othear ylage “ho andotheliym
wae machanically rewoved hy inae:ring the tipn ~f a emall “isgue for rre
inro '.‘.h.e lumén of the yring nd Qaqt]‘v ro' tie s epre imen el o d

fart' ques g FI1t © nproar for 18 - sone Y L tyg- e canpey el

PO AU 2N thoe atd ~f

trfangag' ar n:v\' : v o

odan v se  ling an P B S N N

T o1t "nmaota the - sntra Tle cff v onf TNQ {, rhe ey oy
comhipn ~v1 ef g aerhidtas and Ca vy' v eamine we ot oprliad o rhe
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. éont;acgilg effects of.TNS adequately, a combination of ﬁhe two drués
was used. First, guanethidine (10 -4 mol/l) was intrdduced into the
bath, after the rings were set up as described above, and was presenf in
the bath throughout the experiment. After incubation with guanethid;ne
for 90 minutes, phenoxybenzamine (2 x 10 ° mnl/1)=wasvadded to:the bath
and the incubation‘qontinued for a further_30 minutes. Then the unbound
rhencrvhaen-amine present in the bath was removed by repeated‘changes of
barh  fluid with fresh Krebe solution. During the lgft 30 minutes of
fhis incubation bath proprar-lol (2 x ]Om6 moL/l) and-atrépine (5 X 10_6
mol/f) were also rresent in rthae tiggue bhath, Tﬁﬁs, rhpy were added to.
the harh togather with the phenxybenzamine at the end of the first 90‘
minutes nf fnouhation with qnnuethidine- Atropine and'propranolol were
added te tha hath. flvid ro prevent any ﬁossible-:mﬁséarihir or héetag~-
tecepror mediated r-~laxatian during the suleequent stages of the
prﬂfoﬂﬂi. Thesn two drugg (and the guanethidine) were present iﬁ‘the
bath f1uid throughaut the reat of rhe evreriment. Tn order to ensure

rthat the coencantration of propranoinl veged (2 x 10—6 mol/1l) was

“n"fleiant to prevant brta recertor me''ated relaxatiow, the fenponse to

fe p enaline wng fregt 4 In gome ringg. Tenprenaline in a concenerétion
" e 10"§ ma' 1 A’ et proadice any yel-vat® .n {q sapthWUG vein rings
Tre contracto? BEAN proetag! anding V7' ac Aegcribed hotay, The
coierntet e o atvardineg ysed wna aimilar 1o that usnd by ot hery workerae
Plest e pem Ukl migcarinde celavaticn in smooth miscle(212).

A nof rhig peried of rwe hours,", thejiprapafé"O“S were
rrmornetst by add g Venhg tiffar galuriag containing prostaglandiﬁ " e
AR NA} K me 1Y T he ‘

contractinn produced vas approximately 80 per cent f

LTI v e Vet fy '-", 1“ the svw\\enous vein,



Once this contraci:ion’ reached a plateaq,’ the respongse tn» TNS was
detérmined using -trains of stimulli of 30 second duration at each
frequency.\ 'The s'timulus parameters dsed were as follows: square wave
‘pulses; duration l-O'ms, ntrength 10 V, frequency 1.,'?.6.9.'16, and 3?2
Hz. Each trajn ~f rulses we= applie? fnllowinr‘vvmvlp*; rocovary from
. 4

the response ta the rraeyf~ ~ t afn W o fmalto ThO e b de . fyap

8-30 minntes.

Provncol 3.2
Tn Protacol 3.1, TNS apnli~i aftar pre-contrs - tion ~f th« gapher -
veln with proegtacliandine F.," ['Y""'i"ed 3., frea vn‘-'v dependent relawat oo

Protoecl 3.2 wag dove tn elnp'déta further . Vo nechanfam '”ﬂpn""‘bip

for thia relaxgt ry responre ta T.N.". Frote:nl Y 1 ‘av ecaryfiel o f oy e
to Aetermine the qt{;vm‘un Ceapon e wr et TN a3 cnnt ol Thern onan
nf th: fellowing 'raoe  ng added o 1) trteaaa hath fafrer rverl of g tho
hath  Flo'd setrdh F - 0b Lf sy gnp s g proetr gl v(‘"; C ‘ '
ap’ R v . Voot ead e oo, '
RA
! .
1 Voyert Ty s 'T‘"“‘ tobhihitny tetsnd tewin [ 1
) "y vpcrptay nnt gonigt cdvet {Afns (10 ' PPN
Y, Tl wiae aae Tabhdhloap datae o Ut {10 ma
§ Ty rer prov anta - njar A LT A R ST
' .
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bicarhonate” solution was prepared by replacing the KCl in the
Kreba—bicafhonate"' buffer solution - used, with an equimolar
concentration of NaCl.

Only one drng was tested in each ring. Control rings’ without the

s

ahove drugs were run in parallel to correct fof changes in the

. 5
responges with time. The stimulus-response curves to TNS before

and after each drug wers compared by regression analysis after log

trangfrrmation (to hame 2.0) of the frequenev values.

v thenl 31

Aa taoatrtradetoanin r'ped In T¥otocoe! ¥ " A44 nnt abnlish the relaxatory

reaponge t TNS, the neural orfigir of this reaponse was invéstigated

Y .

neing falad “trrage ~f tha 2dphennag veina. Tntramural autonomi~ nerves
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nre knnwno o dcgenerarc when excised hlood vessels are stored at
YC(71Y) Tame  ay {red anphenpng vain; were gtored 1in Krehs b;ffor
goluw Ton a2 0 fap 0 (lavg o descrihed bv Guimarses et 21(214). Ringe
were o tted fnothe rlrane hath following this cold wrn;ége and the
reapanac o Intermitren tra{nn ~f TNS dnr_"ar;'n‘i_nGd After rre- contraction.
with prooaraplacyr. F7‘ o Jﬂn-v{h;d in Protocol 3.7 The ~t {milyg—
CeAaparae cyaan e thers «o1d atoved voefus ware compared with rhe
SEohme e e e Aone bn ring- prepared from the same veing on
the  dqy f et I Tihovsh  ths cantractile regponse. ro”‘tNSf%§#§V
L

LSO T teved voeina  granethidine and rhpnoxyhﬂnwaﬁina
o e comm o f) han s taga ra alow'atg the eenditlong in the
crreel feo B R R I I e N R L T R LIS
et imelae v o~y . o

The ! U A ooyt her | T~var-ratfion e [



hydroi:ydopamine on the rel.axatoryv respoﬁ.se to TNS was investigated
here. The method used for the denervation was a modification (personal
co;nmu'nication Vanhoutte I_’M, Lorenz ‘RR) of the met'hod used by Aprigliaﬁo
and Hermsmeyer(215). The rings were set up for i{sometric tension
recBr‘di'ri'g' as bhefore. Aérat;ion of the tissve bath was Stnpp?d-aﬁd 26 ml.
of unbuffered physio‘ldgica] galt solutien (far electrnolyte composition
réfer Appan;iix TI1) containing 6.0 mg of dissolved F hydroxydoramine

(1.46 x 10'-3. mol/1) was added to the tissue bath in place of Krebs

buffer golutrinm. Tneuhation with 6-hydroxydopamine was carxi-d -at fort
1" minutes. The hath geolatfion was r9p19(‘9;f‘ with another 70 ml of

physinlingical salt golnntion vo:;ntain'lng 6- hydraoxydopamine and the
incubation contfaned For a fur tﬂer 10 minytes. The A -hyviraxydopamine
wanq then reamoved and replarced with Krebhs tn"ffr" eanlurinn and aeration
with 95 par cent N, ° per cent cn, rerommenced.  Frequant rineing with
fresh FKrebs solution wass carried out over the next 3 hours until the
tenaion (1ncrea$¢d by the 6-hviroxydopamine treatment) returned to the
conrral level. The riugs were them contracted <ith proaraglandin Foy
(fn  rhe npraegence ~f gpropranpglol and  atrorine ae befare) and  the

arfmilng-yenponcs  cyrve to TNS repeated. To some of thege A
R IR

hydroxydopamine rreated veine,. gu:ine'-t?hid‘lhd"‘a‘nd ph?“v.'.rw\;hd"v;mrin;eu :rpna
?11§nﬁ36‘ﬁ‘];;f;~;l" tm'\ w'mni:ﬂ‘e the conditdons. in Pratoecl 3.7. fn Protco-al
3.3 "'\‘\g"; iy oy € "V""’Vr.iframinq f:~ satment  : :tve rcun ip parvllal ae
ooty ¢

y ey . per v DTS PN Ty owy v Ve frreatad

1inge ’ ' '
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appeareé-éﬁhéﬁﬁance the response to TNS in Protocol 1.2, it was decided
to  investigate 4 fhis phenomenon further. A The effect of law-
concentrations of exogenous qéradrenaline (which byu itself did not
produce any increasé °in tension in the saphenous vein), on the
contractile response to TNS was investigated here. Saphenous vein rings
were prepared for experiﬁentation a8 explained in tgé General Methods.
After an equilibration period of 90 minutes TNS was applied as 5 second
trains of stimuli at 8 Hz (strength.10V, pulse duration:0.3 ps) every 5
‘minutes until thé contractile regponse to the train of TNS became
stable. This <table value was regarded ae the control and the stimulus
4
parameteres were~ maintained constant for tha rest of the experiment.
Next, exogennua noradfenalipe wags added to the tissue bath 1In a
concentratien ~f 9.0 1bg10-m§i/i“and‘tho regponse to the traiﬁs of TNS
determined. Afrer three to four trafns of TNS tﬂév'éidgénous
noradranaline wag temoved by several changes of the bath fluid, while

corrinuing the TNS evary 5 minutes. Once the contractile response to

TNS reachad rbe control value the experiment was -repeated with a higher
L. . “ . » ) K . Y . i . " PO T e

S . T P — L e 14
concentration of exégenOUS' neradrevdline. . - :The: -copcentratichs of
eX0gADouUS noradrenaliné-ntt1{;¢4 f;v nhe-protonoL-Qeré~as«f;110;s “n . -

. . . e« L. : RPN
102 wal/1): ~9.0, -8.5,-8.0, 7.5. 7.9,
. The maximum confraccilo vegpenee to TNS 4in the pressvece of.encﬁ -

covcentration of evogennus nnv.ﬂfl’f"v\r"fne was oypregged ag a wpercentage
’ }

af *ha control. The experimental values at es~h concentration of

b2 Faround ewogenous noradrenaline .and the control valyes were avalysed

77 2 fwe way analyeis of variance (the control and the respodses to TNS
o o - AR S R - cL0

*t the five concenrratione ~f. roradrenaline congtituring 6 trestment

), Thon rhe ¥ yalae o a igni €irant (p<O.07) tha differances



between 'anf two treatment groups were asgessed with the least

significant difference test.

STATISTICAL ANALYSIS(216,217)

For each Protocol the number of experiments reported corresponds to
the number of dogs used unlegg specified otherwise (see ProtbCoi.l.] and
Protocol 1.2). All data are expressed4és mean t standard errop of mean
(SEM). For sgtatistical comparison of twn sets of observations, the
Student's t-tesg (pairéd or unpair;d as appropriate) was employed; a p
value of 1eps than 0.05 was considered as a statistically <ignificant

difference between two groups of data.

The control and experimental stimulus-—response curves tn TNS in

Protocol Three were compared as follnws: A regression analysis (after

log transformation to base 2.0 of the frequency values) was carried out
first on each group (experimental and control) -of . data. The two
regregaion lines resulting from the above were compared thereafrer. The
élppes qf thg two " lines were compared initislly, followed by the
éléb;tion oéjithe iines abo?e tpe xlax{su (i;e, homogenétfy of the Y-
;ﬁtefcépt) if the: slopes wére found not to ﬁiffpr significantly. The
iérfef piocé&ufé.ppévrérf;ed pur by an analysis. of r~avariance.

The. control and the experiwmental wvaluyes in Protacol Four were

z

?naivgad_ viEY v twaseav avalyaie  af  uyprtor e ¢nk;"g each day'e
pxperiman’' a+ = (wq’n: reptl ~re, Tho cantr ol v sopange * » THA and the
reaprnacs gt the S AMHffayvant ecopeent rarions f e~ ngennne n radrennaline
wers aegarded o o tyastmant g oyupe. When the ' vrlap wap adontfi anre

the d' fforenceg hetwaer ryv 'wn treat~ent grage ¢ o RS AT

' o LT T Y Ve ovb |



RESULTS

Protcol One

. Saphenous vein strips mognted foflisometric tension recording, in
ghe tissue bath, did not dgﬁonstrate aqy spohtaneous mechanical
activity. They responded to.qxogenous~n§radrenaline in a-concenttation
dependent manner.‘ With repeated changing of bath 'fluid' the téngion
returned to approximately thg same level as before the commencement of
the dose-response curve. This recovéfy from a dose~response curve took
from'ﬁp—és minutes. TNS applied as équare-wave pulses  produced él
ffequangy dependent contraction with a maximum con;réction' aé "16-32
Hz. The maximum contraction prpduced by TNS in tﬁéb saﬁhenous 'vein
s;fips wasf about 90 per cent of the m;ximum ‘contraction produced by
e*ogenons noradrenaline. Here too. the tension returned to control
levels following cessation of stimulation. Although this occurred even
without washing, several changes of bath fluid were done during.this
period which varied from 15-20 minutes. Further, the bath fluid‘was
changed every 30 minutes even when no specific intervention was carried
nvt. In 22 preparations (strips) the Basal tension was 3.2 g (mean %
7.18 g SEM) and the ma#imum tension to exngenous noradrenaline was 4.9 g

(mpan + 0.30 e QR |

Pr ot enl 1.0
b4

fhe effecr ~f a TNS 1induced background contfaction, on the
~ontraction prrduced by exrgenous noradrenaline was examined here. The
oxperiment wae carried out using different concentrations of exogenous
noradrefaline and differentv magnitudés of background contraction
prnduced hy 'TNS as expléined under Metbods. The concgntrations. of

cwegenone noradrenaline used ranged from 7.5 x 10-7 mol/l to 6.0 x 1Qi6:
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mol/1l. The magnitude of the control contractions “produced by 'thi.,s_ . .,

éxogéﬁous noradrenaline alone in Step C and Step E of the protocol

‘"

rahged from 30-90 per <cent of the maximum “contraction - for -

noradréngline. The background c:)ntractions produced by TINS at different
frequencies rang'ed.lfrom 5-80 per cent of the vmaximgm contraction for
exogenous noradrenaline _in the saphe'ndus ' ’vein. The additional
'contraqtion produced by exogenous noradrenaline," when added a°gainst a
backgtound contraction 1ndu<;ed by TNS in Step D was found to ’be much
less ., than fhe controls, i.e., Step C and Step E. Often the total
cqn_tract‘ion produced by TNS and exogenous noradrenaline in Step D was
Bnly slightly greater than the contraction produced by ‘exogenous
.noradrenaline aloune. On some occasions they were equal. An example
from' Protocol 1.1 is shown in Figure 22.

As explained under Methods, a direct.. compa.r.i_,s‘on between the
additional cqntraction ‘produced by exogenous 'n;.)‘radrenalin‘e against - 4
ba‘ckground of TNS, and the contractions 'produced by ' exogenoué
noradrenaline alone would be erroneous'.. "_Tt.ms, an expeéted contraction
was calculated‘ for each concentration of‘exogenbus noradtenaline usled in
Protocol 1.1, depending on the magnitude of. the - background contraction
produced by TNS (see Metths). Following this cortection, the observed
contractions were compared “ith the expected contractions. The results
are stﬁnmartsed in Fig. ?3. Seventy—-eight observations were made on 12

saphenous veins (number of dogs = 12). The obsei"v“edhéc;rit_réctionb in

Step D were significantly Less than the expecte’d comtractions vith the

R ‘x“"

observed/gxpected ratio having a mean of 82 4 per cent (SEM 21
;jp<0 001) The individual data points utilised for Figure 23 are shown

1_11 ‘;i?i_gu;:e _ 24 ~where the observed/expected cent:action ratios ..Were

o . e .. PR
* -. % Qe e 2w e . .-

e v e ia e e,
. - <L - i i : .. P Ve
. B . 2
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?igure 22. An example from Protocol 1l.1l. The additional cgntraeﬁion
produced by exogenous noradrenaline (NA) added against a background
contraction by transmural nerve stimulation (TNS), 1s much less than ﬁhe
controls (omn Either-side);‘in fact, the total contraction produced'by

exogenous noradrenaline and TNS in the middle is not much differen£ from

) 4 e
.the contraction produced by exogenous notad:eqaline alone in tBe cwo R
-~.A,ncontrols- J R SR SPSUUIEEIE R " COUUEL e
"y N )A ) - ) >
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n=78
p <0.001
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Figure 23: The summary of the results from Protocol 1.1. The
observed/expected contraction produced by exogenous noradrenaline (NA)
-added against awbackgfodnd.contract16n produced by transmural nerve

© . stimulatioo {Bgrd. TNS) s significantly less than the controls.
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Figure 24. The individual data points frr the observed/expected,

204

contractions by exogenous noroadrenaline (NA) added against a background

contraction produced by transmural nerve stimulation (TNS) in Protocn!

1.1, plotted against the magnitude of, the background TNS contraction.

The latter is expressed as a percentage of the maximum contraction

produced by exogenous nroadrenaline in the canine saphenous vein.



"plotted against the mggnitudg of the - background contraction ratios

PR R o 3 0.
w“w o - 3

‘produced by TNS. ’ The latter was expressed as a percentage ‘of the

¢ -~

maximum contraction for exogenous noradrenaline. As can be seen, 71 of

e . . “"\_

£

78 data’ -points for observed " contractions were less than the exbectea
fcontractions. further, the observed/exgecteﬂ ratio appeared to diminish
with_increasing magnitude'of the background contraction produced by TNS,
with a ;sign{f§capt_'negaxivef;eOIrelation (rm =0.42, p0.001).
Correlation eoefflicient although. significant, was rather low Va{n .a

coefficient of determinatign (r2) af 0.17.

Protocol 1.2

The effect of a ' exogenous noradrenaline induced hackground
,contraction, on the contraction produced by TNS'was examﬁned here. The
axﬁpriﬁent .was carried out using different frequencien of TNS and

different magnitudes of background contractinn praduced by exogenous

noradrenaline  as explained under Methnds. The' rontrel contractions

@ -

" produced by TNS in Step G and- Srep E of the protocol ranged from 20~ 80

-

per vant of the maximum contraction for exongenous noradrenaline in. the
vein strips (The uppervlim(t was‘constrained by the frer rhat maximum
contraction to TNé.in the saphenous vein was about 9 per cent of the
maw i mog (n;rraction tn exngenone norndvennl{ne)- «"he  bharkground
et vantiian rrodnred hy exogenous noradxe"a1'"e in Strp D ranged fraem
575 per cent of the maximum contraction to exogenous nearadrena]ine.
Tne additional contraction produced by INS appliad against the
backgrnund conrraction Induced by exogenous noradrenalirte. although less
than the contrnls, was more than that ohs Prved in Step N of Frotncenl 1.1
(which wag the “refprocal of Sreap ﬁ in Protoncol 1.2)- This additional

coeptyactinan yaea seeacinnal ly nheayrved to  he equal to the Pq”rr“i

205



contraction produced by TNS alone. A representative exagple, from. ...

. Protocol. 1.2 18 shown 11 Fig. 25. T e e e
‘ﬂ-N - { -~ - - . .
As a direct comparison between the additional contractions produced

PR ~ v

:by TNS in Step D with the two control«contractions inASLep C and“Step E

o T

was not. possible,- .expected contractions were calpulated.u The results

are summarised in Fig. 26. Seventy one observations were nade'onc12

saphenous veins (number of dogs = 12). Unlike in Protecol 1.1 where the

san

'otserned contractions in Aétep‘ D were significantly tess' than the

expected contractions, the observed coritractions were significantly more

than the expected contractiouns in Protocol 1.2 with the

>

observed/expected ratio having a2 mean of 132.8 per cent (SEM 3.6 %,

p<0.001). The ludividual data points utilised for Figuré 26 are shown

——

in Figure 27 where rhe observed/ewpected contraction ratios were plotted

against the wmagnitude of the background contraction prodiced b&I

s

L : ' . ) t ] B
exogenous mnoradrenalide, ‘the latter being expressed - as a.percentage of

- -

the ‘maximum contraction for exogenois noradrenalin€. ' As can be seen, 64

-

(of 71) observed contractions were greater than  the . expected

' contractioné. ' Further, the data points’ appeared to be .randounly.
Hietributed, the observed/expected ‘ratio snnwing - no significant )
correlation Vith,thﬁ magnitpde of the "‘backgrnund contrectionAQroduced‘bY‘

exogenors noradrenaline (r=+0.06, p>0.05).
Protncol 1.3
This protocol wag carried out to determine whether the inhibitory

effect of TNS on the exogenous noradrenaline contraction was due to the

excltation of iﬂrramural nerves ~r due to the field »f electrical current
t . *

per se. .

206 -
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1 NA,9-9x1d7mol/l
- == TNS, & Hz 10V,1m cac

Figure 25. An example from Frotacal 1.7. The additin-al contra * to-
produced by tranemural nerve grimulation (TNS) applied againsr -

»
background contyastian by awngensue noradrenalire (NA) althongh lecs

than the coutrc's (on ecither side) is ralativel: m:'r> “han that -hge f
in Protocol 1.1 (refe Fig. 22) HGher- @ pg vovg “ 4 o "1 .gn
baelgr an? fun Lo renfpy sl
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Steps A to E of proto'col 1.1 were carried out first. This showed

results similar to that: observed in Protocol 1.1. Thus, TNS was found

to inhibit the contraction produced by exogenous noradrenaline. 'The’

. contractile response to the frequency of TNS used in Step D was blocked

by the addition of guanethidi‘ne into the tissue bath. The conoe‘htration

of guanethidine necessary for the blockade varied from 1 x 10-6 mol/l to

5 x 10—6 mol/1l depending on the f‘reqﬁency of TNS used'in Step D. A

representative example of Step C, Step D and Step E following this
blockade {s shown in Fig. 28. The ronrraction produced by exogenous
g2
noradrenaline in Step D was similar to the two controls (Step C, Step E)
fn spite of the electrical current flowing . between /toe_ platinom
alo traden Anring Step D.  The contraction 1n Step D was compareo’ with
the mean of frhe two contrels. The resnlts are summar-iséd in ‘-Fig. 29.
The mann  contractrjon produced by ~wxogsrsua poradrenaline during the
pascaga of an ejp.~rr1fn1 Mirrent waa 070 e Ly (..;e,;,\ + 0.8% aEHN of

Ve mrantyala (o ‘R.OPNOLQOSD

A gl {1ar ovipendme ot wgra onver o ot ueing the cal cium antagon"ar

AT a-“, hvdseehl v i tn tlace of guanethidine. 'Y concentratirn of

ANt P m oyentred 0 kWl yok Fhe rantyactile ffrnte of TNS varied f‘rom
- )

10 NIRRT R rolt/1 A pan'ing on the "vaguenay nf TNQ poed in SteP D. At
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Figure 28. * representative example from Prntoecol 1.3. The tun acnrr '
contractiona ro exngennng noradrengli e ~lone (on either aidec) and ' he
contraction to the_same cancantratrion of naradrenaline add 4 «hile
app‘yigg TNS (riddle) are shown. All three “sapnnang vare el'prired in
ha preesce of grone N7 ne {n e 0 g et et Te v Rlasd the
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f‘igure 29. Summary of results from Protocol 1.3. The contraction
produced by exogenous noradrenaline (y-axié) in the Icon:rols is compared
~with the coantraction produced by the same concentration of ﬁpfadrenaline
added 'against~ a béckgrouﬁd of transmural nerve stimulation (TNS) with
the ér)'nt.rac‘tilve effect of TNS Morkad with guanethiding‘(n-S, p>0.05).



Protocol 1.4
These experiments were designed to determine whether thevinhibitdry
effect of béckground TNS, on the exogenous noradrenaline mediated

contraction, observed in Protocol 1.1 was sbecific for TNS or whether it

- = < - -

would stili be evidént when ansther agonist 13 -substftated: in“plade’ of

-

TNS.
The response to exogenous noradrenaline added against a background
contraction produced by TNS was compa#ed with the response to the same

concentration of exogenous neradrenaline added agalnst a background

contraction produced by tyramine (or methoxamine or histamine or

phenylephrine). 1In this protocol, the additional response to exogenous -

noradrenaline was expressed as a percentage of the mean of ‘the two
controls i.e., Step C and Step E. The background contraction produced
by TNS was matched (as close as possible) to that produced by tyramine
to enable a direcr POmpari;on of.the additional responses to he made.
All four compounds, tyramine, methoxamine, histamine and phenylephrine
produced a concentration dependent contr%ction in saphenous vein
gstrips/rings. Dose—response curves to each of these drugs were
performed rin a preiiminaryi set of experiments to get an idea of the
concentrarion range to be used 1In the protocol proper. Tyramine,
mathoxamine and phenylephrine produced complete dose-response curves at
a concentration range frgm 10'7 ro lO"A mel/1l. Tn the ~ase of tyramine,
the daare-response curvet were repeated in the presonce of cncaine (1()"Is
mol/1) to determine trhbe concentrarion range in which 1ts direct effects
(on the amonth murrle) could be aQoidnd- Tn ‘fh‘? presence of coenine,
tyramine produced ne appreciahle contradtiogs up to g P""centrafiﬂn nf 6

\

w 10 mnl, ! In the protornl rr per the concentration of tyraminc nvaed

213
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was kept below this to avoid direct effects on smooth muécle;\-Sapheﬁdﬁa'

veins were far less responsive to histamine compared with the édrenétgic

- agonists described above. It often proddced:ﬁd'@ont:gctiéns-until a.

(38

2

il

concentration of 10~% mol/l was teached.’ . . , .
- PR » P S AR I A L R I T A AT Y e e g L SR

O @ s a s gy eeec o ® 1 vh e 3 mie 0% st W™ 3 60t 0, DL« e
PSR A : . ) ! ,

‘A’ representative example from _the experiments using tyramine
hydrochloride 1is shown inr Fig. 30. Thé additional contréction produced -
by exogenous noraﬁ;gnqlipg'ggg;?gg a PQSEQEQ“Pd;é°PFF§FC}°“ 1p§9égq by ...
tyramine,‘néas much greater ghah ﬁhat:AptOJﬁéed agéiﬁst '; bacggroﬁnd -
contraction induced by TNS. .This difference was apparent with diffe?ent

magnitudes of background contraction as well as different concentrations

of exogenous noradrenaline. The pooleqﬂxesu;té'are summariéed in Fig.
: X » , PN ] AN LR ¢ - . LI v e,

31  where the additional contraction produced by the exogenous

noradrenaline 1s expressed as a percentage of the controls. = The
additional contraction against a background ofvaS‘was 67.i.pen'cenf
(mean + 2.5%Z SEM) of the é%ntrol, while the addifional contrac;i§n
égainst a background df tyramine waé~86,5;pé; cent'(méanbi 3l42:SE£) of
the control {(n=16, p<0.001).

In the experiments using phenylephriné 'hydrochlofide as’ the
background agonis?, the dfugawas used in a concentration rghge:froﬁ 1 x
10"6 mol/1l to 4 x lO_6 mol/l. The pooled results of these experiments

. Lo _
are summarised in Fig. 32. The additional contraction produced by
exngenous noradrenaline against. a background of.TNS was 56.2 per cent
(mean + 3.3%, SEM) of the control while the additional COntractipn‘
Againnc a backgrouna of phenylephrine was 68.3 per cent (mean % 3.4%
SFM) of the control. The additional contraéfion'against a background,of

phenylephrine was significantly greater than that agajnst a background
' 1

of TNS (p<0.001, n=11). : . .

et P A P PN
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'Figure 30. A repzesentative example from Protocol 1. 4 withrtyramine

hydrochloride (Tyr) as the background agonist. The response to

exogenous noradrenaline (Nor) added against a backgronnd oontraction by °

transmural nerve stimulation (TNS) (Upper middle), the response to the
same concentration of noradrenaline addeéd against a background
contraction by tyramine (lower middle)- and the four control contractions
to exogenous noradrenaline‘alone .are shown. The additional contractionA
produced by exogenous noradrenaline against a backgrOund contraction by

tyramine is much more than that produced against a background
contraction by TNS. -

F
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Figu}e 31. Res»lts from Protocol 1.4 (background agoniscs tyramine,
histamine and metho*amine) The additional contraction produced by
exogenons noradrenaline against a. background contraction by transmural
nerve stimulation (TNS) is compared with the additional contraction to
the same concentration of noradrenaline against a background contraction
by tyramine (left), histamine (middle) and methoxamine (right). The

additional contraction to noradrenaline is expressed as a _percentage of

the control. Control refers to the contraction produced by exagenous

naradrénaline aloue,.i.e., with no background agonidt or TNS. Tyr:
tyramine, Hist histamine, He:h.mechoxamine. ‘
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Figure 32.  Summary of results from Protocol 1.4 (background agonist:
phenylephrine). The additional contraction prnduced by exogenous
noradrenaline againét a background contraction by transmural nerve
stimulation (TNS) f{s comﬁared with the additional contractioﬁ to the

.same concentration of noradrenaline against a background contraction by

phenylephrine. The additiomal contraction to noradreunaline {s expressed

as a percentage of the control. Contraol refers to:thé coatraction
prodﬁced by noradrenaline alone, i.e., with ne background agonist or
TNS.. PE: phenvlaphrine. -
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--In="ths=ﬂe§§eriments using “ﬁeﬁuax3ﬁ15e~ hydrochloridg as. the-- -
background agoniat, the drug was used in a concenttation range from 1 x
10 é nnl/l,to_6 x 10 6 mol/l. The pooled results of these experiments

are summarised in Fig.'.3l. The additional contraction produced by

exogenous noradrenaline against a background of TNS was 60.8 per cent

(mean’ E 5.47 SEM) of the control while the additional contraction
against a background of - methoxamine was 84 3 per cent (mean + 5,6% SEM)

df .the control. - The additional contractibn ‘against .a backgroundm

- o et e Y

—

T

‘methoxamine was’ significantly greater than that against a background of
TNS (p <0.001, n=8). ?
Lo~ the experiments using histamine dihydrochioride as them.m; =

-

. background agonist, the drug was used in a concentration range from 5 x
lO—S'mol/I to 4 x 10-4 mol/l. The pooled resuits of these experiments
are summarised in Fig. 31. The additional contraction produced by
~exogenous noradrenaline'againat'a background of TNS was 59.6 per cent
(mean % 3.2% SEM) while’the_addiqienal COntraction'against a‘bacgground
of histamine was 91.7 per cent (mean t 2.6%Z SEM). The additional
\/—
contraction against a background of histamine was significantly greater

than that against a background of TNS (p<0.001, n-12)

Protocol 1.5

This brotocol waa designed to investigate the mechanism responsible
for the,inhibition observed.in Protocolll.l, utilising “"amtagonists” to
some possible mediators'of the inhibitory phenomenon. -

The effect"of propranoioi, indomethacin, aminophyliine and
cimatidine oun the >inhibition of the exogenous noradrenaiine mediated

contraction by ‘background TNS .was investigated here. Thus, Step C, Step

. D apd Step E of Protocnl 1.1 were carried out first and-then repeated in



-v:%:{_:ﬂ _f ?”'?-:;' ) - R jg_..‘ - o S ,21% {;.
'the presence of one of the aboue ment toned - drugs. ~'The.,add}tional
contractions produced by exogenous noradrenaline against a background of
TNS:WithYand’without the drug were compared.: Each was expressed as a
percentage of the mean.of“the'twé'controis,;i'e; Step C and Step E.

In the experiments using the. ﬁ blocker propranolol it was used in a \
concentration of 10~ -5 mol/l.b‘ This concentration of propranolel was
sufflcient to block "the relaxant effects of the beta-agonist

isoprenaline (following a-blockade) in the canine saphenous'vein.. This

PR w v o
»y

was establifhed in preliminary experiments. At this concentration,-the
contractile response to exogenous noradrenaline was increased by up to

10 ‘per cent in some preparations. The pooled results from the

-

Experinents using propranalol are summarised in Fig. 37. The additiomnal
contraction produced by exogenous noradrenaline was 66.3 per ceunt (mean
+ 4.6%, SEM) of the: control in the absence of propranolol, and 58.4 per
cent (mean t 3.0% SE@) in the presence of the drug. The iatter value
.was signdficantli 1ess than the former (0.05 > p>0.01,.n=10).

In the experiments psing indomethacin, the drug was used in a
’concentration of 10—5 mol/l. At this cdncentration it did not wodify
appreciably the magnitude of the contractions' produced;‘by exogenous
noradrenaline or TNS.  The pooie;> resuiré nt these experiments are
‘summarised in Fig. 34. The addifional contrartion produced by exogenous
noradrenaline was 67.8 per cent (mean + 1.9%Y SEM) of the contrn! in the
absence of tndomethavi;\ and AS.N por cant (mean & 2.2%2 SFM) ~f the
control {n rhe presence of the drng. These two waluar vare not
significantly different %rom ageh other (p>0.05, n~11),

| In the. experiments nsing the p1~pnr{n0“ept0r antagep 'at,

aminophylline, the Avrng wag v3ed in a concantratrian Af ]()‘5 mat Y. At
PNy g

o
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Figure 33. Results from Protocol 1.5‘(bropranolol). The additional
coutraction produced by exogénous noradrenaline against a background
contraction by transmural nerve stimulation (TINS) with and without
. Hq ‘
propranalol (10 * mol/l) ave shown. The additional contraction to
noradrenaline is expressed as a percentage of the control. Control
refers to the confraction produced by moradrenaline élonn. t.~., with no

background TMVS. erp:P:ogfi?nlol.
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Figure 34. Results from Protncol 1.5 (indomethacin and cimetidine).
The additional contraction produced 'y exogenous noradrenaline against -~
background r~ontraction bv transmurs! nerve ctimular{ion (TNS) with and

without (a) indomethacir 10*5

mol/' (lefr) and (b) cimeridine 1073 .
(vight) are shown. The addir{fanal contyacrisn tn avadre--1ing -
exprensead as a percentage of the control. @ '+ 1 refe'r " e
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Figure 35. Results from Prntocnl 1.5 (aminophylline). The additional
contraction produced by exogenous noradrenaline against a hackground
contraction by tranamural nerve. stimulation (TNS) wi)th and witrhout
amingphvllinme (10 ' mol/1) are shown. Tha additional contraction to . /
!
exogenog porsdrenaline is expressad as 3 per entage of the control. /
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this .concentration aminOphylline did not significantly affect the

cbntractile Eedpéﬁges to. exogenous no:adrenaliné or TNS. As with
indomethacin, the - additional coﬁtractton produced by exogeneons
noradrenaline againet a background of TNS did nnt anrear to b~ modffied
by thel presence of amin~phvilipe. The pooled ~agulte of thesea
experiments are qummﬁr%snd in Fig. 135. The 3ddi' {onal econrractian
produced by @wogenods,nsradre"aT'ne wae S7.8 par ‘en” (mean % 4.6% SF'')
of the contrsl im fﬁe absence of eminophylli e a'd S° ' per cent (me=nr +

3.1Z, SEM) of tbe cont ol in the prescnrcoe af the drug. Thege twe '

were not sign!ficanri Aifferent from ecach ~thar (p>N.0" n 0)

Tn the awt ~rvime 't @ ngjng ~fmatidine tha drog wan vned LER a
. <

con entration of 10 nal/ ', Th- presence ~f nimetidine did ner cause
any appr~~'~hle »l'nr «lan in the mapritude ~f the mtractilta vecponges
ta TNS ov axeogenons o rzdr~analipe. The ponled = ~nlre fram thenan
cimetidine experim '~ arr cQummard arAd in Fig EA The addi 1ana1
~ran*rraction producr ' hy cwrg eve povadrenal ine iar £ v ok (rpas
NS SFM)Y i N cnvtal n ";IE'. nhne na Af fevot T - HE D e
cent  Imann 4 D20 ' o he yat oy Pracsc o ot . e
Thege [R2TAN o v e i ot
‘y A n
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Protocol 2.1 _ \ e

Step D of Protocol 1.1 was carriedJOUt as a superfusion experiment

]

- -

in this. part of the sfudy. The. radioactivit;",‘meas-\fremem;s in ‘the

superfusate have been expressed below as fractional release per 2 minute

o

224

perind of enllection. A1l’ values have been multiplied by Iﬂ3 for the

TP . ) .
eake of clarity as the frgetional release is almost always § number with
\ <L .

two to three decimwal ploces. "T™ue, the fractional release values given

helow have tn bo rimltipnlied hy 10"3

fractionrsl releage.

Twn hours after the commenceoment of the superfusion, the experiment
prorer wae hebun. Ar Ehis time. rhe hagal efflux of tritfated compounds

. , % . . L
had reached a ateadv deval. TIn fi-~ - +peri{ments -the total rgdioact'ivi_ty
in the auper fuaate at this time was 1,588 (me'an + 0.10 SEM).

1,

. 3 ) 3 }
Unmetohnliged Heunradvanaline constitnted only 4.3 per cent of this

total  radieacti{vity. The deaminated compound . DOPEG '(3,4~diﬁydroxy—

phenylglye1) formad 34.3 per cent of this fraction and the ortho-

N

mathvlate'! deam!nated rcoppound MOPEG (3—methnxy,'&—hydrokyphgnylglycol)
20.7 per  ecant: DOMA (3 4-dihydroxymandelic acid) and VMA (vanillyl

mapdeits acfid) coner{ituted apprroximately 17 per cent each ~nd NMN
. y

(anmvv' nv\nphrlnp) qnly h per cant . '['h““. dr-qm-[{are'd' (\nmpol‘nds (DQFYEG'

DOMAY  €oyymad appraximately S1 per cent of the basal affluv, the o-

methylatad dasmi crted comp ounde MOPRC, UMAY apprroximately 38 por cenr,

and ~ m thyloraed  smponnda ('™ approximately 4 per cent. When TNS wés
Aaprlial ar ) 1y su tginad  ~ntractinn raeelted. This was arcompariaed
bv as dne enme p tatal  vadieactivity, 3H—ﬁ0tadrpna11ne and the
motal J{tn1 th bhe teatal fyactional releage mmqu‘!t'lﬂg to 4.97 (mean t

N : ,
prmet bt Thea ) geradeanaline congtituted 26.2 per

in order to' obtain the true



.

cent "of the total radioactivity (fractional release, mean 1.3 % 0.12°

SEM) with MOPEG, VMA, NMN and DOMA constituting approximately 23.3, 7.7,

»

18.3 and 10.3 ber cent respectively.: Fig;b36 shows a representative:

example from Protocol 2.1 and the summary data for total radiééétivity
and the differént metabolite- fractiqns during the experiments (n=5).
Aftrer 14 minutes of TNS, ekogenous'norAArenaline was introduced into the
superfusing fluid in a concentration of l0—6 mol/1l while mainﬁaining the
TNS ét,Z Hz for 14 minutes. Thig resvlted 1in a further increase of
tension accompanied py a decrease fn rhe efflux of total radioactivfty
as . well as 3H"noradrenaline. The fractional velease of total
radfonctivity was 2.60 (mean £ 0.3 SEM) while thaft of 5H—noradrenaline
was 0.36 (mean % 0.06 SEM) during this period. Ar the end of the 14
mimutes the exogenous noradrengline was remo?ed from the superfuéing
fluid while maintaining the TNS. Thig resulted in an increase in thé

3" -

fractional release of total radicactivity (mean 4.75 + 0.R%4 SFMV and
noradrenaline (mean 1.11 + 0,11 SFM) to levelr ~lasa tn thnt ohserved

prior to the intrvoduction of exogenonwe noradrenaline. Affer another 4

miruteg the TNS was terminated with a rnsultant decrea-~ 4n the off1ny

nf trirfared ecompovrdr to baral levels. At tha ond nAf thiec per i’ rhe
fra-tianal ralagge ~f thea radin‘vf7v' v wag 1 R faweecan 4 0 17 0y
and that f 3“--’\qrarlv -nline wae OO0 fme an b Y (01 arrey ety
cnronrable tn e hnagal efflav or rtho rommencamant of the aeyxy - foro
Thue, the tartpredn tiop of exngeni e noradye aline LKA ' he
q"per"vw‘lng floid dov ! g TNR  reenltred {n n Ar sreane 'n the rfflav of
taral radiongetti - {lrr ~n 1! gp 1H~ nnr }dv""u "Ttae tnduered by Ve TNE The
effluw praduced by THT 1. v prata oo soagaanns e ot el .

..Y‘..rqd B I I f‘1f‘ Ve e ' AP ’ ¢ et
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Figure 36. Summary of resgits from Protocol 2.1 The effect Qf
exogenous noradrenaline added against a background of transmural anéerve
stimulation (TNS), on the total radioactivity of superfusafg and efflux
of 3H-nﬁradrenaline and metahalites produced by TNS (bottom) (refer
Takle S for etandard errors of the mean) An example from Protocol 2.1
e showm aleo. Changes in tension (top) and total radiocactivity in the
superfusate (middle) during the experiment are shoym. All fadioactivity
measurements are expressed as fractional release x 103. ‘ ) |
NA:mpmetabolised noradrenaline, Deaminated:deaminated metabnlites (DOMA
and DOPEG), OMDA:o-m-thylated desminated metabolites (MOPEG and VMA),

(hAT ) ""‘T'ﬂ“tanephr"\". YOOUPT v ¥t .'1 V'sdf.')aﬁ':iv‘(ty in l‘he supp',f:"pate'
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after the introduction of exqgenous noradrenaline (NA) qfing a paired t-
test. The reshlts are summarised below as fractional release (mean %

SEM, n=5).

Total radioactivity , .

TNS‘only 4.85 t 0.84 R
' : p<0.001

TNS + NA 2.60 % 0.33, -
Ratio ~ 0.558
?H—noradrenaline .
TNS only 1.20 £ 0.11
‘ p<0.01

TNS + NA 0.36 £ 0.06
Ratio 0.300

Evokéﬁ_release‘was also calculatgd for each period of stimulation
during the protocol (évoked release 1is the efflux during a{period“qf
intervention minus tﬁe‘ basal efflux, i.e., the increase 1in éfflux
produced by the intgrvencion itseif). Comparisons made using evoked
reléase values (instead of the total release as éiven ;bove) too
demonstrated the inhibitien of the efflux of total rnd*oactivity and 3g-
noradrenaline by .Ekogénous noradrenaline.

The“x results nf this protocol indicated -that_ eﬁogenOus /'
navwdrenaiine gignificantly inhibited the efflov of total radioanri"i;;v
as wall as ‘H-noradrenaline produced by THS.  All the datr from the
column .chromatogravhjc analvrin  Auring “he  pregent protanal o e

Aummne s fged {np Table 3.
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Protocol 2.2

Step C,;Step D and Step E.Of.PrOtOCQI 1.2 were carried out here as

a superfusion éxpefiment.' Thé prptocol/ptOper was begun two hours after
the commencement of the superfusion 'ﬁhen\'thé basal efflux of the -

‘tritiated material had come down to a steady, low level. The fractional

release of total radioactivity at this time was 2.06 (mean % 0,20

SEM). The percentages of the different metabolite fractions contained-

in the,totalf;adioactiVi;y were similar to-the values obtained (at the

commencement of ;hé experiment proper) in Protocol 2.1; NA: 4.2 per cent
" (fractional rele#se: mean‘0.09 + 0.01 SEM) MOPEG? 18.1 per cent- VMA:
16.3 p;r cént, NMN: 3.5 ber cent, DOMA: 18.2.per cent, DOPEG: 35.1 per
cent. A represenﬁati?e exampie from the present,prot0col'is shown 1in
Fig. 37 toge}ber‘with the summary déta,for total radioactivi£§Hand;qhe
Qetabolibéiiééétidns during thé experiments (n=5); After the control
period, :TNS>-was applied-at 3 Hz. . This' produced an incfeése in the

fractional release of tqtalvradioaétivity (mean 5.49 % O.80lSEM) as»well

as JH-noradrenaline (mean 1.44 % 0.08, SEM). The latter constituted

: . , o~
approximately 26.3 per cent of ‘the total radioactivity during this

period. TNS was terminated after 14ﬁminutes Jand. a control period
followed, during which the efflux of tritiated compounds geturned to
basal levels (total radioactivity: mean i.65 > 0.08 SEM, GH-
noradrenaline 4.1 per cen; of total). Exogenous noradrenaline 1in a
concentration of 3.3 x 10-7 mol/i was introduced into the buperfusing
solution after this control period, for 14 minutes. .This resulted in an
increase 1n tension but 1t did not change tgé total efflux or the

relative proportions of the metabolite fractions to any appreciable

extent. The total fractional release during this period was 1.45 (mean

L4
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Tension(g)

TNS:3Hz
7 T ' : © NAi3.3 x 167 moui

Fractional release x 10~

. @
)

. TETOTAL |
3 et
: TN
4. CJOMDA

§  Damn

LS DEAMINATED

Fractional releass x 103

HIthFil]

Figure‘§7;' Summary of results from Protocol 2.2. The effect of '
bagkground ,exogenous noradrenaline on the total. radioactivity of the
superfusate and efflux of 3H—noradrenaline and metabolites (bottom)
(refer Tableuo for standard;errors of;the mean). An example from
Protocol 2.2 is shown also. . Changes'in tension (top) and total
radioactivity in the superfusate (middle) during the experiment are
shown. All radiocactivity. measurements are expressed as fractional
release x 103 NA: unmetabolised noradrenaline, Deaminated deaminated v
metabolites (DOMA .and: DOPEG) OMDA.o—methylated deaminated metabolites
(MOPEG and VMA), TNS : transmural nerve stimulation, NMN normetanephrine,
TOTAL :total radioactivity in the superfusate.

'
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:t.-_O..-;O:7 SEM) ‘and the 3‘l&'i"v—nlm:-adrenaline .release was O407-~(mean + 0.01
SEIM).. At the end of 14 minutes TNS was applied (-a.f the same frequency
as used before) while c':oﬁtinu_ing the supérfusidh?@;}i ‘fluid cjontai.niwng
exogenous noradrenaiine. ;l‘h_ié pr'oduce& a fu?ﬁt'he'r i_ncl."t-aas.e in  tension
accoml-)at;ied.,\by an increase iﬁ the'ef‘flux‘_of tr;tiatéd compounds. The

total radioactivity ‘present in the superfusate during this period was

3.81 (mean * 0.89, SEM)V and the}‘—noradrenéliné content 0.89 (mean % .

0.10 SEM: 23.4 per cent of al). The relative proportions of. the

different metabolites were si to th_a.tv observed during application -

of TNS in the absence of a background ¢ontraction produced by exogenous'

noradrenaline,. At the end of this 'peri‘od (14 minutes) TNS was

terminated and the superfusing solution cﬁanged back to one without

exogenous ‘nbradrenaline._ The efflux of tritiated material fell to basal
.1evgls; duting this period: COta‘i radioactiv@mean. 1.39 + 0.08 SEM
and 3H—noradren;lline:mean 0.06 + 0.01 SEM TNS applied after }this
contrgl 'pe}iod producgd an 1increase 1in tension accol;ll;oa-nied by an
enhancéd efflux of tritiated material. The total éfflux of

radioactivity during this period ‘was 4.86 (mean £ 0.77 SEM) and the 3&—,

noradrenaline effluxrl.FB'l (mean + 0.05 SEM, 26:9 per cent of total).

TNS was terminated at the end of 14 minutes reéulting in a fall of the

efflux of tritiated material to basal .levels.’

3

During this protocol, both the total efflux -and the H-

noradrenaline efflux pr;oduced by 'I'NSl in the presence of exogenous
noradrenaline was less than that produced in 1its absence. The mean>s” of
tﬁe efflux va].ues during thé two periods of TNS (in the at;éence of
exogenous n'orad_reﬁaline) were compared with the efflux produced by TNS
in shg ér_esence of exogenous noradrenaline by a paired t-test. The

o

results are summarised below as fractional releage (mean + SFM, n=5).
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Total radioactivitx

’..v!ﬂe

- INS only 5%85 t 0.79 R JEE
o -~ . p<0 .05 K ) .
: Né_gdﬁisfz‘ai £ 0.89° N " B

Ratio . 0.73
N N ,:‘! LT
3H—noradrenaldne‘

' * o p<0.05 | -
. NA + TNS 0 89 i 0 16 _ N -
: ' Y : ‘.
Comparison. of the same dsing evoked fractional refbaw@ié i.e.,

" efflux during an intervention minus the basal efflux) demonstrated

similar results. All the data from the coluguu chromatographic _analysis‘n

v

arepgummarised in Table 4. a : C . :
N

Therefore, in -both Protocol 2.1 and Protocol 2.2 significant

inhibition.of the TNS induced efflux of tritiated compounds including

AR

unmetabolised 3H;noradrenaline occurred in the presence of ~exogenous

3

noradrenaline in the snperfusing solutioﬁf' Evoked release of tritiated i

compounds dufing TNS in the’ presence of exogenous noradrenaline was,

expressed as a percentage of that in the absence of the exogenous drug
(evoked fractional release was utilised as it reflects the efflux
fnduced by TNS more accuratelj). This was. done for each individdal
experimenr in both protocols. These-'percentages (which reflect
inversely the degree of' inhibition produced by exogenous noradrenaline)
from the two protocols were ¢ompared ' by a students t-test for unpaired
data; The mean percentage for Protocol 2.1 was 32.9 per cent: (SEM 2.7%)

and for Protoco] 2.2 was 57.6 per cent (SEM 9.92).‘ These two values

were significantly different from each other (p<0.05). ¢

’
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Protocol Three ‘ | o | ' ' - \&‘_
A ‘poseible explanation for the inhiﬁitien of the exogenous .
non&ﬂtepgline: con;ractioﬁ by ‘INS in Protocol 1.1 1is. a ;eoncurrent
relaxaeorf.reebonse by -INS. The present protocol was an attempt to
demonstrate the existence of such a relaxatory response in the canine
'93phenous veins, following blockade of the con;raetile response to TNS.
| Saphenous vein rings responded to transmurel~nerve stimulation with
frequency dependent contractions which ﬁere_maximum at'a frequencf oﬁ:"
'16—3% .Hz. When the stimulue—response) eurves were’ repeate& (in

a

preliminary experiments) following incubation of thes vein rings with

tetrodotoxin (10—6.mol/l) for 30 minutes, the contractile response to
k]

TNS was almost completely abolished (Fig. 38). The maximum contraction
at 32 Hz in the presence of tetrodotoxi;.was 3.4 per cent (mean.# 1.7
per cent SEM, n~S5) of thae control value. This confirmed that the
contractile response to Jghe TNS (abplied as sqeere—wave pulses 1.0 ms
duration, 10 V strength) was due to the ‘activation of 1qpramural
nerves. JIn the experiment proper, blockade of this contractile.tesﬁonse —~
to TNS was gnnievqu By a combination of_, guenethidige;. and'
rhonﬂx9h9n7am1"n. Vﬂllowing the addition of guanethidine into the
tiesue bath av  Jnc:r2a3an {in tonsion was observed in the vein rings. The
ragnituvde of thia incveage varied considerobly from preparation to
preparation. Some rrepqtatiene demonatratred intarmittent contractions
ﬂ‘Rupec-impoaed on the increased ‘tbno. At the end of 90 pinutes when
phenoxyhenénmine (2 x 10_5 mn1/1) was added, the tension retureed to the
basal value and remained relatively gfnhln.rhereafﬁer. After anothay 130

ol nutes TNS wag applied at a frequency of 32 Hz tn ensure adequate

sympatheti~ hloskade. At this time the regponse to TNS was almost

cnmpletaly AaWal{chadl In meat uedin rings.
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Prbtocol 3.1

The basal tension in the véin rings was 2.95 g (mean t+ 0.19 g S
‘at the ' commencement of the experiment proper q(n-l7)..u Following the
blockaqS of the contfactile response to 'TNS, the rings were made to *
contract by the sddition of prostaglandin an (10—5 mol/1l). The
contraction reached a plateau after 10-15 mintues. The tension at this
;ime was 17.53 g (meao + 1.27 g SEﬁ, n~17). TNS applied at this stﬁge
as intermittent trains of stimuli (‘” s duration) st each frequency (1-
32 Hz), elicited a frequenecy depe’nt rvelaxation in the rings (Fig.
39A). RPTaxa;io" commenced witbin = fow geconds of the commencement of
THS.  Complete recnvery from the relaxarion (following cessatigﬁ of TNS)
ocrurred within 5-10 mintues. althpugh in some instances, especlally at
higher f'°;W°"0195, it took c;nsidnrnh1y lorger (up to 30 minutes).
Further, ar the gféher frequ-pecies a sacond, delayed, relaxation was
anmetimer  observad when the TNS woe tarmirnred at the apd of 30
aecnnda. Thus, 'the re<ranse conefeted of run phageg: an initial
Pd ¢ .

o

*,
tranaien® vrelldgation and 3 second, delayrd, relaxation with <low
rocovyery (Fig. 393‘)_ The ge~ nd phae~ (whan haarved) was. som-rimag of

greatar magnitndae ‘tha" the ‘nit{al phase. The mﬁfnfﬁndo of the

Ylu , :
vn‘awnrion wﬁﬂ geneval, vied congddar Ny from tiggne At 'sane. The
, "”Y=Ci§ @as ahgar 1.1 noo A 1) ‘" preparat 'ane {n whiah the

W
ot vyactq ‘G_‘-" reepnnra L T™ < wne oy comrloraly ahnlinahed by r'"\o

A

qqnnnrhid['\c/phor\n\(ybenvnm‘w‘* 't tYyeotmant AT t he drtn from ;"9
?
fraquancy reapange curves oy anmrar{gad in Fig, 40. Tha maxim-oow

reTitat'on ohcerved was 3 Y @ ‘ment 4 0,19 o QEM. n=17).
.

' rde- tn ;‘1\."1-1'11{1 A LY Yo ropeYaywar ! an obger +d wrn W""iatéd

fovam ceeri{ad ' Clogs



Saphenous vein

"7 8Hz 1647 32Hz7
_— xdj ‘ .

7 min
| 2]

,,‘.‘ . ' 1) volts

Wt e

Fiéure 39. Regporee of canine saphannua vain ringe pre—contracted wi'h
prostaglandin p?a (in m~1/1Y. to r anamiral nerve arimulation (TNS
following evapatheric an? migear 'nin hlarkade naing guanet!idine (1"
mol /1), rhenp:vhen-agine (7en mel1/1) proapranolnl (7%10 s mol/1) and

atropine (5 » 107f

mel/1). ™" applied as intrerm'rtant A0 gecond trat-
of stimuli at each frequen:y. A. demonstrating = frequenry dependent
relaxation to fntévmtxkeyt tyaing nf g im:1{. R: example nf a biphari
resroree to V&S at 37 H» dambngtrer’'n  ar tolrdi-l rrapgie-r alar 4o
and ° ercaond -dglaved atorirdiare PR Coan

Ve v- T w Y, . Ct
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Saphehous “vein |
4.0_
- n=17

3.0L

201

Relaxation(g)

Figure 40. The relationship of the magnitude of the relaxation to
rransmural nerve gtimulation (TNS) tq‘frequency of TNS, in canine
saphenous vein rings pre-contracted with prostaglandin Fou (1073 mol/1)
following avmpathetic and muscarinic blockade. INS:trains of 30 second

\.,',".4 s ot

“eeh freienay, pulse dutation: 1.0 ms, strength:10 V.



"mechanically denudéd‘of endothelium, (as,descfibed under Methods) with

parallel conttols. Confirmation of the preservation of the endothelium -

in the control rings and the removal of the endbtheiium /by ~the

AR

mechanical denudation was obtained by the ”use.';f “gcanning --eléctron .

microscopy. - The rings were removed at the end ‘of the ekperiments ap&

carefully cut open to be fixed and processed for scanning -Electron.'_

.microscopy of their 1umina} surfaces. Two electron-m;crographs from

control and de—endothelialised riﬂgs are shown 1in Fig: 41. As can be

seen, the ring’ mechapiéally denuded of the endothelium showed no

'evidence of intact endothelium.. On the other hqhd, the endothelium was

preserved In 80-90 per cent 6£ the luminal surface in conp;pl&rings; -
. S

The optimum basal tension for 'the ;ings -ﬁeghggiéally‘ denuded of

endothelium (mean; 2.60§ + 0.16 g SEM, n=12) was no; signiflcanti&

different .from the controls (mean; 2.75g + 0.18g SEM, ﬁ%léj (p>0.05).
A i

Further, the response of these rings ’po prostaglandin an (maximum

tension: mean; l7.§0g t 1.33g SEM) was also not significantly different
from the controls (maxiﬁﬁm tension: méan 18.77 g + 71-45g SEM) (p>0.05,
n=12). TNS appliéd to these tings elicited a frequency dependent
relaxation. The data are summarised fn Fig. 42. The maximum relaxation
observed was 3.50 g (mean + 0.42g SEM, ©v=12) iﬁ the de—e:dothelialised
rings and 3.40g (mean't 0.21g éEM, n=12) 1in the control rings- The
stimulus-responre curves compared bv regrerssfon analvsis with analysis
of covariance (See under statistical Moethnada) did nat ghay a sigﬁificaﬁt
Aifference (p>0.05).

When TNS was applied lcontinuonnl’v, in a “eumnlative” fashion at
frequencies of 1 rhrough 32 Hz (‘lnn;',nm'l of interwittent trains of

stimuli for 20 gerande ar apeh fragquency ) rhe par'orr) “f relawatriec wng

239



Figure 41: A. Scanning electron micrograph of the 1n£ima1 surfaééldf:éhﬁ
saphenous vein ring fixed and processed at the end of én éxper{ﬁent.
Approximately 80 per cent of .the intimal surface ﬁas endogheliél

cells. White bars at the bottom = 10 um. Magnification:l%§2.x 103,

B. Scanning electron micrograph of;the intimal surface of‘Q:Qein ring -
mechanically denuded of the endothelium. White bars = 100 ué

.

Magnification:1.43 x 10%2. Note: absence of endotheliai cells.
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Saphenous vein
49 Control 0—o : : L
| Without endo. o-e I ' |
3.0l
< 20| e 5
o _
= |
x |
A x ‘
m .
1.0L
« n=12 \
o . p>0.05
ol " -
. 1 2. 4 8 16 32
TNS(Hz)

Figure 42. The effect of mechanical de-endothelialisation on the

relaxatory response to transmural nerve stimulation in canine saphenous

vein rings pre-contracted with prostaglandin Fon (10-5 mql/l) following

sympathetic and muscarinic blockade.

at each frequency.

TNS:trains of 30 second duration
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inéon's;-sitent, with a 'd'efini;e frequéncy ';dependent relaxation »beli-ng

oﬁéefved only occasi'qnally (Fi-é. 43)._ All 'r‘ings showed a relai;ifbry _

response at 1 Hz. »Wh.et"z' the frequency of stimulation was 1increased,

there' was no furthexf relaxation from 2—8 Hz: in most rings. In some

o prepai"ations -the tension retufpéd"'-.towa:ds _the baseline "i-:d'uring these

interﬁediate' frequencies. - 'A't—. ;hi”ghéf;"'ffeq’uencies of _stiinulat;lbn (16-32

Hz) most prepa'ra'tions responded with further relaxations. Név'erthelées,

the maximum relaxation observed at 32 Hz with this.. mode of stimulation

épﬁeared to be less than that observed during a 30 second train of-

d@imuli at 32 Hz. Followiﬁg continuous stimulation,'some preparations
showed a delgyed. relaxation, the fecovery frem which was prolonged,
occésidﬁhiiy taking up to 30 pinutes. It waé aiso incbmplece at
times. - Since the responses élicited by ;nterﬁlttent.trains ofi;t;mgli
(36 secon&) wége__ggre reproducible than those elicited Ey continuous
stimuldtion, all drug‘éffégti wefe tested againsg intermittent pggins-of

stimuli.

Protocol 3.2

The effect of différent drugs.on the relaxatory response to TNS was
investigated heré.‘ A stimulus;response curve to TNS (applied as
intermittent 30 trains) was carried out first and then repeated in the
presence of the drug. | |

TNS applied 1in the presehce of the fast Na' channel inhibitor
tetrodotoxin _(1.0"6 vmoi/l) elicited a frequency dependent relaxation.
The maximum relaxation in the presence of tetrédotoxin was 2.62 g (mean
+ 0.20 g SEM?-n-S) And in its absence was 2.77 g kmean‘iVO.ZS g SEM,

n=6). The results are summarised in PFig. 44. The stimulus—respbnse

curves with and without tetrodotoxin were nqtjsignificantly different .

243



\r -~

Saphenous vein

1 TNS:1.0 'ms, 10 voits
oft o

£ - S

)

Figuré 43, Response of canine saphenous vein rings pre-contracted with
prostaglandin an (10~ =5 mol/l) CO transmural nerve stimulation (TNS)

to TNS done cumulatively using continuous stimulation (1in contrast. to

- following. sympathetic and muscarinic blockade. Stimulus-reSponse curves

the protocol shown in Fig. 39). A. TNS at 0.5 Hz produced a relaxation/'

which was reversed partially with an increase in the frequency of
stimulation (i.e. 1 to 8 Hz). However at the_highgr frequencies (16 to
32 Hz) the relaxation was evident again. - B. Example of a more definite
frequency dependent relaxation with continuous TNS: :such a response was

seldom observed with this mode of stimnlation.
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Filgure 44, Effect of tetrodotoxin on the relaxatofy response to
transmural nerve stimulation (TNS) in canine séﬁhénous vein'rings pre—~
contracted witb prostaglandin Fou followiﬁg‘Smeathetic and muscarinic
blockade. TNS:trains of 30 second duration at earch frequency.
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‘fton,each other (p>0.05). ‘As nentinnéd before, thie:concentration of

tetrodotoxin almost completely aboliaﬁed the contractile response to TNS'_

(prior to application of guanethidine and phenoxybenzamine) in the

saphenous vein.

Incubation withv,th Hz-receptor antagonist cimetidine in a -
concentration of 1074 molll did pot antagonise the relaxatory response

to TNS. The maximum relaxation in the presence of cimetidine was 2.88 g

(mean £ 0,53 g SEM, n=5) and the wyaximum relaxation in the control

" preparations was 2.92 g (mean % 0.47 g SEM, n=5): .The pooled;daté from -

the ‘stimulue-tesponse curves are shown in Fig. 45, 'There',was no
significant difference between the two curves (ﬁ)0.0S, n=5).
Indomethacin in a concentration of 10_5 mol/1 failed to-modify the

»relaxatory response to .TNS. The mayimum telaxation with and - without

246

indomethacin were 2.82 g (mean % 0.40. g SEM) and 3.23 g (mean * 0 38 g =

SEM) respectively (n=6). The pooled data shown in Fig. 45 demonstrated

\

no significant difference between the two 'stimulns—tesponse curves

(p>0.05, n=6).

4

In the experiments with the P2~reCept0r antagonist aminophylline-

the"drug was used in a .concentration of 10','5 mol/l. At this
coqpentration it had no effect on :he contraction produced by the
'prostaglandin Fox+. The. maximum relaxation yo TNS in the presence of
aminophylline was 2.82 g (mean % 0.49' g Sgﬂ, n'6) "and tnat in- its
absence was 3.08 g (mean % 0.39 g SEM, naej; Tne pooled, data are shown

in Fig. 46. There was no significant difference between the stimulus-—

response curves with and without aminophylline (P)0.0S n-o);‘

The intfoduction of ‘ouabain into the tissue—bath fluid in a*

concentration of 2 x 107 =4 mol/1 regulted 1n a gradual increase oﬁ the
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‘Figure 45. Effect of cimetidine (left) and 1.ndomet:_hacvin (right) on rhe
relaxatory reeponse to transmural nerve st'imula\télon (TNS) in canine

saphenous vein rings pre-contracted with prostaglandin F,, (107 mol/1)
following sympathetic and muscarinic blockade. TNS:trains of 30 second

duration at each frequenéy. The drug concentrations are given in mol/l.

-

N\



SAPHENOUS VEIN

- i
40, . - - |
. Control
‘| » Aminophyliine 167> ‘ |
C;
c
2
= 2.0t
x
4]
I .
o
10p :
4’;1,//.// n=5 \. o ,
g/ p>0.05
Ob 4
48 8 16 ‘32
TNS (Hz)

Figure 46. FEffect of aminophylline (10‘—5 mol/1l) on the relaxatory
response to transmural nerve stimulation (TNS) in canine saphenous vein
rings pre—cdntracted with prostaglandin Fon (10'5 mol/1) fo}lowing_
sympathetic and muscarinic blockade. TNS:trvains of 30»second duration

ar each frequency.



active tension produced by the prostaglandin Fou. in some rings. This
1ncrease varied from 0—15 per cent of the active tension prior to the

.‘1nttoduction of the drug.:’ The relaxatory response to TNS was almost

»

abolished in the preaence of ouabain (the effect appeared to be similar

regardless of the presence or absence of 1ncreased active tension‘

nduced by ouabain). The maximum relaxatiqn in the presence of the drug - -

wds 0 55 g (mean t 0.09- g %EM " n=6) and that in its absence 2.73 g (mean

0,24 g SEM, n=6). The decrease in the response was muoh more evident

at the lower frequenciles with practically o relaxation being nhserved
up to’(and includlng) a frequency of 8 Hz (Fig. 47). The twn srimulus-
response curves wvere significantlv different from eoch other_(p(d.ﬂdl.
n=6).

In the experlnents using “zero-K' Krebs buffef"‘solntionna marked
decrease 1n ective tension wss observed when fthe n"rnal,Krens taffer
solution in ‘the tisgue bath was replaced by the ahove solutiom, {n ~rite
of the continnod presence of of prostaglandin an in the bath. rhs
active tension fell to 13—3‘ per cent nf the contrel value fmean; 23,75
per cent) after 30 minutnr of jnenbarion i{n the zoro K" Krebs buffer.
TNS applied at the end of this period failed tn oroduce any gignifi-»nt

. . ' ’
vrolavatinn. The maximum relaxa' fon okrervved in zer -V Trahe, buyfiar was

0.76g (mean t 0.1% SEM, n¥5) =hile rbar {in the + ntrsle war ".08g

(mean + 0.3g SFM, n=H). The pooled stimulve '¢opevne  cuvrveg wae
X 1

a{pgntficantly Aiffarpnr from qac_h other (V{‘g' KT, v 0 n=5Y,

A possible role for free radic2le 1in the nhevved relawal vy

' : L ‘ n
regsponse to TNS was fnvemtigated by using aacarhiec acid 10 nme1/1) and
the enzyme entalasre (50 ug/ml). Ascrrbic acid {e a2 AT

T eI ngAT nFf [ Lo ' Vo e Tt e Apec 10 sty cen

\
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Figure *". Effect of ouabain (2x10~l‘ mol/1l) and rero-k" "Krebs” Buffer

solution on the relaxatory response to transmural nerve stimulation
(TNS) in canine =aphbenous vein rings pre-contracted with prostaglandin

Fou (1073 mo1/1) fo'lowing sympathetic and muscarinic blockade.

""~ins of 30 -ecand Juration at each frequency.
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'
2

- . . . ’
peroxide ’radicals.. The two dr‘ugs by themselves did not alter the
contractile responses to prostaglandin an. TNS applied in the presence

of - thesf drugs produced a frequency dependent relaxation as before. 'l'he

" maximnn relexation observed in the presence of ascorbic acid was 2 53 £

e
(mean + O 19 SEM n-7) while that in its absence was 2.31 g  (mean S

04 25 £ SEM n-7)m The stimulng-response curves constructed from the
pooled data,were not significantly different from each other (Fig. 48;
p>0. 05, n-7) Tbe maxinum relaxetion to INS in the presence-of catalase
and in the controls were 2.98 g (mean t 0. 43 g "SEM) and 3.00 g (mean %
0.52 g SEM) respectively (n=6). The pooled data did not show any
significant difference between the stimulus resp*s arves with and

without catalase (Fig. 48 p>0. 05 n=-6)
S

Protocol 3.3v

| The effect of storage of the {solated saphenous veins at 4°C for 9
days (“cold storage *) in Krebs buffer solution, on the relaxatnry
responee to TNS observed above’ was 1nvestigated.in \E1e protocol. The
contréctile regponse to the prostagla"din an in these veins following
cold storage was approximsrely 30-50 rer cent of that obserVedJin freeh
rings teken fvon 'he ~ome dogs. When isoprenaline (3 x 1078 mal/1) was
spplied *tr rhege rvings pre-contracted with proetaglandin 'an (in rhe
ahrence of the ﬁ~blocker, propvanolol), the . rings rewponded with
relaxarions; the tenaion prodnced hy rtontag1and1n fz wan & 43 g (mean
+ 0.A7 g SEM) while the magnitude of the relaxation to iroprenaline was
’6.37 g (meap + 0066 g SEM) (n=3). Thege results indicated that the
rings of . snphenonaf veins, even after cold storage for 9 days were

rapable of contraction ard relaxation 1in response ro excFenous

‘wenigts. However, the relaxatc ' recponse to TNS (appliad € "' -ce

1
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Figure 48. Effect of agcorbic acid (lefl) and catalase (right) on the
relaxatory response to transmural nerve stimulation (TNS) in canine’

j saphenous vein ripgs pre—contracteé\witﬁ prostaglandin an (107 =3 mol/1)

following sympathetic and muscarinic\blockade.;.TNS: trains of 30 second

Aurarion at each frequency.



rings following‘ pre—contraetion‘ with, prostagiandind an)l was almost
"abolished 1in these veins., 'Experiments done fromprings taken'from the
same veins on the day of excision (1. e., prior to cold storage) served

as controls. The maximum telaEgtion observed' in the venous rings

folloﬁing cold storage was 0.46 g (mean t 0.23 g SEM) and that in the

- control rings was 3:12 g (mean + 0.62 g SEM) (n=5). The pooled data are
‘summarised in Fig. 49. The pooled stimulus—response curve id'the venous
rings following cold storage was significantiy different from that in
the controls (p<0.01, nﬂﬁ) In some (three preparations) o‘ these rings
phendﬁxﬂ!;;:;i;:f anz/-guanethidine too were applied to simulate the

‘eiperimental conditione in the-"fresh"”rings. These rings too failed  to

show any relaxation to transmural nerve stimulation. )/

Protocol 3.4 .

The effect of acute ' chemical sympatoetic. denervation using
6;hydroxydopamine, on_the'relaxatoty response to TNS was inveétigeted in
.this protocoi. There was an immediate increase in tension when the
6-hydroxydopamine, was applied. Thisjreeched a peek in 4-5‘minutes and
gradually declined thereafter."..WitH; the -second applieetion of
6—hydroxydooamine after 10 ‘ﬁinutes,‘ a 'rise' in tension was observed
-again. The temsion returned. to the'lLasal level over -the next . 1-3
hours. The contractile response to TNS (at 32 Hz) was 10;20 pe; cent of
the control value, 2 hours after the apolidation of 6—hydroxydopamihe,
in wost veins; At the end 52'4 hoors the contractile response wae less
than S5 per cent in almoet all velns studied. 'Thus;‘the investigatiop of
the TNS {induced relaxation was carried out -approximately 4 hours after

the application of the 6-hydroxydopamine. - Frequent urinsing of the

tissueq bath eolution was carried out during this period. - Rings (taken
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40

e Control
& Cold stored

Relaxation (g)

.
Figure 49. Effect of cold—storage of t:he isolated canine saphenous
veins at 4°C for 9 days on t:he telaxacoty response to ttanﬂmural uerve
stimulation (TNS) in the vein rings pre-contracted with ,prostaglandin
Foy (1075 mol/l) following sympathetic and’ muscarinic blockade.
INS:trains of 30 second duration at. each frequency. :

o~

\ : /'



.

from~the-Same:vein) nithout the.application of 64bydroxydopamine were
u;ed as controls.j Guanethidine and phenoxybenzamine were. used in these
rings to blockithe contractile response_to TNS.. INS- applied following
pre-contraction with prostaglandin an'élicited a frequency dependent

relaxation in 'the.,6~hydroxydopamine~ treated rings. The maximum

relaxation observed was 3.2 g (mean * 0.41 g»SEMf in these rings. The -

maximum relaxation observed in the control rings was 2.88 g (mean %
0.69g SEM, n=4). The pooled.data gre summarised in Fig. 50.° The,pooled
stimuius-response curves with and without 6-hydroxydopamine treatment

were not significantly different from each other (p>0.05, n=4).

' Protocol Four

©  Five second s

. : ’ o N V(k :
ms).fproduced B¥a

secondag With  repeated trains of TNSV(every 5 minutes)_thedresponse

S0 P . o - . )
becanme stable after 5-10 applications. The response at -this time had a

mean of 2.61 g 1;0;40 g SEM (n=10). Low concentrations of noradrenaline'

added at this point produced a concentration dependent potentiation of

" the contractile response to the train of NS (Fig. 51).- This

) potentiation was evident ,within.v30 seconds of the addition of the”

exogenous -noradrenalire, and reached a maximum within 5-10 minutes. The
potentiation of the response to TNS was still present even 30 minutes

after the addition of exogenous noradrenaline. After removal of the

noradrenaline from the tissue bath the potentiation disappeared and theA

response to the train of TNS returned to the control value within 10—15

minutes. The highest concentration of exogenous noradrenaline utilised

- for this- protocol was —7,2 1og10 mol/l. . At this concentration,ﬁ

g of . EN§ applied at a frequency of 8 Hz. (10 v, 0.3

sient 'contractions with comple{e recovery in 60-120 -

255
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Eigu;:'e 50. .The -effect of chemical sympathetir;. denervat:ion with
6-hydroxydopamine (6-OHDA) on the relaxat:ory response to transmural _
nerve stimulat:ion (TNS) in canine saphenous vein rings pre—contracted o
‘w:lth prostaglaudin an (10 5 mol/1l) following sympathecic and muscarinic .
blockade.. TNS :trains of 30 second duration at each frequency.




':;Sl,t5? fivf.:r‘ ": t-;;ﬁjgr.‘z-i;p;._i-; ‘ i F'.Zi?io}

C‘A'NINE."SA-PHE-NOU,‘S "V'EI_ZN' |

L

'_j_-s,b .’.T-» I\ 55 -80 .» /
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- NA(log. mol/1) '
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Figure 51. A representative example from Protocol Four. Trains of
transmural nerve stimulation (TNS) were applied approximately every 5
- minutesf Dots represent the points of addition of - exogenous R 4
‘ noradrenaline (NA) to the tissue bath cumulatively.: A concentration
dependent potentiation of the response ‘to” the train. of NS by exogenou

noradrenaline NA 1is shown. W: rinsing of the tissue bath with &h

' _Krejs buffer solut¥on. =~ e




'o 34 g% o 15 & sm n-10). The response "to. the trsin of. ms at thisf-‘--

) 'concentration of noradrenaline wss 246.2 per cent (mean'.:t, 36 9 SEM

* a=10) of" the ‘-¢°ntr°1-1 The responses to ,TNS at che dif.ferent"'.‘

concentrations of background exogenous noradrenaline are sum

Fig. 52. “The.. results of the present protocol indicsted a”potenti tion.“f

, ]1@':.

"of the response to.. TNQ by low bsckground concentrations of exogenoue_ o

»

'noradrenaline. ' Identical results were obtained when the exogenoua‘-f -

) noradrenaline was added éumulatively and the response determined at each,,

stage inetend,_ of discreet _concentrations with rinses between a8
explained “in the M;ethods. . -

"
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“Figure ’52'. Suunnary of reseits' from Protoc Four. A concentration '
dependent potentiation of the response to ' by exogenous noradrenaline
(NA) is shown. "TNS;, transmural nerve stimulation. LSD:least
sign;l.ficance difference test. |
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DISCUSSI'N

"

The results described in the preceeding chapter can be summarised‘

as follows:

Interaction Experiments\

Protocol 1.1: Thelobserved'contraction toveaogenOus noradrenaline'whenff
Aadded.against'a backgrbund contraction proﬁuCed~by TNS wasgsigﬂiﬁicantlyl

" less than the calculated expected contraction. Further the 4observed

. 4

contraction/expected contraction ratio hed a, significant: fnegative

<

correlation with the magnitude of the background contraction produced by

TNS.
¢

Protocol 1.2: The observed contraction to TNS againat a.\background :“

.

contraction produced by exogenous noradrenaline was, on the other hand_=

. [ .
significantly more  than the calculated expected contraction, The
observed contraction/expected contraction ratio had no significant'

correlation with the ‘magnitude of the background contraction produced by

exogenqys noradrenaline.

Protocol 1.3:‘ The'inhibition of the.exogenous noradrenaline induced'

contraction(by background TNS was not evident when this background ‘INS .

b
contraction was blocked by - using either guanethidine or diltiazem while

1
maintaining the electrical - current.

Protocol 1.4:A The - additional contraction _produced by exogenous

nroadrenaline' against a backgroun&\ contraction produced by either"

tyramine, methoxamine, histamine or- phenylephtine was significantly more

than the contraction produced against ‘a vbackground contraction of
. 1 ) L C o

similar-magnitude producednby INS.

.

Protocol,l.S: The inhibition of ‘the exogenous noradrenaline induced

'contraction by background TNS was not significantly decreased by thek

-

"
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presence of . either propranolol, inddm‘\acin, aminophylline (o’r'

Cimetidinedin the tissue bath during the protocol.
: L. L ' i <

Superfusion experiments = '_ = v ' ’

1t

Proto&ol 2 1: In this sdperfused saphenous vei'n' ;';x:-,,eparation,u exogenous

,

.noradrenaline was applied against a background contraction produced by.

~ TNS (as in Protocol 1.1.)';'to examine the release o.f 3Hf-nor:adrena_line
".induced by TNS.| It was . -found that the exogenous norat}lrenaline
significantly depressed the amOunt of 3l-l--noradrenaline as well as the
total radioactivity (i.e., 3H—notadrenaline and its metabolites) in the
-'sdperfusate. | ‘
.;Protqcol 2.2: In-. t'his protocol TNS was applied. egainst a background
cent.reqtiod ;pro‘ducedv by exogenous noradrenaline (as in Protocol 1.2‘)..

. ' :
" The presence of. a background of exogenous noradrenaline decreased the
. ' +

) amount- ofé?ﬂ—noradrer_lalin_e as well as the total radioactivity preéen’t in .

the superfusate during TNS as compared with that p‘fesent during the

application of TNS by itsel‘f' | o

' .
‘Relaxation experiments

; . T}
" Protocol” 3.1: Following blockade of the contractile response of

,saphe'nous vein rings to TNS (using guanethidine and . phenoxybenzamine),
' . . . ] ) . ) - X8 : .
dpplicatiqn of TNS on a pre-contracted vein ring elicited a frequengy-

dependenw relaxation. The response was more cbn_sistent and

'_ re;;rdducible‘, and the fréquency-dependency more e.vide‘nt’ ‘with

. ipt__ermit tent t'f-éi}ns of stittuli (at differe;t " frequencies) as:compared
. - i

~'with c@mtindous %M"cumula'tii‘re" : __stim_uléf:i’on. Mechanical de-

‘end-otﬁeliali's,atidn of the vein rings had no sigpific;nt .::effec't on _‘the

relaxatory response.

1

",Prot_o"col 3.2: Tetroq\toxin, cimetidine, indomethacin, aminophy?l!ine,

261
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et

- _ ‘ ' a 4 ' SR
ascorbic acid and catalase had no significant effect on the relaxatory .

res?dnse to- TNS observed in P;otocOI{S,I. However, the response was
almost abolished by oﬁabain aﬁd zero-K* Krebs buffef solu54on;’

Protogol 3.3: When Protocol 3.1 was carried out following storage of

.the excised saphenous veins at 4°C for 9 days in Krebs -buffer the

relaxatory response to INS_was no longer evident.

Protocol 3.4: Chemical sympathectomy : using 6~-hydroxydopamine had "no

significant effect on the relaxgtory' response to INS observed in

Protocol 3,1« :
.- \

Calculation of expected contraction in Protocol One

.negative correlation between the observed contraction/expected

- In protocol 1.1 the effect of a background INS induced contraction,

on the contractile response to exogenous nqradrénaline was

investigated. It was found that the observed contraction was 82.4 per

.cent (mean) of the expected ' contraction. Furtlhier, the 'obseyved

contraction/expected contraction ratio showed a significanf negative

correlation with the magnitude of the background TNS,contéaction. e

4 . .

calculation of the expected con;réétiodé was an essential part of the
analyéis in this prdtdc for reasong outlined in the Methods section.

. I'4 -
oniff exogenous'noradrenaline_contractioq by
(3

However, both the iphi

background INS. (ad ‘coﬁpar with the controlsi and the significant

J

conqraétion fatio were present even when the analysis was carriedﬂoutf

. 1 . &

‘with the unmodified data. In fact, both these fin&inés were much more

evident.with';he unmodified daté. 'Thus; éalqulation of the expecte§

‘contfactions did not qualitatively alter"thé' resultg. - Neverthéless,

. calculation of the expected contractions as outlined y "not be without

g
" error.
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First, the method does not take into consideration the changes in
5 - ’ .

the response of the preparations with the passage of time during the

.

 experiment. Thils occurs as the dose-response curve carried out "at the

commencement of the experiment was utilised in the calculation of. the .

expected contractions. Preliminary experiments (lt.lot reported in the

thesis) demonstrated that the maximum ’contr-act*ioﬁ to exogenous

-noradrena_line decreased by less .than_ 15 per cent over an 8-10 hour

pe.riod during an experiment. However, if the maximum gontraction of
each dose-response 1is taken as a lOQl,per cent, the percentage change At
any one concentration of noradrenaline Qas less than 5 per cent exc~rt
at the lowest part of the dose-responsé curve.

A second error associated‘_wi'th the calculati& of the expected
contractions may result from equating éo;tractinns to TNS, to
concentrations of, exoge_noué ndx'_adrenaline. Although the ron'ractile

TN .
reéponse to “TNS is also dependent on noradrenaline (released at the
ngr\ie.endidgs’). the relative contribution of a; and a; receptors to the
contractile response to endogenoué noradrenaline (‘released by"'I'NS) ‘mav
be d'iffe:r:ent’: to tﬁe relaﬁive contribution of aj #nd ay receptors in the

case of exogennus noradrenaline (see below). Therefore equating

¢ontrartions to T™NS, to a concentration of exogenous noradrenaline may

1
-

not be quite aceurate. Although a quantitative astimate for the errors
, \ .

resulting from the two factors cannot be calculated, these errors agie

unlikely to have produced the difference in the observed -
¥ ’ .

contraction/expected contraction ratios _ between Protocol 1.1 an«_jﬁj

. N

P

Protocol 1.20 . ) .

_Th’e "inhibitory” effect  of background TNS on the contraction

. . -

. B . ) i . \/ . . »
produced by_?ge‘nous. noradrenaline observed in Protocol 1.1 was

\
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obtained using a wide range of concentrations of the exogenous -drug and
a wide rAnge of freqdenciea of stimulation with TNS. Thus, the presgnt

study, unlike most other similar.sﬁudiea,_(qn the 1n;graction betwéen

w

exogenous noradrenaline and TNS) provides data on this interaction -

spanning the whole range of the dose-respone curves rather than on a few

v

selected pointvs. o» Only the upper 10-15 per cent of the dose-response

curves were excluded as it was necessary to avoid any 1imitation on ‘jth'e

contraction produced during the experiment by the maximum contraction
attainable with eaéh pteﬁaratioﬁ. )
In Protocol, 1.2 the "reciprocal of protocol 1.1" was carried out.

Thus the response to TNS was measured against a backgrodnd con—tra;:tion

produced by exogenous noradrenaline. The exf)‘ect;ed. ‘contractions were

calculated to compensate for the different levels of active ‘background

* ’ ' -
tension ‘produced by exogenous noradrenaline during the proco¢01 (Pig.
. \

14).'. This yielded an unexpected result 1in that the ‘additional

.
-

contraction produced by TINS against "a, %ackground " of exogenous

noradrenaline was found to be significantly more than the expected

contractions. Further, there’yas no significant correlaton between the

 observed contraction/expected contraction ratio and the magnitude of the

background noradréna]ipe contraction.
.’ '

»The results obtained in lr’?fotoc'ol 1.1 where baz:kground TNS was found.

to inhihit the contraction produced by exogenous noradrenaline  could ‘be

.
‘i

explained on the bnsii of three hypot;;mas: . - -

1. - _Pre—synaptic az—inhiblition.(‘S,lS), may account for the results: -

During Step D,of Protocol 1.1 exogenous noradrenaline was added  to
the tissue bath against a background .contraction induged by TNS.

The response to the exoge.pous_ noradrenaline was measured as the

o
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additional contraction produced at fhisgpoint. This assumes that
the contraction produced by TNS remained- unglfered during this

periond. However, 1t 1s possible that the exogenous noradrenaline

0 .

added may 1in fact depress the TNS contraction by actimg on pre-

.

aynapt{c «y-receptors. This would result from an inhibition of the

release of endogenour noradrenaline at the adrenergic: nerve

endings leading to a decreased concentration of endogenous

noradrenaline at the synaptic cleft and thus a decreased’

cantractile resprree. Such a pre-synaptic effect woulld lead to an

nnder-eatimation nf  the entractile responge to exogenous

(&)

novadrenalina rh""'g Step #nd  thus tn: the courlusion that

hnrl(groun(] TN fnhiv 1vq * he ~antrygeotian by exngenous

L\
neradrsnal {ne

Th ~laaltneena 1-larre of g relav-torv (vasodilatar) suhstance

s

v T may acceqnr S the yernlte.  Tf an inhibitorv transmitter

$ rn cranel bv ne fa F"(“'P‘_{l\n tn rhha onr‘ogp"ﬁ"g nov'adrgnaling

(o "ob prcdune g ¢! Lty rile raapare o tn TNCY  thie capld lead
. “ S I P P | Ve Tt Ty vl panta ra thea exogenour
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the adrenergic nerves (as long as their thresholds for activation

. . : _ W ‘
are comparable). Oa the other hand, the inhibitory transmitter

may exist together with noradrenaline in the adrenergic nerve

ending as a co-transmitter(219,220). Adenoéine triphosphate, an
' . A

iohibitory rrrusmitter 4n gome nan sdrenergic, ?non-(‘ho},‘t‘y?rgic
('vuri.nergir') nevves, ié‘be"ovod t~ be prpqont“; together with
noradrenaline {n adrefferg'c rerve end ings(210). There is
suwggearive avidenre for the evi ten o fur arhar rranepttrarqg euch
' /

aqa Romatonatatin pyd ot qpha]ln N o treaamitteras In advenargia
na'v'r‘noca('?iﬂ\.

An  Jonrayactrion hetv on paa: ‘aynapt f- vy ant  poart gunapt i« g
vrereptar effecre meor accamnt for the reanlta, T€, ag prstnlared
in the Tnt:adurrinn, endogengus norardronalipne roleasnd bv TNS acte
ralatively mare An the 1n'v'r<lvn~-.‘ v

y Te@reptorna and the axQgEennua

neradvenal ' \n ralat{yv Iy me s n the avrra junctioag)

Y9
recoptare, 'nterasvton hacruace s the pffecte of 1 ’9 Ty Yercptor
r/ )

gtimulation cevld tez'a nlare ' oo oA, v, by oye i b g by BN
Fo 'n i ye ot 'qa"nl t v Aa - ey @ Yoot FutopEy 100 - "rg I A A
fo We review, aonge-ate ot e B B . N [
recep’ L i--‘.h e DT ve b e e ) " T . ey
atape R S RTTYII L oAt vor oA et . R 1 . vy
am ot KR Y~ Yel o e e . ' ' o Yoo st L LIRS 3
[ P ettt g T Ao o - for o m g L N
o b e et sy PPN I Thy o oy . . P

1 - o' T N A B IR we N BN} 1 . o



v

. . .
-, .

The presence of both @ and as post-synaptic receptors have been

demonstrated in the canine saphe

s

De Mey and Vanhoutte(12,223). 1In this study, yohimbine (an a-receptor
. . Py ' * » N
antagonist wi\th a greater affinity for the @y sub~type) was found to

-

cause a parallel shift to the right of the dose-response curves to
‘ i
noradrenaline in isolated saphenous vein rings (also in splenic artery,

femoral ar'tery and femoral'vei;x) aithbugh the slope'l--ot/ the‘ Schild plot
waes found t'n, be rignificantly Jlegs than unity (0.69). Prazo‘sin,aa
relatively selective aj~antagonist was also found to cause a shift of
the dose-respone curves to noradrenaline to the right although it was
not a true parallel shift as the wmaximum Was‘. depress;zd at some
vnr\;rentrationn. The presence of both a; and «a, receptors ‘was
\
demonstrated by using lrnlarivew selective a)-agonists (phenylephrine,
methoxamine) as well as a,-agonists (clonidine, tramazoline) in this

gt dy. The authore c~nneluded that ewngernus noradrenaline acted on both

T, and ~, poest-gynaptic recaptors in prodvecing contraction of the

aaphencne vrl; rivan with the 'oﬁer concentrs-ione of the amines acting
mainly o ' ha v recontara, Tnfe tunnte'v, the effects »f eelecrive
anr agnndete v the TS nd o1 TR o T e amanhop sy vedn wna net
' riocasry sl {n r)tg vy

o me oy e the preaence  of  hath o and "",' poe’ avnap! o
tecoeptara vl tha g o of agage e noy s Trepald ~ o hard tvpan nf
Ve npt e ‘e hae o Aderonet ot ed tvn the capine aaphenone rein, an

o vy by LRI IR (% 'yres nf ras oo v Yeme ' e P [EEREOE U B I

nous vein (used in the present study)”“;:y,

267



~

> o
.

Influence of sympathetic nerve activity upon the sensitivity to

exogenous noradrenaline

Review of -the literature relating to TNS/éxogenous norhdrenaline
" interaction revealed relativeiy few studies. For  instance,
subseps;tivity to exogenous noradrgnaline gssociaced with electrical
stimilation was ’reportea by Rapoport and Bevan in the isolated ear

arteries of the rabbi£;(224).

Arterial rings t;ken f;om rabbits sacrificed hy stunning fallowed
b; rapidfexsangﬁinaginn (a procedure accompanied hy a large increase in
sympathetic tone) were found to be less rengitive to nnrﬂdrenaI{nL rhan
arteries taken from Fabbits sacrificed by a lethal dose of pentoharhital

( a procedure accompanied by decreased sympathetic activirty) in rthie

study. -This subsensitivity lasted for at least 6 houre. Further, the

i

response to noradrenaline (4.6 xblO""8 mol1/]1) was tested following eight
? minute perindg of TNS onver a prriod of 7.5 houre {(pulae duration 0.3
ms, frequency 1% Hz, sypramnximw' viltage) and compnred tn rha reoponae
followind periodic appliéa':"mw nf higtamive (2 » 10 b mol/1Y). The
reaponge  tn noradreﬁaline fnllowing prinr stimulatiaon with 7TN& wae

eignificinfly less than that following prinr trearment =ith h{~tasine

Howeyer . thira wee no ‘gignificant diff 1-nrse herwaen rhe fmer ~ ' The

reqapont rontrole ubhicdh waye Lapt Ul leged Aur gt e 2.7 haygy

reriod o f l?vﬂf“mll . mwe cppltent 8 (B! TR TV R T | " hiat

e yonged €m"ﬂ!‘\(~t'c At by . LECT I T S R | ¢ a o lar
_ .

~  th mng:rl_-; toy noradi enalt e

i
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ear ar‘teries- ('225,226)', A voltage of 15-30 v across the e"l*'ect_rod;es in

o ] v 4 Al

‘the presence of te‘tfodo_t.oxin to block action 'otent‘ials was utili’sed’.to

effect direct stim‘ulation of ‘thés muscle. Therer was. no difference in

\

response to KC1 (26 4 mmol/l) or the maximum"Wractile responses “to

'noradrenaline, histamine or S-hydroxytryptamine. Direct electrical

' 5 “

stimulation failed to elter the reédponse of rabbit gaphenous veins to

r
noradrenaline or histamine in this same study. Besian and Rapoport

A

concluded that the subsensitivity observed in the ear arteries"’was

'.\

likely to be due’ to a change in the smooth “mscle Cells beyond the.'

'

receptors, as the decreased sensitivity was relative}y non—specific,
affecting noradrenaline, histamine and S—hydroxytry%;amine.‘ '

-

Unlike in Protocol 1. 1 and ' Protocol 1.2 g};ere .the effects of a

@ -t&

r‘ombination of 'I'NS and exogenous nroadrenalihe were investigated the

5
«

studies discussed _above dealt with the effects of Er-ibr: eii‘ectri‘ca_l

stimulation (transmural‘ and direct) on the respone to a subsequent

application of exogenous noradrenaline. - H&yever, they are mehtioned

here a3s they represent the only studies in the recent litera:ture which i

Ed

have shown a subsensitivity to noradrenaline- produceg by electrical

stimulation 1in vascular smboth muscle. On the@‘ otherz hand, 'a

‘supersensitivt_z_ to exogenous noradrenaline induced by continuods nerve

™

stimulation. following pre~treatment with reserpine in the ni"ctitating

membrane of the sgpinal cat was shown by Trendelenberg(‘???""). ‘mFollow‘ing:

[

u
pre—trearment with regerpine, 3 mg/kg intraperitoneally (2?4%*hours prior:

to the evperimant), continuouva rre-ganglionic etimularion was found to

. R
v, e

shift the disc reepoanee crrve ra () norvadrenaline by a factor of 4.2..
[ K

TP haipe de cangieduiey disappeared rapidly followiné the termination

o0

Be9

.
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of the nerve ‘stimylation. Thus, this short-term pre-treatment with,

resérpine did not alter_tﬁe sensitivity of the nicitiating y?mbranq}po

r

noradrenaline :im the unstimulated state. The findings in this study

" were explained ,on . the basis of noradrenaline taken up by uptakei,into

-

~

v

the cadfenergicu nerve endihgs‘.being immediately released duringf”ﬁerve
] . ) ’ .

stimulation (buwt not in the ynstimulated ‘state) leading to the
supersensitivity. . ’

In summary, a survey of the literature . did not offer an adequate

3

and satisfactory explanation for * the . fihdings in“ Protocol 1.1 which

demonstrated an inhibition of the response to eibgenousfnqradrehaline”by
’

background TNS.

4

'ingguenge of exogenods noradrenaline upon the sengitivity to transmural

’
N

nerve stimulatidn - R

The findings in Protécol 1.2 where background : exogenous
R o ' (20

AN .
L

noradrenaline appeared to facilitate the' regponse to TNSVare:eQen“more

. N . s ~ - = :
pugzling. Hope, Law et al.(228) investigatéd the, - effects of

‘noradrenaline and adrenalife on the vasoconstrictor reépgﬁse toa TNS and
on the efflux of 3H—noradfenalinp produced hv TNS in the 1{isolated rah'ir

ear artery(228). TNS was appli-d as a train of imrlges at 5 Hz for 30

seconds (pulse dnvatjon 1.0 ma,  aupramaximnl  yoltage) Fxangenous

3

- . “
onradrennline wae yrol fn  throae concentraripns: ;0.05, 0.5 and- 5.0

ki

nmol/1. Sjﬁ;'*"S#%"ngith 0.5 and 5.0 pmol/l concentrations of

-

noradrernialine resulted in a mwmarked decrease in,lthe addit faral

contractilé responde to the train of TNS. _ Superfusf n  trh
;’ g ! v
noradrenaline at 0.95 pmol/1 Jdecreaged the fpaponnp te THS  ran
a_ppro\{imarO'l\; R par conr of the rfontrol value This was anrem: nia’
5

hv dacreagea ' the ‘?ffl?x ~ff o the gt O I I R O S
AT

1
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results were obtained with adrenaline.. The authors concluded'that’the

k]
veeoconstrictor response to TNS was decreased by exogenoeeinoradrenaline

.

-and adrenaline as a result of pre~junc@iona1 inhibitionﬂand by other
. f D' ¢
mechanisms such as the desensitisation of - the ﬁ%ﬂt—junctional
® 5
receptors. The evidence for the latter was the fact tnet the responses

ito TNS were reduced even after cessatiqn of %?radrenalige administration
Y

-

noradrenaliqe and its me;abolites. no separation carried,gut) ) Slmilar

at a time when the transmitte¢ release had returné& to.the coﬂ!rol value

+

" or. eVen exceeded it. As no allowance was made ~for the increadsed.

]

backgrbund active'’ tension Jbroduced by the eXOgenous noradrenaline the

interpretation of the decreased response to TNS during .exogenous

noradrenaline administration ' {is made difficultf_ '~ However, the

EE.

,subsensitivity to .INS following cessation of - adminisggation of

4

« % W )
-noradrenaline when the tension had returned to basaf*levgﬁs appeatrs more

LY
b * L]

conclusive. : . . ' : ¥-

9

A study carried out by Su(229) however, demoqstrated different

<@ & I Py

reanltg, The ‘effects of . low concentrations . of noradrenaline,
. i . .
4 ' .
"drenaline, phenylephrine, methoxamine, naphazgline and oxymetazoline,

on the vasoconstrictor response to a 40“second traiﬁ of TNS (8 Hi 0. 3

ms duration) were investigated in a variety of rabbit blood vessels in

,this study. The a-agonists mentioned above were used in concentrations

which did not cnuge any cbntractile effects .on their own. The response

‘to TNS in mesenteric arterial rings were markedly potentiated by sub—
t

\
1

rhresbold concentrations of the above drugs. This effect was well

maintained for at least 30 minutes and wag concentration dependent. A

large part of this potentiating effect developed within 5 seconds. The
. e

erme cancartrarinng of noradranaline which potentiated the contvactile

-

N
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response to TNS decreased the stimulation-induced efflux "of 3H-

noradrenaline in this preparation. This gotentiating ‘effect was not

\4& o~ o .

prevented by uptakel 'inhf%ition {cocaine), x‘~',up’l:ake2 inhibition
f N - ) . ) !

(metanephrinef J0r beta*blockade épropranolol) The pabbit ear artery,.

[ '

the saphenous artery and the pulmonary artery dﬁd not show this

? 1 ¢ .
potentiation -of TNS induced'~contraction by a—agbnists. In fact,
"‘1\ l«,l ¥

inhibition was,yroduced by some agonists.,-The rabbit brachial artery -

demonstrated a slight potentiation. The authors concluded that a- post-

-

syndptic mechanism is probably involved in this potentiation ({n the

M

mesenteric artery) Aas the pre—synaptic actions of these agonists lead to
s

no effect/decrease in the .release of qH~noradrenaline dn this

————— N

preparation. A similar potentiation of the response of the \naoth

; -

muscle to TNS was shown 1in the guinea~pig vas deferens by Sjostrand and
Swedin(230).- A number of agoniets includdng noradrenaline, adrenaline,
acetylcnoline, bradykinin, histamine and substance P 1n concentratinans
that had no effects on rhier own, enhanc 4 the reghonses ta TNS "w up tn
100 per «cent. Thegse druge alen enhan-ed tnp regpannac  to diract

elactrical stimilatfon of mis~le falln'ng prioy (A 17 Aave hef spe)

surglcal denervation or “ftar hincbadl ¢ artien potontdste (- rhe
™~
intramural neyr aq with retroedatnaygd- Thi- Tad 1 - at a)) thoo rhe
¢ Y
enhancemert wae 1flalv +ts he a regelt f v pand aveaptds al fact af tha
‘ .
agonigte. These atadies =1nn cwphaatan ha Vfor ceatd 0 agatae he
overgimplificat fan thar a Cre ayn e, fnbif bt ooy y At fae f
caterholamines wauld {ovarfahly howpar thae "van e 4 4 Prvere o a
-
whale. A prloent tar{. . S{m{']qr to  that TSR ! vy [ T I "

could ace e { v Chey  ovYanead  Cm a0 oy g y . N
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In Protocol Four of the present study the Ieffect' ofc low

v

concentrations (no contractile effects on their own) of. éxogenous

noradrenaline on the responsegto a train of TNS was investigated. This

demonstrated a potentiation of the response to TNS similar to that

observed in the above mentioned studies. ‘The maximum response observed

)

amounted to 246.2 per cent of the control value. This phenomenon,,if

present under the conditions employed in Protocol 1. 2 could account for »

the higher. observed contractions to TINS (as compared with the expected

'contractions) ‘when appligd against a background contraction produced by

6
exogenous noradrenaline. " There is no reason to _believe that the

postulated post-synaptic potentiating mechanism would not function when
the concentration of noradrenaline used produced a contraction on'its
own (i.e. above threshold). However, an increase in tension produced by
the background.noradrenaline wLuld”tend to mask the'potentiation because
of the added confounding factor of a decreased response to a fixed
etimulus as ane proceeds up the dose-respouse curve.

The findings 1in Protacol Four demonstrated also, that pre-synaptic
qz-innibirfon of TNS hy exogenous noradrenaline is unlikely to be of any
hlalngiecal gignificance during copditione eim{lar tn those employed in
thi~ pratoenl in the raninn saphencys vein. The mechanism responsible

for the patontiatian of the responae to TNS 13 nat elear at present.

"nfluence of electrical”dgrrengmgn"the'respggse to _exogenous noradrenaline

" . ~
To Frotecol 1.3, ir was fornd that inhibition of the exogenous

nevadyenaline ~ontraction hv TN® (ahgarved in Protocol 1.1) was not
evident . vhen rthe responge to exogennus neradtenaline was measured
fellewirg  Bloskade of the background TNS induced contraction with

"y r-'"p""."-v(\‘ b V. Pv\!\’v\"n{""y‘q the 91?’"' rirnl current, G“anethid‘lne,
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an adrenergic neurome blocking agent, deplei:es- the s’lt:étes 'of‘

P Caa
R d

no(t):adrenaline from adrenérgic nerve endings-: énd, also pr-éfents the
release of the trangqaitter. _Howev_er; ‘:I.t ‘has no effgct ‘on the passage of
the pulses of current between the._{l\'two electrodes in the tissue when
"TNS' is applied. Thus, 1in this protocpl, what 1s measured is the
effect‘of’:backg.round pulses of electrical current (strength 10 vV,
duration 1.0 ms, Aifferent frequencies) on the respbnse to exogénous
noradr'enali.ne. - No significant effect y;zaé demonstrated; As stated
/
before, guanethidine was used 1in this protocol at the lowest
concentration that blockéd the effect c;f TNS at the frequency used in

' 3
the first part of the protocol, i.e., where the effect of exogenous

noradrenaline was measured against a background contraction by TINS.

This protocol’ demonstrated that the dnhibition of the exogenous
noradrenaline contraction was not due to the field of cuyrrent per =re,

acting directly an the vascular smaoth muscle or by causing oxidatinon of

the owogronr norndrengline i the tisg~» harh. Thisg F(nding wae

confirmed in the eoexrerimente uging the caleclum channel 'anr,qgar\'l_a"

Afirtaz-m {0 place of gusnethidine tn hlock the contractile effect~ nof

TNGQ. An in'nv"g?'ng nhaayuvgqti gy Auring the 1a''ear awperimente was
< 4

rhat J11vid ssem {n a congcentratton of 10 to 10 mel/1 war frund ton

biocl  #thn  noapractile ~ffo.'e of TNS (ar 14 Hz) rempletely while

'Ioav‘ng the magr{itude nf the ~ontrraction produced hy exngennys
noradrenaline art  aleur 70-80 pev  ceunr of itz control value. Thia
|
A
Aiffarentrial ~fFfacr ~f (AF° chrnnel '\"t:agnn':re on thas contractian
rrodacred by | ‘e rovrgyed wi %W that rrodvred by axngenage

nev o e tge 0 t Ve ve fy aap! v ve'n wog o alags chawm b Vanherpe

e s "o Y eQent At oel v T, ey
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'In otocol 1.4 it was demonstrated that the additional contraction

275

- . : ' . . /
'demonstrated with both diltiazem and verapamil 1in the anpve study. 7 :

N

produced by exogenous noradrenaline against a’ background of TNS was'ﬁ‘

“stgnificantly less than that produced against a background contraction

of similJr magnitude produced by tyramine, phenylephrine, methoxamine or

“histamine. "Thus; the 1inhibition of the exogenous noradrenaline

r

contraction produced by background TNS (Protocé} 1l.1) was not present

A

with ound contractions produced by the above named agonists. " In

J—

X

. g.’ R :
fac potentiation of the exogenous noradrenaline contraction was

pregsent in the case of tyramine, methoxamine and histamine wherevthe

“mean magnitude of the contractions in‘the presence of background agonist

contractions were over 80 per cent of the. control contractions by
noradrsnaline alone with some values even exceeding the controls..:

Contraction ‘of smooth muscle by tyramine 1is mediated by two

pharmacological actions: (1) an indirectcﬁympathomimetic effect which

leads‘g%“the release of endogenous noradrenaline from the adrenergic
nerve endings present in the tissue (2)'a direct effect on smooth muscle
leading to contraction. The indirect sympathomimetic effect is usually
gseen at lower concentrations of tyramine 3e compared with the lafter
effert. Tn exerting this Indirect effect, tyramine is firsr taken up
{nt~ the adrenergic nerve endings by untakel- This tyramine then 1eads
to the digplacement of ‘endogenous? noradrenaline within the synaptic
veaicles. Some of thernoradrensline displaced into the neuroplasm comes
out of the nerve endings and produces the contraction of the -smooth
mmiscle while the bhalance 1s wetabolised by intraneuronal enzymes. Tn
the presont atudy. the contractiie effects of the concentrations of

.5 7
ryramine vrnd 7Ry 1O mel/1) wpre anﬁpl‘_\tﬂ"v blackend by the l‘ptak.ﬂ.‘

N
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inhibitor cocaine (this waé eégabltshed.iq ptgliminary-éxperiqgnts ~ see.-

Reéulté). _Thﬁs, the effects would ﬁave been ‘produced predominantly by

its indirect effects ‘via qhe release of endogedoua noradrenaline.

N

Nevertheless, the’ inhibitory effect—~on the _exogenous noradrenaline

N

produced by TNS (which also releases endogenous anédrenaline) was not

1 . \
-observed with tyramine. is. could be explained in three ways.

g Firstly, although Yoth tyramine and .TNS lead to the release of

\ .
endogenous noradrenaline, the two wmechanisms of release are mot
. . ) ;o0 .
identical. Tyramine, as explained above), leads'to the displacement of
endogenous noradrénaline from the storage vesicles and 1its subrequent
"leakage” into the syvnaptic cleft. TNS, on the ogher hand, leads to the
reiéase of eﬁaogenous noradrenaline Tvia exocytosis of the ’;torage
vesicles. Here ‘noradrenaline is released into the synaptic cleft
together. with other vesicular contents guéh as dopamine-B~hydroxylase
and*ATP.‘ If the inhibitory effegt of hackgrgund TNS,Aon‘the,exogpnous
noradrenaline contracfion observed {ir Protncol l.i wag Ane to rhe

simultaneous releage of an inhibitory eco trangmttter, this inhihition

would not be nbserved with tyramine which yremleasrs  r~ndogennuc

noradrenaline by displacemont. Sonandly, {f the {nh'hit 4y affect
?heerved in Protoccl! 1.1 wags dve tre *fl s reloage of an inhfhirary
transmitfar telngaad from 2 nov ndrenergic nerve {proaent in rhe ¢ -ge]
wall taogerher yirh adrenergic nerves) ‘v TN thia rveleace won'l ooy

tako p]_apq {n the aea of rvrvamine wlnge acri{sng on the adranergle nes va

ending: depeie an s gpreifle prabe pracagg.  Thug, Ir ta nt Jibaly ro
acr o a3 poer gdrenergis ey vo ”‘1rd1v, the vezolt~ aald ha ~swplatond
on "o Voaale cfewe Y {rdioe hatwaen ey goenone vt ad:r o ! > and tyra o Tae

oty o cr vmpaldne 1 dded nen! BRI ! '
¢
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tyramine(148, 232). . As. tytamine has a higher affinity for uptakel than .'

‘noradrenaline it would act as a compeqitive inhibitor of uptake1 for
@

noradrenaline. This would lead ‘to. a- higher biophase concentration of
e -

nbradrenaline and therefore a potentiation of‘its~'effects;. Although
this third possibility is known to occur and is likely to play some part
in the results’ observed with tyramine, the other two possibilities

cannot be excluded on the findings presented to this stage..

al/az receptor interaction

>
An interaction between the effects of alreceptors and a2 receptors

was considered as a probable explanation for the inhibition of exoi:nous

noradrenaline contraction by 'backgrOund 4TNS. This postulated

R

interaction should still occng/in the ' tyramine experiments where the

o

endngenous noradrenaline released at the adrenergic ‘nerve- endings hyﬁ‘

tyramine would act re]atively more on the intrasynaptic (probably al)

receptors just as in the case with TNS. However, the inhibitory effect

waR  not  evident under these circumstances. Thus, the tyramine

experiments do not sgupport @,/a, receptor interaction as a probable

axrlanation fonr ‘the findinge 1in Fretocol 1.1. Further evidence in.

favaur of the ahove concluainn ig providpd by the experiments using
rhenylaphrine and mathnvamine. Rnrh these drugs have been considered as
relatively apacific ay ‘adrencceptpr agonists(16 233) with phenylephrine

-~

posrering a minor indirect nvmparhomimetic action in addition. In these

exrarimente the effect of ~~adraroceptot stimulation on the contraction .

~f exogennys naradronaline was teated. No inhibition nf the contraction

kv ewngenour noyadronaline war evident under these circumstances. Thue

-~ ) ’ .
freresttan hatween Ty and a4 re rfar gtimulation appesars to be an

{

~
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unlikely exp1ant9rio%\fm the tnhibhitory ',”.m.r“’ an  avagennus
noradrenaline contraction hw. in Protocal 1.1.

» The experiments using met'hoxamine‘helplshed further lighr on the
potentiation nbrerved with tv\?am‘lne. Mathovamine 1e an extremelv ponr
ruhstrate for the untgkel‘process(153)%g Thus, unlike ty-aminc. {1t would
not  compete with the ‘exngeicus mnoradrenaline for the uptake, .
Novorthe']on.gglf the {nhikfitiin ~f ay~genans norsalrena’ine aertraction wae

N Wr
ot ohAdr ad againegt 2 hackormurd ontract foo prradaecel hy carhoxamine

where the ragulte were very afw!var ta rhiase ohasrved with hackgroond

-

trvramine. T'\ﬁv\p, rompetr{rian £ -vprql-n‘ hevraay tyramine - and ex(‘qga'v;‘--v-
nnradroenalina mav nor he thr @r'o ngnlanat i I the 1ol +f Tohibhfet oo
of the exoef g nonrirejpglin' oot v he v nd it setion
e .
T
rderrad by ' Aamige,
‘.‘

The evyr - fmentnl l'n,'lr\Fv:‘ up s thite p Int A ten perathilitiaee
’ "
as explanatfons frr rhe fin'' ge 0 Uy et 0 Y v, rvecavnapt fe

.
vy Yeocoaptor Tahthis foan 1 'he careye q v ecr !t ina *mafing ~
poraditiliry ""apne o “he ~nrlw:v¢m,q vea Ty Ty sy 1 fwtth riyan ne |
phonvlaphy tae mnethvy o0 " 0 ovd W' : ant T g b g rtha yre o o0 d
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exogenous noradrenaline did not  produce any'inhiﬁition of the release of
3H—noradrenaline produégd.by tyramine in the above study. In Protocol
1.4 the inhibition of eiogenous noradrenaline contraction by background
T™NS was not observed with‘a background 2; ;yrémine. Tﬁis may have been
due to the rteapece nf pre svnaptic ao—irhibition wunder the l;tter
‘{rvrumetances.

The second porasihile explanation for the findings in Protocol 1‘-1
ig qimultaﬁeons relenca of an inhghirory tr;nsmittet.- This may appear
ar a cr.vtransmitter or frem a different intramural nerve. The

.

evrevimente wirh gnanethidine which ble~ks the release from adrenergic
. , 8 ‘
nerve andinga ~rea mora {in favoar of a co~-transnitter than a separate
nerva. Thi~ 'g hecause ne fInhibirian waa observed under these
cfrovmetrancna. Av guanathidine {a nnr ]‘I{(e‘ly to“)prpvent release of
"ronecirter from s non~adrenergic nerve, the inhibhition should have been
2111 evident 1f the {nh¥hitory tranemitter wsds released from such a
nerve. The axperiments using diltiazem appear to suppart the pre-—

¥

cveoanri~ hypithesis rathinr than the inhihitary transmitter hypothesis.

Ra 1t darear Rlonke rhe contreorile effects of TINS and presumably not
t e rn'mnan o f " adrens! i, the {nhihi fl'ry effects Af a released
“me A rrmemdtrer o1y hs o bheen ev!lagt under theoe clrevmatanieg:
[ X e ' iTh' tinon ! th cwagoanour novoedrengline coptraction wae
. kAl .
obaery 1 ever (K3 o o knon thar Mg "ntagnaniere mav bleeck fhe
» T

I ar et Flpw a0 g Tanae At b narve endingg  dhieh trigger the releasne
nF the aimgrar ngmiterat 1Y "1rthangh rhiq nenally acecurs at higher
comeontysiiane thoethareual' 4 roeggary to hlack the smenth musele

. ! . ' ' X
memhrare ' hapnel, a0 ** actirn at the neuronal membrane

prowhar e tolapns et tavrttr e branamitter  rannat
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Investigation of the possible mediators of the inhibition observed in

Protocol 1.1

.An‘atftempt was maﬁ.e to identify the‘pos‘tula'ted relaxatory substance
in Protocol 1.5 by using pharma‘coiogicall' 'antagoriists- against possibhle
relaxatory mediators-’ Firstly, a heta-receptor medfated ‘relaxation hv
the nnradrenaline rnlééneé by TNS war {investigated by rpboaring Protoenl
1.1 i'p the preaence nf proprnanalol. The praegence of B receptors in the
smooth muscle of the va‘rh‘ne saphenous veinn wag ~hewm hy Guimarnas er
al(234,235,7236). PFarther, novndrgnaline was ahown ta be effertive ag ar
agonfar at these [ “ec=ptora. although much =eaker than hnath adrenn]ine
and Jeaprenal ine 'n thage investigatione rrapranalol w's wuvged + »
Fancentration af " 10'7 th Rlart the B ro~rptar meldited offerta.  In
Frotoral 1.5 nf the presen’ atundv propranslal uend {n a concentration of
10 A mal/1 d4Aid neot aboligh the fnhihitfan Af Va2 © hgoenovye noradrenalin-~
mediated céntraction hﬁ hackground TNS, ' fact rﬂa cROgenana
norsdrenaline medt-'ad eontraction again 't o trelgroand of INS wae
mignificantly  lesa (rhue the ‘ohibkirfon moie’ '+ the prac vee  of

pinpvrn\a'[nl, Thha, a B--recpy'l'" meTintad off L il it ey v syt

for the findinge ir Protoenl 11
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Hy-receptor a?tagonist c;metidine. The presence of cimetidine did not
significantly altgr‘the:respénse to exogenous noradrenaline against a
backgrdund dflTNS. Therefore, it 1s pﬁlikely thét the inhibition of
exogenous noradrenaline contraction observed in}Protécol 1.1 is mediated
by a H24r;ceptdf. ' o

During the last decade the existence of purinergic nerves in non-

vagcular as well as vascular smooth muscle has been doéumented(72,241).v

Adenoceine triphogphate (ATP) and/or aéenosige ;ré believed to be the
neurotrepemitters in these rarinergic nerves. Purinoéeptors are of two
types. Fy purinoceptors are most sensitive to adenosine and
rrogregsively las~ gensitive te adenorine monophogphate (AMP), adenosine
Aiphasphate (ANTY and ATP n the other hand, the szpurihoceptors are
mostlgoneiffVP to ATFT and progresaively less génsitive to ADP, AMP and
ad-nrrine, Both ATF and adenogine have been shown to cause relaxation
In  ecanine  agphenous vains pre contracted with ‘nnradrenéllqe(le).
Further, ATP ig kn&g;\tn bte present 1n adranergfi~ nerve endiﬂgé together
with noredrenaline in thae ;ﬁnapric vesicler(130). Thus, 1t is éossible
that the ‘nhibif"rv effect on the oxogedous noradrenaline contraction‘hv
™% war wed{ated W a purinergie rubgtance. Aminoﬁhy]iine wa; usad ag a
F] purinoceptanar nnrngnn'qtvin tha rreesnt <tudv, The inhibition nf the
~xogenous nernlrenaliaos antracrion YLw MY uag stl1]l] evident under thege
"t?’q;";””"nq' ""owever *he offmpta of - T7 perinaceptar antnagonist was

not Invaesr fgrred In the |- acent 2y, Thag, the role frhr a prrinergie
)

aubet nnvca ag g reecth]le mediarny kS frr the "nhivitory "f‘:ocf nn the
cgenanr noradyapg ] ne éonrrnnr'{nn’ canna! |2 ruled ot with the
"3619 eviden o vt b " eoart gtudy.

Tryontagtae it ot b taam grechidante  9elAd yia  the cyelo—
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oxygenase pathway are present in‘most.mammalian tisspes, .although they
'are- noﬁ- stored to -any signific;mt .extent except 1in  the 'seminal
fluid(242). Pfostaglandiné are believed to be primarily local or tissue
‘tllor.mones that have "their effect‘s, at or near to the site of syhthesis.

6\

They exert. a vasodepréssor or a vasoconstrictor “action on vascular
smooth t!nuscle depending on the particulér prostaglandin involved, the
type of blood vess,e_l and the species tested(243). Prostaglandin-—El
(PGEI) has heen sghown to. reduce the pressor response to intraven‘ous
catecholamines 1in the rabbit and rat vagscularure(194), Further,
adreneréic nerve sgtimulation induces synthesis and release of
prostaglandins in many tissues(244). Such an effect could theavretically
occur during the applicatien of TNS 1in Protocol 1.1. regulting in the
synthesie and releagse of an {nhihitnry prostaglandin. Thus, the effect
of the cyclo-oxygenase {vhihitnr {ndomethacin on . the response to
evogenausg noradrenaline againgt n lmvbgrmvnri nf TNS tJ:;g t_egfpd in the
present studv. As  the inhibitorv affect of TNS on the ewogenous
noradrenaline was aetill evident under thege circomereances an aracrhidoniec
acid metabolite of the cyclo oxygenn=s pathway {g mlikely ta he the
madiator for thie favihivnry effeor. Ve or 0 he pac v ~dpartiag of 5
maetabnlite ~f the 1 av cannas patbwar  of 3" e 30’ me' haliar
cannpt he [LEUEEL L . bt Yoot Yo ' [ AN S

' oowygenaae

Tn auvmmnryv “ho swp e fes cte lome Hny Tyateoal .S ver o not fyafr )
[ [ Jde rtHF Y gt N rhe pogtulared inhil\('ry;'v tranemitt e,
Nowmver . the amiira oheerved ~nggested thar the fahilirory affeer s
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Role of pre-synaptic a,-inhibition in the'findings in Protocol 1.1

In Protocol Two theé role of pre—synaptic az-receptor' mediated
inhibition during the experimental conditions of Protocols 1.1 and 1. 2
were investigated using 3H—noradrenaline. The experiments were carried
out in the presence of the uptake1 inhibitor cocaine hydrochloride. ‘In

Protocol 2.1 exogenous noradrenaline added against a background TNS

contraction, significantly decreased the total radioactivity as well as

the intact 3H—norédrenaline fraction in the superfusate. ;Total
radiocactivity was decreased to 55.8 per cent (mean) of the value Turing
the application of TNS only (Period II and Period IV of the prot col),
and 3H~noradrenaline"to 30.0 per cent (mean). gn Protocol 2. . the
total radioactivity and the 3H-noradrenaline in the superfusate uring
the perfod where TNS was appliad against a background of exogenous
noradrenaline wag .significantly less than that %uring the periqgds of
application of TNS only. The total radioactivity was 73.0 perj cent
|

(mean) of {ite value during TNS alone and 3H—noradrenaline 66.0 per cent
of {ras value. )

If 1t 1s assumed (as 1s usually done) that the tritiated
noradrenaline in the superfugate is a satisfactory measure of'the emount

~f noradrenaline releaged at the adrenergic nerve ending, there is

aviden-ca far pre aynaptic inhibition hv the exogenmug noradrenaline

addad during Trotoenl 2.1 and Protocerl 2.2 (which were gimilar to

Protocol 1.1 and Preroenl 1.9 reapectivaly), Further, the degree of .

fnbibitien appeare t4 ha greater in Protacol 2.1 (and thus presumably in

Protacol V.IY . with rhe drocraqep in f,‘rq'l rad‘ﬂactivity and the 1“__

neradrenaline amonnting to A4.9 per cert (1N00-55.8) and 70 per rant

c1ee ) veersctdvely aa campared ttlh T per cent (100-731) and 0 per
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cent (100-66) respectively in Protoc;;l 2.2 (and thus presumably in

Protocol 1.2). The TNS induced contraé%@é& was smaller in magnitude
than the exogenous poradrenaline contraction in Protocol 2.1 and vice

versa in Protocol 2.2. Thus, TNS was applied at a higher frequency in

: . , »
Protocol 2.2. The degree of pre-synaptic inhibition is known to be

inversely related to the frequency of stimulatfbn of the adrenergic

3,

o
nerves(129,186). Thus the difference 1in théu.degree of inhibition

observed in the two protocols 1is not unexpected.t%?rotocol 2.2 which

.utilised a higher frequency of stimulation demonstrated a lower degree

- of inhibition as expected. e

Superficially this difference 1in the degree of 1nh1%é;ion-may seem
to account for the different results observed in Prqtocoirll.T and
Protocol 1.2. Tn Protocol 1.1 background TNS was found to 1;hibit the
contraction by exogenous noradrenaline. Tn Protncol 1.2 a haékgtound
exogenous noradrenaline was found to enhance the contraction by TNS.
However, Protacol 2.1 and Protocol 2.2 ;ere carried out only at a single

frequency (in each case) of TNS and a single concentration of exogenous

noradrenaline-' This tended tn highlight the difference in the degree of

inhibition 1n rhe two proreecnls. Protacol 1.7 and Pratrncnl 1.2 . »n the
ather hand, ware carvied ont neing a miltirude of cor-entratione of
axogenonte nnradrenalire anﬁ a mailtitude of froquenciee F TNE, The
difference petween the fwo pratocnls wag ¢ 'dent rhrayghour rhé’ranno of
TNS employed (refexr Fig. 24 and F'é. 27). Tita makea §t unlijlely that
the difference 1n the kegrno nf pre-avnaptiec dinhihirion would ac: wonr

for the difference oheerrad hetween Frotneal 1.1 and Protacel! 1.2,

N
. 1
Inhit{tion of the THT dndvced 7release of N noradren-tine by

exnp e weradeapplios Lo the  wanfae aapheneng gein (eimileo:r , Y hat

284

Nt




-y

observed in the‘Ppotocol 2.1 and Protocol 2.2 of'the present_study), has

been demonstrated by Lorenz et al(l74). In this qtudy'the effect of
e#ogenous noradrenaline on the release of tritiated material - produced by
TNS was investigated also 1in the absence of - aA uptakel inhibitor. The
addition of_noradrgqalinev(l.Z X 10'6 mol/l) to the superfusing fl;id

increased the tension (by 3.7 g mean % 40.6 g SEM), the total

radioactivity of the superfusate, the efflux of 3H—noradrenaline, itg

deaminated metabolites and normetanephrine. When this same
concentration of 3H-noradrenaline was added against a backgrouhd
contraction by TNS (2 Hz; 9 V, 2.0 ms) the further 1nc;ease in tension
was minimal (<0.2 g) (Fig. 53). This was similar to the results

observed 1ip Protocol 1.1 of the present study. Further, with the

addition of exogenous noradrenaline in the above . study, there was no

decrease in the total radioactivity and the 3H—-noradrenaline in the

superfusgre. The only significant effect was an augmentation of the

-

efflux of deaminated metabolites of 3H—noradrenaline. Thus, 1in the

absence of uptake; inhibition (the condition present in Protocol 1.1 and

Praotocnl 1.2 of the present study), pre-synaptic inhibition by exogehous_

. .
noradrenaline could not be demonstrated in the canine saphenous vein.
Tnvestigations using canine abdominal Aaorta, superior mesenteric artery,

~spflenic artery and the splenic rapsule too showed a similar inability to

demonetrate pre-aynaptic inhibition 1in the absence of uptakel blockade

in the above study. Only the canine portal vein showed an inbibition of

N .
the efflux of ?anoradrenalino by exogenous noradrenaline in theﬂabsenc%

nf cocaine-

C

© The resnirg: of the abovg stu@g wgge“pxplaig%ihon?;he basig of a .,

o ey

.ROSgible ~ displacement b¥}g,exogenous ~noradrenaline, of the . zﬂj

. . .
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noradrenaline within the adrenergic nerve terminal obscuring the
: . (‘4 , - .

d¢monstration of the pre-synaptic inhibitio'n(lﬂs'). This was supported

°

by the observation that duPing INS, exogenous noradrenaline augmented

the efflux of deéminated metabolites 1in the absence ofl cocaine but not

in 1its presence. As mentioned before, exogenous noradrenaline (by

itself) also produced an increase in, the efflux of total radioactivity'_

ag well as 3Pl—noradren‘aline. The latter finding makes it difficult to
A
draw a firm conclusion about the pre-synaptic effects of éxogenous NA

during TNS. However, whether the noradrenaline ¢ 8 out of the

adrenergic nerve terminal by displacement or exocytosis would not make a

difference to contractile effects as long as it comes out in the
form intact (unmetabolised) noradrenaline. Thus, tyramine, which acts
predominaritly hy causing displacement of noradrenaline from adrenergic

nerve terminals, 1s still able to cause a powerful contractile effect in

’

vascular smooth wmuscle. In the above study, although’ the added;'.

‘exﬂogé"'nous noradrenaline may have produced an increased efflux of

9

deaminated metabolites the amount of unmetaholised 3t.1—noradrenal:lri!e3 in

the superfusate remained unchanged '(F1g. 51). Thus, the contraction -

produced by TNS should havg remained unchanged during the ﬁéfiod of
addition of exogenous noradrédali’ne- In spite of this the additional
contraction produred by exogenous noradreraline was less tha;l N.2 g as
mentioned before. . ' »

Tn summarv, no eyidenere for pre-synaptic inhihition by exogenous
vm'adre;lalfne wag availabla in tha canine saphennus vein 1in the absence
nf nptakel inhibition although one cannot definitely exclude such a

pheﬁomenﬁr}i in this experimental situation. This finding makes it

difficult to conclude that pra-aevaaptic a,~1inhibition is the mechanism

.
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responsible for the inhibitory effect og TNS, upon the contraction
‘produced by gxogenous noradrenaline obse}ved in Protocol 1.1. Another
observation also argues agains; the pre—synaptic inhibition mechanism.
Pre—syﬁaptic inhibition is known to decréase with inpreasiﬁg frequency

of stimulation(129,186). Thus, if pre—synaptic inhibition were to
account for 1nhiBiti&n of the contraction of exoﬁenous noradrenaline 1in
Proto;ol 1.1, one would expect this latter inh;ﬁition to be less with
increasing frequency of TNS. However, ;he observed/expected contraction
ratio showed a signifigant tendency to decrease with 'increasing
magnitude of barkgrougd TNS {n Protacol 1.1 (Fig. 24). The
observed/expected contraction vatio had a significant negative
correlation (-0.42) with the magnitude of the backgrou;d TNS. Although
this correlation coefficient is relatively low,. it is emwphasisad that

oune would expdbé a positive correlation coefficient 1f pre-synaptir

inhibitinn were tn account for the findings In Frotocnl 1.1.

Relaxation to TNS

As pre-synaptic a, inhibition did not seem likely to account for
the inhihition of exogenous noradrenaline contraction by THS in Prrorecol
1.1, annther pagsibilirv that mav accnunt for thie F{V\d{nﬂ, ‘he

concurvrent raleage nf an dirhibitery neu}n"ran':mirrnv by TH® hnd tn ha

ronctdaved. Thie waa Invectignarad (n Tratnral 11 Following hlockade of
h .
the rerntractilae rveapnnee ten  TNS. The nadr~aergic neuvrone hlarVar
-4
guanarthidine (10 mol /1) and the o+ antagoniet phenoxyhenzapine. had 1o
be used 1 combinpation tr effect » Vlockade of the coovtrantile rasponae
tn TNS wr to a freqcaerey f 17 H-. l\lrhn.,gh h+th the ahnve 1r gs ern
need 1 Yo]_af’{:rr"v hteh “on enteat !t ane f'hf'n e vwnatojdnats e as the

vanfne aep) snene cofa ta oy, , o e ! e 1} . W ot
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contraction of about 90 per'cent of the maximum contrection'to'exogenous

noradrenaline. The vein ringp pre-contracted with prostaglandin FZa

following this blockade demonstrated a frequency dependent relaxation to

¢ r

TNS applied as intermittent trains of stimuli. As theé experiments were
carried out 1in- the presence of both atropine and propranolol, the
relaxation could be described ss non—adrenergic, non-cholinergic in
nature. The relaxatory - response demonstrated a slow recotvery and a

biphasic response especially at the’ higher frequencies.

Relaxatory’ responses " to TNS, similar to those observed in the

present study, have been demonstrated in certain cerebral

arteries(245,246,247) and canine coronary arteries in vitro(248). For

instance, Bevan et a1(24§) described a neurally mediated vasodilatation
in cat cerebral and extra—cerebral arteries. The relaxation observed
wag: hiphasic in pature with an atropine (5 > 10 =7 mol/1) sensitive
component followed by a delayed atropine resistant component. In the
present investigation, although a biphasic response was observed

occasionally (especially at the higher frequencies of stimulation), both

components of the response were found to be resistant to atropine at a

~oncentratfon of 5 x 107° mol/l. Ttr and Takeda(ZlZ). described a
relaxatorv regprnee to TNS in the erat tracheal smooth muscle following

an increase of rtone prodiced hy S~hydroxytryptamine. This relaxatory

responsa wan reduced by rroprannlel (2 x 1070 mol/1) but a‘significant‘

pAart of the yteaponse wasa non~adrenergic and non—-cholinergic in nature.
The authors remarkad en 5 slow' recovery from the relaxation produced by

°

the tranamural werye ftimulation, simflar to that observed in the

rresent srudvn
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Mechanism responsible f;r the rgiaxatoty,response_to.TNS

TNS. 1ead§ to 'contr#c'tiou or relaxation in smooth mscle by tfl:e
activation .;of ‘intramural nerves. This is achieved -by induction of
action potentrialsl in .these nerves with a fesultant release of
neurotrazlsmitter' from the nerve endings. Tetrodotoxin, a specific Ffast
Na' channel b].o_;‘éker .has been used as a teat for the neural origin of

relaxatory or Eonﬁ;ractile responses to TNS 1in isolated smooth

“mscle(249), since it is believed. to block the action potept‘lﬂé in the

intramural nerves. This phenomenon was investigare! in Protocol 3.7.
Tetrodotoxin. in a corncentration of 10_6mo]/1, did ner gignifir-nrly
affect the relaxatory response to 7TNS observed {n FProracal 3.7.

However, this same concentration nf tatral toxin almngt rampletely

<

" abolished the contractile reapenge tn TNS (up *n 3 fraquencv of 3?2 Hz),

prior ro guanethidine and phehowvhenzaging frentment {in the present
atrudy. Tn maat of the studies ~1tr-~d ahnvel( 247 246 247) tetr:nd tnawin
abolished the velaxatnry regponses ro TNS. Thee, the fnghili'yv *n hlnrk
the_re1;§af{on by tetrodotoxin in the preacnt atudv could he conaidered
as evidence agalnst a neural origin for this relaxation. Horrevnr

rarent evidence ind'«ites rthe existence of trrodotnxin regigtant nerve

action potentials v nens crynaemitter rele ma n mammal ' o
nerves(250.751,252). Tard - ha At A10783)  alac ke o dagerihed  oa
' : A o
relaxata-v Yoaaraneg: [ rre [TLTN AN v recdetapt LAl ol t ey ly in
jgrlarad 1 *hhit and ', rerebral o A - ovenary n et e Thas “r c-ndd
he  avrguad that thear ffrcte s a medis 4 hy vl " ! ~
Vot rodet owlng panicrant " af vy el e e
»
At ey Paat whi-b Ve T oyt ol viven fo Pgr?bligh the rroo ol

! . \ A R AL A B 1
vrlgin o f pacpoanens, Te ! ! ' e T
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 storage of 1isolated gissUe at 4°C-.in a buffer solution for 9-10

days(254). Prolonged cold storage .has been showq‘ltq, cause slow
.‘ , ‘.x -y 4;,.“> . . i
degeneration of the intramural nerves with. irreversible loss of dbility

to  store and release  neurotransmitter in = {isolated.. smooth

muscle(15,213).« In Protacol 3.3 of the present stud& after a peffodvof.

niﬁr days ‘in stdrhge at 4°C, TNS produced n6 contractile responses in
the qaphenoué veins, indicéting ‘a "dener&ation; Qf the sympathetié
nerves. However;'these preparations‘responded to=prostaéian§ih FZ; and
to 1isoprenaline in the conventional :maﬁnér with contraction and
retaxation respecrively althongh the ﬁ contfactile‘[ reéponse was

efgnificantly .less than the controls. ' In such veins the relaxatory

regponfes t~ TNS were aholigshéed also. ese findings indicate that 1
4 o .

neural mechanism m~v fndeed be involved ip rhe:observed relaxatory

veeprnonsae. - -

A second potenrial wmechanism which may mediate this relaxatory
respons~ {a n direct (non-neurogenic) effect on the smooth muscle cells
hy the elecetrical impulees per se. Such an explanatton was offered by

Pnoke et 21(248) f~r the relaxatory response to tranSmuxa¥ nerve

t
ho

~rimilariaon nbgerved in the canine coronary arteries since this respounse -

was resfstar' to pro’ wmged -~old atorage ag well as to tetrodotoxin.

Al houeh the ~' 511tdeca af rha relnwatary reapnnge follnwing cold storége

in tha cremant o dy auggests a neurally mediated response, it does not

exclede ~ direct v-laxatory <ffect on the smooth muscle because cold

5

b

storage ale~ ecou'd have had a gpecific effect upon a hypothetical

mechantom o yespone~thle for.guech a direct relaxatory effect.

“'te of arigin of the postulated inhibitory neurotransmitter

»

v e LAV S I P N

rv vepsotranem!tter  released by the TNS war
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respongsible for the relaxarion ‘obgserved in Protocol 3.1, it could
theoretically originate frowm two sites (1) from an as yet, unidentified

inhibitory intramural verve (?) from the synaptic 'vesicldh of adrenergiz

nérrves . where it n;av exist .as a co-fr vemit rar tngether with

noradrenaline. The ‘'at'~r rnggibility Aoee nnt eeam Tikely ar the

relaxation to. TNS in Protoacol 3.1 was Ademnnatryrgrad following
, y ;

guanethidine treatmeat whkirh wonld »l. - rthae r~leace of naradrenalin-

from svrpatheti~ nerves. !'l¢ arthelece. thig was further invegtigatel by

uging 'lvdfc‘(\'1/\pn'h1"c v rroduce a chemd o) cevep *thertome in hya
venouve ingsa Aoy lopsrmipe treYmoant Yoanl -~ LIRS deg: tarat o
o CoL
"hnr\qeﬂ 'n adrenergi- 1 rvag anel asg vtoaptaami ehv il dng it ad
\
Aabhacncn o~ dornge (Ao e " fetlan ,a"" mUt a1y §40 e 1] {“g an
o
demovatrated by /prte'lanmg ~¢ 2’ {0 he Portal vedn cnd o vl avre y of
rhe f?t(?'v‘ 255 ‘harmo chs (K4 (R el dn oy W e o f the
f
fregtment LR Y the v ' {e RE10 LN I tho ' p aihla (s
trvanamit ay Y tee - heo ai'h eap gl aas11 tn  the 1 avea v
vealfelaa woyt : rodoeoe : LA v THIQ 1 Vgt [ S SR BN AR TS ER B
hy - :.vvr‘nr\' mi Teyg: muymy AERLIREY ‘ tment weon b oo v e s 1y U SN )
e s e oy o 1 ty LT ' v e By dy oy o7 T nine caem et frve 0 '
anly ot L L) v o T s Cve ek p At o i Tevwvenon Coe L N A N LS 2
ndyemnn - e v e YWy rec trt et s by e A T a1 [N RIS QPR
t‘r\"\“ﬂ .-~F-.r ey ey o e ) rrveny [ Thegeemted o oy .,.,,.1,.,:- 1o
{ fra ¢ Ve MO [ I ] 1 LI P VO 6 f ey van. . in t he
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observed in tﬁe presént stu&y. Further support for this conclusion is
provided by the .inability of tetrodotoxin to significéntly affect the
relaxatory response to TNS 1n_frotocol 3.2. 'As tetrodotoxin is kno&n‘to
block the releagse of noradrenaline from adrenergic nef:e endings '(b;

blocking the fast Naf‘chaﬁnel of the action potential) it would also

hlnek the simniltaneous re1°ése of a co—transmitter.

Fassible mediators of the relaxatory response to TNS

3

Free radicale haye been 1implirated as a pos=ible medlator of
t~layat vy veaponmes In vgerular smenth mircrle(257). A free radical 1is
Aefined "8 Aany atom, grour of artoms. or molecule in a particular state

with ~ne anpajred electron rreupying an outer orbhital ("hiradical” - twa

wnpgired s lactrona)(?25R), These vadfcals have been fﬁplicated in a

“

varfeory nf A4 ‘[géaga Stnanrtepa 1in ‘.’ocprlt‘ VQaYQ(?gg) and have also been shown
' rreduce velawaticn {n some bl od vearals(259). yperoxia is one of
srveval factsre thet are helfavsd te premipitate the generation of free

tadicala ‘4 14+ tnp tfaqua(?57) 'm inalated emorth miscle ervperimente

the ricgus ha™h fa aevge antel il a mivture of Q5 per cent 0? and 5 per
ceant (M y: TWhite sfutnre b b omn Ahoupn tao [vo'aee «\? tanalnne @f around
GO0 mm g A e pieann hak eatarian(PAN) The paaecage of pulses of

- eo- o . B
rrent threnglaneh s hyrarscfe medium (diring TNS) could be regarded

>
Ay s at Ayt Al e, tger v ' v the gener e { f thege fr-oe Ya(l‘t(‘a]“. T‘"hé,
froc vall ala oAy Vo tonad 'ev - A aa Ed [0"9!:7' ial mo'Hat""r of the
valavwet a0l e shrerved Jon Tratoecn] Y 1 of the preaent atudy. The
roaeible ake far thaso radfeale ara generally inveerigated hy wuging
d%;‘é' ther fanet () ag fFria vhdiam) Rrnyengera (2'3"\_.)' H’)WEV‘!!‘, thig isg
sy .
rade VU ED L br Ry ) e fathrn a2 garta’s f frea radiecsTa and a
h ‘ ! ) =

EPYE NG vl v ™ P vapn ap e TE QM Pangar gl 250) R AT
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Protocol 3.2 of the present study the effect of two such scavengers/On

F

the relaxatory response to TNS was investigated. The two drugs used’were

'

catalase (a scavenger of hydrogen peroxide and peroxide radicals) and

Px3

ascorbic ac{d (a non-gpecific scavenger)(258,259). These th drugs did
not. significantl} alter the relaxatory response to TNS. Absence of an
effect by catalase suggests that hydrogen peroxide 1is unlikely to plav a
role in the relagation obsérvgd in the present studv. The codclusion to
he drawn from the lark of effe;r rf ascorbic acid is more difficult.

Tn adgitfon in Frotnenl ?.f‘rhe ané%r of cfmerfd;"ﬂ (”?‘Y°PPPP“Y
antagon{ist), dIndrmethacin (cyrlo-oxygenace inhibitor). amivophy !l 1ine
(P]~purinoneptnr antagonist) on  the gelavnrory regsponse to TNS was
{nvpérigorod. None of these druge had = eignificantr effect on the
rbgrnnéa to TNS. Thua, 1t {s wunlikelvy that the relaxation to T™MS

nkserved In Preotacal 3.1 e madiated by a Hz_fccevtnr stimularion, a

pl‘l"nr'lrmceptor atimulgeion v v oo argehidani e acid metaholite of the

[

v Io--oxvgenase pathway.

-,
The MNa /¥ ATPare {phibjtar ~ugbain  aholicbad tha relaxatory
veapansen abhraread  {n the present stndv. Since a rplnrjvély high
’ SR T . . L. - - "
. P/
roencentration of the drug (2 w 10 * riif)7/1) was f\?"‘?hﬂﬁl"‘y fnt "this

binakale .a. nen-gpangific effeat of onabain unralatad 1 the memhrane

Nn+/K+ ATPaee Inhihit{nan han taq e (ynafder: 1. Wit opoy wo.w,y' "y dBe
tuffer  30larion which dphihigse the Nq'/w' pamp, 1t ke Phihed by
raltavato v teapange 1 - 71€ “hir ' appaar T a1, o Ve
reaponea e Taprandant oy g T v 4 ocaal e . .

"“flaan e of mede of "7 on the rel-axation

Ar o yaqr g i ted - chaeyy 0t Gy v t) o« famt that
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consistent relaxation than continuous stimulation of the isolated venous

ring. This 18 in contrast to the sympathetically mediated -contractile

.effects of transmural nerve stimulation in the isolated canine saphenous

a

vein where continuous stimulatibn produces a consistent, frequency
dependent response(261). Although a frequency dependent uniform response
to continu;Ls éranSmural nerve stimulation 'is usual in ﬁhe classical
autonomic nerves, a significantly enhanced response to intefmittent
bursts of stimulation has been described by Edwards and Bloom ié the
gastrOfintestinal tracts of calves(262). This response was asséciated
with the release of a homhesinwlike*pepti&e from intramural nerves from
the gastro-intestinal tract. The unusual fihding with intermittent
transmural nerve gtimulation. o the present study could be explained
nlsc by an enhanced release nf such a neurthansmitter.'

In summary, the findings of Protocol Thrée subported the hypothesis
that fNS producecs a non-adrenergic, non~cholinergic relaxatigﬂ in the
canine gaphennus vein pré-éohtracted with proéraglahdih ‘an. Tﬁié

relaxatdim; al*heugb res%stant to Eetrodotoxin, was - aborished'by cofH"

o -
v . ’

al

etorage of the veina for 9 davss Tt 1is therefnrp 8uggested ‘that - this

relaxatory r;?.qponspv, comld he mPr'H'-\th by~ an a4s- yet: un‘}vdP'nt‘lf‘led

tarrodotaxin resistent relavatory nerve although a direct effect of TNS

on the gm i th miscle cannot be definitely excluded. Fven 1f the latter
mecharifem 1ore  respengible  for the relaxation, 1t would 8till be
potenttally HAmporrant in feclated smooth miacte expoviments ag it {na

Titely vo orrur dvring TNS {n such °xpe:iment9.

- Raia aY

[P - - ) L
Rnole of TNS induced relaxation tn Protocol 10 (R
Fingll | aos has to ~nandder the rele plaved Wy thig TNS induced

BT A RS BRI oy, In the Itnbih{tdn  «f  rhae oxnganisna
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noradrenaline contraction by background TNS observed in Protocol 1.1.
Although TNS 1induced relaxation irj~ Protocol 3.1 was demonstrated
following the blockade of the contractile responsé; thefe is' no reason
to believe that the same phenomenon would nop.océur in the‘absence of
such blockade. However, the relaxatoty’¥es§onse would not be apparent
because of the bigger magnitude of the contractile effect. Thus, this
TNS induced relaxation could theoretically account for the inhibitioﬁ of
the exogenou; novadreanline contraction by background TNS observed 1in
Protocol 1.1. Bofh gffects were not antagonised b§ pfopranqlol,
cimetidine, aminophylline, or 1indomethacin. The inhibitory effect
observed in Protoéol 1.1 was preseunt with a background contraction with
TNS only; other agonists suhstituted in place of TNS failed to ptoducé
any 1inhibition. Tyramineé, which produces 1its cootractile effects hy

releasing endogenous noradrenaline too did not produce 1inhibition

indicatiﬁg;thag':he inhihitory effect was dependent on TNS rather than

. PR

oﬁserved “in Protocol 1.1. was_ fdﬁnd"to Be siﬁnificaét}y .more (or the
oﬁserﬁéd/éxﬁectea cnn;tgction ratih'lessz with increasing magnitude of
EAékg;éund'fNS. This relationehip, as ment{ionad hafare, is agaipetr pre.
synaptiec iphihition heing t he ;pfhanism reapors{ihle far the finding: of
Frore 1 11 Howe'ror, 'he above relard ywehip e 214 Vs ﬁwp]n;rw" or the
hﬂgiﬂ of the fiadinge of FProto ol V1l whore the mao: {1.-de ot he
;"1ﬂ"afnrv effort ng Aependent oo the fr;qnannv nf TNG,

Alt?ough rha abave evidence {g sruggaeativr, gome frotg yepain
nnaaplafned ';E rhe preasnt time. (1) The findipge {n b}"r.()r ol 1.7 whore

A barkgreound exncrnpne « ne' Yrengline contraction war Foae ' oo pet oriare

R nrraet e [ T [ et v )y mypptetoaahl. . v Vs .

on eﬁdogéﬁous :notadrenaline. In addition, the inhibitory effeect
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hypothesis. The "relaxatory effgct* produced by the TNS when applied
agaiqst a béckground of‘gxogenous;noradrenaline should have limited. the
total contraction. (2) The inhibii:ry éffect 6n'eiogenous noradrenaliné
contraction was not observed in Protocol 1.3 where the contraction
© produced by TNS was blocked using guanethidine or diltiazem while
maiﬂ%aining the elec;rical current. Why the relaxatory"effecgito TNS
observed in Protocol. 3.1 did not limit the. contraction by exogenous
noradreraline is not clear. |

These discrepancies may be explainable on the basis of a.number of
conf0undiﬁg mechanisms operating during Protocol 1.1 and Protocol 1.2
where chel interaction between. exogenous noradrenaline and TNS was

studied. (1) The possible effects of pre—synaptic ap—inhibition when

exogenous noradrenaline is applied against a background of TNS and vice

versa. (2) The pessible potentiation by exogenous noradrenaline of the’

contractile effects of TNS as observed by Su(229) aund Sjdstrand eﬂ

al(230), and demonstrated in the canine saphenous vein in Protocol Four

of the present study. (3) Th% effects due to the relaxatory response to

TNS observed in Protocol 3.1.

The findings and concluaiona from the pragent {nvestigation can be
summarigsed as follows. B
1. A background TNS contraction 1inhibited the/cpntfaction produced by

exogenous noradrenaline in canine saphenous veins.
7. This 1inhibitory eaffect appeared to h; greater with {ncreasing

magnitude of background TNS.

3. The 1inhibitory effect was speécific for background TNS, as it was

not observed with background contractiond produced bigfyramihé'(én'

indirectly acting sympathomimetic agent), methoxamine, phenylephrine

and histawine.
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4;_ The."inhibitory effes;‘ was not aﬁfagohiséd "by" pfopranai§l,

cimetidine, ‘aﬁinophyliine or indomethacin. Thug, the 1nhi£if§fy.”

effect is unlikely to be mediated b& a B-recep;or; a‘HZ—receptof, a

P;-purinoceptor or a prosfaglandin metabolite of the cyclo—oxygenase'

pathwa;.

5. Protocol 1.} and Protocol 1.2 <carried odt 1in a superfused
preparation (in Protocol Two) demonstrated .that 'exogenous
noradrenaline inhibiteé the' TNS induced efflux of total
‘radioactivicy and intact 38-noradrenaline during both protécols.l

6. Fplio&ing sympathetic blockéde, TNS elicited a frequency dependent

. N
relaxation. This relaxation was observed in the presence of
propraﬁolol and : atropine, 1i.e., 1t was non-adrenergic and non- =
cholinergic in nature.

7. This relaxatory respouse to TNS was resistant to tetrodotoxin but
was anlishéﬂ following cbid storage of ‘the saphenous veins. The
relaxatory ?esponse was not  affected Ey chemical sympatheét§my.&ith
6—hydroxydopamine.

8. The relaxatory response was lnot hloéked by cimetidine,
aminaphyltine, 1n&omethacin, agscorbic acid or catalase. I; was
abolished by ouahain and zern K' Krehs buffer solution suggesting
that a functional Na2'/kK' membrane pump  was necessary for the
oheerved relaxation.

Thna, 1in the canine saphenous vein TNS elicits a non-adrenergic,

non-cholinergic _Fglaxatipp, poss@bly mediated by a tetrodotoxin

resistant nerve. . . " DT R S TR

D I T,

. .10+ This ‘non-adrenergic, non-gholinergic relaxation to TN§ can be put” "

. e .

ffdrwanilésvéfgpoésible -expladation for thefinﬁibiﬁidﬁ,of,eipgen0us

R — . o e - -
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" noradrenaline .mediated .contraction by’ background TNS observed in

.Protocol 1 1. However, other . factors~ are also likely te he'; oo

Hresponsible £or the findings in Protcol l 1 and ?rotocol 1 24

;'ll'fThe °°“tr30tile response to TNS in canine saphenous veins was_"“""

—ce’

..

..pqtentiated by background ) exogenousl noradrenaline " induced

> B P -

" contractions.
12. Low (sub-threshold) concentrations of exogenous noradrenaline -
. . elicited a potentiation of the reepanses to trains/of ﬁNS ln the;‘f* e
qwcanine saphenous vein.. If this pehnomenon is present with higher

N

concentrations of‘exogenous noradrenaline, it could account for the; g
' findings in Protocdl 1.2. i.e. the enhancement ofAthe response to"
NS by background contractions produced by ekogenousAnoradregziine¢

13. There appears to be a eignificant interaction between the effects of

exogenous noradrenaline and the effects of transmural nerve

stimulation in isolated canine saphenous veins.
/ <

Considerations for the future |

A number of findings from 'the present study ‘merit further
investigation. Firstly, no definite conciusion was arrived at, as to
the origin of the relaxatory response ‘obseryed in Protocol Three.
Deffnite proof for a non-adrenergic, non-cholinergic intramural nerve;

resistant to tetrodotoxin could be obtained if the relaxatory response

could be demonstrated while stimulating'the nerve trunk supplying the

e e .

blood veseel proximally v instead' of -applying transmuxal- nerve,.

° et - ~s,,‘5 P}

. stimulation. The “canine Iateral spahenous vein detives its adrenergici'."

~'. .
T e ~ ¥ "
e oo

fﬁnervation from the uppér‘ lumbar?éroota via. the lumbar ,sympathetic_

x -

trunk.»_ If the postulated- relaxatory innervation -also. takes .the . same;;.

. ’

anatomical pathnay stimulation .at, ,a"‘p;qxinai ,a}te-emay‘ indeed' be -

o ) ‘ . P e o S e e
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possiblg.‘ Thus,. §n experiment could be’ carfied, out in vivo on an

Aiisclxlate'd, perfused, saphenous vein 'ségment. : to 4simu.late'- ‘Protocol Three. .
The contréctile response to the stimulation of the lumbar sympathetic
. . BN . ) 4 - . - ”)

nerves 'hould ) have to .. be blocked  using guauethiuing and

phenoxybenzamine. Following this bldckade the vein could bé contracted

(S

with prostaglandin Foa and the response to lumbar sympathetic nerve

stimulation elicited with the venous segment perfused at constanct flow

'wich Krebs buffer soluti,on while measuring the hydrostatic pressure

‘>

'4-'-inside the-vejin.-‘ Tl’ie biggest problem 1n this protocol would be thew

/’

“-,1§Latiou,. of the perfused venous segment from the .rest of the

“circulation without °damag"ir‘1g‘ its 1idnervation to any significant =~ -

"extent. This isolation from the rést of the circulation would be

4\

\

¥

essential to avoid ény secondary bassiye thanges in pi'elssure from the

concomitant a_rteriolar constriction duri_ng the 1lumbar sympathetic

\/—'"\\\

stimulatdon.
N\ > :
Another approach that can be utildsed to determine the origin. of .

the relaxﬁatory response in Protocol Three would be the morphological

\
3 : ’

identification of’ n._on—‘é‘ﬂr.c]energ* ~, nvnon-cholinergic nerves in the

saphenous vein. El@ctr\\'\)n*mi\crosnopy 35 well as immuno-histochemistry
‘ |
can be adapted for this urpo;e. The latter method using antibodies ton

/
/

vaso‘active intestinal pol}ipept‘(de and substance P has demonstrated the
presence of these suhstances in nerves in a numbher of blood vessels.

The _second question that has :o be resolved is the mechanism bebhind

"o

"the potentiation of t‘ne response co TNS by exogenous noradrenaline in

s

..,..

P’rotocol, Fom:. Recept» experimeuts' '(1:{ this laboratory) have

. L B 1
fond v o - . ' . P * A

demonstfated ér‘ Simi‘la'r vpot,e‘ntia’t'ioﬁi of the respbnse tr; TNS with
w"""' . ""“\‘at«' . [

methoxamine (selective. di—iéééﬁbof agonist), ” clomidine- (relatively .

e PR P - e
- .



selective aé—agonistj,and'adrenaline. The potentiation produced-by the"w

.suh—threshold cencentrations of noradrenaline and adrenaline may suggest-'

a role for circulating catecholamines in vivo in enhancing the responses

to-. sympathetic nerve activity. At present circulating catecholamines o
" are not believed to exert any direct action on vascular Smooth muscle .as

_their plasma concentrations are well below the threahoLd for activation

301

of vascular smooth mscle in: vitro.- !hus the~ investigstion of the"" T

findings in Protocol Four, with a view to elucidating the mechanism
:fbehind the potentiation would be useful.
Thirdly, the ability og the calcium antagonist, diltiazem to’ block
" the contractile response to TNS while leaving the response to exogenous
Inoradrenaline relatively unaltered _4s also interesting and. deserves
further investigation. |
In summary, the resultsiobtained‘in the present study may pave the

way for a number of diverse investigations.

~ - - ~ -
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;5 T - ' Drugs and Chemicals o , "

The Krebs buffer solution used, had the following composition
(mmol/1) NaCl 116 0, KC1 5.4, CaCl, 1.2, NaHCO3 22.0, NaH2P04 1 2, MgCl,

.6H20 1.2, glucose 10.1, CaNazEDTA 0.023a\

Sources of drugs used

. ) .
1. aluminum oxide (Woelm Pharma—GmbH & Co., Eschwege} - West
) AGermany)
. e
2. aminophylline: MW 420.4 (Abbot Labqratorieg Ltd., Montreal,
Canada).
3. ascorbic acid: MW .176.1 (Sigma Chemical Co., St. Louis, -
U.S5.4.)
4. atropine: MW §§9.4'(Sigma Chemical, Co., St. Louis, U.S.A.)
5. catalase’ (Sigma Chemical Co., St. Louis, U.S.A.)
6. cimetidine hydroch&oride MW 288.8 (Sigma :Chemical Tk) St.
Iou:ls, U.S.A.).
7. cocaive hvdr~chloride: MW 339.8 (Sigma Chemical Co., St. Louis,
U.S.A.).
8. 3.4 -dihydroxymandelic acid (DOMA):MW 184.1 (Sigma Chemical Co.,
S8t. Louis, U.S.A.)
9. 3.4 dihydroxyphenylglvenl (DOPEG):MW 170.2 (Sigma Chewmical Co.,
St. Louig, U.S.A.). -
n diltiazem hydrochloride:MW 451.0 (Sigma Chemical Co., St.

T.ouis, 1.8.4A,),
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'di sodium ethylene. diamine tetra-acetic acid:MW 336.2 (Sigmé

Chemical Co., St. Louis, U.S.A.). .

Dowex-1 (Sigma Chemical Co., St. Louis, U.S.A.).

Dowex—50 (Bio-Rad Laboratories, Richmond, California, U.S.A.).
Guanethidine sulphate:MW 294.4 (Ciba~Geigy Canada Ltd.).

Histamine dihydrnchloride:MW -184.1 (Sigma (hemiecal Cp,, S8r

Louis, U.S.A.).

& £l
. 6-hydroxydopamine hvdrochlaride MW 205.7 (Sigma Chemical (oo,

St. Louis, 7U.S.A.).

TndOmél‘hac‘ln hvdrnt'h'lorido'”w IR7 .8 (,Q‘lgmfﬁ Chamicrpl (‘_(\. . (4]

Twouis, U.S-A.).

2

Methoxamine hydrochleride (vasews 1) oMU oht T (ﬂqvvqnqhw

Wellcome Ltd.. Mantreal, Canada).

3-Methoxv-4hydrrxymandel ! actd (UVMAY M a0R 3 /Qftams Che ! !

Co., St. Toauig, TT_Q. A V.

I Morhoawr Ahydr 'yyr\\pwvlc'-- 1 [B XA S yeroooe [ [ t s !
C . QF. Taut e oo

Noradr nnl{ine B MW 319" C e e oL ot e

Lounta, .S A

N
7 T nardrenalina (gpecifi‘c activity 1° vy ' ' Wt
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24, Ouabain (octahydrate):MWw 728.6 (Sigma Chemical Co., St. Louis,

'UOS-,A;). . ) . E]
25. Octyl phenoxy polethoxyethanol (Triton X-100) (Sigma Chemical
Co., St. Louis, U.S.A.).
26, Pentobarbhital sodium (Sotmnotnl): (M.T.C. Pharmaceuficals,
! o~
. @
Hamilton, Canada).
A Phenoxybenzamine hydrochloride:MW 340.3 (Smith Kline and French
Canada Ltgd.
w
28. Phenylaphrine hydrnchloride:MW 203.° (Sigma Chemical Co., St.
Louis, U.%.A.),
N 3
" Prnpranolol,'ﬂvdrovh1nr1defﬂw 795.8 (Qigma Chems ~ a1 Co., St. ¢
Touig, .8 Ay,
M Prostaglandin Fog 1 (Froarin Fou+ Dinoprost trome*hamine) My
475;@:(Upjohn Cowpanv of Canada, Dgh Mills, Canada
ER T“"“4dtoiin:MW 19 (Sigms Chemical Cn., St. Teadg, U.S Ay,
Tvramine “;4"““"wv"ntﬁ“ 1716 (St{gma Creming? - L U BEYTE
LU *H )
9 ] .
o - A
"he cafjrentrated ataclk anluvtriane 10 w1l in moa! r~acaq) ~f the
L]
druge wer™ prepared in diet f]1en wafé‘- 1.0 mg Af andium metahjsyulphire
.

was added to aach 10 @l of the stoct aclytione to minimise oxidation in
Ehé~case of easil§ oxidiéahln drnge.  Suitahle dilntiong of‘the drugs
u;va rrepared in Yrehs berffear sclutinng aaerh day. S

Indomethacir vog dterop! -od in equimolar N°7”07 solution.

Fhanec “vhanzamine  +q diss'ved {0 prapylene 'yonl. Al' drugs were

Ve o | NLTAN Syt tn the fFigrue bath 1 Pretuce  * ha dAe~tvad



concentration in the bat:'_hl fluid. Continuous bt;bbling of the tissue bath
'fl‘uid‘ with 95 per cent. 02-5 per cent CO, ensured that this desivred
concentration in the fluid wee achieved almost instantaneously. The
high‘eat concentr;tion of the drugs during‘dose*résponse curves were
maintained in ‘the tissue bath for as short a ‘duration as possiblé to
wminimise desensit:_lznfionv. Drugs were r'emxoved from ;ho bath fluid by
vrapeated rinsing ~f the bath virh fregh Kre'= huffer sol'ution:. When a2
Adruvg had to he Vept in  the ' {egue t;ath "t a3 fixéd.b con;:entration
thronghowt an éxpertment {(v.g-, propranolo! and atropine in Protrcel
3.1) the drugs were added t the reservoir of Krebs solvtion feeding ths
bathé. Thi« prevénted th' apeated aldirfons of smal! g1t 110t of !
drugs  ~hst 'mu.ld‘c'her': ey T thue wine Py

de e oo {nge 0
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Appendix IT

Solutions used for cdlumn-chromatographic analysis

2 litres 2N hydrochloric.acid‘
332 ml of 12N HC1 |
400 ml of 0.5% Tritom X-100
1268. ml H,0

1 litre sodium phosphate buffer pH 6.5
6.6 £ KH2P04 »
2.67 g Na,HPO,,
lg NaZEDTA
Make up to 1% with 0.1% Triton x 100:pH checked and titrated to

Q

6.5 1if necéssary.

] 1itre 6N HC1/ethanol ©

250 wl 12N HCI, o

500 wl ethanol -

740 wl H,0 (no Triton X-100) oot
! litre 0.2N hydrochloric acid .

100 w1 2N HCl

200 ml 0.5% Triton ¥X-100

700 m) H,0 .

'itre '] N hydrochlorie artd
500 m1 2N WO “
200 w! 0.57 Trirnan X--100

AN m) HL"

! TH{tre 0 2N acetic acid
200 m1 1 N ncetier acid
200 ml 0.5% Triton X-100
700 m1 W,

' "{tr= 0.1% Triton ¥~100
200 m1 0.5 Triten X100
800 m1 w0
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Appendix III

Solutions used during chemical sympathectomy
with 6—hydfoxydopamine

Composition of " unbuffered physiologiﬁpl, salt sol&tﬁpn ‘used
L . R
(mmol/1): NaCl 136.7, MgCl, 2.1, KCl %.7, CaCl, 1.8, glucose

5.4, CaNa,EDTA 0.023.
The pH of the solution was adjusted to 4.9 using reduced glutathione.

6.0 mg of 6-hydroxydopamine was dissolved in 20 ml (1.46 x 1073 mnl/1).

of this physiological salt aolufion just prior to use on each day.

1A/



Appendix 1V

The deﬁinitions of some. f:ggueﬁtly used'terms in‘Pharmacology ‘are

given below, 7The definitions do noq.exactly‘cotrespond~to_;he correct

meaning of these
definitions have

literature.

Washing, rinsing:

Dnsge: N

Dosge "repanse cnrve:

innnhatian:

terms in the English language, nevertheless, these.

‘become irrevocably embedded in Pharmacological

thg replacement of the bath fluid with fresh Krebs
buffer solution containing no drugs (unless

specified otherwise).

'
g . ]

Ca

the aliquot of a-drug added into the tissue bath
to produce a desired concentration in the bath

flt‘xid.‘ffo'llowing the dilution of(bm"drug in the

bath;‘

refers to the effect to an agonist (y axis)
plotted agaihst the concentration of the agonist
(x axis) i.e. concentration effect curve. '

v

Exposing a tissue to a desired concentration of a .
[

drug for a specified length of time. Thisj_is

commonly ﬁsed in reference to antagonistg: which

are kept in contact with a tissue for a lengtﬁ of

time before repetitibn of the agonists effects.
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