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Cho,l.inerrlic (ioncrv¡ìt-iùiì r ìrr1¡ lot rìvrìn.:ìtlit:i;j.e ienerv¿l-

tion lvas shor.Jn bo inr.ir-lc e clian¡ies irt '.,i're canine t,rache:,rlis

smooth rnusc 1e sirnil'lr to th,-rL ok)s€)r'vc{.1 in tÌte presenc e oî

tetra€th1rf¿¡t1¡on j.qni OÌ ef ter mei,,;tÌro-Lic denlct,j on, Sur¡licaÌ

inhibition of lhe not,o:l strp¡r,ì."' rl:r¡1 I¡s¡j il-r osci .ll,rtor',. con-

tractiott:i of the ¡nusclr,' whe¡l s:L imrr iirLetrl lviti, c¡rb¡lcl:o-l-
Fl

(2X1.0-/¡'1; or hisLa¡nlne (-1.0-7li) brr1. .,ot poL;rssiurn cii'ioririe"
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;i lt s i-, r',,r c t,

tions i.n tl:e cl-i.ciurn c()r)cerrLr"lt:io:, oí' tl r: ir rt;

I'iechani.ca I osci. lllltion:; iJCrc r{rrìr.r.r' ,.'J 'l:t.i íì r)r.).i

presence oi a ce.lcj-urn i:.ll'l':\ t;Llí'f'e:' (-)r^ -r L)i) l;

componenI o.Í. t,ir t.: conl,r'trc i..i on r,i,'rî '''' Ì'tc a.,r r.')]

doses l,,lere rrrnp-l r¡]rcci ,

Diff erentiltj-on of t;he rnr:r:it: 'i-r','li t,l'Íì¡-r 1-¡1r 1¡ì,o'"rerj t,l-:¡-ti,

the oscill-atorli beh¿lvior i¡f thc mLlr:r'.i l r,ir:r,s i:i. l':ir.rsi-c, corîsist-

ing of shorb ra¡i<l oscil'rt,ions srìr)crir;tpose.'l ()n ilrr: s jo'¡l rneeh-

anlca-ì. contractions " Further i-nvestirat,ion [,-ìvc evi-cìenc e

which suggested that tire two cornnonernts nri¡iÌr1,, be due to cif'-
ferent pool,s of calcium or that calciLrm miilÌ'it.',.JorL: in con-

junction with chloride to nrocJrrce t;Ìrer binbrsic resì1onse.

The rnvogenic resDonse obsg¡.yrr{'l ìtÐon orric}i sti"Érteh oi'

the denervatecì trachea-l musel-e sÌtití"csis tjr:it t,irc sr.rri"icai

;,in;'nrerìiilin

iri.ed in ti-rr.:

r i .: +. i': et t, rt:' ì. c

'iIf,cr-' ì'r:'.,rr'

\/l I



treatment, of the muscle sets tip tfic ccl¡ditiot'ls necess¿t.ï'J

for this ph.enom€jnon. i-lrrc:il a l"crìÌ)oìrs€ì i:; oirstl'ver.l on1,,

after the CenervateC musc.le ii,:rs b¡:en st-,iirutirt,r,:d t¡it,h t,lie

appropriate a¡orri st and \"riìs, novr)i' ol,l;ervecì in l;lie innerv¡lieci

Or unst inu lat ed d en Etrya t, erJ Ð rCp;ì t',-t t, i or . I t r^rorr ld app ejílr

+L^+ ^,.__i._^ì denei:vatiOn Of. tlre ¡iOt,o¡. SUI)nir.¡ iS reSoOnSiÌtl-ei/Ifd\, JL,tIóIL,(ll- uglIEl. V.tLI(Jil \/I UIlu lll(''.,rf - 'r\

for a conve¡sion fr-om a mult;iuni t, t r,,L.e t,<¡ a S j nÍ1e Lrn it ll,.pe

musciu"

I'ILrcüuations in ÂTP have treen ímplicat ecl in the phasic

activity of sone musc les , ( l'Jestf a.ì i , L)7 5) ¡nd it iu.r.s been

sug€lested that viìr"iations in the,\ll'P contr:ni rn'ì'/ be, at ir,'ast

nrniì ol I r¡ r..sÐOnSible fOr ObSe-'r'vecl ¡.l1',c¡";tt,io;.ls in iOni.C

fluxes (Gr"acìman and S-ia','rnarr , )')-i';; 'ji."t'r'.1 rì': is ¿inij Schnt:icler,

I976). lvidencc of a decre:asetl ,ì'i'i-'cont()n(. in ti'rc clenervlted

tracheal muscfe rves f ounil, Ìtol'¡r:vc:r', t.r'e cor^r'r.ri"i1.,ion bet,t'¡een

t,llis Cecrels€: in,\T'P cont,ont, anci 1,i'rr irlr¡t:;:tr.; ''rll,.l.¡itr¡ ofì iht,l

nluscl-e can on11. be sÌll'iliiscri.

Inhibit,j-on of i.ire act;ive ¡rirrrnit-r,,- i)1.'oc('S:L-:j lr,iti j.n [he

muscf e, b1' coolin¡1 or tlrrou¡iir tÌlc ¡riinini:r1.¡'¡,,r¡ i on of oi.l,:lÌlain,

had an inhibitory effcct on tlre oscill':t,or",'n:ri:ilre of bhe

denervated preparation. It, is un ìi]':e-ì,'r liol'.'e\'(:r, t,llat the

electrogenic sodium pumD is r'ntire l',' r'esnonsilile for ihe

rhythrnicity since tfre ¡re:rì; tc:nsion obsr:t^verl , ílf'ter coolin;';

or the administr¡tt,ion of ouabai n , tior¡ noi, rr':,:ielr the peal':

tension oirserrved while the ¡rusc-lc is r'hvt-lrriric.
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trlany of t,he ciianqes obserrreci in tr:lchea,l. srnooth rnus*

c l-e following motor but not inh j b i'[or1' cl errer,"'ation are su_q-

gestive of a conversion frotn a mu-lt j to ¡ :iìn¡1ìc: unil type

muscle, These changes are similar to those seen Ín tracheal

smooth muscle made rhyt,hmic by sttbstrate rjerrrj.vation. The

precise mechanism responsible f'ot' thc osc i.i l,rtorir nature of

this preparat,ion remains to be eluciclatecl "
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Chapter I

INTRODUCTIOIJ ALD IlISTOljilC¡li, RUVI irilt/



I'ibrillatory or rhl'thmi-c beh':tr, j'or of muscle (striated

or smooth nruscle) is not a recent,l'/ oirservcrl phenonlenon' Such

fibrillatory ¿rctivil,ir in :;triat;el<l rnLlscle',^r¡i:; l.irst obscrv+,ld

by schiff in 1851 after rnotor clenervation. lie obse¡'ved that

the ons et of rirythmic act iv j ty was varial;le, ci enend ing on the

ntuscle and species stuciieci and that tiris arctivity cotllC be

recorcledforuptoa)¡eårafterdencrvation(Cannon,i/'R"and

Rosenblueth, ,r\. , 1949 ) . Simi].ar accourìts of rhythmi-c ity 1n

striated muscle have been reporteri b}' I'ililipea.ux and vulpianu

1863, Heicì enhai.n, lBBJ , Tovrer, L939, i')cc 1es, l9lf , Pttrves,

lg7 4, Thes sl.ef f , I97 5 , Camerino anri ilryant , I97 6 (Cannon,

and Rosenblueth , L9t+9; Pnrves ¡Lncl sakmann, )971+; camerino

and Bryanù , I)J6a, t976b).

The intri¡sic spont,Aneou.s lctjvit.T of'ti:c snlooth i-nuscle

of the alimentarlr c anal l'r¿rs 'o een obs err,'ed jlo¡' sone iime. iJe-

tailed descriptions of tlie rneclì,.iític¡t.l-,:lncì r:lectrical- lrehavior

of the rhlr¡¡*i.al1y active lLrt h¡.'¡c Lreen nr.r.b.ìj-shed in essa-Ys

by Klee (Lc)27), iliet-len (1911 ), I1.:rrrf'mlnn rnrl ìiienboclc (i911),

Trendelenburg (f917 ) , ancl rncre recent l\¡ b:¡ Prosser lI97tr)

and lrìl-Sharkawy and Daniel- (L975) . Tirt nlcclrar.:ic al osc i-Lla*

tory nature of mAny vascufar smooth mrrsc-le prepiiìratjons is a

well- known phenomenon ancl is best described in fairly recent

revj.ews by SornJ-¡ro ancj SontÌ]'o (t''l(;9 'lntì 197'-)) "

Tlie storlr of airhra\r srnooi,i.t ittLrsc i€: rit'''t'linici ty ol' per-

istaitic lnovement is certcainì5' ono of int;ercs1', espelcialll'

f



when one eonsiders that tracheal-.smooth muscle is generally
classified as a tonj-c muscle that rarely responds to a

stimul-urs wi.th phasic contractions, Early reports of tracheal
and bronchial rhythmicity, in both whol-e animal and isolated
tissue preparîations, ivoui-d tend to disarlree l¡ith this gen-

eral- assumption" Rhy'thmic behavior", in tracheal and bron-

chia1 smooth muscle, l{as recorded by a plethysmographic

technique in r9o3 bl' Ðixon et al" rt is espec iall-y j.n¡erest-
jnC. tO nnt.e tl^-+ aænø*^ l; l.A ni lnn:r.ninn*.^Ò vlrc( u (x¿r;çr1uù -rr-.r-- .. ntd nlusc""rrte Wgf e

observed to potentiate the oscillatory nature of this smooth

muscle after vagotomy (Dixon and llrociie, r903 )" ilxamination

of the trachea. and lerrp,e bronchi, vrj-t,ìr the help of a broncho-

scope, enabJ-ecl Jackson in !9I7 to see the rhlrthrnic behavior

of airway srnooth nusc le " Ile ciescribrecÌ in some d etai t the
various oscÍ llator').' movements, th e ma jor t..,'pe i:eing a to-ancl-

fro rnotion toward and from the bronchoscope as well- as e,

number of lateral movements of the a irv;ay nLrsc -ie. luiuc h, if
not all-, of' this rhythmic activit.lr ',+as a-r,tri'buted to extrin-
sic mechanical forces exertecÌ on the brcnc,l'ri anci trachea via
the lLrngs during inspiration ancl expiration ancì the cardi.o-

vasculei.r s¡'s¡s¡¡ (iîllis, l936). This is refuted by earllr

X-ra5r studies by Bullowa (1920) and iìeinburg (L925) , vrho

described 'bhe peristalt ic act,Lvltv in both nan and cìogs .

Both investigators descrj-be three i;-,rpes of movement in the

çrachea. The first is a l-atera-ì- nove¡nent ancl the seconci is



altbeflolvs-l-ike" expansion anc-i contraction" These are at-
tributed to purely mechanical_ forces f'rom the heart and the
inspiratorS' and expiratorl, movements of the lungs. ,llhe

third t5ipe of nrovernent ioe" peristel-tic waves of lovr ampli-
tude, were observed to travel u.p -[,]re trachea and reported
to be independant of cou,qhing, respir-ation anrj sv,ral_lowing

(Buli-owa and Gort,l-ieb, lpZO; Reinberg, ]rg}i). Such move_

ments are claimecl to be slor,ver than those observed in the
cough reflex )'et too rapid for ciJ-iary action" This peris-
tal-tic action has on occasion been shov;n to be quite pro-
noLrnc ecl, even to the poi-n'1, of b eing termecl rrtracheal- vomit-
ing" ( Reinberg, I925) " r\ number of invesiigatcrs have at_
tributed this rhythnic behavior in the trachea to pa-t,hologi-
cal conciitÍons" ÌrÌeinberg 1s observations i^rere based on a
patient diaqnos ed as havl ng rtpara.L;ys is o f the rec urrenr
nervestr (lleinber,q, 1925), v¡ìrile l,l¿lcklin claims that the per-
istaltic activity in the tracheas that he had observed t^rere

probably ciue to pathologica,t conclitions (Þiacklin,, r9z9).
Along lvith these pathotogical. concliti.ons r¡ar-ious cha¡ges in
bhe physiological- state of the preparaLion lvere observed to
enhance the spontaneous contractions. Asphyxia, changes in
temperature, bilateral vagotomy, hisi:ir.,rj_ne and cholinertic
a,qents initiated or potentiatecl tJrr rirlrthrrric rcs)onse (LJll.is,

r936; sollmann and Gil-bert , r9i7; iiish , j95?-; Loofbour-row,

er âf, 1957).

?



anlsm(s ) of action under".l '¡ir:'l tìre pe¡i st,¡ritic tr.ctivity of

the trachea, it has been sU.í-:flcstr:rl thrf thr': osc ii latory be-

havior of the ai-rnay smooth riruscLe sl-iorrlci ¡lot be too surpris-

ing, since it has a common clerivit.iorl v¡ith Lhc intesti-¡al

tract. It is also proposed t,h¿ìt tÌle rnotor innervation, by

way of the vagus, and the presence ol gon¡iia "vithj.n the

smooth muscì.e may possi.btv correspond to the canglia of

i\uerbach ancì l,'leissner in ihe qu.t (i',ac;ìrlin, )92c); Sol-'lm¡lnn and

Gilbert, Ig)7 ) . .,\lthouqh tiris is 1 plc-;rsin¡ th eoretic aI pos-

-ìl.,-ì r i+-r¡ i+ {'.ril.s to take j-nt,o acCOt.lrt'l; Lhe Speciel-izai,ion of
ÞJ.U-L -Lrl./y -LL, r c

tisstres cìurin¡ embr','olo.qical cievel-opment' "

The frrnctionat sifnifj.cance o{' -¿r'¿rchea.l rhytirriljcit-¡ is

still unknor,vn' It is doubtful thaf il' -is o'1" any benel'it in

expectoratin,l srrbstances f'rorrl t,he,ri.rl^rairs sinc-e t'l'ie:;c oscii-

l-ations Are Ltsrrally not, po'r":crjluì enot-t:iil anrl f'jrr:: cotrÎh rr"f Lcx

appears to satisfy this function odellrltl.eì','' ("'iritiiconbe, 196)) 
"

In lgLB Ilozler subciivirÌecì srnooth ritilsclr- preparaLiorrs

into t1,{o t.rpcs, sin,t}e ltnit anci mtr-itiunit'. llrrle rrnit nìu's-

cLes v.,ere those that had l-olv electrical. res is:t.rnce between

ad jac ent cef }s, propo,qated el.ectrical- ac¿ivj t\¡ l'ri[hin the

tis su e , spontan eous rhytlimic ity anti ml'o- erll ic c ont rac ticns

in response to streLch; rvhj -ic single unit mç;,i*.j-es a.re sparsely

innervatecl l/et llave a rclati'¡el r¡ -1.:tr'-e rìtlmber of nexLlses or

tiglrt- junc tions i\,lestf ll I, eL ,11., I,)7 5) . It- irli:; þeen nro-

ltlthouqh lit,tle j.s l<r.tor,;t.i ¿rbout 1-,lic c¡rrrse(r; ) or mech-



posed that, titt.se neXiìScS reprcs;r:nt;'ìoVJ resistant pathl'/ays

for the propagation of electrical actj.vity (somlyo and

Somlyo, 19óSa and I97O; Pross er, I971+; l'jestf all, et â1,

Ig75). Singleuni¡ muscles orl [frc ol,licr ]tand are usually

more densely innervated ¿lnd reported Lo h¿lve f'ewer nexuses

(Tvlekata , I}TI; l{estfal-l , eL aI, )975) . 1f ear:h cell or

group of cel-ls has itrs ovrn innervat,ion then there would be

l1ttLe need for the propagabion of elect,rical activity "

Thls may ac count for the ¡;raded resiponsie seen in multiunit

mu sc l-e 
"

The classification of smooth muscÌe into spike generat-

ing (phasic) and gracìer111, responsive (tonic), js not based

solely on eJ-ecLrophirsioì-o,5icaÌ sLutì1.os . 'l'he pot¿tssium con-

tractions and apparent menlbrarie pcrncabillties to calcium

(Ca** ) of t,he phasic muscles and tlie t,onj.c ntuscleS, are re-

ported to be quite dif'f eren t ( Sornl i,o anci sonilyo , l!ti8a ) "

Clearl-y, Sonte srnooth musc -les wou lcJ not conform c ompletel,r'

to either one or the other ceießor\¡. It is rea:;onable to

assume, therefore, that Some smooth muscles rnal/ exhibit'

various slr¿icies of singLe o r rnultirrnit befiavior (Somlyo and

SomJ-yo , 1Ç68a; Somlyo anC Somlvo , l-Çl-rBb ) .

Ul-trastructure

Iiicroscopic exalnina ti on

a d istinc t nernbrane, about BOI

Ã

of srnooth nrlìscì I e: c el.-l-s reve als

thick, s'.rrrounCiní-: each ceIl



wÍth no evidence of direct cytoplasmÍc continuity between

ad jac ent c el-l-s. Each c elt has a c entral- elongated, eriip-
soid nucleus, often containing one or tvro nucl-eoli (somlyo

and sornl-vor ìÇ6Ba)' rn areas of close appositi-on or nexus

the .fu.sed menlbrane of ad jacent c ells lack a basement membrane"

These intercel-l-ular connections provicie a means of direct
transfer of information from one member of a,qiven cell- popu-

lation to another of the same or to a ciifferent cel-l_ popuJ-a-

tion. s inc e el-ectrical- transmi-ss ion wouid be imposs ible
over l-arge intercel-lular distances clue to short circuiting
by the extracell-rlar fluid (ECF ) , the nexuses vroul-d provirle

a lov,r resistanc e pathr^raV f or conducti_ng action potentials
(AP), (Somlyo and Somllre, ì-póBa; prosser. lg?L; Ðaniel , lg?B) "

Availabl-e evidence inclicat,es that tirere is a good positive
correlation betrveen the presence o,i nexuses and conductecl

action potentials. In aclrlition to these nexal regions there
are also peg and socket type of interdi[i-tations ancl. ,gap*

junctions founcl along the membrane. These may serve to
greatly increase the surface area oí the ce-l I and possibty

aid in cell to cel-l communicat,ion (Soml1,e and Somlye, .lÇ68a;

Bose ancl Innes , I97L) "

ït has been reported that these sLrucrures are founcl

in far greater numbers in single Lrnit m''rsc-Les (somì,5'e ancl

Somlyo, 1968a ) and may be only spars el ¡, cjist,ributed or even

J-acking in some multiunit muscles (l,1ekata , LgTL) .
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Small Vesicles are for-incl in .large numbers aion.1 the

inner side of the smooth muscie ¡nent'orane. 'l'hese smalL bodies

are knolvn to accumulate Ca o.'- in concentraiions equal to that

of the llCF and, therefore, severai times great,er than that of

the myoplasm. They appear to be rich in ATPase and may be

invol-ved in the relaxation process b]' means of remor¡ing Ca

from the myopl.asm, (somlyo and som-l-yo, 1!6tla; Prosser, l-97Lþ) "

Because these tresictes greatly increase the surface area of

the membrane they could provide binding sites for both the

release of cal,cium into and the reuptake of calcium from the

cytoplasm (Van Breemen, et âl-, i972). It has been suggested

that these ve.sicles may be smoot.h or rough encìoplasmic reti-

culum or even pinocytic vesicl-es detached from the muscle

membrane (Soml)to and Soml¡ro, lÇ68a). Bec¿iuse theY âr€ not

f ixed structures, but communicate freely rvith the jiCF r it is

possible that thel' are concerned wiih the maintenance of

intrac ellul.ar calcium level.s. The mit,ochondria. in vascul-ar

smooth muscles are often in close apposition to the surfa.ce

vesieles and it has been Suggested that cations accumulated

by mitochondria may be extruded into the extracell,ul-ar

space through the surface vesicle-mitochondrial- contacts

(Soml-yo, et 41, 1974; Somlyo and Somlyo, 1976).

fn acidition to the round vesicles comnunicating v¡ith

the ECF there is al-so a 'rcl,osed vasc ul ar*tubular systemri ,

at l-east in some of the spike genera'Uin.3 smooth mLlscl-es"

7



Some of these closed tubul-es ancl vesicles appear to make

cont¿st, with the open pínocytotic vesicles. It has been

qn,'oest.erì t.het thev fnnetio- ^-^'l^-^r'c-1 .' to the triads ofÞLLl;¿3\tJ (rELt Uild.LJ UrIçJ lurru vrvII dlJurv¿)vuu!J

skel-etal muscl-e and are invofved in intracellular trans-

l-ocation of calcium (ljomlyo and Somlvo, L970) " It shoul'd

be mentioned too, that the number of these vesicles can be

easily overestimated, During histologicai preparation of

the tissue, sectionS may þs taken tr,?nsVersel5r through mem-

brane invaginations or sockets, thus ,3iving false estimates

of the number and l-ocation of these vesicles.

'Ihe sarcopLasntic reticul-um (SR) , j-s a system of tu-b-

ules pres ent in most, and probabl"y a1l, smooth musc-Les. The

amount of SR is relatively small- in compari-son v¡ith that

found in striated muscles, Tubul-es of the Sarcoplasmic reti*

culum lie verv near the inner cell membrane, separated by a

gap of only a few nanometers (Somlyo and Soml-:ro, 1976) " It

h,qs heen srrrrøested that these ere sites l'.lhere action poten-
- "- t)t) t

tial-s may rel-ease c alc ium aciivaLin q tt^¡itch contracticns

(Somll'ç and Somlyo, I97I) " The volume of sercoplasmic reti-

culum dif f ers in d iff erent 'blrpes o-f smooth nlu.sc le and it t s

extent correfates with the abitity of a ,1-LVen smooth muscle

to contract in the absence of extracell.ular caicium" liven

in calcium free sol-utions drugs can eiicii rel-atively large

contractions in the Smooth lnuscle of' J.arg;e el ¿rstic arteries

in which the SR occupies apnroxim.rtelr' 5-7.57; of the cy'bo-

a



plASmic Volume, POrta]-anterior mosentc-:ric veirt ¿,lnd t¿tenia

col-i smooth mLtscl-e contain an liR oil only ).-2'¡t csl tl'Le cyto-

plasmic vol ume and sLtc ll musc 1es '1cncra1l5' f ai"l to c ontrac t

in cafc ium-f ree nledium (Som11'6 ;rncl Se¡nl'¡e , I97O; Derrine, et

âf, Ig72; Popescu, et 41, I97t+; Sornlyo ani Sornlyo, l976) 
"

The contractile mech¿ln j.snl j n srnooth muscle appeârs to

be based on the sl-iding of fil.¿¡1s¡i.;s in a manner fLrnciament-

ally similar to that of striaterj rnu:ic le (Somlyo and Soml1'e ,

IgTO; Som1yo anC Somlyo , l976) . Altiro11¡Ìr j.1.. has been di.ff i-

cuLt to isolate and icientify Lhe*"e I'iiarnenl;s, recent tlork by

somlyo and somll'o , 1970, has shown lh¿rt a ihi.n actrn, a ihick

myosin ancì an internlcdi;ri;e fil,lnrcnt are nrescnL j-n nos'1, if

not ¿r1l srnootli mus;cl-es. 'l'|1s ¡1r¡6sin f.'il¡1¡1r¡it,1ì, l';Ìricil are jn

parallel anci arranr.:e d j.n contr¡lcti' I r: uni tl;' , ít.îc LonIer f,han

those in stri¿rtecl nlrrscle. 'llhi-s rníì\,¡ be wiLy silriool-h intr:;cle can

develop tension at least equì val cnt t-o th;,Lt rjeveloped b,i

skel-etal nltlscl-e, in spite oll thr: rt:l:ltj.r¡e.l'u' -l.ovr concent;r;r-

tions of myosin in snooth muscl.e. 'l'he tl'rir (rr;t,ì-1) fii¡l'-

ments are observecl to be inserted into the ce iL tnembrane and

ín the dense bodies l,,hich arc bel ievecl to acl; as anchor

points for these filaments" The averafe r'¿t:io of thin to

thick f il-aments is approximat cl,v ,.l6: I , 1rr i;lrr-: ir csL or¿ien-

ized exampl-es of eroÊlS Sections t;he th.i.n f i.l¡ine:nts f crlÌi e

rosette SLtrroundinC a cen'cra-l thicll lj,-'ì-aili"¡r[ (liom-Li'o anC

Sonr]yo , I976) " A third f,r,,1'ro oÍ- l'ì -!,1¡¡¡r-.¡i,, I'rrrn'-rcrtt-ly asso-

')



Ciated r^rith the dense bocìies, h¡rs br:en dcscribecl in a var-

iety of smool,h nusc lcs . 'i h es ¿: strr.tc Lttrcs are c onnos ecl o f

neitfìer actin nor n5r6si¡1 ancl 'bheir f uncl;ion j-s bas icai li'

unlcnown (Som1y6, 6¡¿ åf, L97L; 0coire anC Cl'iase, 197t; 1on.Ìi'o,

et af , l973). In abnorm¿r,ì. snrooth nìLrs;cl e f j l,lr.-'r's these j.n1.cr-

mediate f ilaments may replace lar.qe propol Iioi-ls of the m'.¡o-

f il-amenb lat ic e ( Somlyo , et â1, l'ì73 ) .

Dens e boclies are darl<-s t,nini n¡ spi nii.le-.sfrnpecì' areas

which vâry in ìength from lr0o0 to gOOO 1 
"n¡ in v¡iclth J.r'onr

o
2000 to 5000 r\. Thel' are oftcri founcì close to or a.-lherin¡l

tn t.he er¡tor-rlasnic side of tìre rnembraner or clisircrsecl rqith-

in the membrane (Somlyo and Somlyo, ì.Ç6ila i 5on.i,;o ani SotÌ11','o,

1976) . A ì arge proportion of thes e s tructures anÐear 1.o

have a func l: jon simil-ar bo t,h,rt of 1;itc 21-,i ine o f- :;tri atecl

1 l^

musc l-e ( Sorn J.¡'o and Som lvo , I97 b) "

Trache¿ll Smooth ]tíusc 1e

The pri-mary f unc tion of' tllc s¡noot li nlrsc-le of. tiic: Lung

is to contro 1 the dis tribLlt ion of i nsiri reii Íias, r,'rr*¿erinr the

I nnr" Smnn j-h mrrscl-e is cìis tri L¡ui1;crj Í'ron i,lrc: iricllea rjov;n-ru¡f l.). vr¡¡t/v urt

wards as f ar as the resÐir:rtory trror;clrj ol-r:s ì:rLt-, ::.t rs at,t¿-tcir-

rnent.s \r¡r'v so that tfre cf'fcc'¿s of'liiuscl-e r:r¡nt..i-aciion at"e

d iff erent in tire l.ar¡¡est air'.ta'¡s í'r'om [,hr: ef i'erc 1.s in f ite

smal-lest ones, The mass of nrusc 1c, in pronor'f jon Lo cite

dÍameter of the airtvays , i-nctr(líls Ç.iì ;r:ì one goes riistally

l0



:.:::l::
.. : :.,..::

:. t: a.,

from the larynx to the lungs (Kamburoff, L976).

In the trachea and main bronchi u which have complete

cartllagenous rings, the muscle is arranged circularly
being attachecL to the outer aspects of the tips of the

cartilage" Contraction of this part of the muscle cane

thereforeu dramatically red.ur:e the diameter of the trachea

and main bronchi. Changes in tracheal and bronchial dia-

meter occur during the respiratory cycle, dilating during

inøpiration and contracti-ng during expiration"

The muscle attachment to the cartilage disappears aL

the level of the hil-um of the J-ung ancl from then onwards

due to the direction of the muscfe coniraction, produces

not only narrowing of the bronchí but also longÍtudinal
shortening (Kanburoffu 1976) "

Tracheal ft^rnervai;ion

The vagus nerves, in tire dogo carry both sympathetic

and parasympa'chetic fibers and are ultimately responsibl-e

for bo-bh the afferent and efferent i-mpulses to ancl from the

trachea. The recurrent laryngeal nerves which arise from

the vagi, supply the parasympathetic or motcr-. cont:.olu ,¡rhile

collaterals from the sympathetic trunk travelling erith the

vagi provåde the inhihitory eontrol over the trachear smooih

muscle "

There are parasympathetic ganglia throughout the

'l 1



tracheo-broncheal tree as far as the alveofar ducts, but

their density in the small ai.rr^ra.1rs are recluced. For this
reason it was believed that the small airi^rays t";ere rela-.

tively unresponsir¡s ¡e vagal stimulation. Irlore rec ent evi-
dence would suggest, however, that this is not the case

(V/oolcocl<, 1969) "

Stuclies in both animal-s and man have shor,vn that stimu-

l-ation of irribant receptors in the airvrays by physical or

pharmacological- agents resul-ts in a reflex broncho-constric-

tíon. This reflex is blocked b1' atropine, vagal cooling or

vagotomy which would indicqte that it is mediated b5r ¡þs

paras)¡mpathetic nervous system (col.d, 1972) 
"

In early lif'e alpha rec eptor"s , ( a-rec ep tors ) , are

fot"rnd in abunrlance in the dog, tracheal smooth muscle and

their stimulation resuLts in contraction" lleta adrenergic

rec eptors , ( B-rec eptors ) , predon"rina'be l^iith time and s t,imuta.-

tion of these resufts in relaxation of the tracheal smooth

muscle. Cholinergic receptors proclrrce goocì eontraction

throughout lif e and do not appear to change lr'ith ti.me.

Adrenergic stimulants produc e l-i¿tle oT. no conLraction in
later l-if e because of the preCominånc e of R-rec eptors, holv-

ever, if an alpha stimulant is added roitii a cholinergic

agonist an additive eff ect rnel' be seen (Suzr,rki-, 1976;

Pandya, 1976).

There is sonie eviclence in favour of a non-aCrenergic,
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non-cholinerqic inhibitorl/ t esÌlonrie t,o nr.lr-vc st.iriiulatjon i.n

the tracfrea vrhich rnay be due to st imulation of t'purineri;icrt

nerves in which ATP has been su.q,rles;ted to lre i;iie Ìike1.¡r

transmitter (Irarmer and li'nrrar , 1976) " Iioi're','er, in Suzuk j.ts

study of the dog ùrachea he fi.ncÌs no reason tc su,qgest erry

important rol e by such lrnuriner¡¡1c " n{)rves ( Sr.rzLrlr i , et. ä1 ,

1976) 
"

Ionic Basis of the Srnool,h I'iusc I c iìestin.rl and

The ionic currents in thc mcrrnì)Ì'anes of smooth m':sc.i-es

are depencìant on the elecLrochenrir:¡r.1. Irot eriû j.ll ,-i acl j-en'¿s anc'l

the ease tvith r':hich the ions mel' cr.oss t,iro c c l I membrane.

The nerve arrd musc1e c e.lI nre rnbranr: i-s rnrrch Nlolc perrneable t,o

potassium (li -) than to soclj.um (t,lar ) , .:;nd it j s clris prcpr::fty

v¡hich is the d eterminant of Lhc menì;rane po'-eltLiaI (llod¡1kin,

L95l-; IIodgkin, 1958 ) . 'fhe samc pr.inciir lr,:s ltolC tr,.ìt: iil srnootii

muscle, with the essential- difference t.hat c;..lciirm and cÌtl,oride

(Cf- ¡ appear to play a mucfi moro pronri n:-int i'o j.er in sr:ioo.t,ll

muscl-e. The equilibriunt potcnt ia.l. 1o¡' a ,qiven ion is ,r--1,.¡en

by the lt erîns t ¡jouat,ion :

T)r¡ f rrf \tr , _ nt. .,--llî t^"K* - F rnlf\ïï

Ac bion lo '¿erLt i¿ll

Where Ejr{ .epresents the restinfi ;'ncr;ti.;r,'Ìrìe

B¡" the potassirtm ancl socljum e:cu.j'l jìrrjrun
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F is I'arad¡vs constant and ( ) and ( )- rr¡nresent thc extra-. ,C) \ / 
i 

a LYr vsrçrlu Ullç

cel-lular ¿lnrl intracellu-lar ion conceni.lretjons respectively.

This equation has been revj-sed to t¿rl<e into account the per-

meability, P, of each ion in ihe membï'ane and is represented

by the Gol-dman Const'ant Fiel.d Equation:

RT
= il It't

(Katz, 1966) " In orcler to take

qndi rrm i nnq nnmnr.d nnt. fnr eachuvLr¿urll svIl!J lJqrtrf/rJu vsu

coupling ratio 'rrrr was added to

PK.{++: i '*'*ffiïî . 0.. #++l\¿r ,i r- \vr /o

Br,{ = F t" o**"*S#fî .F .n.t*\4î

(Simmons, I976). The assumpii-on that chloride js passi-vely

dj-stributed anci rapidly permeant is ada.pted as a matter of

convenience simpì.if¡ring the m¿rthematj-cal tr"eat,rnent (i'lul-lins

^ /^ \anÕ l\ofla, r9OJ ) .

It fol-lows fron the equation for I'ì0,., tha.t a selective

increase in membrane permeabilit¡r to one ion t'¡ill shift the

membrane potenti.al tor,,¡ards the equiJ-ibriu.m potent,ial of that

ion. whích will cârry f,þs me¡nbrane cu:rrent in a cli-rection

downhil-l- to it ts ef ecirochemical gradienb. 'llhis implies t,hat

a sel-ective change in ion pernieabiliiy rnal' depol arize or

hyperpolarize the membrane if ihe ecuiIibritun potential of

the given ion is more positive or ne¡1ai.Í.ve than the membrane

f,
'LU'

int,o aecount bhe number of
nntrqqitlm -i nn nrrrnno,'l in ayvUqvyq¡'lvv!(lLL'q

oir¡e the rerr'ìsgçi vefSiOn:



pOtential" A non-selective increase in mentbrane perrneabi-

Iity will resul-t ín a clovvnhíll- flu.x of a.Il perlneant ions

(Som1yo and Somlyo, I96Ba)"

In mos.t exc itab-Le tÍssues, thc restin,î n¡enrbrane po-

tentiaJ-, ( Iì,.,, ) , is dependant on ancl d etermj tred b.,, t,he p¿ìs-

sive distribution of potassium (l<atz , 1966; Sornlyo ancÌ

Som15'6, 196P,a; Siinnons, L976) " 'l'he restin,q i:iernbrane f)oien-

tial of smooth musc I e is; ,lencra 11,¡ snra,Ller than j.n ske.l ct¿rl

muscl-e and this may be due to the nor{r prominilnt roles of

the other ion constitLrents involved. It is this relativ-^ly

-ì-ow unstable potential l"rhich calrses the spontílneous spike

activity in sin.ql-e unit smooth rnuscl-e: (Sornlyo artd Somlyo,

19ó8a)" As rnight be expect,ed l'rom Lì-ie clas;sification of

smooth muscl.e, the membrane potent-i¿rl- cìeviates nlueh more

from the potassium equilibrium pot,ent,jal (Trl,.) Liian it does

in other excitable tissues cìepenclin.q on tl:ic tr¡ne of smooth

muscle and the species beinq süLrclied (lTolriran, 1958; Kuriyama,

L963; Simmons, I976).

Anl' ¿ eviation of the rec orcl eC RI'iP Ílro¡n tÌ.r c c ¡i lcu Ìated

equilibriLrm potenti¿tl of the ma j or con t.rii.rut,Ln¡ ion, s i¡1ni-

fies a diseouilibrium r,vhich must be rnairrtainei:Ì . Since the

maintainance of a clif fusion rroúent,ir I (e. q. of' Y.') r:nt,r j-ls

passive cìj.ffusion down a t,ransnicmbrtno coririentrrtion ¡ìradj.ent

of the ion, an active punlÌr is nerc(l:rì:r,:ir'l), i,o ootlrrl-,oraci t,ir-Ls

constant outlvard leaka.re of' ]i'-" Ln ¡lcìrli 1,ion tlrere is; a srnal l
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but significant permeability to external lJa* and, there-

fore, Na* is constantly rnoving into |he c el1 under the in*

fl-uence of the high drivi.ng force of itts el-ectrochemical

gradient. This, along l;j-tlr the pessive foss of K'due to

the membranets relativelY high permeability to I(' would even-

tually abol-ish the Ìia* and lio' concentratlon g::adients and

rhprefnrp t.he mcmhr,cne notential" I-" is, iherefore, essen-urlvr 9:v¿ v t

tial tiiat some mecha:rism be invoh,ed to maintain the high K+

concentration inside and the lor,v lla' concentration outsiCe

(l(atz, L966; Simmons, f976). Tlhe extrusion of llar' and up-

take of' I(r- against their el.ectrochernical ,gradients appears

to be mediated bj. a svsten which has ilre properties of a

Na*-l(" dependant ATP-ase, (Somlyo ¡incl Soml,¡,:, Itr6,'iìÍì). 0f

the rnan,rr mechanisms that have been Þroposed, it is generall-y

agreed that an electr ogenic EioOj.um potass j.utm p.ump is in-

volved i.n ¿it lea.st some part of bili s activiti¡"

Although the ratio of ions tr:inspr:r*uecl acroSS the mem-

brane is variabl-e, dependi.rr¡¡ on []ic t,rrpe of nnuscle bei-ng

studied, it is f;eIlerall¡¡ agreed that the punp is capable of

transferring fiìore lrJa+ than K* thus proCr-rcin,¡; e. net transfer

of outward charge rvhich contributes 1:o the IìltP (Simmons, 1976)

It shoutd be mentioned, hotvever, that the contribtrtion of the

electrogenic pump to tire transmembrane pot-entia-L is usuallv

Very small-, and Some shuntin,q cloes lalle place acÌ'oss the mem-

bran e "
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l',lost of the rec ent evici enc e lroulcl l-end support for

the existence of such a I'lat .-l',- ATP-ase cicpends írt pump. There

appears to bc an unusrro ì.1y Ìri¡'ìr rlepr:ndenc e of tTlis system

upon external K'". Iìemoval of extrac eliular poiassium from

the bathin¡ meclittm rc,'.strlts in a 9O;:; decrease i.n Nat effÌux

f rom the tissue (Som.i'¡o anr'l :lonrl ri o , l!6Êa ) . 0r.rabain and

metaboÌic inhibitors proc'ìttc e a ripid cl epolarization which

is abolished af ter removing th es e ef,en t,s from the bathing

meC ium (Danie1., et aI, 1962; Cast;eell-s ancì Iíur'ì yama , 1956) .

Ouabain or coli clecreases the i'ì,,, o{'t}re guinea pi,g portal

vein 20 - 26mV and t,he norm¿rl eJcct,r'o¡1enic I'Ja--it',tntp is esti-

mated to c ont.ribut e l0-2OmV to th e i:,¡1r ( l,.uriyar,ra , et â1.,

197l ; Prosser , 197l+) " The i(C1 incìu ceci re.l.ax¿rtion of lJat-rich

isol.ated cat carotid ê.rtery (Bose ancl Innr': , I9711) anC rab-

bit pulmonary artery (Som1''¡o anci Sonl,¡o , l!l70 ) is consist-

ent vrith stimnlat,ion of an electro¡rcnjc ll,'ri -nurnp.

So there is evid enc e th¿r1, tite iùr':P in slmooth musc le

is at Ieast part,iaÌly ciue to ¿ìn cl octro¡:enì.<: flar.-i( o' pump"

1t has been calcr,rlated that t-,aeni.¿t punrps I'jrt-alld K'at a

ratio oi 3 z2 (llutccr, l96I; lìracìin¡;, 1973 ) and contritrutes

L5 - 20nrV t,o the lilriP (Casteel-s, )')'/1i S.i.rirnrons, I976) "

Pump ac tiv it,y app eirrs i,o rl cp r:nd on rnan ir o f the f ac to rs

v¡hich it regulat,es. l\n incrr;lse in in1,rac.'il'.tl.ar Nan or

extracellular Kts stirnulal,crs thc pump'¡ii:.i -Ìc a cìecrease in

the mc-:mLrrene rosistance: inhibits purnp ac:tivLt,lr ancl ¡ln in-
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crease in membrane resistance h¡¡s t,hc opposite effect,

(Prosser, L97L+). J.ol¡ tenþ.er"aturcs ,enrl met,'rbolic inhibi-

tors can, as 1{ould be expected, abolish ¡lurnp atctivity, re-

sul-ting in an accumuLation of intrac el.ì-Ll.l¿'r I'Iar, a Joss of

intracell-ul-ar Kr ancl membrane dcpol;-irization. Iligh 6t

coneentrations invariably depolari.zr:: tÌre rnembrane by cìe-

creasing the lin. An jndirect depolarization ivhich is

neurally mediated is al-so seen rçith K r conc entrations in

the order of 5 to 2Omlr{, (Somlyo antl Soml-yo, l96t3a). /r.l-ter*

nating current stimulation of vascttl¡lr strl ps results in

a greater jndirect componenl, of'corìtraction meriiated by the

release of cat.acholamincs ancì i'' ¡'c.l cases caLecÌrolam,i.nes

from adrener.'ic sites. I'he j.ncr(r¡ìîe in tone e.j ir:ited bvv¡ ( ì 
Äv

9 to 15mV external K', in the i.sol.rLed nLt-inon:irir lrterlr
(Bevan and Osher , 1963 ) ntav be due t.o rìirecb, jndirect or

combinecl eff ects. Peripher¿11 vasoconst-ri.ct-iol e-Liciterj i.n

the hanister cheek pouch b)' 9 to lZml,i iir j.s ¡tbc,l isherì b'¡ den-

ervation or acirenergic blockade (lìrr,l ll< ¡tnd iì'rtl-ton , L96?,) .

The contraction in rat por:'ta1 vein el.j.c ited bii l'e*

moval of external Kt- is associated','rit,h dcnol-nrization and

discharge of AP (action potential) (Axelsson, et aI, 1967)"

The depolarizat:-on ancl contraction incluced by the withclra-

wal of K+ are probably rl.irect effects, ¿lnc1 nob rlue to re-
'l ease of cndo,tenolls c¿lJ;rrctrol¿unineS.

T'he imporLance of l(ì- ¿incì potl,.rssiurn r:on'ir;{:LAnce, (Gi;)
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f or exc itability has been d emonsLrat ecì in ¿Ì vari.et,y of

studies " l"iu-l.tiunit muscles qener'¡rl.l-,/ have iii¡;hcr Ììl'lPs

v¡hich would be consist ent v¡itil ¿1. r'e-latively Ìriqh Gja,/Gl,¡u

ratio. Tomj-ta has sug,qest,ed that ¿) low Gy, might, be the rea-

son for the lor,v RivlP anci s'irontan eoLts actirri t-y obs erverl jn

taenia ( Kuriyama, l963 ; Tomita , I;lt6(,; lìrlbrirrg , et â1, I97O) "

Gf (decreases membrane resistance), cìecreases ir¡n and converts

bursts of spikes and accompanyin¡ conLractjons to single

c*.i l.'inæ ^-À -FÊ.qtlv red¡ced COnLfaCLj-OfrS ¡lfii-l-C Be*'feCjUCeSÐP-Lf\.rrl¿j d.(ru ¿_'L Çd. u+J f ç\{\.¡\- u\{

G¡ and inc reases the number of spilies per i¡llrst; lnd contrac-

,ion ampJ-itude (DanieÌ, et a1, L96?-). 'i.'heref'ore 
' a reiiuc-

finn in rho (l_ /r. -,¡r.i n.Ì,Ott]Cj pf.OCìttCr,: ¿i dCllt-ll::,f. lZatì.On,l./J.\-rrl Iil t ttu rty/ Lrl{3 ] (tuJ-v 'rr¡

increase membrane resistance and I)oSSib ì¡i irl j t.i at,e Spôirtan-

eous contr,actions (simmons , I976) "

Very .l-orv extrac ell-ttlar Ii' cnn re sLr"[t j.n í] cont,riction,

however, it ma1' also t"esult i.n a clel-a]'ed l-cl,r;<ei,ion (3on1.yo

and Somlyo, l!68a) . The depolarÍzation ancl coni.,ractioil in-

duced by rvithclrawal of K+ are probabii' dtre to <ìirect effecL:ì

and not dUe to the release o f encìo¡lcnolrs nc:urotransmit.i;ers

(Soml1'o and Somlyo, l!68a). There ¡ìppeiìrs to be ¿i i'.'- concen-

tration r,vhich is optimal Í'or rnusc,l.e relnxation, above or be-

l-ow that concentration resr-rlts in nuscl.c; clenol.arizal,iot-t ancl

contracti-on" This depol¿rriz¿ttion in l'f-li'ce soir.:ti.on can be

expl-ained b:f a decrease in çr.i r,'rj Lit a siri ft t,oi'i¡-trds tliu dN,
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or by the removal of a Kr-cotipl.ed electr"o¡oric l'ia- pump 1s

contributj.on to the fl,,i. l:ow Y.'carì res'.r.lL irt it cÌepolariza-

tion of about 10mV. i\dding back K 
u eauses I lii'perpolariza-

tion, and ihis hyperpo larization mr.r¡r drive ths [lì., ¿s ne.qa-

tive as -ÇOmV (i"e. more rregative 1.han iiy,) " Ouabai¡l ¡cts

like zero f+ in that it al-so depol-arizes the melnbl'å.ne about,

10mV, however, if ouabain is present, and I(* is acided bac!l

no hyperpolar j zation j.s seen " 'l'he þliircrpo.larizat,ion pro-

dnnod hr¡ rrìrìi r1g baCk i," iS nOt clUe tO I cleCreasC in GL.

because the menbrane resistance is increascd on.Ly'sIi¡htl¡ru

(Prosser, I97L+) " In zero I'i t, snrootli nusc.Le cr:-l.l.s lose li r

and gain Na*'( the los s of i( t restt l ts j.n tìle ,lepo r äriz r,t,icn ) .

Ithen K* is added back, Na'- is purnped ot-rt, tire ncrnbrane be-

cornes hyperpol,arized and l(r is taken Llp, ur ler:;s; ouabain is
nraconf ^F thcpr çÞyrru L.rr. urrd temp ereture is lotç { i-r-os's e r, i9'//+ ) . 'f}ru GK

and therefore the lil;ïP appears to be clircr:tl,; rc-liteC Lo the

amount of Ca" bound to the membr¡ìne (*'es't,f aì ì , et ;li, ),)7 5) "

Removing Ca+' from the bathin¡; meclj.rtm enlla¡ices ihe K 
- t','ith-

drawal contrac üion bu b the s¿lne e lf cc L nbol j.shers ihe h.iri'l i:'

cont,raction. It woLrld se€'m, t,lrcrt:fore, tlt'tt t,hc contraction

seen in Kt free solutÍons i:; not sinpl','i,he ¡'.:itlt of cìr¡-

^^1.¡\.,n+i^- LlUt tO SOnte inteffefOnCe i.,'i.î,r: ¿'t I.' denenCienty\,,rclÁ l¿C1 U!V¿1t VUU UV OV¡¡¡9 rt, {J(. I I çI \-llu t

Ca*r pump or Cat * permcrhì ì ity, ( irirl-, ,'i, ', .

.\ ìnl'ì af ilÊ¡t 1' 1 n 1 |..-'-'--..^,,-9ô7; Sont-["o lnri loit l"o, ]'','i'"').

bound Ca'* does reiluf l1;c t,Ìrc tnetnbrllnc rictir.ril-,,r

20
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chan.ges should be observed if the bou.nd Ca'- is displaced

Ì^,, ]^-+ì.^-,,- t- ++¡'\ ' i'+? " i+uJ -Larrulrarru¡¡¡, La"" ) . La''*' cìÍspìaces extraceL-lu]-ar Ca'-,

blocks Ca** infl.ux and inhibi.ts contract,j-on Lry prerenting

Ca + t entry (Prosser, L97lo) " Sr-rch circums'uances lead to a

rapid inhibition of a Y' induced con't,raction as in aortic

smooth muscle where potassium stimufates calcj-um influx and

L¿ì*++ bloc]<s this influx. Lanthanum also blocks contrac-

tions produced b}r adding calcium to a cal-cium free medium

/ r? 
^Ê^ 

\rìrcn H1ôôÕTnân ry/J)"\ r u¡¡

In nlost excitabl-e tissues depol¿lrization is caused by

an increase in itTa+ permee.bilit5r r'riiile hypr:rpolarization is

assumed to be ciue to an increase j-n li'permeability or by an

electrogenic Ìtla-F pump, It is Cat', however, tha-,, appears to

play ¿¡ ess entia-L bui of t en re,îLr.I rtor func tion " There is evi-

dence of both anta€lonism and potentratiou be-ur^;een these tr,'Jo

anions at ihe c el-L membrane" The eff ects of Ca*' are Inore

pronounced but I'Jaf also has eíf ects on smooth muscle spike;

there is some antagonisn bctv¡een l{a-' and Ca*t-, (i\nderson,

1971). l'/hen, wi.th taellia, sucrose is subsfj.tuted for' lJaC1.,

spike amplitude increases, rate of rise increases, slight

hyperpol-arization occurs, spontaneous activity eventually

stops, but spikes can be tricEer"ed; if Ca"t is decreasecl at

the same time as the decrease in irla* nearly normal spikes re-

nain. In cat intestine muscle spiltes shovr no chaitge over a

?--3 .fo.l-C renge of exirac eLlu.l-ar Ca+* j f lta " is also changed
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to keep the ratio (Na- )2 /(co*'*) cons;tant'

In taenia the eflf cc: L of redttcelcl e>:t,raccl lrl I¿:r Ça" is

greater in high lJa+; af ter: loss ofl spikes in lovi ex tracr:-i.Iu-

l-ar Cat+ a reduction in extracelluLar Nat learis to reCoverv,

therefore there is Some ant,a¡onism ì;ct',";cert ìì¡r''' end 0a*'.

lJa*- is needecl for recoVery from l(' col'Ìtr'¿'.lcture bLlb the con-

traction phase reqttires e><tr'lcellular Co",

In eS trogen d ominat ed ut erin e smoot,ir nusc i e o f the rat ,

the rate of rjse of spikes incrcases r,rlth iri¡h exf;racellrrlar'

Na*, and iS rrìore in hi,qh Ca*' t,h¡n j-n Lor¡r C,'1" rleclittms " l'iei-

ther Car+ nor Na, " alone cen support spi.l<os i Lir"t , ì'inr' or

Cont recluc es or abo l.i"shes the irivrarcl c tìr'rent 'tncì T'lX has no

eff ect. It is Suggcsted that uteri.ne tltuscl e mai' have a singl-e

conduc tanc e chann el recru irinq both lla.' ¡itld (l:l' ' . Vo l-ta,1e

n'ìcmnirrr i'diç¿ìtes that the outl^tard currcrìt i:; c,'irried by I''t.u r(allly ¡¡r¡5 ¿r ru r\

Since neither Ca+* nor l{a' afone can' sllrnort-' s¡ri)':e act'l'viLr¡r

both tr¡ould appear to be esscnti ¡-rl . In â 0at ' J'rc'e rrrcditrrn

there is a slinht cìepol¡rization 'ìttcl a clecl t-l:lr: i'll i;leiilbl-'tllc

resìstanee- but no spikes occt.r-r' ancj cont,l'¡-ct'rorr 1'ai-ls; (i'rosser,
vL(r]v v t v

L97t+), v,rhile IrJa' vlit.hcìr¡ì1,rit.l rcs',tiLs jn .t (lcr-,ol:ri-j.'lai;ion ;i:ltl

a slight co¡rIracttlre I'lilic]r is s¡t'irì l'o br: íÌr::ìoci:l't'ecl i;i'tìl .rn

increasecl C¿ì'r infl.ux (Sorrlit¡o arld Sornì;:o, i'rtlrìa ) ' 'l"r-'r: rate

of rise of t,he spil<e is incrir¡,s(ìrl r'':-''.t,i: ilir:ir o):l'c'rna'l liT * ancl

is greater in Ìrigì-r Ca** rlrtt,sjcle il'lnn in lo¡i (la'* oul,sicle

,:?'



(Prosser, 797h) . In those rÍusc les r,'rÌlich ai'e spontaneousL.y

active it has been suggest,ed, t,hat C¿ln* is needed for trig*

gered s piÌ<es and liia." f or the pac emaker potential ( Pross er,

I97 t+) 
"

Smooth musc l.es varJ¡ 1n t,he irnportance of Nat channels,

and it is not clear, whetiter synerßism betlveen lJar anrì Ca"

occurs, i.e. does Na* infl-rrence Ca** release" The::e is evi-

dence to suggest t,hat thj-s is so (Prosser, ),971)-) . Ilo'.:.lever,

whether or not there are parallel channels, or a common chan-

nel- for both, or t^,¡hether both interact i,r'ith a common carrier

mol-ecul-e is unknown " SpiÌ<es of mo.st r of not all srnoot,h mus-

c l-es , are bas ed on a trans ictnt, ran id inward Ca" current

folLor,ved bl¡ a delayed outlierd lí | cutrrenL l';]: j-cli repolarizes

the membrane. There ma\¡ also l¡e a slouer -'Lnv;arcl IIa* current

nroclucino â nl-ateau effect and a ralid outv;arcl I(* ciirrenL'¡lhich

Ìimits spike hei.cht (t'r';rniretihaeuiser and lioogk'in, L957; IJul-

bring and l(uril'arna , L9b3; ì]rari in,q, et el-, l-9(i9 ) . I'c a lso ap-

pears that the membrane bouncl Cat' stabiiizes ntenbrane con-

rJpetence br¡ slforino n ..d (Jv anCl alterin,q the i'egene¡ati'u'eL1 qv vqr¡v v vJ q+vv¡ ¿¡-t) "lrl a 
*. 

I\

proc ess f or sp ike prodr.tc t-i on, anC , as rnen-;ion eC earlier, l,'a't

may compete lvith Cat'f in carr¡'in5 inl'rerol current ( Pross er,

1.97t+; Simmons, I976) . The observation that spike parameters,

especialll' ¿fi^ rate of rise of the aciion pot,ential (,\P), are

increased in higfr extracel.ì-ular calcium and ¿ì'ien abolished

by ,giving D-600, r,vould be stro:'r¡1 evirlence for a dontinant role

of cal-cium in the action poten't,ial (iiohlharcìf , et å1, 1972;
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Prosser, 1974). D-600 inhibits ¡li spil<es anrj is assumed

to work by i.nhjbiting only i;ire entry of "trigger cal-ciumtt

associated v¡ith soiking (l'rosser, I97l+) " TÌrer e is afso evi-

dence avail-a.ble to shor,.v that depofarization of smooth muscle

b]'various means and/or agerrts, is accompanied blt an increase

in Ca++ infLux (Prosser, L974)"

A RIr'iP governed b)' a mernbrane permeable to only Kt and

C1- and by a passive Gj-bbs-lJonnan distribution r^rould fol-lotv

the equil-ibrium potential for po'bassiut"l as sÐecif ied by the

Nernst equation" There is clearll', therefore, a diseouilib-

rium in smooth muscle since the }Jernst eouation preclicts a

slope for ür,,, verses the log of the ext,ernal ii+ concentration

of 61mV per l0 folci change in the e>:ternal potassium con-

centration, t,r'hile that observecl is actual lj' onllr lSmV per

10 fold change in the external potassium concentration" Ttris

may be clue at ]east in parb, to llaÈ r,vit,li itts iri,qh electro-

chemical- grad ient (Simmons , 1976) " llot^rer,'er', rec ent vrork has

shor¡m that, ch-ì-oride ion platrs a rnajor role in determining tire

l-ow resting, membrane po',.ential (Casteels and liur:iyarna , L)66;

Casteels, 1970) . The chloricle equilibriuni potentiai in

taenia coli is 25 to 35mV less ne,labirre th¡;r the resting mern*

brane potential. The primary reason for tliis is suggesteil

to be the prîesence of an inr^rardly o irected ch.loride pump"

Such a pLtmp lvould increase lntrac e.lJ-Ll lar C.1.- ther:eby d ecreas-

ing the Er.r - anri t-.hns [rri ng the ]ì"'jP f or¡.;a.rcis zero (Casteel-s--q:) ul-
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and Kuriyama , 1966; Casteels , I97O). This is supported by

the f indinø of hi øh intrae ellul"?.r chloride concentrations¿ 14¡\¡4¡r¿) v¡

(Kao and NÍshiyama, 1964), Since in a chloride free medirim

the electrogeni.c soctium pump is estimated to contribute only

about 6mV it is cal-culated that the ûI-pumping in taenia

contributes about 15mV to the illr{P (Droogmans and Casteels,

1976). The observed increase in chloride eff l-ux after giv-

ing ouabain or hi.1h poiassium v¡ould suqgest, Cl- uptake may

be coupled to the NaÊ- K* purmp (Ccsteels , L97i; Prosser,

7974), Another factor that could contribute to the more

nnsit ir¡p i: in smooth muscl-e is the rel-ativef ., hirh chlorideyvvrurvv !JIv'[ -Ltl ut¡rvvvrl ¡¡rurvrv À\, uf r\/ r i-Ic¡urv L.f j, ¡¡r¡i)r¡ v¡

nermeabili-tv of the membrane" This is sus'r,es1-,ecl br¡ the rapid,_ * L),-J

chloride eff lux anci the eff ects of replacing C1- wi-tli a less

permeant j.on such as isethionate (Barr, L959; DLrrbin and

Monson, l9óf.). Such a replacement resulfs jn a transient

depolarization (Holman, 1958), a decrease in the cliff'erence

between the slopes of Eiul and B,a versus the l-o,c of the extra-

cell-ular potassium concentration (l(uriyarna, 1963) , a JOib oe._

crease in membrane resistance (Ohashi, I97O), a deerease in

K+ eff l-ux (Casteels and [leuwissen, f96,3) and suppression of

the secondary depolarizations of the intestinal slow waves

or controt potentiiìls ( |11-Sharl<ar'','1' a.nd l-ì lniei, L97 5c) "

/rccording to the liernst ecu:r'cion, a decrease in extra

c ellular sodiLrm shorrld rnal<e 1-he sod ium ecrri I ibrium potentia I

Less positive and, therefore, sliqhil¡r ì:;.nerÐolarize i;l.le

membrane. \¡/hen su-crose is Lrsed i,o srrbstituie for \iaCl the
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effects of chloride deficiency anci Oecreased j.onic strength

must b e considerecl, theref oYe, the d epol:rrizetion initially

seen with sucrose substi[ution is lil'lely to be due to a de*

c reas e in the c h-l-oricl e equi libr iurn irof enr ial- , Th is , in iurn

v;oul-cl tencl to depola::ize the mu.scle mernbrane (or at least

recluc e tire eventual hyperpolarization ) and inc rease membrane

resistance ancl possible accourtt for the greater spike a.mpli-

tude observed (i"uriyama, L963) "

Durin,g the initia] period of anion substitution, the

B^. - heeomes mÕre nosi ti ve due to a cl ecreâse in extrac ell-u-"u1

l-ar Cl-. l\t the same tirne active chlorioe uptake is decreased

dr: e to a lac k of substrate, theref ore, ln¡rac el-]-ular CI- leaks

out of the cel-l under the influence of it Îs nel4i electro-

chemic al- gradient. Thus Lhe chlcride ecruil j.brium potential.

becomes progressively more negative (h.,'pen:olarizi.ng the fiem-

br.ane) and becomes establishecl ¡rt a neii level debei'mi-ned b-v

the nature of the replac ement anion. '['iie ckr]oricìe equil.ib-

rium potential becomes rnore negative v¡j-th a nlore permeant

anion like nitrate than v,,ith e I ess pernean anion like isethion*

ate. \,rJi.th isethionate fl'ie f inal Rì'fP is molle positirre t,han

it is in a C1- sol-ution (1lo-Lman , ].958 I lit-tt^i-1;¡1¡¡, 1963;

Simmons, 1976). The overíì11 efif ect, thcrcfore. of repiac-

inr" ehloricle r,..'it.h ¡ lpss nermeant anion is an eventual de-¿r¡;: v ¡¡ rv ì, '

crease in Cl-- flLrx" when intracel.Lurlar cl'rloride is clepl-eted

resulti-n.q in membrane repolariza.tj-on encl en increase in mem-
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brane resistance (Simmons , L976) "

Intrac el,lt-rl-ar chloride is; much hi¿1her in srnoot,h mus-

cle than in skeleta-1. nuscle reslrltinq in a. rìore negati-rre IiCt

and EU in striated muscles. It was traditional-iy assumed

that chlorides contribi.rtion to the.resting aciivity of the

nerve ancl striated muscl.e cell r,,ras barely minimal and has

often been neglected" ltlore recent eviclence i,.roul-d irnply that
this may not be the case. Ilenervated sl<eletal muscle often

becomes rh1'¡¡ti. and these sPont,aneous oscj-llations may be

related indirectly or directly with the chloride activity
at the denervated muscle membrane. The membranes of nornal

manmalian skel-eUal- muscles are iri,qhly permeable to C1* and.

the l-ow membrane resistanc e values recorded i-n such musc les

¡re nrnh:hlr¡ dr:o tn hì c"h r-hl.Oride condUctaneeS in theser¡ ¿(f ¡l

muscles (l,orkovic and Tomanek, Icl77) . It h¡.ls been suggested

that ihe mammal.ian striated nruscle f iLrer r:'ecrrlires a hiqh

chloride conductance in order to maintain stabilitl, of itts

excitabl.e surface membrane anC prevent abnormal repeiiti¡¡e
f iring or sensitivit,y to clepolarization (Camerino and l3ryant,

I976a) . In the d enervated, spontaneous lir actir¡e preparation

the influence of the motor nerves (APtS or I'trophic factors")
are absent and this is sugsest,cd as bein¡ responsible for
nnorran'r-inr rìna muscl,e -fi-ber from maintainirr,q itls normallyvrrr¿1a u¡r\

high chloricìe permeabilitl' (l3ryant and Camerino, 1976b).

Slor,v waves (S\,V) ol: control rrotentiafs (CP) function
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as control activity by changing the excitability of intes-

tinal smooth muscl.e to chemical anrl e.l.ectric¡lI stimr-rli

r^rhi r.h nroduee qni 1¡oq :rrrrì r-nntllaCtil e l:eSpOnS eS " T'he OCCUf-wllfurl yr vuuvu "y

ence of the Sl/ cietermines the occurence in tinne and Space

of the spike activity (ul-sharl<aw5' ¿¡¿ Dani el, r975c) "

Sl-ow wave aciivity consists of rep et-1¡irrc d enolariza-

tions of 12 Lo 25mV ampl-iiLrde ancl fv/o secon(i rlrrretion ',';hich

occur at a frequency ch¡-lracteristic of tlie species and of

the Ìevel. of the iniestine fron v¡hi.ch 1,11€.r' lre recorcied '

The spikc act,ir¡ity conSj-sts of onc'io 5cr,¡cral action poten-

tials which occttr superimposeri orl t,ìle <lcno.'larizr:C phase or

plateau of the SW. i'jacli spiÌ<e is preceded ìr1' ¿¡ small depo-

l-arization or prepotent,ia-l- ( Rortoff , l9lóI; i'ìl-Sìrarkar.rl, ¡rnd

Daniel, 1975b). The slow \^râv€j act,ivitlr is nvo,fienic; it,

originates i-n t,he Iongitu<ì in¡ll mu.:;c le: l¿-'.'r'ol' arlrJ spreads

elec trotonrcally to the c ircular nruscl-e layer ( Ðaniel, et al ,

1960; Bortoff , 1961.a; iìortoff n 1!ôib i I(obar,,¡51'1¡., et i11., L966;

Bortoff , 196l+; Bortoff and Sachs, -1970) .

It has been reported that jn a foi^r cc1ls, a cìj-as[olic

intercotrtrol potential depolar"ization exis1.,s. i'hese are pro-

.,rêqsir¡elv slor"r cl eno-l ¡ri z¡t,ions o;' llJr i,o ti Lr jrli/ vriicll oc-
E).1 vrr,

cuf betwe:en the end of e âCt'r s.iovJ ini;tv(,' ,'rrlcl t,iin onseL of the

next. It is sì.ìggesited tìl¡lt; 1-,lr nse rÌrt.1,,' s crvc íìrl 'ì tri¡i¡:,:r' for

the SV/, tvitli f,he f¿lstest inLerconf,roì iloi,errl.l.'ti 'ìenol-arÍza-

tion rate being the dominant dri..'itl,.: osci.'i ì'itlr i.n thr: pre-
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paraNion (il1-Sharkawy ancl rlaniel , 'I975a) 
"

The couplÍng of S'lVs between the smooth mu,scle cells

c an b e b est d+::;cribeC by t,he bidirec t ional- coupled relaxa*

tion oscil-lator model- of Sarna, Daniel anC Kingma (Sarna,

eN al, I97I; Daniel and Sarna, 197S ) " ?his i:nodel pred icts

that a) t,he S\li j.s el-ectrical1.y excitnbie, b) the coupling

of the S1,,I occurs by current f 1or¡r betrçeen celts and c ) the

fronnpnc\/ nf t,he Sl¡/ in ari isolated segment of t,he muscle

or in an intact preparation, is determined by the highest

frequency oscil-lator. In terms of Lhe triggering mechanism

proposed here, tltis would be the cell, or Proup of cells ex-

hibiting the fastest rate of i.ntercontrol potential depolari-

z o * ì nn e I ¡ll *elrarkalvy and Darr i el, I97 5a) .

Various studi.es have shoi^rn that the snlooth muscle

cell-s of the intestine, uterus, taenia and fiÌân1r others cån

be eiectrogenic (Liu, et al, 1969; CasLeels, €:t â1, L97L;

Conner anci Prosser, I97l+; Prosser, L97lu; 13ose, I975;

El.-Sharkavry and Daniel , l-975b) " The role of this el.ectro-

genic pump in smooth muscle aLttomaticÍ-t¡r and tlie ertent of

it 1s contribut ion to tlie resiing membra.ne poöential. of the

muscl-e membrane is debatable. Potassi-um has ai least ti^/o

actions ¿,rt the smooth muscle membr¡ne; one is it 1s eff ect

on the membrane potential a.s ciescribed b1r the Goldman eqLla-

tion anci the o bher is it I s âctic¡n in sbinrrl-a*r,inq the l'Ja'- K |-

pump (Connor and Prosser, I97lv)" '[']rc res'r,in'l no-'ential of
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intestinai smooth musc-l.e is greater at an external potas-

sium concentration of L"75 mI{ than at t}re norma] e){tracellu-

lar potass ium c onc entraLion of 3 .5 mit{ o r at zet:o extrac ellu-

lar potassium (Somlyo end Somlyo, 1Ç68a ) " lfhe peak resting

potentiaL at -ì..75 ml'{ (fi outsicle) is not observed at ?zoC or

after the adminj-strati.on of ouabain; these observations, to-

gether v,rith the ciepolarization seen i:r a pCItassÍum free

medium, arîe t,aken as evÍdence of a cont::j-bution of a itla*- I'rts

nrrmn f.n t.ho restinr" mernbrane not ent ial in intes-ù,inal srnoot,h

muscl-e (Oonner and Prosser, I97l+). The random discharge of

action potentials in phasic muscles or graded depoJ-ariza-

tions in tonic mtrscl-es may b e responsibie for t,he -r,one ob-

served ín some srnooth nuscles, ltarti.cul,ariy vascr:1.ar smooth

muscle (Axelsson, et âi, 1967; Somìyo and Sornlyo, i"p68a and b).

It 1s al-so suggested that 1;he tone observed in these muscles

coui-d be due to an j.ncrease in t,he permeabtiitl¡ of the nem-

brane to calcium or by atr inhj.bil;ion of ca.lcium pltnpi.ng,

either of rvhich mâ5r 6.cL1r rclaUivelf incleoendantl.,' of changes

in the membrane potent j-a.l- (Sonil.,'o and Somh.o, ltl68a ) "

livid enc e indic atin¡i ¿r pump componenL oi o'bher smooth

rnuscl-es is as follows : ,qlrínea pi,g t¿ienia co-1.1, r','Ìlen freshly

dissectecl or stored in 1;he colcl , -lose l(t rncl l,rin Ìtl"*; if

then soaked in li:rebs Ilensel-eit so,l.ut. ion at, )Jor¿, normal ionic

sradj-ents are rr:stored vrithin a,fer,¡ Ìiolirs ¡:nri -uìtis restora*
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tion is b.iocl<ed i-ry ouabtiin olzero potassium (0astee1s,

1966; Cas; t,ccls , 1970) . iìxpor;ure of tlcnia co.l i. i;o potass j um

free medium cAr-rscs depolarizat;:Lon and reacJnlission of potas-

sium resul.ts in hyperpolarjzation'oelow i.;he potassium equil-

Iibrium poLcntiaL, An eîf ect preventecì by orrabain (Tomita

and Yamamotc, l97I; CasLeels, el âf, I97Ia and b; Prosser,

I97l+; lìose, 197 5) , 'l'he h1'perpolarization on reaclmissi.on of

potassium is greater rvith hi¡h intracellul-ar sodi.um than

r^ritlr Jow inti:¿rcellular soclium (Bolton , \973 ) . It, has Ì:een

ealculated by Cast,ee-1. s et â1, tllat in normAl- Iirebs-llenseleit

enltrl'inn +-lro r'Jump curt'enL account,s for l-0-l-5 n',1 of the resb-

in¡ potential in taenia ( CasteeLs , et â1, L97l ) " I'lot only

does the sodiur/pol,as;siutm prnp contribLrte to l;be res'cing

membrane pot,enti:rl bub ii is als;o stÌ,î;flc:;fed to be Cìi ect,l-y

involved in 1,Ìrc s;Ìot¿ þ/¿-Ì\/e activit,l' çl'1-ìte intcstlnal smooth

muscl-e (Job, 1969; Liu, et:i-1, f969; Conncr and Prosser,

197/+). The clepol aríz,ation phase oi t,ite sl,ov tr',rave is reportecl

to be ciue to a passive sodiLrm inflrrx; this in¡;arcl current of

d epofarization pressumable provid es the basis for the knol''rn

conduction of the slovr lvaves (Prosser and Bortoff, 1968;

Job , 1969 ) . 0n the bas;i s of ef'fl ec ts of inhibitors o part ie u-

larly ouabaj.n, it lvas suqgestr:d that the slovr v¡ave may be

dependant on an eJ-ectro,lenic socl jum pump (Daniel, 1965) -

This is supported by the fincling that there is an enhanced

effl.ux of sodium during ihe rcpolarization phase and that
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this effl-u;< is not on1¡i aqainst an el-ectrochemieal gradietrt

for" sod ium bLrt also is opposite in direc L,ion t,o the change

in electrical Cr:i.ving force. It is reasonable, thereforet
.bo a.ssume that, tl.ie increased eff-ìux of sodium durin.l the

repolarizaiion plrase is cjue to an ac1;i¡¡e process (Job, 1969).

That the gen er:l'uion of sfot¡ waves involves an active process

is alsc supportecl by the sturlies of the effects on slow waves

of inhibito::s of oxic]at i''¡e phosphorylat ion (cyanide, anoxia,

DliP, PCP); bi' t}-ie effect,s of specific inhibitors of active

ion transporf, (ou-abain), and bl¡ Ùhe eff ects of sodium sttb-

stit,ution in tire medium (Dortoff , 196la; Daniel, L96O;

Daniel, L965; Tamai ancl Prosser, L966; I(obayashi, et âf , L967;

Liu, et â], 'L969; 
.Tob , 1969) " Further evidence that Sl{s re-

sult froni a rhythmi-c efflux oí sodium is that the slow lvaves

but not the spikes, are lost j-n a sodium free or a potassium

fr-pe medirrrn: r,he slor,^¡ wave amplitude varies with the log of
' 

J¡¡V

the external sodium concentration rvith a slope of ÌOmV and

this is the same at two ca.lci¡tm concentrations and the ampl-i-

tude of the slow l\Iave is increasecl v;hen sodiutm, but not I( n;

is inntnnhnrc'tieallv iniected into the cell" The slorv wave

also exhibits a high temperature coefficient ancl under volt-

age clamp, eurrenc pLrlses are recorded having the time rela-

tions preCictecl ji the s.l-ot^¡ l^,¡aves were due to a rhythmic

el-ectrcgenic pr.unp (Lirr, et al., L969; Job , 1969; Conner and

Pross er, l97 L) " From ti'ris, Lhen, it is po stulated that the
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pump, vi hicfl c ont,ribLlt es i o t,lie rest;ing poicntial , can al-so

osc il-l-ate to ¡irre s.lo',¡ rra\res (Papasova, et aì , -19óB; I iu,

et aÌ, L969; ,Ioir, Lrt69; 0onner anrl I'rossel:, I97Ìr; Prosser,

r97L) "

The prepotenti¿r.l s anri snilces in :intestin¿lI smooth

muscle and taenil cc;li are bc] ievecl to be dtre to an increase

in Catn conCuccance (l,rrr, eL a-1., )')b9; Kurj-.¡a.ma and Tonnita,

I97O; Conner and Prosser, f97L+) " 'fhis is indicated try:

1) the recluction of spihe ¡rmnlitude in low exLracell-ular

calcium and c ornplete c essatj on of spike ¿rctil'iL".' in zero

cal.cium, 2) tlle aetion of competitj.ve inhibitors, manganese

and cobalt in r¡ery Low concentrations. 3 ) t;he relative in-
sênsitir¡'ìr.r¡ nl'tìre sni]<es to external- soCinrn and their in-4v¡v4uJ v.r vr¡v !,

sensitivitl't,o tetrodotoxin, /*) the lj.nc¿lr rel¡rtion of spiì<e

height v¡ith lofl of the externnl c;rlcj.Lrnn concentration, 5) en-

Ìranced influ:< of ca,lcirrm;rt t,he tirne oî siril:in¡1 ¿tnd the vol.-

tâÉre elann st.rrciies incÌi.c¡rte th¡lt [he inr,.,'¡,lrd cì-rrrent is car-

ried by caleirrm (.iob, 1.)6r¡; Liu, et al., :ì9ó9; L,rrrnamoto and

Horn , 7.970; Conner and I'ros,;s er, I')7lt ) " 'lhe ef fl ec ts o I c al-

ciunl on spil<e amplit.rrde cannot,'oe dtie bo chanqes in the

resting potentia.ì sinc e tìre membrane potent,ial is rel ativel.y
Ínsensitive to external- calc rurn ( Liu, et aL r I)Ct); 0orurer' ¿rncl

Prosser, I97tr), In taenia coli, spil:es íìre rrnidÌy abol-

ished in calcirrm free merliurn e\ren lvhen clepo-lnrizabion is

prevented (Brading, et â1, 1969). In addit,ion t,o increased
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calcium conclucta.nce associateC tti-th spikes, varÍations

in the extrac el lu Lar c alc iu.m concentration may al-ter mem".

br¿lne resistance. Spikes are absent i-n ca1ci.u.m free ¡ned-

ium and bo1:h the amplitucle of the spike a¡rd the rate of

rise and fall. are maximum at an intermediate concentration.

In acldiLion tr: the c harr,qe in calc iu¡r conduc tanc e s een a L

l-ow conc en'Lrations , there malr also be a reduc ed permeabiJ--

i trr nf tl¡e membr,ane et hir''her concentrationS Of Cal-ciUmtvJ v-L v1Iv L{v ¡r!f.)/¡

which woulcl counteract increased conductance during a spike

(Li-u, et a1, L969)"

There is e.¡iclence for a sodiuin-calciLrm interaction

in intestina I snootÌi muscle. The f requency and amplitu,de

of the spjÌ<es increases vrhen 1,lie ext,ernal sodium concentra-

tion is redurcctj. or when the slolv l'taves are eliminated, as

by ou.ai¡ai.n (l,iu, et a1, 19ó9)" Sodirrm concluctance increases

in ra.l-, uterus clr;.rin,1 il spiÌ<e and the rate of depolarization

vri ì-h hi oh snd-iç¡n i5 fílore in his'h extrace-llUlaf calciUrn thanYyI Vr¡ f ¡-L(:ìr.r 1r*¿ )rr

in Iow exl,ra.cellular cal.cium (Conner ancÌ Prosser, L97f+).

In ure'ber both sodiunl atrd ca"lcium contribute to the spike;

the ¡'rl.ateau is l'ost, in soclium free rnediurn but the spiltes re-

ma j.n, ancl tiie rate of rise ofl the plateau clepoÌarization

wit-h hi¡h exLracellular calcium is Îreate:: in trigh external

sodium thln in lov¡ sooium, ]rence bhe spike component malr

be prirna.iri I]' C,.te to c al.cium and the plateatt to sodium

I rr I{ l(nb¡r¡astri ¡o¿)Q1 llrir.i r¡¡r'ra ,,lnd 'lom'ì t,a- iq70)\¡!v.v(,.J , -,"/,
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free medium v,'ith 0.5ml"i iti,T.*t scrme spiking occurs in taenia

coli. llhisì apnoilt"s 1,o itc ricpenclerit, on exLerna,l. sodium,

hence there c¿rn be some lia r currenL r,vhi.ch is no¡'nlal-Iy over-

balanced b,¡ the calciun c urrent (Sarna, eL âl-, IgTI) .

Spontaneous activity in üaenia co.i i stops in socJium free
medium but spiÌ<es can sti11 be tri,qqered if calcium is pre-

sent (Brading, eL el-, f r69) . It has been srrggestecl that
Ca+o binris to external anionic sitc:s on t,he membrane, that
cal-cium is released to give an inv;ard current of an action

potentlaL and t,hat sodium cen cornpete r"rit,ìr ca.l.ciurn for the

bincling sites ltut not substit;rrt,e for- calciuin as a current,

carrier (Conner and ì)rosseÌ', .lg'ilr ). Iltr',.,'evc,r', it has al-so

been reported tl.r¿lt a roritoval of- c;rt.,c¡'n,rl c'rlc jrrm can re-
sul-t in t recluctjor-l of's.low \./í:ìve ¡rct,iv-iL\r, ¿r riecrc_-ase in

the rate of rise anrl f'a.l I of thr. s,lci.,r i.rrve ¡tnd evernt,uaìl-y

complete Loss of the sl.ow wav€ì rnci i rìeoolrrization of the

membrane ('l'amai and Prosser, 1966; Liu, et el-, L969; lìJ--

Sharkav,ry anC l)ani.el, Ic)75c) " l¡i iher presence of verapamil,

hovrever, slovr r^Jave acti vity persist,s v,rhil e a.l.l- spikes and

mechanical- activit',' are abol-islied (üi-Sherkavrv and Daniel,

I975c). llhis has l.ed to thc sugficstion l,h¡rt c,rlcium r:nay

not have a currrent carl'1ri¡¡,q L'unc Lion in 1; jio teneration of
the intestinal slor.; wave burt, i,it¡rt the jnr,:ar-d llaf cLlrrent

is responsibl c f or tlie s Ìovr i.,,ír v(ì ,1cn cration ,tncì this sodiunr

35



cLlrj:en b ma1' depencl on the presenc e of external calcium or,

al-ternat,ir¡el.r¡r -i,he triggeri-ng mecha.nism for the sl-ow wave

rna¡r be calciurn cìeoenrlant (Ìrì}-Sharkawy anC Daniel-, .i-975c) 
.

The t,heorlt of slow i,ta\re generation ;oresented, i" e.

an osciliati.ng sodi.um el.ectro,genic pllmpr 1'ras first proposed

by l)anj.e.i. j.n 1,.972" 5|nce tiren Job has proposed two other

hyootheses, tite í'irst, to which reflerence has been made, is

essentia.l.l-,¡ tre same as that pl'oposed by Danie1., with the

exception that an increase in sodium permeability ithich is

a,ssurmed to Cailse the cÌepola.rizabion phase of the slow V"tavet

is tal<en j nto accoun'r; i n con junction r,vitfr the osc illating

s ocl j-un pump ( Job , f.9ó9 ) " The thircl theory of int es tinal-

rhythmicit.,r ¿¡fl tÌre second proposed by Jobo is an oscillat-

ing I'la' perneab j.tit,1r hirpot,hesis (Job, I97I) . Àccorrling to

this Ìr1'potiiesis a bL;.jli up in ATF concentration ai the mem-

'brane, lrturns on" an inc rease in sodiUm permeabilitlt which

l.eads io 1,he cìepol:rri r,at,ion pharse of t,he sÌow wave and an

increa.s e in t-,he inrvarcl iea.l< of s oclium ions " The increas e

in i-ntr¿¡ce.l lrrlar sorii'.r.m coincident with the hi-gh l.er¡eI of

ATP sLirnu.iates tìlc soC-i um pu.¡np. The pttmp ci enletes the ÀTP

to Subthresholcl val-u,es aqain, the j-ncrease in sodiu.m perme-

abiJ-ity is turned off and tire mem'orane repol-arizes"

Slov; v¡aves in the cat Stomach corlsist of an initial

rapicì cornponen I which i.s sorj ium rl ependant, is propacìated

a.ircì not correlated r;j-tÌr contractions; anC a second slow

)o



component r,'rhich is cafcium dependenl,, i*c abol.ished b)'l"h+*.

rnay be propagated but is alwa.ys f ound whetr cont ractions

^^^rrF Q^i l¡ocvvvq¡ a -t,*.,-t; may appear on the seeond component ¿rnd en-

hance contraction. Tetroclotoxin h¡s no a¡;parent effect on

either slor^r wave cornponent, v¡hiie the f reoltency of spontan-

eous bi aves is reduc ed by low exf ern:r 1 c a-lc i urn ¿rno enhanc ecl

bv hìr"h exterrral cal.cium, 'I'his el'Í.ect of extrace-.liLrla.r ca-ì-

cium recluires the presence of' soclj um (Fapaso''r;ì,. et al, f96ii )"

Bl-Sharkar,nrl, ancl i)anie] ( lif -Shrr'ltrw ,' r:rci l)lnieì , L97 5¿l..; 1,97 5b;

and I975c) have a-lso oì:servecl slol';'!','í:ì1,¡cs jn in1,r:stinal rnuscl-e

which appeer to be made ttp o,f't',','o cornÐonr:lÌ-ìt,i l¡i,''ch thei, terrn

initial and seconclairy depolari.zations. 'i'ltc í'irst conponent

of the slow wave in t,he st,omach is;rre1o¡ott'; t;o iLre intes-

t,inal s l-ov,l wave. It is recìuc eci ol' al:t¡ l-isll ercl l¡',r 6r1¿þ' ' ¡ ancl

its function is belj.eved to be tì'i:it, oll sJ'ncÌironizing activi.ty

in large f i elcls of nrusc 1e f iìrers ( Ì'anasov',:r, et af , l9óÍì ) "

The second component is reduced in lrnrpli¿rrde or eiinrinatecl

lvhen calcium 1s reduced; and it i s br:Ì-i everl t,lrat this seconti

component and the spikes are cìLte ro enhanccd ce.='lcium inilux.

Spil<ing is enhanc ecl i¡r botli j e jtrnum anrì s1;om¡rcìi ìry ou¿rbain

(Govier and Ilo llancl , 1965; PaptisioviL, ct .'L l. , ,L')lrr) ) . 'il.ri,s

action of ouabain may be due to an incrciìr.ìe.l c,'rl.cium pet'rne-

ability or t,o a sodium-c¿rlc j.um exchanrle-: riri'cir;ir.r isn r'tÌicrecl'

an increase j.n intracerL-lr-r'Lar sor:ij.llni due t.o j nìr j ì; iiion o jl 1-l-ie

pump coulcì rcsrrlt in an .i-ncrcascrl r"l ìr: j rirn .iirí'.iLl;: rlt-tc j,o ¿I
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passj-ve excilange -,,'¡ith sodium (l'apasova, et â1, 1968; Bose,

I975; Blerustein, i-977) " ;\t ver\¡ -lor,'; externa-l- calciu.m con-

c entrations, tire first cotnponent of bhe stomach poLential

is also reduced, heuce vrhil-e the fi::st component of the siot,l

wâ.\¡e is nrimari lv snclinm rienendent- calct"- ^frr'^^+. the-L Ltlll illcj|.J dJ- -L ç'U U

sodium permeabilit¡r (Papasova, eb a.1., f.969 ) .

The frequency of the spontaneous ltaves is relatively

ins ensitir¡e to sodium when c a"l-c iunt is in normaf conc enLra*

tions" I-lorvsv€l', the frequency is reduced when external cal-

cium is lolvered and is increasecl when calcium is raised irt

conc entration. The eff'ect of ca.-l-e j-um on f'reouency reouires

a socì ium-containing me clium, theref ore, there appears to be 'a.

coupling of the two j.ons i-n the regulation of freclLtency

(Papasova, et af , 1968 ) . l'ligh e;cternal ooÌ,assiu,m reiluc es

al I s lorç r,vave and spilce act i-vii¡,-, prob:rb15r çl¡1s .[o the clepo-

larization as in int estinal musc-Le ('l¿,rnai LncJ Pl'6 sser, f966) 
"

A notch, ',vhich appear:s ear-l-,' in bhe pla+.eatr ohase of

the intestinaj- s_¡olv trr,åVÊ has been observeo L¡r¡ ír number of

investigators (Tamai and Prosse;:', 1966; Job, 1969; ill--Sharl<ar.^ty

and Daniel, I975a) " Et*sharkawy an,.ì ileni-el (Ì.ì1-sharka'.v]' and

Daniel , I975a) dispute the sugí4estr-r;n that this not,chin¡5 j-s

a mechanical artifact oi'dure to tl-re electi'ogenic spread of

^ eni ì-n f¡^.. ,¡ ¡ei ohÌ-rnrrrinn' Ce-Ll-, Sì_nCe it COUl.cj be f eCOfCledd ÐPr¡\Y I1 \Jlir d 11lJ.LÉrlL]ULtL f,Iri:r

after the membrane had been Ìr-rperpol-ariz ed l¡l¡ adrenaline and

their experirnents showed that it croes not seeni to be re'lated
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to electrotonic interaction between celis out of phase

ro.ri th t he i mna led c el-1.. It i s si: r¡s.est ed that ihe s fOn wave**b¡--'"

ffie1r resul-t from the operation of tv¡o processes occuring in
<ra^r,ôhnô rTrl,,a f irsi., nrôeeÍìS leadS; t,O an 'i n.i tì ¡l rJonn'ì_af.iZa*rJ vLlUVljV V o LL¡'v .L rr rrV l/r vv vrrr ruqu\/ L/\/ qtr rrlr L/!qr v çyvJ

tion and the second cau.ses a secondary depoìarization

(BJ--Slrarkawy anC Daniel, L97 5a) . Often ihe tr^¡o proc ess es

occur sufficiently cfose in tirne so that the siow v'rave ap-

pears as a depolarizing phase, a plateau and a repolarizing

phase (unnotched sl-ow wave ) " Less frequentl.y the two pro-

e essês mav ìrê temrrôrari l\¡ senâi"atecl enouøh sÕ thet e notcl-l¡l¡gJv4¡vq¿.)j¡vv

appears on the plaieau phase refl-ec'bin.q the turninr: off of

the in it ial prloc es s ( repo larlzin¡ phas e of th e notch ) be"-

fore the turnin,q on of the second process becomes suff j.-

c ient to maintai.n the initiai- depolarizat ion " It is sugses-

ted that notchi-ng cannot be accounted for bir any of the pos-

tulated ionic mechanisms for the slolv Ìraves since both the

os c illat ing elec trogenic purnp hypothes is ( l-)a:r i eJ- , L965 ;

i,iu, et a1, 1969) and t,he oscitlatin.l socliun permeability

h-vpothesis are obviousl_v s ingle Iton anC off rr events ( Il1-

Sharl<arvy and Daniel , I975a; and I)75c).

Temperature studies furiher substantia.te the finding
that sL.otv r{aves are made up o-f trvo conponents " 'lhe rate of

the initial depoJ.arizaLion had a Q1-6 of L" 56 r,vhere as 't,ire

duration and rate of repolarization o]l tÌie seconeìar5' depo-

l-arization had an appreciabl.,¡ hi.,1her bemnera'burre coef-f ici-ent
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(E1-sharkawy and Daniel, :-975a). 0ther investigators have

also f ound the slotv '¡ar¡e of the intesl;ina.} smooth muscle

to have a higher Q1g (Daniel, et a1, 1960; Job, L969) " It

is possibl-e that the rate of intercontrol- potential- depolari-

zation and/or the level- of membrene excitability are sensi--

tive to cooì,ing" It is interesting that neither the maximunr

resting membrane pot,ential nor the sLow 1'"rélve ampl-ituCe exhj--

bit appreciabl.e temperature depenclonce ( U}-Sharkaivy and

DanieL , I975a) . This .f inding is inccnsistent v¡j-th the os-

ei I latina eleetro.enic sodi"- L"*^'hesis for the slowvr!Jq u¿r¡[) uruu v¡ vãJvr¡¿v u\f urLllll f/UIll1-, llJ-UUUr

l,vave generation, (Danie1, L965; Liu, ei- a1. 1969) from v,¡hich

it fof folvs that at maxi¡num polarizati-on between 1,h e slc¡w

vraves the pump contributes sonìe l8ni/ (tire Ìrei,ght of the sl-olr'

wave) to the membrane potenti,rl.

If an oscil lating ek:ctrogetric -eoc-lj uin pr.tinp is re-

sponsible f or tire generation of sfolv r^rave activity in in-

testinal musc l-e three c oncli.t;i-ons must f irst b e satisf ied,
I'ìr-el- tha qnrlirrm ntìmñ ìn fhese mì;sCleS mUSt be eleCtfOge¡iiC.J. ¿r uwt vrlv vv\¡fu¡r¡ v

Second, the nragnitude ofl tkre contt':Lbutj.on of tÌlis pttmp to

the membrene potential has to be at least ecr-ial. to the amp*

litude of the sforr'wave, and thirdJi', it rnList, be shor,;n that

the pump osc i-l.lates sponLan eous l.y ( lll -Sharl<¿i',,;y a.nd Dani-e1,

l975b) . Various studies Ìrave sLrot^rn t,hat snooth inuscle cell.s

of the intestine. uterus. taenia coii etc" can be electro*
cran'ic I T¡r¡-lnrÒ-^--- e'- a)., 1969; I,iur, et, aì., 1.96r; Cast,eels, et â1,
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L97I; Prosser, I97 l: ; Connor,'rn(i i)ros ser, i')7 lr; Ì',1-Sh'lrl:¡'.vly

and DanieI, I975b) " llol.rever, a i,ilcorcLi-c,'t I rrrrlt l:,'sis o f'

the contribLrtion of the puì'nn -r,o t,Ìtc i'ì,- Ìias srircti;n it to be

unlikely t,lrat the pump can, ttnrlel' nor:'n'rl cort,lj.i,jonsì, pro-

vide more tlran a f ew miL -l ivolt,s 1.,o t,ilo rncniirÌ,'ìÌ-lc Þotcrtltial

(Ìtl-sharkawi' ancj l)aniel, .l-97 jjlr a:rl l''t75c) .

Usin¡1 a rnodifiecl vrrrsi-orl of [irc lolrin'ln eert.-rt,jot-t

that cìoes not assuûÌe eititor p:ìssivc chlorj.rie rlis:riLr';fion or

equaì-it1' of net passit¡e ¡¡ic'l ac t;ive :iorìirtr f"ì,.t;tes , ij.l-Si-itrltal';l/

and Daniel have cal"culatccl, on f,ìr e blsis of r€i¡ìîon¡ibl-e aS-

sumirtions (about ionic permerÌ:iJ.iti.e s, cor.lì1.1 in- rlt- j.os etc . )

that the contribution oe thc': sod j.tlrri cl ccLroilenic plrûll ,îc-

tivitl' to thc lì^, mal' not exceecl rnoÌ'c th'rn a fel^¡ milli''¡olts"

They have conc luded , ihat such a sn¿l,l.i- contribution is in-

consistent with the hypot,ht:¡i.sr l-.ìrrt i,lre el cctrLc¿1 s.lol'¡

t^Javes (tfre amplitude of r',¡hich is l-i')nrr,/ or t,l'rr: ¡vera;:e) resr.l.l-ts

from the turning on ancl off of t,Ìro e.i ect,r-o,.'r'njc sociiunl pttnp

(tr]-Sharkalvl' and Danieì-, ,1975b) . r'rnother rì j.scroJ-ìlncy ',riLfr

t.hi s hr¡nnt.hpqi q rpnnrt.ed hr¡ thes e Satlìe in t¡e:;t,ii:ltOrs ',rIâS iheu¡¡ru rrwY yv vrrv.r¿\/ ^r,l

finding that slovl t{ave activit','in the Drcscl-lce of ouabain

or in a sodium free sol.LrLion r'Jiìs no1, lccol.i r',¿t,t ic:rl bjt r.) rn{lm-

brane depolarization io tile peal< clcrto|¡r'ir','tt,.i.on (Tamai anC

Prosser, 1966; l,iu, et ¿'tI, lÍ169). T;'Lrri.licl-rrol'e' t,he tirne

course of the increase ,rnd decrc-ìso o f i;jtc s; lo','r 1'/41,¡e ,.lrnnli-

tude upon starting and tertnj.n¡rtin:i, rosDecLj-r'e1y: of inLra-
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cel-lular injection of sodiun (Liu, 1969) is not rvhai one

woul-d expect if the slor,.r ï/aves r¡/ere due to oscill-a.tions of
an electro¡1enic socìium pu.np (Borioff , l-972) . Also, the sl_ow

rdaves of 1;he intestinal- smoot,Ìr mllscìe a.verage about lSmV in

ampj-itude that arise f rom a. maximum 'rresLin.q" potential of

-55mV, but neither the slow vrave amplitu.cle nor the maximum

resting potential, exhibit th e hi¡;h tenperature' s ensitivity
that would be expected if the pump contributed lBmV to the

rnaximum restin.' n.ìf onf i ¡l f l:ll-sirarkaury anci ljaniel , I975a and

I975c).

Inhibition of the sodium punnp by a variety of proce-

dures reversibllr abol.ishes the slolv wave activity but never

depolarizes the rnembrane at the time the s-l-or,v r.;ar.'e act,ivitlr
f i¡c+ .lie^ññô1râq I'n f ho nnl-ential 1er¡e]- ¡t. tÌrr" neak rìa-^l ¡ni _r rr su uruqyl/vqru vv ullç rvuuç11u!cij_ _LUVçf .ru ullu rJUe^ ucilJU_LdI I-

zation of the sloþ, wave as predict,ecl by the oscillat,ing pump

lrypothesis ( lil-.Sharkar^ry ancJ Danie l , 1.97 5<:'l .

lleadrnission o.f potassium to a sodium riclr tissrle carìses

a. rapid hyperpofarization and t|,e reê.ppearance of sloi.;l^Javes

of nea.r normal freqtrency'out ntuch smal-l-er amnlitude" Since

the hvnernol arizatiOn is Sensitirre to sodirlrn nurírÐ inhibj_-vv uv\'¡ IL{lr¡ l"^¡itf' rIrlII

tion, it ref I ects the sbinlrrlatecì acti-vi.tl,- oi tlie electro-
genic sodium pump (Hi-Shar.karrrlr and lJaniel, L975b) " Under

these conditions of maximum stimulation of the socÌì.urn pumit,

one nai/ expec t ei'[her f hat the prìmp, b ec aus e of it I s maxi-

mal- stimr-rlation cannot be "turnecl off " ancì i:;, therefore,

t.2
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on all the time (no osc j.tl-ations ) or that it, cor:.1cÌ still-
somehovr oscil-late clespite iLrs rnaximum st,irnul-ation. In the

first case no slow l,vaves should appear until enough sodium

has been extruded ancl the purnp activitv sl-ovred down, whiì_e

in the latter case slotr' l\raves of nlucir larger amplitude are

expected to appear upon po'Sassium admission and their ampli-

tudes should clecrease prosressively concomitan-r, with the re-
turn of the rnembrane notenfial to itts normal- value. Neither

of these predictions i^¡ere observed b]' these investiqators r

instead, sn:1alI amplitude sl.ovr waves appeared et the time of
maximum hyperpo)-arj-z,ation anrì their arnplitucìe increas ed as

the pump acti vit,rr slotved dou'n and the membrane h.¡perpola¡.iza-

tion diminished (lil-Sharltarvy and Dani e-l , L975c) 
"

Ììepì-ac ement of chloride b1,. I ess pernreant ions, (ise-

thionate, .Ðr'opionate) iniiial 1;ø depol.a:cj.zes tÌte mernbrane anC

jncreases t.he arnplitud e of the s econol¿rr/ i.rut not the in itial-
d epol-arization . This is f o f low ed b1r a membrane þr,'p€rpo lari-
zation and a. clrastic silortening of the durration of the slor.v

wave and a decrease in +-heir frequencr,¡" T'his shortening is
reported to be clue to the elinrinat.j-on or "cirastic reductj-onrf

of the secondary depol.arization r,ritir onl-¡ h-ttle effect on

tlre initial- depolarizat.ion (lit-Sharlrar^ri' ancì i)anie1, L975c) 
"

i\ subst itlrt ion of a rnore peirmeant i.on (n i trate ) f or

C1- slightly cìepolarizes []re nleml¡rane ancl j.nc reases the Í.r'e-

quencV of' tì-ie slow v¡¿lves t',r.i tirouL a.lterj n.q tlieir confi,qrrration
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There is al so interrse spiliing in tlie presence of nitrate

(l]l-Sliarkawy and Daniel, I975c) "

It, is suggested that chloride fia5r ¡o.*ally pla1r 6

role in the genesis of the secondar)' d epolarize.tion of the

slolv r^Jave, 'Ihis secondary d epolarization malr resul-t from

a transient increase in cirloride permeability','rhich shortly

f o Ìlows or oc curs c oncomitant w ith , br.rL s -lo r¡er than , th e

trans ient incr€iase in sodium permeabi.lity responsiible for

the initia] depolat"izat-ion " lt ma5r þc ihat the increas e

in chloride pernneability is a consequence o.Í' the initia.l
clennlarlz,at.ìnrr causecl bv tlre nrececl in- increase i.lr soclium

permeability, sinc e it ha.s b een r:eported thai in sodium free

and soriiunr Ðôor solutions nô notent.i: I osc illations aitribu-ÌJvvl

f nh'l a f n nhrrneE 'in Chlorjde nernlc..hi llt...' COLtl.Cl be reCOrCl edUc1 uf ç U\-/ Ul.t:.iriÈieJ ¿I1 vllrUI I\r u I/ur irr'. '.:.u!-r rv,l

I l,tl-Shol-l¡r.¡.,1' end t-l:n-i ol lo75c )" It is sìr,qrçg¿u¿ titab the

initial transient effec'bs oll cÌlloricle replacement bv less

nprmp¡nt. inrrs lisp'l,lrinnat.c) i -o- 1-;:o irìe Ì-c¡se in annlitui.eyvr ¡'rv(f rr\/ +\/ai\r \ 4\'v

of the secondarv depol-arization in conjunction !vitir the

e'i'i nhl- mom.}. r¡¡e jennlari zat.-l on - mi '"ht 'ne dUe tO an i¡:lnediatev ¡¡r v¡¡¡v¿ ¡r¡ r¡ )rl

shift in the chloricìe equilibrir.rm potcnti.aì ioi.,,'ard a more

positive val-ue. Às reciist,ribution of chloricte occurîs, the

secondarl' depolarization of the slov; r¡Jâ\rÊ qradually disap-

pears coinc ident l^¡ith tire membrane h¡rnerpolarization betr,veen

the slorv !vaves (ül-Sharl:at:1r ¿¡çl i)aniel- , I975c) . ';'Jitir relard

to the effects of nitrate, a aore permeant an j on, it is rnuch
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more diff'ictr-lt, to prcdicl;1,irc ef'f'ects oTì eitlicr the maxi-

rnurn restini pot,cn1,i:i,ì or t.lie s-ìol,'r l.,rave activj 1,.,¡. Srrch ef-

fects v:oulri cienr:ncl on rvilether nitrate r-rtilizes tfie same

channe-ìs aS tlrose useci bi, Cl- a'u rest ¡ncl cìrrrinq s-Low wave

depolari.zntions, or wheiiler nitraLe is active-l.y pumpecì by

an inl.;arcì lir cìirec t,eri pLtmp and on t-.he relative extent to

',',rhich t,he membrane potcnt;ial is cìeternined b¡l the chl-oricie

equillibrium potential anil thc nitrate erruil-librium poten-

tial. Accordi.n,¡ to r,ll-:lÌ'ilrllar,.n¡ anrÌ l)anie1, Curinl; the j.nj--

tial period of anj.on su.ìrst,ibution, thc chloride erlui.libriun

rium potential silorrlcl ìrecome rnore Ðositive (clecre':ased exNra-

cel.lul.ar ch-lor ide) anC n. 1;rriie neIative nitrat,e eor;i.Iibr:i.urn

notential Cc't¡,:lclus" I¡oi lo',rin. 1-.ili s ìnit,'! ¡'l nc"i od t.lrs dg-yv v v¿¡

pletion of intrace,liu.l:lr ch.loricìe and the increlse in intra-
cel-lul-ar nii.t^¡itc r,r'otrld causc t,he clLLoririe ecuil Libriurn potcn-

tial to creep i-o more n cT¡r1,.lr.e v¿r lue s and tht nitrat,e r-:qrriI-

ibrium potcntial to flo "t,o nore pos itive vallies , respectively.
'l'he ehan¡es in i-,lre r<:s;t i.t'i¡1 notelltial ',vorrlrJ be ¡ rofll.ection

of the ma¡nitucle of t',hese t\.ro equil-ibrir.un poLenl,ial.s and

the membr¡-tne permeabili'Ì,1' to both i.ons. Sirni. ìar1'/, af ter
anion cl j.stribution has reached a steedy st,ate, i,he contribr:-

tion of nitrate to the seconCary ciepolarization of the slow

r'Jave lvorrl-c'l denend on v,,hether,nitr¿11-,e is passivell,'or actively
d istributed across t,Ìle ¡lembr:lnc (t.';l-sharkal'ry anrÌ Ì)anie1, 1975c)
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Accordi n,q to iill-SÌrarka-',.,'',¡ a.nd Daniei, the eff ects of
a. -l ess permeant anion .Dres en'bs another ineonsistency r¡rith the
nq.ni I I cf ine cnrli r-m o'l on+F^-ên'l'r' rìr1m'r Ìrrrn6l,þeSiS. ChlOf ide\/!uv vr vcrv^rJ_v ¡rJrvl

replae erjxen+., in ,qìtinea pi3 taenia coli, b]' less permeant

anj.ons increa.ses t,he resting membrane l:esistence (Ohashi, 1970)

Tt j.s sriq¡lestccJ. bhat a .s im:Llar ef flect cou-l.cl take plac e j-n in-
testinal mì-rsc'l e, ancl that su.clr an eff ect nould have to cause

an Íncrease itr bhe size of tire slow weves if they were due

to oscill.ations; in the soc j-rrm electro,genic pump current (Rang

and iìj tcÌtie, l9óB; 'l'AvJor, et eri, L969) . Such an increase
j.n 1,he sl ol.r 11¡¿:.ve i,rJllsì not hovrever, observed ( i!l-Sharkavuy and

iJanieì, l.97 5c) " Chloricle currents invo--ì..ved j.n repolarization

ancì in spil<es llave been observed in L¡oth sl<eletal- and cardiac

mirscl-es (Ducleì, et al, 1967; Peper and Trautr^rein, 1968;

iij-raoka ancl liirnoka, L973; Fozzard and Hiraoka, LC)73; Ful<uda,

I97l+). The properties oi these chloride cr.rrrents in both of
these tissues sho.¡; si.mil:rriti-es to the chloride currents

rrnderlying the -qeconclarlr depolariza.tions of the intesl;inai
slow l"rave (IiÌ-Shar1.;aw¡r ¿¡6 Daniel, L975c).

It, is sL.t,q,Testecl tìrat the intercontrol potentials (those

slov,' depolarizations of up to 6m\¡ r,^rhich are observed between

sl-ow vraves ) rnay serve as 'ûire trigger for the initial event

in the slolv l,veve ,leneration; i" e" , the increase in sodium

nê7âmorìri I i r-., r El-Sha¡lrar,ry ancl Daniel, 1.97 5a) " The f incl j_ngsv"^"'\

that the frequenei/ of the slot'.'l,'.raves coul-d be clecreased by
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replacing cfrloricìe b1r less pcrmcant and increased by more

permeant, anions (i';l-Sharl<a'","'y and Daniel, l-975c) , implicates

chloride j.n t-,he generatiori o i intercontrol-potentiaJ- depolari-

zati.ons " 'fhese authors have su.,Tgested th¿rt it is possible

t,hat these depolarizations mal/ resLrlt, from an increase in
nLl^¡ìrla nannra¡þ-i litv rlist,il-tCt lfOm the One that Und.eflieS\/ '|f-Lv

the seconiârir ¡lepolarization of the slolv wave" A common

feature of thri j-ntercontrol-potential period and the second-

âr¡r depolnríz:rüion of t,l-re s,l-o-iv r,rave, besicles their sensitiv-

itt/ io c ii,l.orid e su.bstitution, is their sensitivity to temp-

era*uure l.:iiicn mai' ref lect ihe Ðossibilitv that the membrane

Yìêrmorhi'ì 'itrr f

I t\1 \bofism (l:ll-Sharltauy anrì i)anieI, I975c)"

i?enolarization and ilelaxation

Both tÌre slj-lre amplit,irde and t,he repolariza.tion of the

.cet.i nn notential in smooth mì I se I e enne¡rs f n hp rì enonrì g¡N Onsv ur-vÀ¡ ¿\r qyyeqr rr vv

t,he memhrâne nerme,abì I itr¡ tn nnt:sq'i nm hnlop.r¡er i t h¡s alsoyv vqv t rrv'r

heen suF rrested that cal-cium bindinrr mâv elso hrino el-rout re-- *¿rL)

polarization (Prosser, I97!+) . There seems to be l-ittle ques-

tion, though, that the out,tvarcl c urrent, is carried by potas-

sirrrn (lir,rtter, I96L; Pross er , l97l+) " StimLrlation of an elec-
'i-nnronin qndi nm ñr1ñn r.r'Ì-inl. f.;OUId df iVe mOf e SOdiUnf OUt thanur vi)vrr!v vv\4-L

potassium in, '.'roulcl a.l so e f f ec ti r¡ely hyperpof arize the mus-

cle rnembril.ne. The llrperpolarizrtion, i:liich is observed to

ul



go beyond thc potassium eiiuilibri-um pot,ential, after arld-

ing back l)otassium to a sodiun lo.adecl preparation is un-

cJoubtedJ.y rìrtci t,o putì.Ìp activat.Lon since the response can be

,qbolished b,., rnet,abo-li.c i.nìlibii,ors or êì clecrease in tempera-
"j

ture (Sor-nìrro a¡ri Son.l516 , )$(::Ìa ) . 1t ilas been proposed tfrat

the f ast outt.;¡¡r'c]' c ur.rrent, o'l..'servecl in some smooih musc l.e

nrpn¡r.¡tions is e result oi :ìn init.ial fast ca-lcirrm inf.Ltrx

which transi.ent,1l, incrcases t ìle -l-oc¡tl c¿rlclrlm colìcentrabion

At the inner rnenbrene strrface ancl therebir momr,'nLaril1r in-

creases pobassirrm pertneab j.l i't,-" rcsuÌtin¡ in t-he repoiari-za-

tion ( Vassort , f97 5; Îe I ì es , 1976) "

Ilyperpol ¡rri z,ation ;r.rlrl re.[axail.on sltott.lcl not-, be con-

siderecl as s)'non)'mous e:venl;s. i\Lt,lior.r¡Ìr hirperpolarizatj'on

can resul-t jn rnusc1e rclaxat,ion this does not appe¿ìr to be

the rren era I mcciranism i:rvol ved irl the rr:laxat j on proc ess "vr¡'/ ¿r

Since the presenc e of Caf is requ-ir^ed for the development

of tension in Smooth lnuscl-e i-b u'oulri Seem reasonabl.e 1,o aS-

Sume that removal of calcj.urm be riecessary for tì-re musc-le bo

relax. r'\ctir¡e extrusion of'c¡-lcittm into thc l',CF lvoLt.ld he

an icleal mc+:loci of muscl e rcl,axation, ho',^icv{:Ì', Lllr:re is ì-ittlo

reason to Ìte-lir,.r¡e tiiat tlris is a ¡eneral pÌtcnonenon" i\s a

mal,ter of Í',rct,, c aIr.:irrm cl-i' jrr;t sittl.ìieS Ìl¿lve sl'1oi^ln thai there

iS littl-e, if itly, c:rlcitl¡tl r':xt,rLls'rion Cririn,l snlooth nLrscl-e

re]axat j.on ( {locrìf.ol"(l I tQ6t.,; ganl r,'o anrì Sonlì¡ro, 1!ii{ìa; Katase

ancl 'l'Orni_t,:r, l()7?_) " -l-1, :;l,oril.rj l-rC rnr::nticlnccl, ìlot,;(ivel:, tlrlt

ItB



t,here is reason to belie.¡e the existcnce of a socLiuin-calcium

exchr-rnfle nlechanism in some smootìr Íìuscles rvllich ma5' þs in-

\.o1',¡ed i-n 1;Ìle reiaxation proc ess ( Biaustein o et â1, L977 ;

i,ia anci llose, )977) " li'i¿l ¿lnO Sose ln:rr¡e presented evidence of a

iransmem'cranc l,la1--Ca-n exchan¡e mechanism in taenia and clear

clrt err-iclence of transmembrane ca-l-cium nlovement durin,g soclium

mediated relaxatj-on of sodium-free contracture (l'la and Bose,

L977) " It ri,oü]d apÐear that an ecûive process is involved

in removin.q Catt fronl tÌre myoplasm, at least in Some muscles

f iÌ.te a.orta , but such a proc ess c entres arottnd the sarcoplasmic

reticulum (Van llreemen, et al, L972). Just what contribu-tion

the Sercoplasmic reticu-!-rlm plairs in the relaxation of smooth

musc l-e is di ff icult to calcul.ate becaus e of the small- amount

of s¡rcoÐlasnic reticul-um ancl ihe short riiffusion distance

in snlooth rnuscle. The sma-1I vesi.cl-es fottnd on the inner sur-

face of' tlie muscle membrane are knolvn 'bo accumu-l.ate calcium

in concenLrations equ¿ll to i.hat of the üCF. These vesicles

mar,, be inr¡olrteC ín tiie muscle relaxation prOCeSS by means of

rei:ìovin¡¡ C ¿++ from the m)ropfasm (Sornl5'6 and Somlyo, 1Ç68a;

Pross;er, )97Ì+) . 11. ìs poss-itrle thai :iome drtr¡;s may stimu-

l-ate intrac el ]Lrl.ar ac tive c aLc jur:l uptake oI, as has been

qn(rcrêci-prì i nerease intracel-lular concentrations of Some
'Jt.{1,É:)vu uvu,

form of soluble relaxing factor (Somlyo ancl Somlyo , L)68a) "

It, should be rnentioneC, hotrrever, that definite evidence of

an endogenous inliibi t,orJ/ allent th¿rt rel.axes smoot,h musele

]ias yet to 'br: obtaj-necì.
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;lxcit,irtion Cont;rlct,i on rlnltl..!S

Snjlres in smootli rnu-sc-ì e are no'r, alwa./s accompani.ecl

b:y contr¡lctioi-1" ,!:ì :. rn'rt1;cr. of facL, sp:i.lie electrogenesís

i.s not tìie on-'1.1¡ linlr in exc if;ation-conNraction coLrpling

( rl-C cor,rpi inr: ) " Gr.acl ed cl epo.l.arj-zations, rather" than action

potentiaìs apnear to be the norma] e-Lectrical response in

c ertain nlamnlal.ian snooth muscles, 'Ihere is little question -

ìr¡r.ra,,or r-l^ ¡t the Snon ianeônS ¡e.l-.i on notentf als in Ota""i-" 
'

1lL, IY.JVçl t l.,rtc1 L: \/flv rlJvr¡L,,trtuWu'r cuU!v¡¡ yVUÇ1IU;O.rU ¿11 aUtIC

muscl.es trigger the associated contraction" It is possible

that the action potenl;ials âre calcium spikes lvhich also

provide the activator ca.l-cium for contraction (Som11'6 and

Somtyo, t9ótla ) " The na jo:: alternative to this hypothesis

is thai the spiÌ<es corrld cause a translocation of calcium

from the j.ntrac e-llu.l ar stora,le sites , similar to that i,vhich

occurs in s'crir-r,ed murscle; i.e. a trigger calcium mechanism.

It is sugsesfed that in the absence of a T-tubule system,

the Ca'* snikes permi.t a more r:ìirect coLrpl in,l than occurs

in striated muscles. This direct connection between mem-

brane spii:es and contraction is i;he reason t^rh5r smooth mus-

cle fibers are of necessitSr small in diameter (Pr:osser; l-gTl+;

Bose, 1.972; Uvelius and Johanson, 7974).

Depolarization of the smooth muscle membrane could

j-.ransient'ì r¡ inCfeese tlfe nlemþraneis Ðermô''i.'ilir.r¡'l-n r'^.{t 1.e-Ul cl:tJJ-Çlf Ury -LI1UI u:{JC- t l.lu l¡lElrrv¡ clrl!. -, y..r r¡rt:(¡LJIIIUY t/\, vc¡

sulting in a sudden influx of Caff v¡hich could initiate the

contractile resÐonse or be sufficient to stimulate the re-
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l-ease of Ca+" from interr.l¿ll. s'[orrrqe sj.tes. TL is proposed

that membrane bouncl Cau* regulates the permeabilit,y of Nhe

membrane to ionizeo calcium i-tseli as wefl as other solutes,

Depolarization remor.res some of the membrlane bound Catt and

the resul-tant permeabiJ ity íncr-ease is transient in phasic

and sustained in tonic smooth musc f es (Somlyo ancl Sonnlyo,

1970 ) .

' The threshol.d for acLivation of contractile proteins
. - ^-7-- ^ ++ -^is 10 'lvi Ca' ' and maximum activation occurs at i0-"1'{ (\ran

Breemen, et al, I97?)" i\ very large calciu.m ¡5raclient across

the membrane allor,vs for rapid inf'1ux of Ca*' if the perme-

ability is suddenly increasecl (Van lJreemen, €t al., I972) 
"

This is a possi'ble mechanism gorrerning i:,-C coupl-ing. Lantha-

nrìm- r^-¡hi.h rì isn'l¡r:cs crrt,r¡eellular bouncì Ca*' anC blocks Ca*Ê

influx, cou1.d stabil_i.ze the me¡nbrane by bindin,q to sites on

the membrane v;hich are inr,'ol',¡ed in the transport, of Ca-' anrl

thus inhibit the E-C couplirig proc ess . Sr-rch ¡netliods result

in compJ-ete inhibition of tl'le potassium*inriuced contracture,

iuhi I e ecJcli nø back Ca"* to a hi-ir I(' bath jnÕ sôl¡t.ion I eadsarÀí.)¿1 r/qvr¡r¡¡:)

to red evelopmen t of tension ( Van Dz'eernen, êf, al., 1972) . This

is snnrested ;ls beinp' sunDôrti.¡e eviclerìce of a. sodiu¡n-calcium,/u(t1t)

exchan¿5e mechanism at the smooth muscle memirrane,

Cardiac glycosides proclr:ce a depolarizaiion ani a con-

traction in manv smooth muscles" The ouabain-inCuceC con-

tracture requires Ca'o in the b,,rtìr ini nled j-um anrì is ¿tss oc iated
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hrith an increase in (KasLiya , .1,9b9¡ Ca'hr uptake (Br1g,qs and

Shibata, 1966; Iìeufer, et û1, 1973; BJ.ar-rstein, 1977) " The

,-lannl.,nic'r1 i nn prodrrCecl by ciLrab;rin is presUmllbllr dL.re i;O an, l, . t,.. '." .... 
', J

inhibition of 1;ho fla' pump (0astce1s, 1966; ilor;e ancl Innes,

I973; I3ose, 197 5) " 'l'hcre is reason to bel j-eve that the

Contraction sìerrn rìrrr-ir,r nrìmp inhibition may be cjue to a

¡la+-Ca+' excìt,rn¡1e proeess. lihen plrmp acti.vit.v js Cecrcasecl

by metabo-l-jc :i.niribitors, loiv tempcr,-.ture or renov¿ì1. of extra-

c elÌular K+

Iieuter, et af , 1973; Ilose and Innc-'s , 1973; 3ose, L975;

Rlaustein, I9'i7). Unci,-l^ sr.lcit conriit,ion.s C:ì** eÍlflLrx is in-
hibitecì anci l)¿i" j.nf-Lrl;.: -i ¡-lcl-c.rst-.s rí-.s11iti.n¡1 in t,he conl;rac-

tion of the inuiscle (1,'.',rcn1'.;yn-l)¡yi¡15, 196'\; iieirter, et rl,
rg7)) 

"

'l'llis lla'-Ca"' excì,'ìnrlo Ðro(Ìerìs c¡-ìn;llr¡;,'irent.l 1r l¡e re-

vers ed sltcìi t,ii::1, l{a* rnorrin[ ¡ier','r-r i-1;s e] cctrochemic:rl pìraci-

ient can impar'I enerily, procÌ'-rced in t,liis proce:is, 1'or t,he

active ext.r'usion of CA*u a"einst iis,; elect,t'ochc.mical grad-

ient (BlausLcin, et aÌ, 197'/). i',a and llose¡ hrve report.eC

evidence of :) Ilar -Cat* exchan¡e ¡neclianism in Lhe ,qLrì-nea plg

taenia co-1i., rnd it ìl:ts '.toen sLr.lTested t,liat, sl.rcÌr e nl.echan-

isn, r,¡hicìr c,'irrses Cat' tr-,'lnslocation fron: ini,i',':cellular t,o

extracellrrlrr rit,cs, rn:r,' ì)t: ir-lvolvc:rl in t,Ìre rc l,rxai,ion pro-

cess jn con.jr-rncl..ì.on i.rrtlt j-nLr'.'tce'l llrl¡tr sccuest,i':rt.i on r;11 C¿-i''

b;' thr¡ s¡rrcopl.r.smic reiir:tr-lLr¡n l¡rri t Ìre nritocìroniìria (Ìt1,1 and

i2

tire ce.lls accrrmufate lJa' (0astceIs, L966;



Bose , Ira77 ) . It is su.qrested t,hat I soriir,rrn ions exchange

for one c alcium ion, and that such a c oLrplecl exchange could

maintain a Ca"u concentrati on ,sraci ient ¡cross the membråìne

/ ñ¡ r^--Ê \( Blaust ein , L977 ) . Such a gr;rrlienL c oul-rl be mai n--ainecì r'ritìl-

out the benefit of direct energy input from ÂTP. ;\lthough

ATP does effect the kinetics of l,iat-Cat" exchånge in some

tissues, it is not-, absolutely requirecì ancl may not in fact
power the exchange ( BJ-aurstein , I977 ) "

It has been sl'iown that ouabain in rclatively high con-

centrations ca-n relax rathei' ihan contract, smooth muscl-e

, ^ - ^- - \(Bose, I975). It r^roul-ri appear ti'rat v€llr¡' hiqh levels of intra-

c ell-ular l,la' have an inhibitory e.ff ec t on ilre contractile

proteins that can override the contr:.:,r.ctile effect of the

intracel-lular Câ*' , (R. llose, pcrsonal conrnrrrnic¿tions ) . In

guinea-pig taenia co 1i, ol-t¿tb¡-iin prorir.r.c es r riepo)¡:,r'iz'ai j-on

al-ong ¡rith an incree.se in tens j on ¡ncl f re,,'ltcncr,/ of spilies 
"

This is fol-l-ovtecl by r";hat Ìras been.i.en-nr:cl arrsecr,¡ncìar1r ¡s-

laxat j-on'1 , believed to be du e to non-electrical mechanisms

/ ñ ¡ ^^ - \(Bose, lr975) " Ouabain is [¡e\vn to inhibit the tìa'-K' pump,

and it is this that is b elieved to c ause ihc ACC Lrmnlation

of intrac ellul-ar Nao ( l/an lJreemen, et al , 1972; Blausiein ,

1977; Bose, r975) "

The stronsest evidence fo:: ari intrace,llul.ar inhibi-

t,or'¡r rol-e of I\f comes fron"r the experimcn ts '¡,'Ìrere the eff ects

of I\a- replacement IVas compai"ecÌ l.;ith lhe resul-ts of substi-
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tutin¡ l-itÌrium for socìium" Sodiurn ions can be pumped out

ivhen the pr-rnrp recovers ancl thi-s Fra]' explain the gradtral re-

cover\¡ f rom iniril-',i tion ( los e , L97 5) . Lithium, on the othei:

hand, cen enter bÌre cel-l- but cannot be pumped out b]'r:he

l'la+ -1{É pLrmp (Skou , L96J) . Lit,hium can substitute for I'la*

in man-r' instanc es , ( Katas e and Tomita, I97Z ) anci it is pos-

sj.ble that the inhibitory effect on taenia is no exception.

Axelsson ha:; sllown that in 1,Ìie taenia coli, lithium substi-

tution for I,iao aboli.shecl mechanÍca'l- responses vrithout af-

f ecting el ecirical activity (,\xelsson, 1961). It is possibte

that a sinriÌar effect of l:ar is not normatly seen because

t,he Na+-K' pLrmp prevents inL-,r¡lcellular accurnulation of I\ats

(Bose,1975)"

It i-s interestinq to note thai soclium is also in-

vofved in pronotinr rela,xation in the ra'r. portal vein

(Biamino ancl Johansson, f97O) " 'v/hether sodium induced re-

]axation j.s prominent in muscles where sarcolemma plays a

greater rol-e j-n rel-axation than th e sarcoplasmic reticulum

remains to be estab.l ished "

Pharmacomecha@

The discarrery ihat depolarized smooth nuscles can be

contracteci or relaxed b¡r clrlr.gs (l:;vans, et â1, 195B; Schitd,

1967 ) has been i<nolvn f or s;ome time. /\ction potentials in
ê*; ì.^ +-ì nc er¡nnrh m,raCl eS Can 'Oe abOliShed WithOUtùlU-Ll\c-aj(:IIUI (1 L,rli'; .)lll'.rL, Ul I l;lLtJ



d epoLarization, r,.Lhiì e the corrtractil.e eff ec t of the drug

pers ists (Soml.yo ancl Soml yo , 1968b ) . In the same study

it ,/vas shown that the inequality of the maximal contractil-e

response of polarizecl srnooth rnuscle to diff erent drugs per-

sists in the d epolarized sta.te" It lvould apìDeer that there

is only a lirnited correlation betvreen the el.ectrical and

meciranical- respe¡5ss evoked by drup.;s, (Cuthbert and Sutter,

1965; Sonilrro anC Somll¡o , 19óBb ) such obs ervations led Somlyo

and Somlyo to describe t.he phenomenon of pharmacomechanical-

coupling: 1,hc role of non-electrj.caJ- processes in mediating

dru,3 inCuc ed contractions (3onr-l.io ancÌ Soml-yo, J-Ç68a and 1968b )

The ef f ec ts corrlC be due to cìrugs which c an trans-

Iocate Ca+f into fhe cvtoplasm from a compa.rtment not acces-

sibie tc depolrrization" Ånother possibilitl'is that these

rìrnos nrnri-rrr-p e lnn-er enrì môre nersìstent increase in mem-q

brane permeabi liti¡ to Ca'" than to I( F. If this vJere the
^ t+-case, Ca" borrncì to the basement mernbrane and any contamin-

ant Ca+t in a Ca** -free solution (vrhich courlcl be as hi,qh as

10-/¡i wilrhout a chelaiing agent present) coul-cl activate con-

traction ( Somll'e ancL Somll'o, 196sa ) , The clecrease in drug

induced contractions in a Ca*--f::ee medium can be acceler-

at,ed b)' a chelating agent (äciman and Schild , L962; Hinke,

L965)" This vrould imply that Cruq induced contractions do

not pref erentiaì.iy rrse intrac el.lular Ca.n + (Sornlyo and Somlyo,

l!68a).
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Ther.e is evidence to believe that drrr,.ìfl liave a. more

pronounced efllect on CaÊ* permeabiliL5r th¿rn does clepolari-

zation (,Ì1man and Schi-to, L962; ilinke, 1965 ) . It i-s geneT'-

a}ly beÌieveci th:rt there are tl,ro nermcabil jt,y barriers to

Ca+o jn series (Sparrov; and SÍnmondsu L965) " The external

barrier, containi-ng hich affini-t;1' sibes f or l)¿"'' 
n , corrld con-

c entrate the cation from the externa.l meCi um encì , if full;r

nt.i I i v.od - sunoort maximal contractions in the presenc e ofu v4rra vr{ t

vel:y small amop.nts (0.2mÞi) of total t,issue Ca'*. it is sltg-

gested that the basement membrane prob;;bly has the required

bindlng properties (Somtyo ancÌ SomL.','o , l96Ba ) .

The inner b¿rr-ricr in this i'norl e-i l','orr lrj bet the mernl:t:ane,

t+hose perlneabi-ì-it5' ¡6 Cat i ancl obliei: ions wou-Lcl be deter-

mi norì hrr f ho [nn, by labilizinl, and st,abi))_zirig drugs and by

Ca *." its elf . As long a.s the membrane stabi-J iz in,1 eff ec i o.f

ce+* orl the membrane permeabiì'it;' exi sts r inf lux front the

external si bes (basement rnembrane or frr,:e in tlle l'jCF ) t'Jorilcl

be subj ect to rrautoinhibition'r. I¡ contrast, iru,qs ,.'rliich

etimina.te the stabilizing eff ecf of Cf * , ei-,,her blr remo.¡ing

it from the membr'¿rne or throulh sorne otÌLe¡'neclir,:,ism, would

permit maximal inf lux fronl t,lie e.-'ltern:;.1 s j.'bes into Lhe m:\¡o-

pJ-asm" This j.s the nlechanisrn by v,'Ìiicir âc ot1,'ichol ine has

been proposed to ,",roï'k ( Iiurr';itz , L965; Iiurr'ríiz , et â1, 1967 ) "

Althor-rgh the exect cef lular niechanj-sn o-l ac''- j-on of

a.c etylcholine has no'b yet been totall.y elucicìated, it is
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believed that it t',roi'Ì<s b-;'increasin¡ membrane per.meability
++to (ja' ' and other ions " ijtudies on endplate pernreabi-lities

anrl intestinal sprooth muscle shol.¡ ihat 1;here is a clear in-
crease in permeabi tiiy essociated wit,h acet5rlcholine (Born

and Bul.bring, 1956; Burn and llobbs, 1959; I(atz, 1966; Burgen

anC Spero, 1.!68 ) ,

It is suggested Lhai the process involved in mediat-

ing the drug-induced contractj.on in crepolarized musel-e is

an increase in nlembrene oermeability to Ca**, that certain
membrane acfive agenbs aci bi' cìisplacing menbrane bound Ca

and that tonic contract,ions are associated rvith a maintained

increase in C¿ì'.n in.f.lrr;< (3hanes, Ij6I; Ðriggs , 1962; Fein-.

stein , I96lt; Somlyo ancì Sornl )'o, 1ç'68b) .

I.t iras be;en proposed that the membrane bound Ca-'

re,qul-ates the p¡'rnreahili iy of the mennbrane to ionized calcium

ítself as r,vel-1. as to other solutes (Rotlrstein, 1968; Soml-yo

and Soml yo, t96tla ) " Depolarization removes some membrane

ì^^,.*¡ n^t+ *he re.su'l t.qnt nermeâhi I itv increase is transientrJUUrru vc1 , urtç a sJLrr u.álIU y "- ,,^,q

in phasic and sustained in tonic smooth muscl-es (Somlyo and

Somlyo, 1!ó8a ) " Some cì rugs rìay releas e membrane bound Ca**

and exert an even greater stabilizing action than Ca+* itself
(lreinstein, l-961+). Other agents like acetylcholine, norad-

renaJ-ine, and o1--her active amines or pept ides , may el-imin-

ate the stablfizin.q effect of Ca*t i^rith or without removing

it from the bound sites (llun^,rilz , 1965; Hurr,vitz, e1, â1, 1967;
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Soml-¡o ancj Somlye, 1Çóo"a ) . i\ctivator Ca*t und er thes e con-

ditions ma.y arise in var'¡¡'ing quantities from the membrane

'itsel f from hinrì i no qi t ps r'ri f hin 'l-.hp FrOUncì SUbStanCe OraL,.)çf,J- , .l .L \/lll L, IJL\r!¡¡¿) \rr \,\/u v¿(v C.!¿ \

from t,he extrac eth.rl¡rr f tuid (Soml-yo and Somll'e, tÇóBa ) . The

unequaÌ eff iciency of pharrnacomechanical--c oupling obtained

with diff ereni clruss has been attributed to an unequal abil-

l-ry oî tne orlr.gs to overcome the stabilizing action of Catf

and therebr¿ produce a sustained increase in tnembrane perme-

ability (Soml-,.o and Somh'o r f968b ) "

;\ccorcìinr; to somlyo and somfyo the major assumptions

inherenü jn t,he mocje.l" of iil-C cotlpling, based on permeability

cìrang es in -rlre rnembran e, al'e: l ) exc itatory drugs nrimarily

act b]' a coiìlnton mechanism of increasing the ion permeability

of ihe smooth muscle membrane; 2) the quantitativel.l' most

importani, tirough perhaps not the onl;rr source of activator

cal-c ium mediating clrug induc ed contraction, is a s j-te ex-

ternal to the membrane and, 3) the prirnary determinant of

contraction (or relaxation) is the rise (or fal}) of intra'-

cellul-ar free Ca** ion concentrations. There is at least a

semiquaniitative correlation between t he maximum contraction

and the maximum permeabili-ty change produced by a given drug.

Itn increase in calc itrm permeabilitV is produc ed by several-

and perhal;s al I excitatory drrrgs and this ef.f ect appears to

he t he nrì marv mechan ism of n ear-maximLrrn anC r¡aximUm con-

tr actions " The Ltnequr.al maximrrm contractiie ef f ect,s of dif-
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ferent dnigs,; rfe bclievcd to be an expressj.on of i,ho Llner:r-ral.

maximal. i.r--,crcrsr.l in c¡:.'i ciLrm pr:rne¿rbi-lity prodrir.-eci iri' them

(Somtyo arrcì liorn I'',-o , .l.tl?o ) . 'l'he ¿s; srrrnpt -i-on 't;h¡i e>:c i.tatory

dru.1s act t,hror,r¡h increasinq the ca.lcitr¡r oermeeirii.it-¡' i.nrplies

that the rnr,ior soì.-rrce of acti.v.irtor Ca"" is ex-¿r-aceilrr-l.ar, i,e"

t,he basemcnt; mr:nibr'¡-ìner ît^oltt(-l subs;1;ance or t,hc ci:t.rtce.l -lrr.l¡,rr

f luid. 'i'here is a-lso the possibiì 1t,i' that clru¡ls m.ry incre,.,se

the rnembrâilc pernrearoi-lit,i' Ì¡y displacin¡ stE.bi lizing ca-lcitrm

(Sor'',rlyo and SonrÌi'ç , 1!6iÌb ) .

In phasic striato.d nìuscles Lhe existence of ¡r st¡rbl.e

^ tlCa*' pooÌ is vlel-l kno'.'rn arirl j-s I ocr.ted in t,hc sí.ìrcoplasni-Lc

reticu,lum. It is f unc iion:ì.i ,r,' cl ernonsira Uccl bi' 1.,lre J-ar¡e

caff ine cont,ractures t h¡i.; can i,.e nroduc eC in so\¡cre1)' c.rLl-

c j.trm cl epì et r::rl :ì t, l":i 'li,clri rirusc I es i:r 'L,irc tr res onc i: o Í- hir,ki ca\n.-

cer:t,ral.ions oÍ' Ll)'i'1, (lìì:incÌ:-i, 1r;ri1; Soniii'o, l?{)5)" U¡i1,i',ç1'rlir

tirere is nrr-rcit Ir::is r-r.'trccrn.l asmic rr.r1.,ic:tr.l trni in smooth irusc l.c,

in cer"t¿ri.n l-,irpf-:s oi si;rcr',t.,ll nltrsc,l c l.ir'1cr nttnÌrc:-s: of vesi-c-ì es

Ìrarre bcen ol;sclrvcrcì, t,rlrieit ¿rs ¡lrev,.olrslir n;e,n1.,i.oncrì , nìJ-,' scrve

a sj.nilar fur,ci,j.on (Sonrì¡ro ,'rn,l Sori:.1,,,o, 196'le, Lf /ír). l.ln.ì.iL:e

slçel-e1-al iluscl e, smootii mrtsc i r: cloos not; rcsnoncl t.o c.lrn:"s

after severe ca.lcirrrn c'lepleti-on, ìio',revcr, snooth ri'iuscle cloes

contract nåtn c¿Lffeine rf the mu.scle rs b¿¡thecl -Ln noi-iit¿rl Ca++

medium bee¿rrrse r:;rff'inc, in ¿1,'ìcl it,j-on to tr¡ins;-l-oc¿tt,i-n,q c,e.lc:i.unt

:[ro,n -bhe s¡ìr'copl¡.rsnric reLi-crr]um also increases t,ìlc ntembrane

Ð€)Ì'meihi- li f,',' t,o c:t-icium in sl<cl eta.l mttsc I e ( llì.i-nlts, ct âf ,1,."^.','.,',"^.,.-'J
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)972) " rf ?s efJ. cct on snrooth musel-e corr-ld be procluced by

the 1at.t er resÐons c .

BozL er suggest,ecl t,hat in Ca t' free medilrm the con-

tractile efiects of ac et',rlcl-roline are due to an action of
the druq on ihe sarcoplasmic reticu.l-um of the smooth muscle.

Altiio',rgh there is no er¡idence io suggest t,hat E.-c coupling

in sr,rooth muscle urtilizes intrac e]-lu]ar calcium sites, it
would seem tha.t sr-rch sit,es repT'esent a plausible mechanism

for snlooth nuscl e contraction,

Tt is generally believed that drugs increase carcium

pe:"rneabil.ity and t,his chanre in calc ium permeability could

trigger the release of ce*n frorn the sarcoplasmic reticul-um.

The sarconìesmi.c reiiculum in smooth muscle- ìrorvever_ isuJu¡¡¡ vr¡r\rvVir t¡¡uuvJ_U, rMVÇVVA,

sparse iviiich sr-rg,{ests that there is not enough stored intra-
cel-lul-ar cal-cilr.m for the activation of a sizable contraction"
Artliough relaxation in sone smooth muscles may be clue to
active extrusion of calci.ur,l there i-s no reason to bel_ieve

that this is a. Selleral phenomena. As a mabter of fact, cal_-

cium eff lux strrdies have shor¡n that there is tittle if any

calcir_rm extrusion clLli-j.n.{ srnooth muscle relaxation lvith most

agents , how e..'er, it shou -l-cl b e mentionecl that more rec ent

studies bv liroeger and choi,v have demonst,rated calcium extru-
sion durring relaxat ion nnder such circumstances in the rat
Llterus (Kroeger, et al., 7975; Chorv and Bose, l9?,9)" It is
poss ible that some dru gs malr stimulate intrac el-lular act ive

OU



cel-ciunt uy>ta.lte or Íncrease j-ni,r¡*cellular conc entrati-ons of
some form of'so-lL;-ltle reJ-axin¡ fe.ctor"

Sonll'3 sLrggests three possi.ble mechanisms for rel-axa-

tion: l-) Iiel.axation courl.cj resì.rl-t from a decrease in calcium

inf lux into d epolarized smcot,ir muscle, €,,S. local anesthe-

tics . So¡ne aflents ¡.c Lin$ on pass ive membrane properties

rni¡"ht not ciecrease the resting ion permeabilitl¡ of smooth

muscle but inhibit drtr¡1 stirnu.lated ion fÌuxes, e.g" ethanol,

which inhibits the cho-ì-inergically stimulated transmembrane

potass ium f l-r"lxes in in testinal- smooth musc 1.e, 2) stimula-

tion of active pumping of cytoplasmic cal-cium into extra-.
e el I tr l;¡r' r:ornnartments Or an i.ntraC e-t.LUl.a.r sto rar¡e si te ? Ivr (rrr r-¡1v¡ctvuJ..Lul-ar.t ")u(/rca¡j9 -tLwç! ) I

rel.axing agents tl-iat do noL cl ecrease stimulated calcium in-
flux into smootil muscl-e ancJ have a relaxing eff ect that can-

not be accou"nted for by exiracelfular calcium pumping"

iinoxia. us ua i1 y prod uc es relaxat ion as r.¡ el-l a.s an in-
cjirect eff ect on s)'rnpa'¿heij-c rìischarge. 'fhe relaxation
seen r^¡ith anoxia may be cìure fo a release of local metabo-

]ites (Somlyo ancl Somil's , I97O; Folkorv and Neil, 197I).
T.erce rìonz'c'rccg in P^..1 eneraLi.y prodLtce a nioriest decrease-u¿¿) v¿

in resti.ng tone of' vascullr snooth muscle, while acute anoxia

may lead to a modest clecrease in the contractile response to

rJrtrr:s hrr1- ii- is øênêrâllr¡ ¡ørpofl t.'¡:j-- ç¡lr¡enlr¡s-iq nârìqr ujj)v j usv rv è)*J - -.*J * *- -*.. SU.p-

port contraction for severAl hours (Fu.rchott, I955; Carrier,

et al., 1964; Shi.bata ancl ilriggs , 1967).
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l) en er¡¡ation ancl Rhl''bhnic -itr¡

Denr:rr¡ati-on of mu.scle , skelctal or smooth, r'esuÌts

in profournC changes in ihe e-tf ector c el.ls. Tlre results of

nunrerous studies over the years -Led Cånnon anC ilosenbl-ueth

to f ormulat e ihe Latnl of llenervation. The lalv cleal-s pri-

mar"il:' with the supersensi.i j-vity of the eff ec tor tissrre( s )

that acconrp;,rnies chronic denerval;ion, (Cannon and Iìosen-

bluetir, L949) ttre ce.usal mechanism of which ilas yet bo be

found. 0f the nnan5r interestin,q phenomenon that take place

in the supersensitive tisst.r.e, one that is of particular in-

terest is the spontaneou-s or indu"ced rhythrnic behavior of

th e d en err¡af erJ rnu.sc l- e.

Ììef erence to su.ch rhythmic behavior in airi'va¡r smooth

mu.scle lvas nlacle as earl-ir ¿1s I9O3 wllen Ilixon reported t'he in-

duction of osc i.I l¿rLo r.. rnec ìl¿ur i.c aI ac t,ivii y in the vagoto-

rnized dog trachea and bronchi by pilocarpine and muscarine

(Dixon and Br"odie, I9O-? ). i'iany of the earlf investigators

observed that the lacl< of nofor innervation initiateC or en-

hanced the peristaltic actir¡ity in tracheal smooth muscle

( Dixon ancl Brod ie , 1903 ; Ileinb erg , i925; l''lac l<lin , L9?9 ;

rÌtlis , 7936; i';icn , 1952) . 0f interest too, is the early find-

ing that mechanical stimr,ilai;ion of tlie trachea] smooth mus-

c Ie coLild often induc e phasic Coniractions. It r,,/as proposed

that llorei-¡,n natter or patholorica.ì. chan¡es in the muscle
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could be responsib-le for ûhe rhythmic actir¡itY (Jacl<son,

t917; Fìl.iis, 193ó: ìi iddi.combe, 1963; Gotd , L972) " It may

no'b be sLlrprising, fherefore, to f incì t,hat in in vivo experi-

ments carried ou.t by Loofbourrow in L957, tracheal oscilla-

tions 1{ere rroticed. These experiments involved recording

intralu.minal tracireal- pressure changes upon stimulation

v;ith various aqonists. loof'bourror,v observed the tracheal

phasic contracfions and reoor-ted that cholinergic agonists

anci asph.¡xia enh,rnced tire rhytÌrrnicit./r while h5rperventila-

tion ancÌ atropine recìucecl or abolished it (T,oofbouruour, et âf ,

L957) 
"

Chemic al-l v Ind rrc eo l,ll-.¡thmic itv
: -.....4

I't, is generat Iy ir elieved that trnder normal phys iologi-

cal conditions tra.cheaf Smooth muscle does uot generate APis

or exhibit mechanical oscillations (l{irkpatrick, l-975;

Iiroeger ancl Stephens , I975; Kamburoff , 1976; Suzuki, et â1,

L976; Bose anci Bose, L977). Such properties have resulted

in tracheaÌ musc-[es being c lassif ieci as mu]titrnit musele, the

characterisüic properties of which have been previously men-

tion ed .

The reeson stated f'or trachea as being a quiescent non-

sni k-inø mn.se-ì e is said -uo be clue to ibs membr¡lne rectifying

properties ( ì'íir]':¡.rairicli, 197 5 ; StepÌrens, I97 5 ; I(roeger and

Stephens, 1975i Suzuki, ef å1, L97c) " Rectification coul-d

/
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be descriÌ;ccì as t,he inabj-lit.r¡ of the menbrane to offer

equ.al resist¿rnce to .i;her flov¡ of current in opposite clirec-

f.inns- í'ìcrôss 1-,lre;'rr embr¡ne. in FâqnÌrnqa f ^ ^ -':--^'^ -'*.mUfUS,\r--vL!.', , rrr ¿ uÐirLrl.r.¡s uu d öt vÇ.t.t Ð u-L

That is to say t.Ìr¡ri 1,ìre amplitucle of hyperpolarization pro-

duc ed bi' írn a.:loC rf (out,lvard ) c urrent is greater than the

amplitucle of cìepol-arization produced by the same amount of

current passed inv¡a.rci, (i"e" cathod¿11) or the resistance to

outward currrent is much Iess (or the conductance is much

greater ) t.Ìirn to in,,','arcl curreni f lolv (Kirkpatric k , I975 ) "

Beceu.se of this; ÐroÐert\¡ it is rnuch more diff icult
l-n rì onn I ::r ri r o-. lracheal ""r"t" to threshold anrl therefore,

to ca.u.se sljLlq ceneration" This situation can be remedied.

,,.¡itÌr 'l'rjii" r'';Ìtjch rec.lr,rc es G' and reduces or abo-l-ishes mem-

brane rec'uifi.c¿r.tion of tracheal and other rnu.ltiunit smooth

muscles (iriekat:.., 197\; Iiir-l<pa.tr iclc, L975; I(roeger and Stephens,

1975; SuzuÌ<i, et al., L976)" Tire result is a clecrease in the

9,r (i.e. a depoJ-arizai-ron) ofl about 10mV (Stanfietd, L97Oi

I(irkpatricl<, l975) " S j-nc e t,his depol-arizaticn persists in

thp nresence o'fl ntrnnino ìt is nnlilrel'r that it is due tou¡rv v¿ cr\rr\rilrJlv, .L\/

a ehnl i noroie ACtiOn Of Tlilt ll{r"'ooor .rnd StephenS , L975,--'-r..-..-,

Suzuki, ei al, 1976). TIiA has tlvo basic actions: the first

i-s a bl-ocliade of the steâdy state potassium channel (Tasaki

and Hagivrara, 1.957), (a tlnie and voltage depenclent block)

anci tl-ie second is a recluction in the resting G' vrhich pro-

cluces tfre decrease in t,he ü., ancj an increase in the membrane
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resistance (Stenfj eld' l-9'/(.)) .'i'he

on exc j tab-l,c rnt:mltran es :i :; , itot'tever,

GK ancl prevent. G* froLn risin.¡i drrrin¡ thr,: 1iP ('['rs;t]<i and

lla,litiara , 19l,''l; r"lel<ata , )-97'); I"roe¡cl- atlcl St,epìlens , )975;

Stephens ¡ (:rf, 3], I?7i; liirL:p:rtriclr , L975; Sttzul'ri-, et al,

I976) " Tijii al,so nalies the ii¡,i unst:rble, so t,hat tltere is a

tendancy for Spontaneous spikes to be dischar,¡ed, or for

the Spontaneous rtll.ease of neuromuscular bransrnitter bo

increase ( Tasail j. anci ll¡rqir.¡ar¿r , 1957 ; lìergrnann , et tl-, f96$ ;

K-ir'tcnatrieÌ<^ 1975) . 'l']te mcmbrane permeebj-Iity to lit- is nor-

mally [66 great i n qrri esc ent rnusc Ìe s 'co perrnit a re3€rner¿]-

tive increase in nermcabilit.,- to i'la', 'f }iÂ, b" inhibiting

permeabiliti.' i,o li ts ririr;ìit , t-.iir:rcfore, reli-evc t-llis inl-ribiiory

j.nf Iuenc e ancl ¡:r-l-ior'; :;pont;lneo'r-s phasic elcctrical' spikinl"

'[he r.hirthmi e b ei,ivior S c)en r,.'i 1;it lf lÌ¡\ niai¡ poss i 'c.ì y ìle cjlte f o

a deCrease jn pe:rrneebi,l -it,¡ to l'," ancl e Secon'1,'tl"l¡ 'rueltk acti-

Vetion't of p,:r.irrcnb j Il.t',. t,o i\l¡ro vliiìl cìepo-lr.r'izrtiolr (iiroe¡er

ancì Stephens, 1.97 5) " 'lliere is ¡:lso er¡i<lencc iLrot, Ti';li clis-

places rnefibrane bouncl Ca'''- ancl increases GCo by modiflring

Glln ancl rlircct,ly i.ncrcesi-ng e)(c j-t:Ìi)il.lt;y (ilr:¡rlr,Ì ielt rncl Fr;.tnl:,

1967; Suzuki, et â1, l)76) . It is sr.rrt,lestecl that Lire cle*

^^t.nÅoarl rnf ily¿fgçl Cat' and ot'liar cLr.rrent,(s) proclLlced in
VLJ J-(-ll r ¿ çu du u -t I r-L v vu

tracheal- smooth mursc l e are m¿Lslíe(i b)' a hiqh res t, ing C t "

'rihen this b Loc !:ccì by Ti'J,\ , C a*n -d epenclant ac ti on po tent ials

are Seerì (Simmons, lr.)76)" TI'jl, tencìs to jncr(lÎfìc) tÌ:e arlpli-

nF-lr1lrtr

ì+- ^t,ì-t.|.,.) ci t/l

ac î, ion of Tirl,¡\

I i1,,¡ I o red ue e
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tLlCe and t¿r,;!¡¡¡tl'ri r'¿lt,e of r"ise of 'bire action potential in

eiectrica.Ll,¡ exciiab-i e srnoor-ir muscl'e (Ito anC Kuriyama,

l.g7o) " liroe¡;cr f inrls that jn the multitrnit clot trachea,

TlilA resu-1l;s,in a riecrernelntal act,ion pofentj'al' v;it'h lot^r

aniplitr-rcie, Lor.r r:la>li-pu.m rate of' rise and A lou conduction vefo-

city (i{:roeger ancJ Stelthens , L975) " iÌor'rever, one must ta}ce

into consicieration tliat tÌ-ris preparation is norrnal-l¡' quies-

(- Ul]U o

Tl're el-ectrical w¿,Lve f orm in tracheaf is muscle is cles-

cribecl es consj siin¡l of a rairirl snil';e potential often fol-

lor¡eo by a 1,ong pleteart o.Î depolarizaiion ancl rhythmic mech-

anica-l- c ontractions are assoc i-at ecl rvith the el-ectri-cal spon-

taneoLts acilr¡it), (Casteels anci 1(Lrriyama, )-965; I(irkpa.trick,

:g75, I(roeger aircl StenÌlcns , 1975; Bose ancl Bose , l-977 ) " The

control po1,enlj.a-ls or SlorV vJ{.r.\¡es of intestj-naI smooth rnuscle

appear to have similar morphol.ogical characteris-r,ics, (papa-

sova, €t al, 1968; Job, L969; $I-Sharkaly and Daniel, L975a,

L975b, L975c). It mali Ìre that the plateau seen in the ec-

tion potent-ial of the tracheal- smooth muscle could be due to

changes in c jrl-oride conductanc e as su,ggestecl by ill-Sharkavtlr

ancl L)aniel (1975b). Il, is pointed out h.o'"'iever' that a change

in ci-lloride conCu,cLence is unlil:eIl'with Tlil\, at Ieast in

rat uterine srnooth. nnscle, aS i,i clecrease in chl oride con-

rlLrstance ruour.iC a.ccount f'or the greater rnembrane resistance

bui this rvou,-ld tencì io hl.rper:polarize tiie membrane since the
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nh'lnridp pnn'ill ihrirrm nñ1-.ential is Icss negetive than t,Ìrevllaul ru9 vYurÁJ-

restin,$ membrane poiential (l{roc¡rcr and St,ephens 
' L97 5;

Kirl<patric k, L97 5 ) .

The innard current of the srnooth ¡nusc l,e action poten-

tial is primaril.y due to Ce*o infl-r.r.:r whjclt na1, l¡s poten-

tlaterl or lnoclif ied by a ila* cr-rrrenl;, t,Jhil e iÌre outward cìlr-

rent is carriecl by potass j.nm (Kao ancì tlccLr-'l-1or.rÎh , I97 5) ,

anci is markeclly recjucec ]¡r¡ Tiìl\ (l',iel<a't,a , i9'11; .[noma1-¿r and

Ka.o, 'I976) . This outwarc.l c u::rcni llas bcen d if llerentiat ed

into -r,vJo comoonents, a fas'ü ear'-L¡,' Ot-lt','¡ercl curr-ent that is

ì: to clled bl.' Till;\ , and a C elay ecl oL.tti"Jaro c urrcn t, tit¿'.t c a ìr.S eS

n"¡-¿.¡ed rectif icati-on (líao, I97l; \.rrrssort, f97 5) " -llhc f a.st

OUtt¡arcl c urrent aÐpea.rs Io ACCoì-int, io:: t,]le J-o'u; ;,Lr"npliiurie of

the action ootential- anci itts fast rer¡oI¿ri-zation. Thi-s is

supported bV the f inding t,Ìra.b the ampiitLrce ancl dura.t j-on of

tlre action i:otential. are increaseri b¡' Tþ1,\ (Ì"leì<at,a, )-971.i

Vass;ort, 1.97 5; Inomata. ancl liao, ]9?ó ) . 'I'Ìlc pl-ateau phase

in the smooth muscle action pot,enbial in ilie presence of TXl\

is, therefol-e, probabl.u* dr,rc to a Cecrease in poiassiurn Con-

cluctance which rvould slow repol:rriz¡.tion (liil-.1e. 1.967; tiop-

penlrof er, i.9ír7; Iiirkpatrick, l9'Ì5) " :Lt shor.r..l cl be ment ion ecl

too, that tlris plateau has a-Lso Ì¡een oi¡ser'l¡ed in ureter"

smooth muscle preparations ancl has been at,r j btlt,eci 'Ûo a sio'¡

inrv¿rrcl lia*-curuent (iioba.'lsiti., liì{;5; Ì''Lir:ii'anr, et 11, l-}67,

l(urivana a.ncl 'l'onita, f97Ù).
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Ilnde-.r. nornnJ ohysio]ori-ca-l cond itions tracheal-

smooth musc-lr.: r'csponcls ¡rith a tonic cont.raction and a

graclecì depol;lrizaf,ion bÌ'rat i:; proportional to the strength

oí the stimu-lrrs " ilnd er snch c oncÌiiions a myoilenic contrac.-

tion c annoi be proclucecl in response Lo qrric 1< stretch (i(roeger

anci Stephens , l9]5; .Steohens, et al, I975) " L';xperimental

concli'bions sucìl as Ì¡rpoxia anci acidosis or the presence of

barirrn, aeelrrlcho-ljne or hi,qì-ì external potassium were also

unable to elicit a n]¡or;enic response (Sbephens, et â1, L975) "

It ha.s been i'e porLed, hoivever, that trachealis muscle utnder-

goes a conlrel'sion fronn a nìu,ftiLrnit to a. singì-e unit muscle

in the pï'esence of Trl:\ '¡frich a.jlor,vs a myogenic response to

taÌ<e plac e (St ephens , et al n L975 ; Kro e,ger and Stephens ,

I975). I'i; is suggesl,ed tha.t the rn¡'o,qenic responsìe observecl

in the prese-nc e of TüÄ is produc ed b-1. siretch-induc ed depo-

l-arization'r;hich initiates action potentials from normally

f atent pac,rn,'-..Ì<ers t^,¡l:os e inlvard c urrent is carried bi, calc ium

ions (Stephen-<, et al, I975; Kroeger and Stephens, L975)"

1Ìlic rriyo¡1enic response Lo stretch, obs erved in the pre-

senc e of Tltl'\ containinl medir-rm, varies in amplit,ude v¡ith the

external- c al-c ium c onc enträticn, and it &pp ears ihat the abil-

ity of the muscIe to procluce this response is absolutely de-

pendant on this e>l'bernal calcium ancì. is completellr bloclted

b¡r D-6OO (Stephens, et å1, I975; l(r"oeger ancl Stephens, L975).

I.listaniine (ìt.r-69 /*1-) has been reporiecl to procluce
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r.h;r¡¡rni.. con'i,Ì':r,ct, j ons -i c l-ror¡ine Lracheal smooth musc le

sirni--l-,rr icl ih,l t o-i 'i':ij,," fil¡: e-l ccirical- slow l'ia\res obserr¡ecl

r.,vere in phise i":iiìr the osci-11¡¡i:i.ons in Uension. .\cetylcÌro-

I jne, on tÌic othe:: Ì.rancl, reslllteci in snoobh maintained con-

trrcti olrs oJ' ti:e rnu-sc l-e and no spikcs i'r€rre observecl (iíirk-

pafricÌ.1, l9-15) . In a Ce"'-free ba.[ìein5 so']ution containing

EGT:I , th e h ist:rnine resÌlon s e is recluc ed as is that of ac etyl--

choì.ine, iror,.iever, ihe iati,er cioes not appear to be affected

as much" ;iimjh.r rcsults; have been reported in the presence

of l-anthanrrm (La' ''' ) , (liirl:p;rtr-icl< , L975; Suzuhi, e t âf , L976)

Unlike the l:esncn.se ol¡servecl r.rith hista.nnine ancl acetlrlsþo].ine,

-r,he tissue is Lr.rlresnonsi.¡e to T¡lA in a Ca" -.free EGTA bath-

ing so-l-ut;ion or" if fhe rnuscl.e j-s exposed to La**.' " The ef-

îects of T'iLl;', are atso b-LoclçecÌ b)r a¡1ents which decrease mem-

brane perrne.'i;;j litr'" sr-tch as ii1 t *. i-iowever, the normal TE;l

response cloes nol, retu.::n r'¡iren calcium is added back (l'iayer,

et a.f , I972; St,epliens, et, ål-, 1"975; Iiroeger and St,ephens,

I975; Iiirkpatricl<, I97 5; Suz'.rlti, et a.I, L976) , l-t is sLrg-

gested that cal ciurl c omes f roin t'¡ro sites , th e ltìCF and that

sequesIerecì in intrace-l.l"u1¿lr sites. i\ction potentil.ls or

sloi.¡ 1.râves miqht increase calcium permeability allovring Ca**

from the ECIì to enter encl. activate contractife proteins" In

a Cat* -free sol-ution or: j-n the presence of La''*i there is not

enougìr ev-trec e-l-lu-Lar c alciu.m avail-ab1e f or li'liÀ to p::ocluc e

a contractíon. The sectuesterecl sborcs of c alci.um vrithin
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the cell v;ort ld noL 'i:e ¿rvail¡b-le to agents r,vhich act solely

b]' proci urc i.nq ¡:e¡rneabi f.iti' clio.n¡i es in the membrane, but might

poSS ibl1' be ¿l.i,raiL¿lbl e to su-I:sLanc eS \^Jhich coulcì react with

specif ic recílÐiors r.rfr jcir cietcr¡nine the release of ser:luestered

C¿ì" 
* . f n ih j-s¡ i.re¡r botLr histanl j.ne and ac etylcholine r,';ou-ld be

abie to el icit, e r(sponr;e in the absenc e o.ll extrac ellular Ca*t

or in tlie nrcsence of La* *'. liist¡mine coul-d procluce a con-

siderabìe part, of its eff ect b)t j-ncreasing permeability to

C*o-t, sucÌr 1,hat, Ca ì.t coLrlcl ent er vrith each. s lot^r wave, ( I(irlt-

patrick, 1.975) " ]t nì.r.]¡ 5e l;hat smooth muscle contraction

j-nvol-ves ;urst a reci-s¡ribution of int-rac ellular Ca*' stores

rather tha.n en jnf lr,rx anC iire ef fect of Ca"' deprivation might

be to deplebe these inirac elluilar stores. A nl.ore prolonged

lr,ashing in a Ca*" -free illG'I';\ solution causeS p- fu-rNher de-

crease in the cont,racti.le response to acet¡rlsþol-ine ancl his-

tamine sLtg¿3estin.q stil I ftlrtìrer depletion of il::e stores,

(t(irl{pet,r'ic l: , I}75; Sttzu}r:i-, et-, :r l, L976) " I(ir1<patricl< has

proposecliLi¡t:tistarnineanclacel'\rchol-inehaveaccesstornech-

anisms of :t,-'J co'ì.r.nÌ:'.n1 tn¡ìli ch are not available to TDA and

l.;Ìiich are soner"Jl-i¡t rcsist¿lni i.o 0a'* cìeprirration anri T-,4*+-'

I lii r j:n¡t.rr c l: . )975 ) "\ ¡ ! rr rrt/ (-¡

l,ocal Änestl-let,j.c's : tocaine: P,.eserpine ; 6-li-r'droxvdopa-

niin e

rr.q rì ef oronq

i.ni eresii.n î 'uo not e

vlli:lc h ? re no rnra -Lly
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to c ontrac t rhlrthmic aì-li. I'rli e n e.xpo s ed to c oc ain e, proc a1ne,

J,i,gnoc ain e, piperoxen, th¡,rmoxamine or mepyrarnin e ( Ctiff , 1968 ) '

;:rì-thou,Sh othe r investi,l,rtors lieve observecl such rhythmic be-

hatrior ori norma111, qtriescen.L-, muscles in the presence of l-o-

cal- anes.¿het,ics this beÌlavioir is not completely associabed

rvj-th fire sc ¿r.igents (Cì:iff , 19Ô8; Rirmingham, I97O; Bose and

Innes , )971r) " Innerr,'ation of the muscle is not reqLrired for

sncìr acfi.,¡itJ¡ anci ii Ìras beon reportecì tha| the oscillations

become e\ren rûol:'e pi'oïloLlnceci in the clenervatecl preparation

(clifi, l.?6il)"

cocaine, ivhicir irnpairs neural r-rptake of catecholamines,

is reporter.ì to chan¡1;e nultiunii cat splenic capsular sntooth

musc Je lo e. s j nil.Ie u.nit tJ,,pe. ;\fter such treatment quick

stretch rcsr.rl t,.q ln e m\¡oflenic response and rhythmic contrac-

t,ions are observeci on aclminist,raf;ion of noradrenal-ine ' Tetro-

clotoxi-n r¡:as founrl. not t,o abolish. rhythmi-c oscillations due

to the cor¡bined e if ects oi coc aine ancl noradrenaline, sus-

gesting 1,ìl,rt t,Ì-le osc j-.l I at,ions r,',¡ere not neuT'o.ÍÌenic but myo-

genic in orliin (Bose anri f-nnes , I97h) "

l?,eserÐine, l^riiich cìepletes sf,ores of catecholanlines

and effetctjveJy cau-ses cenervat,ion is also reported to cause

rÌryihniic activitrr in boih tìre rat ancl gt-tinea pig vas clef erens

anc tlie nictitating i'ncnbliene of the ca.t (Ilothballer and

sÌrirrpless , -l9ró1 ; Green ancl F-ì einin¡i , Lg67; l'ee , r97 5 ; Fl eming 
'

et â1, Lg75) " lulcir forn*s o1 ciiemical denervation are re-
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poried to bc accoiírp¡in j ccl bl¡ a ciecrease in the tissuer calc j-um

stores as i';e-i-l as ¡r clect'case in the sod ium and poiassiltm con-

tent oí't.he rùLlscIe. 'i'hese ch:rn5es Ìrave been suggested aS a

posisii-"',1 e meclianism rr-'sponsi-b1e for the siight depolarization

seen in t-,Ìre oener"vated nnLrscles. l-t t{oulcl not seem unreason-

abf e to assu.me tÌt:tt r,vitÌ-r the pos.sibl-e lower membrane calcium

levels, the membrane pelimeabiliti' to sodium and potassium

maj¡ inc reas e. '|his t^¡orrlcl a l.l-orv th ese tlvo ions , eSPec ially

soclium, to come io a nei.r eqtrillibrium level" ,\ partial de-

^nì r ri,z st i nn oi the SrnOoth nìLtSCle membrane and a loV;er threSh-
lrUrqr Laa \J..-\-/rL \

otd rvou.lri tìier e,risf, for t,he response of the muscl-e to \¡ar-

iorrs alonj-sts (jir.rrllins ancì iiarris, L97O; Fleminq, et a1, I975;

Ca.rrier, I97 5) " Spontaneotrs activity in reserplne treated

pi:eparetions are elso Llneffected b]'TT;(, phentolamine and

af r:opine ( ì,ee , 797 5) " Ch enic al clener.¡ation b1' 6-hydrox'rclopa-

nine, v,rir.i.cir riesirol,'s aclrenergic nerve end ings lv ithin an hour

af ter arìrnini st,rai, j-on i s a.l-so reportecl to resuf t in rliytl]mic

rniir¡-ì tr¡ nt'snlonir- qmnnt.h muscle (Tranzer and Thoenen, f96B;cjlu UrV f U.V U: url!\/¡rru

Thoenen anrJ 'lranzer. L973; Bose ancl Innes, I97t+), !ìpineural

injecti-on oj'col.cþicine v;hjclt i-n an appropriate dose pro-

cluces nAn\¡ ol tlle effects of clenen¡ation r,'Jithout b-ì-ock of

motor act,ir¡ity or rnusc le f iber contraction is a'lso reported

to resu.lt in f ibril Iator'1' activity of sl<el-eta-l musc les

(iiofmann ancl lliresleff , 1972; Camerino and Bryant, 1976).

Simil-ar results i,¿,rere oilserr¡eC aS those Seen in chemical
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clenervat-,ion of smooth museles, i"e" 3. lOrnV depolarization

¡þ1rfþr¡i c activit5' anC TT,{ rcsistant action potenij-als.

'lr.eatment v¡ith this aÍ¿ent afso rcstt-[t:; in a sii:nifir:¡.nt in-

crease in membrane resjStance ancl a clecreese in chloride

concluctanc e. It was sjugqestecl th,ri; the -lor,r chl oricle con,:juct-

anc e vtas responsj ble for the incre rse jn mctnbr¿rne res j-stanc e,

the abnormal excitabil it)' ancl tll e r'Ìiythnric acl. j-¡"ifir of t'he

muscle anci that the mammal i.an sl:e--1. et¡.1- tl'iusc -Le f i-ber recluires

a high chloricle conclut:tanc e 1,o nain b¡rin stabilj-tv of itr s

exc itabl.e S ul:f ac e membrane to prerrelnt aÌlnorma.l repebitive

f iring or sensitivity to cl enol¿riz:rLion (Camerino and Bryant,

1976).

Bose observed mechanic:,i-l o.qc i-llati-ons i n canine tr¿rch-

ealis snrooth muscle r,'rhile stu,lyin¡ tl:ie lriocÌ:ienical cilan,ges

associatecl r.;ith metabo I ic cl epi-eti-on. it is r.epr¡rted that

under nornìa1 conditions canine Lrachee-l- Snooth mUscIe re-

q,7ìôl.ldq r.ri t.Ìr ¡ r'r¡ri ecl contraCtiOn tO aC etirlgþOlj-ne, hista-
rlJV¡Iu'J r;!vfr (a i_\¡q\^vu

mine ancl elevated potas sium, vriti'r tÌr e ¡'eirov¿ll of SlLrcos e

from the bathing mecìit-tllt, Ìtovrever, acet¡rlclloiine and hista-

nine stimulation results in phasic contr¡c't,i.oirs ihat beconne

regular,,vith ti1xe, i,vhil-e elevatecì potassirrln conti-nues to

girre a maintained tonic contract j-on. l'lot, on1-¡ iioes the trach-

eal- muscle contract rÌr.vthmicall,v bLrt Lrnier t-Ìiese same condi-
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tions it exhibits a myo¿3enic responsc to quick stretch

(nose and. Bose, L977),

In skeletal muscle the resynthcsls of ATP fr"om ¡\)P

ancl creatine ph.osphaie, certalyzecl by pÌrosphporyl c¡'e¿¿tine

transferase (Lohmanir lleac-bion) prevents Lhe ne'ù d.ccre.rse

^.p /rrnÐ .r'.-i - r' coì,l tra ct i on - furthennore the small ûecreaseVJ ÃII UUI¿Ifü) VvIIUI@VUlVlIt

in creatine phosphate is obscured by bhe nor,nal irigh level-s

found in skeletal muscle " Slnooth rnuscle, hovyever' , contains

very lrttle creatine phosphate and ÄTP l¡reakclown can, bìrcre-

fore, be shourn without interference frorn creatine ¡thosphi;te

(Somlyo anci. Sornlyo , 1970).

V/ork done cluring an isoinetric conirac'bion is grearter

in smooth muscle than in skeletal- muscl-e because of the rnucli

larger series elastic component of smooth rnuscle, It to zC¡L

compared with J to 411 in skeletat muscle (Somtyo a.nrÌ Sornlyo
\-1970). fn skeletal rnuscle tire creatine phospha'be, t0 to jC

¡,rmoles/g 1s the inunecLiate source of rephospÌrorylaLiorr of ¡\)F.

-Iu smooth muscle the concen-bration of cre¿lLine phosr.rh.abe is
much l-ou¡er, about 0"2 to 0,8 ¡r,moles/g ancl it's cont¡'ibution
to the resynthesis of ATP is ¡nuch sinafler than in skeletal
muscle" fn smooth nuscl-e ¡nuch of the ATP is synthesizecl from

glycol-ysis and oxidative-phosphorylation durin¿ç contrac biorr

lvhich is undoubtedly facirita'becl by smoo'l,ll rnuscles slor,ver

speed of contractiono
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vloulci l-ead to il:e prodlr.ction of' ;iTP only through the mito-

chondria, abo-iis;liecl rh1,'iÌrmicity" ilrhen glucose I^Jas adcleri

back to tire suLbstr¡,rte d epieted muscle, a rapid increase i-n

tension and inhiÌ:ition of the phasic mechanical contrac-

tion v¡as s een ( ,Ìos e and Bose , 1977 ) "

Because r\TP in ca.ni.ne trachealis muscl e must come

from eitlrer .l'¡cnlrrsis nr nxidatir¡e-nþ65^u^-'-'r ^+ì^- ^-.clJ-¡ v¡I ç!U1r\-,-L llj.jv\/f,JU!J Ut Lrr\!\(CrUrvv-I/r¡vutrlvr JI,:1 u!uIl ctlj

sinc e tonic contr"actions corr.LcJ not be maintained by anerobic

gl]'c olysi s al-one ii was sus,qes ted ihat mi.tochondrial ATP lras

reouired to prorlrrc e the tonic contract j,Ie response of acetyl-
chol.ine ¿rncl irj-sfemj.ne" iloth ,tTP ancl creatine phosphate !',¡ere

founcl to be si¡:nificanily clecreased in the substrate de-

pl-eted preparaiion" In the presence of carbachol the reduc-

tion in ÀTP conc en't,ration r¡ríls even .qreater. f-t r^ras suggested

t.hnt. s'i nr:ê nôt:ssj n'ri nrnrì rrr-eci .:t mainteined contraction durinrt

metabol-ic inhibitiol, i.t r.ras possible that ÂTP conc entra-

tions lvere not fL.r-rctuati,nr in the area of the contractile
proteins ancl i:hat it may be possibl-e that cytopl.asmic cal-

cium l-evels causerl rhy[hmic ity when carbacho]- v¡as riiven to

a tracheal- strip in glLrcose f::ee mediutn" Bursts of spikes

r,.rere âssoc iated r,vith each mechanical osc ill-ation and there

r.rere oscillat,jons in the Tìi,t associatecl r,vith sli,Sht oscil-l-a-

tion in tire t-,onic contracfion long before tite rhythmicity

appeared " 'j.'he membrane depolarized 7-L5rnV before the oscil-
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iations i.n \1 wer-e seen. Stuclies with the sucrose gap

l-onànin"a c)'^r1 gçl si-miler- results anci the Ii-, decreasecl I.JhenI.r¡¡\/¡, v\¡ r¿ j-r¡¡r j.. I r (_¡,:l !\/\) ctlL\t u11ç 
¡tI

glucose 1.res adclec bacl'r to t-,Ì-ie mecli.um. rt is repor-tecì that
iJ-600 in r"elati-r'e-L)' -Lor,,r conceniraiions preferentialry ab-

olished the phasic contractj ons r,vithout aff ecting mnch the

tonic ccrnponeni of 1;he c arbachol response" Iligher concen-

trations of Ð-600 conl.ì etel;'r relaxecl the muscle surggesting

thet alterat,ions in c a-lcirrm lnovement had occurrecl under

conclitions o.1 j\'ilP d epletion 
"

Remot¡¡t-l ol' cxtracel.l.uIar calcium harl similar effects
¿ìs ll-óC0, shoi,,'i.ng th¡tf rlrl,'thniic m'"rscles hacl a greater sen-

sibir¡ity t,o calcium remor¡af. Increasing cal-ciu.m concentra-

tion incrc,.¡lsed the amp.litude of tire contractions. It has

been ;'ìLr,gi!:e.sic.-l tÌi¡it f hc iì ecrc¿lse in i\TP mair be at l-east,

parii-.¡ r-osÐons j.bl e i'or iire proCuction of rliythnric ity" It
is sug,iesterì too t,frat ionjc contraction is sl.¡.stained only

when i\TP prorlLrction, b¡r mi'[ocÌittnrìri.a, is av¿.rilable since

i:fltcoì.ys.is a.ione cc..';-1,-l noll maint,ain a tonic contraction"

ri cÌecre¡.se in 1i.TP _l evels corrlcl alter the membrane

characterjs i,ics b). .'riterin¡i the nernbrane bound calcinrn there-

by aff ectini" ci,. rncì cl ircct;i ¡i increasin,q excitabi.l.ity. Trans-

membrane f -l ux o,i c alc i-um r,.r: s f olrnri to be important r.;Ìren the

niuscle,,'":rs clenol¡rrized i,liLli pot:rssium or" rvhen metabotically

clepletecl" 3,ìrni-lirì¡,'cani-ne'r',rlcìre:ilis muscle i','hich is r¡eta-

bcÌicAl.l',' cìepier-,ccì appc:ìl s to cÌepend more on external cal-
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cium. lt is r:-lr¡11ost-,e.I that sìome int,ern¡r-1. store of cal-

cium t¡ì-ijcii is neccss.rl-y for nlaintainini; a tonic contrac-

tion i.ritli crrb.lchol :i.s depietecl and ulra\.¡ai.lab.le t-or corì-

trac b lon "

It lr:i:, ì¡cen srrfi,io:ìl-;¡.ri tÌrat p¿ìccnìl<ers fr:ìy bc mesked

uncler nol"niì.1- conditi ons inri rlnrnaslrrr.l v,'it?t glucose depriva-
/ ^ - ^.-- \tion ( 3ose rrnd jio:t-. , ))'/7 ) . In a sini.l.lr mann cr it, is pos-

sibl.e th¿lt s1,ílÌl-Le mem'oranr:s mair þe l.,rb j-'l izecì to procìuce

action pot,ent,ir.ls 
"

It shou.lrl be rnentioned too, tÌlat Soulirarlar et al.,(1976

also obscrved t.rirlt, 1;lre¡, term ftspontaneous?r rÌ.rytiinic beìrav-

ior in tracheal s;mootlr nrusc-lc. Strcl-r spont,rneous activity
is seen, ho',rever', onl¡,'aftcr lcngtliy eorril-ibretj.on periods

r,r'hich r,,¡il.l rr.l.t.inate Iv irnpair rnet;aÌ¡o,l ic funct,j.on.

D en ervei ion

Sinc e iteissr;isenÌs anatomica-l clescri ption of airr,'tay

smooth muscle in L')22 encì Vi,rnicrts ol:servaf ions in l7'i9 of

itrs polvers of contraction, thet control of' air',';:ry sniooIl-r

musc-le has hcen freqrrently inrrest,ii;atecì. ,\ltÌro'.rgÌi or-rr ltnorv-

ledge ancl uncìerst¡rnclin.l o f s moo th musc le hes ,lr1o'v'rn lrenrencl-

ousl-y since those e;irly l¡ciuîs, the state o.Í' srnooth mu.scle

physiolofly st;il.l ,L.r¡;s ll¡rr bchj-nd tlrat, of sl<e,ìcta.l. ancì cnr-

diac musc l.es . i[']iis is r.rnclerstancl¡.b I r: when on e considers

tlie vast functi.onal diversitS' 6¡ t,irj s nuscle: tlrrotrgÌrout the
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mamma l- i an s \¡s t em .

lin af'uenpt'Lo cover the ch1,'siologicaÌ role of smooth

m,-rsc1e , a1, 1,ire t,i s;sue and cellr-l-lar I evels, is beyond the

scope of tlti:; t;irtrs:Ls, Lio',vevr-.r, it is important that some

f undament,:;'l c oiìrJ apls be establ ish ed in o rd er to form a foun-

daf ion f or fL::''i,Ìrq;r d jscuissi 6¡,

Some of the ear-l.rr i.nvestiga',,ors, that have been pre-

viousl.y menti onecÌ, hlve made reference to denervation and

i-us effec"t on airwa¡' smooth rnurscfe. Sonre, 1i1(e li-llis, found

that the perist¿rltic ilcl,ir,'i[i.r t(r:ts intensifierl b]' bilatera-L

vagotomSr, ( t'ìi -lis . lr)(-. ) rvhil e otl-i<¡rs have made ref erenc e to

pr.bhologicrì proc esíìes invoJ vin¿ airivay smooth musc le inner-

rration and 'i,he resu-Ltant rh]¡t,hmicity of the smooth muscle

-vthich accoinp:inies j-t, (Reinberg, 1925; lt{acklin , L929; Loof-

bou.rrow, et Ír1, L957)" l''ior:c recently, hovlever, numelîous

investigators har¡e obsei'vecl tirat inirl.bition of motor control

of various musc-'l-es (smootlr ancl striated muscle) can resul-t

in ei'r,her spontaneoìrsly act.ir¡e rhythmic'oehavior or phasic

respons es tlt¡lt, c an be j.nclu c erì b¡,,' a variety o f stimurli .

llhir¡hrnic ¡rciitrit-,. it's been i:cported in numerous dener-

vated sllel-ctlI m'-rscle preprrr.tion*<, mousc cliapltragm, rat

gastrocnernius, soJ-eus ancl. e>rtensor digitorum J-ongus, goat

gasl;rocnern j us anC nì,inlr others (Ro'o;rnan and Iì.aper , 1967;

Snrith and Thesleff , -1,976; Camerino and Brlr¿¡¡ , IÇJ6a;

Rry.ant anC Carnerino, 1976b; l,orkovi-c a.nd Tomanelt, 1977 ) .
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l{an1' j.nr¡estilators have reported sirnilar observations but

t,he ac'tr.r.:rl r;r¡,ci..ri snr(s ) linì<inq denervation r,vit.h rhi'thm1city

has yei to be ror.rnci" t\ cJecrease in t,he lì,u. of approxinrately

tOmV apDe¿lrs to ì'-re a char¿,icteristic phencmenon of ihe chron-

icalÌy d encr¡¡,-rterJ si<eletal mu-sc le. 'lhis d epolarization of

the musc.l e f i ber ha-" b een reportecl ân),',i^Jhere f rom 3 to l8

da¡,'s a fter rìenr,:i'vation, (Sniil-r anrl Thesleff , L976; Camerino

anct Br'5'¿¡¡, )976e; Rryent and Carnerino , L976b; Lorkovie and

Tomanek, L977) " .',cco::lÐ¿rnyin¡l thisl depo-ì-ariza.tion are signs

of ::hvtirni,c b ehavi or r ietrocic'rioxin resistant aciion poten-

tial encl a si¡inific¡ini-, incrt:¿'l.se in the membrene resistance,

(Ì-rownran ;rncl -'l;:per' , f()t,7; liririth ;¡,ncl 'f fiesleff , L976; 0anrerì-no

anci Iìr1'3¡¡, ll76a; iìi-i.rri ¡¡rcl Camerino , L976b; LorÌ<orrie and

'forn.,rnel:, f977 ) " T'he i:teml-.r¿lnc of normal mammalian slcel-etal-

nluscl.e is hi¡1ìi15r pcrmeable tc chforide ions ancl [.he -1-ov'r mem-

br¿lne resisbence viilues recordecì in such ¡nuscles are prob-

ably clue 'bo their hilir c¡}o¡icle condLtctance (Lorkovic and

Tomanel.:, 197'l). ,ifter: clironic rlenervation, hot'¡ever, the

ch-lor-Lde c;olrriili:t-,ance í';rl -is clr-',rnlai;ically to near zero t';ìtile

the poi¿:.s:::Lun concltrcl;inc e j s reporied to be unchanged or in-

creased, ancl ii is t,Ìris l';li j-ch is su,Tgested as being respons-

i-bte for iire incÌ-e;r.,ce in rnernbr;tne resistance, and signifi-

cant increa.se in mernbr,rne c.'ìf tc j-t ,Lnc e ( {lamerino and i3ryitnt,

I976b; LorÌ<ovic :.ncì 'l'ornlìl]e¡, 1,77) " This decrease in chlor-

iCe concjLlciíinc e is a.ì-so i:e.l -i evecl to be r€ìsÌlons; j-bl e f or the
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abnorinr l. cxc i"1,:,rbiT.ity ,rnd r'hlrthrnic lctivi-t5r of the musc l-.e"

llhese clenerv:ltecl muscl-es also shov,r a certain degree of mus-

cle tone r.ririch appears to be clependant on 1:he frecruency o-f

tlre spont:rneor-is contr,'.Lcij.ons (llownian and Iìaper, 1967). The

mamrn.:Ì-lian sÌ.:el-et,al rnLrsc-Le fiber apparent-Iy reqr-tires a high

clil.orid e c onclLrc.L¡rnc e j n orci er bo nla.inta.in st¿ìbiliiy of its

excitaì:le menÌ¡r ane to prerrent abnormal repetitir¡e f iring or

sensitir¡ify to ioirolarization (Camerino and Bryant, )-Çl6a;

i]r'yant anC [-)arnei'i.no, ] ?7ób ) . It has been sLrlgested that in

tile experiincni¡'-l1y r:nyotonic or cJ.enervatecì nLrscl-e, botìr of

r'rhich hevc been fo,-rncl f o have loi+ cirlori-de conCuctance, in-

f luences frcr the motor ¡2fr/es (i..e. action pot,entials or
ttiropilic f ic'f o rs " ) are rbs en b or sontehotl prevented f rom main-

taini n¡, ti ç, ¡r¡¡¡¡¡f flr l-r,rr¡e chl oricle permeability of the mern-

rnal ian mr:sc,l,e .t'iber". .'\s a resuJ-t, there is an increase in

the exc j.f ab i!-it;' and ¿r. t,enci ency to f ire repetitiveh' i.n thes e
r /-

tnrrsc l es ( 3ri-en b :rnd fl amer j.ro r 197 6l¡ ) "

S¡ni tÌr and ilo','rman ef al " harre founC that catecholamines

enhanc e tire sponlaneous o"¡irrity in tire denervated mouse dia-

phra,qm as l";eil a.s thr: rlìrÌlit ani cat tibial-is and soleus

muscJes. 'l'ìre enhanceci part oi the activity, due to the

amines, i:-; un:ll [,erecÌ bii alpha b]-ocl<ing agents but is abol--

ished b1r þs¡:¡ receptor b-locÌ<ins drugs in doses small er than

anlr ¡¡oa rnl litt c'epress the Ì-rac l<,1round rhSrf þ6 j ¡'i ¡y ( Boltman

and lìaper , i)(.,7; Smith an,i ll'hesl.eff , )976) . 0uabain and a
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potassium free hathin¡1 so.Ìtt'lion,,'Jere observed to llevers-

ib11, blocl< tl're l-lr)¡tii;l.ic iLy " I-', is suggested that catecho-

Iami nes and ouabain cot.r-Lcì af'f ect this activitlr either dir-

ectl;' th: oLrgh a.n action on the rnembr¿rne excitabii.ity or
j.ndi::ect11r vi.:. the soiirtrn-potassiu,m plr.mp, and thal. the spon-

taneor-r-s action potentials obs erved in these preparations re-

-.ult irt¡n 1rc{ene::al,i'¡e chan,le in sodirrm conductance (Smith

anc'l Tlresl ellf , )976) "

Ii is not ìrno'¡,'n rvlretlrer the changes i-n ion conduct-

anc e that f o-l"lor'¡s clenerv;ltj-on are caused by the llemovel of

a trophl.c eîÍ'ect of the nerl,re or by the lacl< of electrical-

activity, mech:lnic l1 aciil¡ity or botkr. Since arti.f icial.

stimulat j on of clenervatecl musc le revers es most of the changes

in the el-ectrical p::opert,ies caused b5r denervation, it is

1il<eli¡ that ionic coni.u;.c'ba.nc e chanqes would also be revers ecl

bir musc le actir¡ity . It has been sugiîestecl that aciivity is

invol-verj in the maintenanc e of normal- ionic conductanc e

(Lorkovic and Tomanek, 1977) 
"

Spontaneous phasic electrical and mechanical- oscilla-

tions are commonf)' obsei'ved in many smootÌr muscles, particu-

larl.5'those c1¡rssified as sin¡',Ie unit, e.8" int,estinal smooth

muscle, uterus, mes ent-eric '.'ein r pltlmonary artery and many

oth ers (Somlvo anci Somli'e , 1Ç68a ! Soml5'e , et af , 1969;

Pross er, 1971¡.; i;l-Siiarl<aL¡]. ancl Dani.el, I97 5b) . 'Such activity

is not, ho\"Jevcr, â common observanc e i"n t,Ìtose muscles c lassi-
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fied as mutltiu.nit, 8"&. ret anc.l guinea pi¡; vas deferens,

c anine a.nr.l bovine trache¡ a.ni ra.bbit carotid artery 
'

(Ì'lel<ata , I97I; iíirlrpatriclr, Ir7 5; Siephens, et al , L975;

Lee, )975). -l.n some ru.lt-Lunit snlooth musc les , as in striatecl

rnLrscle, loss of notoi' innervat,ion often results in lvhat has

been terrnecl a convet"sion to a phasic type, (Bose and Innes,

L97l+; Stephens, et rl,, 1975; Ì(roeger ancl Stephens 
' 

I975;

Bose anci lose , 1977) " 'fhe response of these smooth muscles

fo cìenervati on in ûìany r,v¿ìr,¡S parallels tl-rose observed in the

chroni-ca-11 y cl enervatecl s ].;eletal musc l-es . Chron j-c postgeng-

I ionic clenerr¡ation oli decentralization of either rat or

gr-rinea pig vas cìef erens or ihe cet nictitating membrane re-

sults in a slinht clepolarizaiion of about 10mV r,vhich is of-

ten accompaniecl b:,t sponl,aneoLr.S rirythr¡ic cont,ractions or rhyth-

rnicit)' that cån ire jntluc ecl bit various agents which are not

prevenieC b)' 'fTl(, phentoLamine or atropine, (Langer, tg65;

1(asuya , 1969; llirmingh;rnr , l97O; Lee , f975; !-leming, et â1,

).975; Car"rier, I975). ,\s in skeietal rnuscl-e too, the mechan-

j.sm l-inking clenervation rçitli this oscill.atory behavior is

stil.l obscure. A rel-else of transmitter agents from the de-

generating nerve encìin¡rs has been proposed, (Lanqer 
' 1965)

hotrever, this Seems ar .tn,Lil<c L''' rÐoss ibilit"v sinc e both alpha

ancl beta rec eptor b.loc l<i nq ageni,s have ìreen sLLo'¡;n to be in-

effecti'¡e .ln abo-lrsitin¡¡ t,lic rLr./thrnic resDonsie in aclrener¡5ic-

a-Ll-.¡ innervaf eci r¡iuscles (Lee , L975) " The rìiir¡¡¡1i. activity



is tTenerâ-i ì -¡ 'l;el-ieved to be drie to some intrins j_c property
of the musc l e itself , i. e" myoqenic raiher tliln neuroflenic
(T,ee, )975; I;'lemi.rri;, et, aJ, 1975a)"

ri nrrriìrer of i-nr¡e:;ticators have discr-rsseci the possi-
bility th,r.'" t,he r"h;,'tiimic beÌlavior of the muscle may be clir-
ectly rel,rted [o t-,hc rlecre¡,se in the membr&ne pot ential seen

after cLenei'va1;1on, (liucl.1;Íns anrj iiarris, l97o; Fl-eming, et ê1,

l-975a; r975b; car':rier, r97 5; i'i estf all-, er åf , L975) . chroníc

denervaiion of smootli muscl,e or carcliac muscle has been shown

to carse ¿rn al teratiorr in the bincling of calcium to the cell
menrbran e (Il emin¿, et a l., Ig7 5a, I97 5b; Tluclgins anC llarris ,

L97o) . sinc e cal.c ium is invo-lvecì in membrane stabilitlr, and

sinc e potassiu.m conriLrc tanc e ancl, therefore, the resting mem-

i:r¡rne pot,ent,ial appea:: to ire r.ìirect,.Ly related to the amount

of ce lciu.rn bound, f,Ì-ris couicl resurt in a redLrction in mem-

bra-ne stabi litir r,vhich coul-d, itself or- through stimnlation
by c ertain a,genis, alter ihe membrane permeebi1.i.t]r, r,vhich

coulcl result i n t,he observecl deporarization and rhythmic

act,ivitr' (llLiCgins a.nd llar-ris , IrqTO; Fleming, et a l, Ig7 5b) .

sueh a cÌepo)arization corrlc also account for t,he supersensi-

tivity observec in these denervated muscles since the de-

polarizatj-cn v;orrld ìrrin¡1 the ncmbrane potential closer ro

threshol-d so that l-ess a.ilorì isi or stirnulus wolrlcl be reclLr,ired

to produrce a response, (I,ee, 197 j; tr'leming, et ât , I975a ancl

ro?Ãl-. rr^Fhi^*, I975).J../1.)!, vc¿rr:EA



Sonre biochemj.ca.f changes have beetr observeci in the

denervated smooth muscle preper:ration anC 1/estfall has re-

ported a substantial- cìcjcrease in tissLre ;llTP levels one day

after denervation, holvever, the leve-l.s rose significantly

on succeeding days. IÌe has sLì,g,gested that the decrease in

ATP concentrations may be one of the initial events that

occurs after denervation of smooth muscle (i/estfaIl, et al,

r97 5) "

There are reports that the sparsely j.nneirvated smooth

mrrsc les ( sing le rrnit ) har¡e many nel{a} regions v,rhereas cÌ ens ely

innervat ed biSstle (nturltiLrnit) ]rave rel¡tjr¡cf)¡ fe,,'r nexuses

(Sonrlyo, et al, L97l+) " It has been sLtig.rlestecJ that- the cle-

crease in tlie densitl/'of innervat,ion, stlcii as 1-hat',';hich oc-

curs r"rith denervation" resnlts in an i-ncr'€rase in the incicÌence

oi nexal regions. FoJ-Iol.ting clenervati-on, expo;cllf e to an ago-

nist nriglrt result in a inore co-ordinated contrac'bion (lVestfalI,

et af , L972; Bose and Innes , I97Lr) " ;\n i-:rprovement in ceÌÌ-

to-cel-l commttnication ma1' þs Inore sil;ni.iic:rnt in the cese of

t'ho rêsnônsc t^ r^''-1 r-'. *^r ^^ules wirich diffuse relativelvUIIc: I t:--Ptrlllrc; U(J LIL.{-L.l\y lrluIçUL{JE'r ivrr!u¡l l{!J Lur)ç r ç!(;lvavc'

slorvÌy through the t,issLle a.nd whici'r does trot act through a

spec if ic drutg-rec eptor mech¡nism ( li estilei 1, <-.t 41, L972) "

This malr be the reason i^rhy Rose obseri:ved phasic contractions

in metabol-ica111' de¡:1.eteci canino t,r¿rci'rea-l is in l:esponse bo

ac etylcholine and hi-starniire, ',,,'hil e e-l-evalei potissium con-

tinues to give a maintaineri tonic confraction (3ose an<ì Rose,

t972) .

Sl,





The cl-assification of smool,ii mLtsc-l.e in1;o tonically

active multiunit ancl phasicatly aet ivc sin:;ie rrnit musc 1e s

has given rise to a series of physi.ological. and anatoi"¡ical-

parameters characteristic of each type (ilozl-er, l9/+S) . In

recent years evj.dence h¿ls emergeci to sug,le.st th¡-tt some smooth

musc les often exhibit shacìes of mu.l.tiunit ancl s:ingl.e unit
lrrônorf.ì ps ôr a characteristÍc murltiunit, mll sc I e m¡v behavey. "yvr v+vv t

like that of a phasi.cal.l.¡r active sín.qle nnit rnuscIe v.rhen the

appropriate treaLment ancl f or st,imttlt.ts is appl-ieri. Strch 1, j.s-

sues coul-d be classified as inberntecji¿lte muscl.cs, Tlte ca-

nine trache¡rl-is srnooth muscio is srrcli a tissrrer i,rvin.1 rnulti--

unit f eatures under normal. conrìitions bnt_ stìrol.,rin,T s.ìn1.Le

unit characteristics al'tcr unCer¡oing variotts f-orms of treat-

ment. llumerous exam¡rJ-es oi thi:; convors-ì-oì'ì iì'r\¡r: l¡een record-

ed in both skel-etal and smootl-r iìrusc.l e tri'eÐ,'irrtions (llose

ancì In nes , I97 l+; l- Ì enii.n¡ , el, a 1., ),7 5; 0;un rr in o :ncl Sryant ,

r976) .

Several studies ( llose anC Inncs; , I9'll'.; i.r-oeger lncl

Stephens, L975; Bose and Rose, ]_977 ) Ìrave si'iot'rn that, it is

possibl-e to make multiunit tonical.ly active sniooill muscles

to exhibit rhythmic act,ivity r';itìr i;he hcl¡r of clrlrgs such ¡s

tetraethyl-a.mmonium or met¡bolic depi e1,ion rcstì,it.inr: from

substrate ciepri.rtation or hypo;<ia .,\s ment j r>nr:rl Drevj.otrsl-)',

mr¡ inranoqt in ex.,lmìninl-' tlre e;ÎfCC1;s; Of'CìCnCl:'V:tiOn steiilfneCl¡r¡J J-¡¡ UvI v\J u \//\(¡¡¡¡+¿.r¿¡¡¡-)

fro¡n earlier oltservat:i.olis (r','cst1'¡tl.ì , t,[ ,'lì, ](.)'tt',); :Ìo:c ,rncì

iì ír



Innes , I97l+; Lee , 1.975; I'l emj.n':, ct ,1,1 , l9'/5t;, 1975b) tir¡rt

autonomic Cenervatj.on of mult:Ltrnit cat spicen c:,rpsrr1;ìr

smooth muscle or guinea pig va.s rleferens a-'l:-;o lnrni.fe.st

rhythmic ìrchavior. The tracileal- snrooth ¡nuscl.e rv¡s used as

an ob ject f or stud5r t,o test ií' tho c'f f'ects of r'lererv¿rt j.on

appl-ieC to multiLrn it smootir musc.l es I oc ,lteC in d if'f etreî.-.

regions ancì st-rbservin¡1 cìif-f eren t í'r.rncti.ons. T,'rirthernore,

bot,h spleen capsul-e ( I¡i1l-enz , 1,97A ) ¿incl ves ci e lerens ( nir-
minghanr, l97Q) pos*qess ¿ì sinrll c autononic inn,.:l'r.r:lti on

(sympathetic ) v¡hich is nlotor in natlrre. 'l'iius i1-. is noi.

kno,,r'n aS to rr'ha¡, r,vi.j -l ì¡e t.he eff ect oi cicr,r:rv.rtin_q An iniii.bi_

tory autonomic nerve. C,:inÍnc t,r'¡: r'Ìrc ll. l.;lni:oi. lt r:rrl.sr) .1. e r be-

cause of iLr s Cual- inner"r';r1,ion ( motor and inhibi bory )

Iend.S itSel-f i r1 ea-l I r¡ for such r:xnl oratì on"

çyl
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ilonilre.l oo¡s or eithcr se)r, .',';eighin,g between 7 ancl

l-J l.:9. I,Jere us ecl " Tiie ¿,Ln imal s rrere anesthetiz ed b¡r an intra-

venoLls injec.i, j o: oll soclir,un thiopcntrl (Fentothal soCiLrmRx)

(3Omg/k.:j)" ',fhe venfral sr.r.r'-face of tire nech r,vas then shaved

and a 5 to U cnl. inc ision r,.;as mad e midv;i,ry betlveen the thy-
roid c artiì age tnd Ihe manLr]:rium sternae. B-Lunt d iss ection

vJas used to seÐrrete the muscles (sternoh]'oidiuis and the

sternoth)'roideLrs ) e..ì.on,1 the miclline to reveel the trachea"

Care r,¡¡¿s taÌ,:cn not i,o cìisturb the vascnl-aiur:e supplyin,g these

muscl.es or the bracÌrea anci only minimal exposu:re of the re-

current I a.ryn,geal nerîves, vrÌrich lie on either siCe of the

trachea t^;as done"

Li gai-ures were t,ied arorrnd the recnrrent lar5'n¡eal

ner\¡es a.t e leve1. mirìvrL5' be-r,ween thc l.rrynx and the traci'real

bifurcaticn " tloth nerves r{er:e then s ecf ioned at that point

and a ì-en¡tìr of eacir nerve (3-¿L cm" ) anterior to the section

1^/¿ìs carefLrJ-i1' renloved. Another J i¡ature ivas tieC loosely

around the trachea at the level at ,,.¡hich the nerves l,vere

s ec ti on ecl . This s ervecj as a po int of icl entif ication to s how

exa.ctly where tire recurrent laryngeal nerves irad been c ut

¡nd to irientify the innervat,ecl frorn blie denervated sections

of the trachcr;. illÌre v;orrncÌ r,v;:r.s tlrreir closecì t¡ith liichell

clips anci c-teanecl with nornal saline. To guarC against in-

1- lr. ct i.c )en er"r¡ltt i on

cìô



f ection thc ¿in j.rll-1- 
','r¿-i5 ¡lirren amnicil -lin sorjir.trn (I'cnbritin-

l-OOOrtx) 5oO rn,1" i.ii"

In orc er' 1:o cs1,;lb lj sLr :rn acìr:..:l'tate contro-l and to see

rqhat eff ec t Srtr.,et-y a.lOne rni-Ìrt iií,lve, sham SurgerV vJeS pcr-

formed. Tiie -uccltni.ç1¡1s 1,,râS jclent'ica.l bo that for clenerr'¡t-ion

exc ept th¡lt tìlo reeurrent larl'ngeaÌ nerves l^Jere no'Ü cuL'

onc e it h¿rcl bccn es1,ab.l-ishecì that t,rache¿i fro¡r the sham

operaLecl aninlels beÌiaveri Lil',c that of normal r-rnoperaterl Enj'-

mals anc the t,rachea.l nuscle caLtcl¡1l to t,he section in the

cìenerr¡atcrì cio¡s also behavelrl lil<e tltat in norrnA-ì- I'tnoperated

animals, \^/e ilelt it s¿rfe to a.sfìume t,hitt the posterj-or (inner-

veted) hal.i oj" each trachea coltlcì serve as the control for

the anter1or (rlcncrvat,ecì ) ll¡rlf " Smool'fi nlttsc ì.e pr-eparaLions

r,.Jere obtainerJ l, ?., ltr l0, lji ol'20 cìalts alter nerve section'

In Íì exl-rerjnent.s I t,lre rnait'l trrinl< o t- t,fte va¡1r-rs , on both

sides, was scctj OnecJ ¡.t, thr: sanle l.evel- as in tlie cas e of

tlie recurrent laryngeal, nerr,tes. llo-,vever, this procedure v¡as

Iiliely to aff ect both parasympathetic as t'¡elÌ íìs sympathetic

fiber.s as the cervical vaglrs in the flo¡1 is comþined l'r1'th l'hc

sympathetic tr-unl<,

The dogs l^Jere 1enera1.1y fastecl lor ?Ll. hours prior to

being anaesthetizerì b.v ílrl intravenotrs in j ect j on of pentobar-

bital soriium ()5m.*. /V:{,.) . i\s mucir of tile Lracìrea as possible

l,Jas quickly burt carefluLly r:emovccì ancì inrtncclirteI-v p1'aced in

a beaker of ice-colcl physiolo,licat solrttion of ther foi'lovring

ol')
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KIIZP0/+, I . /r.i

d oi,l Ì'Jas tii en

? t ed s o.ì ut, ion

f solat,ion of

(in mir'Î) : l'l¡-iCl., 118; KCL, lt

lr,T¡130,n , I "2; I{allC03, 25 and

killecì by an intracardiac

o Íì p entobarb it.3 I s od j.lrm 
"

In orcler [,o c]ean the preparationr t]re trachea was

pla.ced in a clissecting tray filled v¡it,h ic e-cold Krebs-

Ilenseleit soìution ancl continr,rously bubbled r,vith 95f" Ot and

Snooth iiirrsc I e PreÌrarai i-on

5% COZ. The torrgh r¡embranous sheet of connective tissue which

adheres to the nluscle on the clorsal sicle of the trachea, v¡as

carefully dissected free. The Lrachea v¡as then transversely

sliced into rin¡s, each rin¡ beinq.given a letter, D or I
(denervatecì or innervated) a.nd a number designating ibls posi-

tion in relat,ioir to the point oil section of the recurrent

laryngeal- ilerves" (fj¡, I)
Iliuscle siri ps 1" O-1" 5 cm. ì ong ancl IO-35 mg. r,,,ret lvei3Ìrt

were carefuìl5r removerl from eacll rin,3. [i]ach muscle was

mounted in a 10 ml" jacket,ed organ bath and connected to a

Grass FT-03C force displacement transdLrcer for recording iso-

metric contracti-ons. Cont,ract,ions r,.,'ere recr:rcled on Grass

nn'l rrrrrnhq / t'od el_s 7 or 5) , llr'-rsh : !i0 ancl Rec lcnan Rli rec orC ers .r""J \.^u

The latter t',ro hacl ï'ectilinear pens. In some experinents the

fit-st derivatir¡e of the tension recording lvas obtainecl by

el-ectronic rJifferentiation. This alloweci emphasizin,l smal-I
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Fig. 1 Canine Trachea: showin{T anaLomical demar-

cation of d.enervatecl and innerv.¿ti:d sections '

( 9rb)



blrt rapicì osci-l lll.iott:; slLlpcnimPosecl slor'^¡ lrr-tt' on lar¡;r: arnpli-

tud e tonic tensi on c lt;''.n-qes

The pLlysiolo,lic¡1,1. solr-tti.ons ìrathin; the mì.1sc ì-os 
"'rere

aer¡rtecl r,;i.th a 95 -J'þ mi.:<Û.ire of OZ-CO? and nl¡r j-n1.,'r j'necl at a

pll of 7 "j at )7oC. lìesiinr; tension of tlte muscle I'iiìs acljusierì

to obtain tÌle ontim¡rl lenrth (T,O) fot'develonnrr:nt ofl act,ir¡e

tension (PO ). ilasefl on our previ-otts experience, tltis anountecl

to a passii,e tension of 0.8-1 g'

i\ft,er r -l horÙ" ec.Lr.i libration leriod, the musc Ies \.''ere

exposed to 2 x lO-'/ i. carltachol, (Si,1ma Chemic al Co. ) . Dener-

vated musc l'e stÌ'ips rtstt:i.l l l,' silot'r'cd rìryflr¡1i¡ beÌrar¡ior l'lith j n

2 hOurs of' bein¡; e>lposr:cÌ 1- r-' c,'trtlitcl,ol, trlrj-l-t' Lirc innc.l'v':tted

StripS aS r,.re.lL eS rrluscl.es f'ronl sham ancl unoper"ateri animals

shot'.lerl a tnaj.ntainerì tonic cont,rncti on in the presence o{l c¿''''r-

bachol.

soclium, (Penbritin-lOOORx),,'l.yerst; l\tror''ine rnethylnj'trate,

13.D,Ì1. ; Carbam),'lc¡olinc ch.loricle (Carbrcliolf¿x), Si¡mir Chemi-

caÌ co.; D-600 l-IC1, i,no.lI, i\,-G.; Ilistamine di)lvdrocìrloride,

Aldrich Chemica.ì- Co. lrrc. ; Isoproternol IIll (Isoprul-Iì*) ,

l'/inthrop T'aboratories ; ouabain ociahS'flrate (Strophanthin-GRx)'

Sigma Chemical Co. ; '1'etrocìot,oxin, Sanì<-¡o Co. Ltd " ; ó-lli'¡roxy-

dopamine hyclrobromicìe, ,\1rìri.cfr chenicaì- co " ; 'l'hiopental

These l'iere: Äminop|1vi-1 I'ne, Steril'ab;'\n¡pic il'1i'n

o2



s oCiurû (Pentotiral sori ì umRx) , ¡\bbot,t Laboratories ;

( |)thr,l-enebis ( oxcttryl cneni.l-.r'i 1 -i io ) ) t-,etra-acetic ac i'rl

(ir"G.T.r\" ), ;:lastrii,:Ln; Pentoba¡bitone socliurn, R"lJ.l.l. Pharma-

c euficals; l['eLr:ethirlammonium ch-lorice (T1ìA) , i!]astman;

rsethionic ;;cirl (sodiLrm salt), Iiìastman and socliLrm Nitrate,

Fisher Sc icnl;if ic Co.

l)uicl< S'"rctcl, and ftclease

Quicl< release stuclies and myogenic activity in re-

Sponse to ouicli s+;retch l''re,t'e rj one in 6 experiments by at-

tacìling 1;he mu-.c.i e strips to the tra.nsdtlc er on one end and

to a servo-cont,r'ol-led e.ì ectromaqnetic device, capable of

rapirJJ,y st,retching tlre rnusc-j-e r'rithin 10 msec. on bhe ot]rer

end. The arnou.nt of stl'etch v¡as va:rieC betld een 2 and 2O')1' of

the optimal leng;t,h (t,O) and the maximum stretch v;as tl'rIce

aS 1.arge as the maximLr,n ex[,ension of the series e]-astic com-

ponent. Recta.ngul.ar command si,qnals 1,,'e11e provicled vrith a

function generator (South r/est ifecìrnical Corporati.ou,

P"hapsocìy, Texas ) .

Temperatrrre Stttri ies

Temp erature 'stuci

from 6 animal s. '-['hree

aluminum blocli mounted

device ( St,ir-Kooi Sli-l/l

ies 1.,{elîe performed on 1;racheal muscles

V cc, test tutbes were embeclded in an

on a. Pel-l.tier eff ect thermoelec tric

; 'fhernoelectrics IJnliiirited Tnc. ).

o3



The a.fuminum blocli ¿ll lo-¡red an even d istribution of heat.

T\'¡o of the 15 cc, test tLrbes served as or"gan bar.hs in rvhich

biss'res lrere sr)-spendecl fronr Grass For"ce-cìispl-acement T'rans-

ciu.c ers I¡T-03c. The third test tube contained the same ph5rsio-

lo.3ical solr.r1,i on as t,he org.1.n bet,irs but servecl as a medium

for tr'ro thermistors " One of them led to the temperature

conf ro f ler ( Therrnistemp, Terì-ovu springs Instrurments co. Inc " )

and the other to an electronj.c thermometer (Tele-thermometer,

Iel-lol'r Sprinrs Inst,r.uments Co" Inc " ). l,'iith such a set up

ti-ie ternperatL-r.r'e of the batlii:r,1 sol.rrti.ons in the organ baths

corrlcl b'e set or ciran,qecì to an;'desir.ed value,

l,il ec 1-ro Þhr¡s io I o i¡,¡

Fl-oa.tin¡1 ¡¡-ì itss microelectrod es \^rere used for recording

intracellrrl-er el-ectric:1 ¿rct,irri¡5r (n=5) . The microelectrodes

were dretrn f roiil ,qIass capi.llary tL.rbes (Ol,ttiC.+nOf ; Frecìrick

llaer), The tip r^ras fiileci vrjth 2"7 1,1 KCl by capillary action
and the rest of t he efectr.ode Ì,,ras bacl<filled with a syringe.

iilectrodes of 25 to 50 I,¡l resistance and having tip poten-

tials l-ess ihln 5mV, Vrere used and v,'ere connected t,c a high

input impeclane e amp l if iei- (ltieuroprobe; Transidyne Corpora-

tion). Both el.ectricai ancì niechanical- activities ancj their
fir"st derirr¿ttir¡e',.,rere recorded on a iler,,rlett Packard f41B

oscilloscope as i,veli as on e lìrLrsh iilark 230 recorCer"

o/,
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Secar.rse o1-

innervatjon of'tlre:

t iOn tl¡rs cìone ,

Fi¡¡e cioqs were treatecl v¡ith t.h'o intravenous in j ect j-ons

of 6-hyCrox5r,:loparnlne (lO my,fl:y.) on sLlccessive cl r','rr" 6-iryclrol(y-

doparnine aci.s ìr1,r ries;Lro.1,ìn¡ s1,¡mpíltlìetic ner\re endin¡s; it cloes

not appear to rlemi¡1e pcri.nher,'rI adt'energic nerve cell. bociies

or proximal- axons ( 'l'ho cncn 'tnrì 'franz el', I')7) ) .

f-)

t,Ì:c rì j. fí'.i cr.r.lt.i.r in .Lso.l ¡:.t'i n,, 1;lir: ¡',clt'eltr,rr'Í,ic

fracìrr:¡r ¿:r citernicr,iJ- postlierìqì io:-^ic rienerva-

7', 11,
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ljiochemic a.ì ;)o1, crfr j rt rt i ons

:\Cenosinc triphos¡ìrrte (ÀTP) ,

photomet,ricr.ì.ìr' bj, the rncthods clcsc¡'i

(Schvrartz, :l-9'//l ) .

Iiexol<inase l.'iethod for riTi)

'l'he fol-.lo'r:inq s¡71r¡¡rs.ì .1ï'e ncecler-l for l,iris method:

cose-6-pìrosphat.e cìeli1'çiT"of;en¡se ( G-6-PDII) íìnC hexol<j.nase

The assil)/ i¡; bcst, rlescribecl j.n ternrs of thc rcactions in

gJ-ucose ì- l[i'P

\ / .",-." fglLlCOSe-O-plìOSrl:'ìtO r ii'11

-[n t,]re presence oi Iil(, l'.c ionr-;,,rncÌ iln excess of g]Lr.cose, ,\TP

transf ers e pliosplrabc t,o ,11rrcose pro(luci.ni; ¡lllicosc-ó-phospÌrai,e

(reaction 1) . 'l'ìrc ¡l lrrcoco-(i-¡.riiosplrni;e the n ,1enerl1,es ilTADll

f'rom NAD as it becomes dehydro¿;enated (reac tiori 2 ) " At equiti-
bri.um, rctct,ions one ancl tr.,Jo ¿ìre rr-r flar¡or-rr ofl tiie react;iorì pro-

ducts, and so ATP is ouantit¿ltiveli'used up; I4mole of ATP

forms l4mo1e of TPIIII. r\ quant:itative amonnt of 
^TP 

can be

ci etermin ed by means of t,llr: f'o I I ot';i nq f orrnu.l ¡l :

vx#" t99?,t x I = Arf (¡rmoles)k xtrl. Ìnil

ÌVlier'o V= Total volune o f the e;it.ac.b
ì_k = extinction coefficient (6.22)

x: volurne of siìntpl"c rrscd LslLL

mil = ',,/ct rveigÌrt ofl muscl,e bcin¡1 l;ano.i.ecl in m,T

An = cÌl-rn."e in absorbance

q6

rvas ¿ss:1.,'erl spec lro-
be¡d lrl¡ Ii';ì',,Jaz nrrrl iì','rrvaz

Ilti
".- 

:..._____i' .lruc os e-6-phosphit e
lì ltr' i:)

c- fi- Pnll
.Ai:--'--'." ír-pÌrospho¡ì rrco;late +' \IAÐH+H (2)

fi1t.r.-

(FrK).

r¡o lr¡ ed

(r);\D P



As s es smenl, o f Paras,¡rloathet i-c Den ervation

At cles:ignatecì days after denervation oogs v/ere anes-

thetized'u.ritli oentobarbital soclj-urn (3Onn¿;/K^g) and the intact

va.gi on l,",oth, si.des of' the tracþs3 l,vere exposed. Ripolar

platinLrm c:;i'f electrodes were p1-ac ecl around each r./agLls ancl

the central end of tjre nerve v;as clamped vrith a pair of haeino-

static forc epis "

^\n enciol.ru.cÌir:a1 tube, eqrripped lr'ith tlvo ball.oons

(f i,1" 2 ) r¡,'áìs iÌren inserted int,o 'Uhe trachea. The tube r,vas

posiijonecì so that one balloon could be inflated in the pos-

terior innerr¡ated section of the trachea ir'hi,le the other bal-
foon lvas in the anterior clenervated segmen b. The ball-oons

r'iere f illed with rvater and connectecJ to Statham P23 Db pres-

sure transclr.rcers r^;hile changes were recorded on a Grass poly-

gr"aph,

Stimu l.aiions river:e d el iverecl vr ith a Pulsar 6 stimuf ator
(Frederick ilaer anC Co" )e âncì. consisted of square wave trains

having freqLrencies of l, ?, ).3, 5r 10, 20, and 33Hz tvith a

pulse ciuration of O,5 msec. and a supremaximal stimulus ampli-

tud e. Both ball.oons tvere cl.istencled to equaÌ pressures of

abont JOmmllg and a chan¡¡e in intralunlinal pressLrre on nerve

stinuilation indicated contrection of the tra.cheal smooth musele"
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Fis, 2 ille thod" o f evalua bing parasJ,rtnpathe tic de-

nervation in the dot.i" Tiryo separate baÌ-

lons in an irrtratracheal- -tul-re were conn-

ectecL to prcssure transclucers. The per-

i¡rheral enrl of the transec bed cervica-l

vagus nerve was stirnulated bila,beral_ly

with rec tangular pulses. The anteríor

half of the brachea was cienerv¿¿becl i.;y Ìri-
l:tornl I rr .:ooti nnin," l.l.lo FôêìrFFôñ | I qn.rr-u¡¡u r uvul lÇ1lu IøaJrl_

çøe1 narf¡ôa

( lzo¡
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Rel-ationship of Rhythmicitv and Innervation

In tÌtos e experirnents rn¡here the trachea vras half cl ener-

vated nnC ha1f innerveted (n = 23 ) it l^ras of inf erest to cle-

termine tLie eff ic iency of the surgical techniqure. i'luscle

strips f ro¡n botÌr anterior and posterior segmenfs of the

trachea wer"e mountecl in baths anri stimul-atecl with carbachol-
. .-1

(2xl-0-r¡,1¡ af+,er a suitrble eouil-ibration period. lnalyzíng

each experiment ¿rncì then 5raphi.n.; the mean incidence of rhy-

thmic ity (85')') ( f ig" I ) shotvs that the anterior s egments of

the trachea, i. e. tÌre clenervatecl nuscle strips, showecl a

si,qnificant.ì..,,' ¡;rcat,er (p<"Orll) incidence of rhythmic be-

havior after s 1;:Lrnulation than dicl. the innervated posierior

s e,qments , ( 15fi) .

Tl-ios e musc.l e strips nearest t,he li,laturre shor,^¡ecl some

variahiliti' irlricir ill:r',¡ be rel.,rted to soae unc ertainty rega.rd-

ing exact funct j-onal deniarc¿:ltion of tlre clenervated zone"

rTìL^ :,'rrf¡^^+ô ^4,

Smooth I'Tuscle

Variouts rì.rugs anC cheniicals are capable of inducing a

contracture in tra.cheal smooth muscle. The response of this

smooth muscle to carbachol, histamine and potassium chloride

are well clocLrmentecl (Rose , l-975; Suzuki, et al-, l-976; Bose

ancl llose , Ir77) " It tt,¿rs of interest, th e¡eíore, to see t'¡hat

oo

.ìflOn ists on Innervaied a.ncl Dennervated Tracheal
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I¡i,j q"tEItr,_ J"ac¡gell" : incidence o f rhythmi-
_'7

ci'ty wi th c¿rr bac hoI ( 2xl0 ' lvl ) in inner-

vatecl ( r I and derrerval;ed \ u/ se[irflenrs "

tlLjcltt'r'crr L laryngeal nerves transec tecl be-

tween !6 antl 11.

( 99b)



type of resl-)onse might be proCtrced by the clenervated pre-

paration after stimulation b5' ¡1tut" a¿gonists ' iiach treat-

rnent renucs ents a minimu.rn of ! exl:eriments ,

In the untreatecl anina.l- (normal trechea ) the muscle

strips , cor.t j librateC for two iiours prior to stirlt-rIa.tion

,¡rith ca.r'bacÌrol tZ*:i-O-7t,'t¡ , histamine ( fO-5ti¡ and potassium

chloricle (BOml:l) , (fig, 4.4) , responded r,vith a maintained toníc

contraction ¡',rpical- of the docutmen'ued mltlti-unit response.

The posterior" s egment.s of the treated trachea, i" e' the inner-

rrated mirscle,:'esooncled in a similar fashj-on to ihe same three

a,lonists, (1i,l¡. 4.ll) , indicatin¡'; that ihe innervated muscle

s trips bell¡rvecl li Ì<e t,het, of th c n ormaL preparat' ion. The

cJener.¡atcclr an1,e¡'ior Se¡meni;s, of the tracheal mUSCle re-

spond ed mLrch rj if f erent ly , hol'; ever " Carbachol anC histamin e,

in the Saixe cìoses asi tnose ttsed in the contro1,, prodrrced

csc illating or" phas ic type c ontractions r,vithin minutes of

stimulation" 1'he rhytìrr-nicitV r¡as initially oIten variable

in ampliturcle ancl period resulting in a somer,'rhat irregular

pattern ìrut graclualìy became molîe regui-ar rvith time, (fig " lv}),

responding in a manner -uypically clesci:iberl es that of a single

unit smooth nlusc le. Potassium chloricì.e, on ihe ofher hand,

continr-recl to shol a maintainecl tonic contraction identical

to iitose observed in the normal ¿rnd innerva.ted tracheal

s trips ,
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Fis.4 C¿rnine'I'racheal-is: ef'fec b

agonists, carb¿rchol (carb"

hista:nine (his t" ; tO-5 lut) ,

irrnr ol.rln¡'ì rlo l"^- 'r'\ "\
\ ltur; ou rnlìl / .

s of v¿rrious

-'Ì; 2xl-O ' i\i ) ,

ancl po tnss-

( roo b)



Svnnathetic Den et'vation

Since the \reÎu.s ner\¡e carries both s]¡mpa-uhetic ancl

parasympathctic innervaf ion to bhe clog trachea, arld resu l.ts

hari sholvn th¿it sect,ionin,rl tltc recr'trrent la::yn¡e¿rl nerve

caused rhythnric behavior, it 1"/aS n ecessal:)/ to cJ e ter¡rine

r.;ìretlter or not inhibition of the syrnpabhetic co'llater¿rIs

off the ve,Tus afllcctecj tlie ntechanical risponses of the

traclreal rnu:-jc ] r..:. ].'ive cìo¡;s vJere t,rclteri l.: j [Ìl t;.,.:o i-ntrat¡enotts

in j ections of 6-ìri'drox-i'ciopamine (3OrnSf !t.g) on sr-lccessi'e da'¡s "

?he rnuscle striirs t¡l<en out on the t,ÌlirC' çl¿''¡ cl1d not sho'¡¡

any rìrythrnic boh¡rvior in rcsoons€l to carbachol.

irlff ec ts o1' T'ctrodotoxin on the Ph-a's ic

In orcler to clet,ermine that; the osci..l..lator,v behavjor

of the musc-Le tvas clue to the mltsci e itse.lf ancÌ not cllle Lo

indirect effects mecìiatercl througir 1,r¿tnsmitters re'ieased f-ront

nerve ternlinals that mi¡5ht st,1 l1 exist, six expr:riments "{ere

done rvith the aqent tetroclotoxin. Tetroootoxin is known t'o

inhibit concjrlc tion i n tloth pre.qan¡1.ionic anC posb,langlionic

nerves ancì is often userj eS a physiolo¡1ica1 tool to differ-

entiate beblveen clirect rrìusc.l e resr,Ðonse ancì fllose procluced by

neur.al stj.rnulation. Ii'iIur"e J sì-ror,';s the efllectl of tetrodo-

toxin (10-6li) orr tÌrr: rliyt,Ìrrnice1ll'

muscìe preparatj on.'l'lris potcnt

lol

Clontractions

tci:,Ívc cìcncrvatecl srlooth

ncuro't-,o;,lin <liii not ¿it'olish
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I'iS. 5 lenefvateA Çanin : rhythmi-
n

city inducecl by carbachol (2xI0-' M)"

ilffects of 'betrocloboxin (TTX; tO-b ivt).

( rorb)



the rhythmic beha.vior of the muscle'

llnmnnn onr s nf th er Phas ic Contractl onqv vl¡Iwv¡l u¡¡ vL, v.l

fn a number of exDel'iments there t"ras evicience that

there Were smal-l er osc j.i .l,rt j ons sLrperimposed on the primary

rhythmic mechanical contractions. i\ closer look at the rhyth-

mic contractions revea.Lecl that each s Lolv oscil lation, which

hacì a period of L-) minutes, l,,ras mac,ie rrp of many smaller but

faster oscillations lvhicll sliowed up mtrch better vJhen the

first clerivative of thc i-sometri-c iensi on trace r'';as obtained

r.rith the help of a cliff erentiaior (rig" 6 ). iven though

Such f ast phas ic contract j ons l,Je l"e rot a lways eviC eni on the

tension trace (fi,";" 6 ), rìiff erentj¿rtion of the mecllinical

respons e invariabl¡r shol',recl that the sloi^; 1¡,rAVeS harj :ì sl'rÐer-

impos ed rapiC. pÌlas ic c olrronr:nt , (: = ti ) '

El,ectrÍcal- stucties using glass microelectrodes (n=5 ) .

showed. that t -20 mv el-ectrical 0scillatÍons were associated

with each rapid phasic mechanical oscillation. The frequency

of the spike like activity was highest during the peak of the

sl-ow rhythmic contractions and slowest during the relaxation

phaseo :

Ì'{yo,qenic Respons e

A m5ro;'enie response of nll-Lscle to qr-ricl: sì-retcÌl i-s e

characteri-sti-c pr^opertii o'fl 'r s in1'l c unit llh5'¡5nit milsc l.e '

io2
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a-tr'I9. O Denervated Tracheal Smooth l\{uscIe:

Electrical activity ('bransmembrane )

and. its first cLerivative are shown in

the first ¿Lnd secbncl. panel respectively.

Isometric tension changes and tlteir

first derivative are shown in the third

and fourth. panels resPectivelY"

PJrythmicity wars inducecl by carbachol
.1

.( 2x1o- 'trt ) .

I02 Ì)



i\s tltere vras T'ctfioll 1,o :rcl :Levc tlrit 1,he norma.ì 1i' clrriesc ent-,

tracheal- nr.rsc-ì e harì nnrìe¡."¡t¡n ,., conversion of soris from a

nrul_tiunj.t, ¡',,ns to íì sin¡.1 c rrn.'Lb t1,rpc smool,h musc.l.e orric],1

stret,cÌl e-xpcrimcnts (n = í,,) 14'er"cl itci:for¡necì in order to test

this" Rap-i.d sLretcli of t;l're denerrrated musc,ì e (lu percent of

Ln) resLl-ìt,crì in ¿r. rapicÌ risc in tension folJ-or,'red ìri' e decay

tor,iaris presi;r'ctch levcls, (fir.7). Previous stuclies had

jnclicated 'llr¡rt ìn opt,imal nesponse 1;o cìuiclt st-r'etch (rnyo-

genlc res¡ronsc) ,,.ras sleeÌr r.;Ìren t,he rnliscle w¡s st;retched to

¡lborrt li. n(-rl'c r.,t\rv o Í' I o . 'Ì'il j-s l./:Ìs [o -l Ìot.lcc] r'¡itit jn 5 s cconds

by a ,qr¿lclLr¡.1 1. lrrrL rii;o:ìíll,\,' j.ncrs:riso i.n Lcrrs.i.on cl cvcloprnent

i,lhich cont,inr-r.r:cl i;o r-ise unt-i.l ihc stretci-l s'cii'nrtlus l,'Jasl re-

l-cased or a pcil,: contr:ìcj..nï'r-) i,i,:ìs i:eached of abor-r[ 5 í]rems

1,ension. IleL r-.:i3c o 1l tÌir-r s'¿rc1-ch s'Limulus catrsccl r rapid fal I

in tension welr below the prestretch value. llhe mu,se l"e then

slor'rly contrr.ct,ed rrnt,i-l if; rei-ìched itrs prestretch level of

tensi.on.

Unl il<e tht: dencrvated preperet',ion, nornn.l. trrcÌre¡.1.

muscle and those from the posterior segment,s of the operaLed

aninals did not sho¡,v an increase in tension cieve lopment r'¡it,h

rapirl stretch, ( f ig . 7 ) . ¡ln eqrri.val enr. stinulLrs procilrc ed an

init j.al- rapio rise fo.llor,'rcd tr;' a fall. in tension, I ike tÌlat

observed in t,lre cl enervatec-ì rnt-:.:;c-1.e" Iloivcver', no secondary con-

tracture r,las scen at any point, in Lilc dLrr¡..1,io: oi the stimu-

Ìus. Sudclen releas{ì of the mrrscl.r: rcsLrIted in a r¿roid falI

103
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I'ig, 7 '.ir,r.icl.l stretch, (q'i'" of Ln) of innerva-

be-d ancL denervated. canine tracheal

rnuscles.

( lojb)



in tension t,o s;Iillrtl.5r Ìrcl.oi'r former restini: v¿tl.ues" Thc

muscle then cont.r'lctecl to rcstot"e tlre tension io itts pre-

stretch I e¡,rel . 'l'lie r,'Ìt,e o1 recoverlr .lfter rel,case, (an in-

clication of t,hc :lctivc strte oi 1,Ìre nuscl-e), was rn'-tch ,lreater

in the innervrt,c:i orcnr¡'¿ì1,i-on ancÌ tire cle,groe of relaxation,

after reìease, r,'Ja:ì rnr.rcir less tì-ra¡r iìrat observecl in the dener-

vated mursc le strips"

Ionic Rerlrriretrnerrts ol' I)h¡rs jc üon1,raci;ions

liarl j r..r studies iirve reported that the i.ndr-rc eC rhyth-

mic llehavior oìiservecl in norma-l-11, qrrÍescent nlLrscl-es may be

due, at 1e¡;isI j n par'.b, to íìn unst¡rble restin¡i rnembrane po-

tential broLr¡;ht aboLrt by ¿ìn alLerecl niembr¿lne funct,ion in re-

l.ation to ii:ts ionic environrnent. Ohan¡es in the ionic con-

stituents or j.onic proportjons j.n tìre ìrathin¡ medj.'.t¡n, brought

about by <,lllrn¡es in the rneml)r,'ìne f unc Iion and/or sLru.cture,

nray be partly respollsible for tLlc observecì ph;rsic rcrìponsesl

in the cÌenervated tracheal smool;h musclc. ln orcler to sttrdy

the ionic relui.rements of tìlo rhlrtlimical 1"1' ac tir¡e rnusc -'1..e a

nlrnher of exrrr.:riments; r,.,¡ere clone in t';ir j cì'l i,hc -ionic envi-ron-

rnent was alterecl.

Calc ir.rm

Free calciutm concenbrations l,'/ere calcutl¡rtecl by the

metlioi described b5' famai :rnrì TakeCa (ltì67) " 'fhe normal ex-

ùernal Ca."' concentration in Ì{rebs Ilensel-eit so}ution is

10/r
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l'ig. tJ )enerva becl C¿i.nlne Ti:¿lchealis: lìhy thm Lc i Ly

rrrclucerl by carb¿lchoI ( ¿"fO-7 i,t). r:iffec t

of rliffcre¡rf inclicaterl Iow calcinrn concen-

tri¿tions ( top panel ) or , 5rnit'i calc j-uun bo

Ift,;bs-l{enseleit (mi-ddte pa:rel-) or Ð-600
.7

(ro-rtu) ( bottom panel)

(104b)



2"5 ml'i. l,ecìrrci,:¡n oi tiie ex-,.ernel. calcium concentration

in 5 experimcnts, r'riiÌt ihe hel-p 6r an llGT;1,-Ca+ts buff er

(fig" 9ri) (c:i-ir:r.u.r'ii rerìLrcecl to 1.5 x l-O-3tr'i) rapicìly ancl pref-

erentialii, inÌiibitecl iì'ie ril¡rtiimic contractions lvhile the

tonic conponeni, of ihe carbachol response waS appreciably

recì.uc ecJ on1./ r.rhen t,he ca ìc j.ltm conc entration was recìuc ed

more clramatice.Ì.Iy to O.5 x lO-31'{ ancl Lv x tO-6tlt respectively'

iihile remove.t of cal.cium frorn the bathing rnedium re-

sulted in a l.oss of rìr¡,'tlinici-t1r ancl ultirnately a Cecrease in

tension e simil.ar ancl opposite effect was observed v,rith the

arld iiion of 2 "5 mi{ calcium to mursc L es bathed in normal- I(rebs

iiensleit solntion (fig" ¡JB)(n: ¿r). il]he adcìitional calcium

hacl tÌre eff ec U of aboiishin,q t[re oscillations, simi]ar to

that e1¡ss¡yed l.,rhen the e):ternâ. 1 calcium concentration v/as re-

duced, yeL there vras a slrbstantial increase in tension.

'l'he ef.fecis of jl-óOO, a chemicaÌ tool knovrn to block

the act j ve inf I'rx of cal c ium assoc iated lr' j.th action pof en-

tia Ìs r¡ras examin ed in 5 e)rperirnents . D-600 abolished the

r:hytirrniccontractionsi-nrìry1.l1piçallyactiveclenervatedrnus-

cl-e strips in very sn¡rl1 concenira.tions (fO-7i'i) that cl j-cl not

rnuch eff ect the tonic contractions, (f ig. BC ) .

Cþloride Iìeplacement

Because cliloricl.e has been clirectlv implicated i-n, ancl

reported to be a possib-le source of the rhythmic actir¡ity

observecl in some sl<eÌet¡rl and smooth rnuscles, (81-Sharl<aivy
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ând Danie.l , )','75; Clnerri.no ,rncl |ìr'1r¿¡¡ , 1976) , I sfuclSr of

this anion arir: i.t, 1s possib.l.e roIe irl the denerr¡:rted tr¡cheal

musc:l,e rhytìtrrric i t.',,' r,:'lsì r::<"trliitlccl -itr 3 experimen'¿s'

The c¡fí'cc1,s of r.erplircin¡ t,ile ch.loricie concentrat,ion

in ihe batirilt¡; rirccÌ:ir.lm r';itli d:Lf ierenl. ion substitubes Are re-

pltes,cntr¿rì jn fì¡rrrcs 9 anrì 10. 'l'Ìre responSe obserVccl by re-

pJaci-ng ci-,.lorirle¡ in nornrll i'r'eb:.i Iiense-leit so,lrttion t';it,fi 25

perc ent sodir.tm isetÌ:ion,rte I a leSs pcrnneant aniotr, \,.rûS an

initial increaie in tension accompanied blt a decre'íì:ie in

ampliiuCe anrl a sllillit increase i.n llrseline Lr,:nsion" 'l'he

frequency o1l t.irn orici.l -lrt ionr: j.nere'rscrl on,ìv sì.!¡;Ìitìir (lig"9 ) .

iiitli frrrtl-rer rc¡ lrtcerÌrent-, ofl cii.loricÌe ì11' tìiis ¿¡ni.o¡l (';O'¡i-75'ii,-

IOOTå) peak tension progressively clecreaseci and all rhythrnic ¿Lctiv-

i t}r r,r,:tsj evenl.n:r l-l 'r" l ost . 'ì.'he 1'jllrf lrrti c i ty Ltlrtl ¡ll 1 i' ¡etlt¡'rl ed

lncì t jie t,c¡sì jo¡ recoverccl ì-inon wrsìti.ttll t,lle ptltsc-l c in norn,ll

lirebs Irlensel-eit sol.r-ttion .

Iìeplacei"nent of chl.oricle ion ','¡it,h :i rnorc permeant ion,

soclium nitrate (?-5';;) resì-lltec1 i.n an initial contraction of

th e musc I e s i.rni .lrr t,o tltat obs ervc.cl r,t it,Ìr socl ittrn i.s ethionate:

(fiS, 10)" I¡rlrt.|ter re¡ri.ace¡ile¡nf of ch-.lor-j,le ',':itìl 5O',",, 75li

end f inalJ y t0O; soCium nitrrir: re sulted in a ¡;rlCua-l br-tr"

steady clecrcase jn nttsc.l.e tcrn:;1on.

The arnp) i-t.ucìe o 1l t,ìrc pires ic c ontrac tions appeared t o

be affectecl muCll i"ioi:e bt¡ tì:c n:,.trate anion t,]l;'trl iri' SOcliL-Lm

iset,hionate, (fig. 1O). 'i'Ìle initia l. replacement of ch-lor:i-de
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l]itr O¡ rt)o J Denervated C¿rnine Tracheal-i.s: iJf'fect of
Äifforan'f rìoo¡ggg Of ClflOfi.l . y.orrlenomôntrv sv¿J¡ vvv r uÈ,rqvçt¡rçt¡

with isethionate on various pararneters of
rhythmic contractj-ons due to carbachol

- ^- /( zxl.u M.) .

Fi¿1. ]0 Denervated Canine Tracheafis: rJffecLs of
different de¿;rees of chloride repl_acernent

with nitrate on various parameters of rhy-
thmic contractions rlue-' to ea.r'bachol (z,xIO-/

( 106c )

I"{).



-lon jn i,he tlri.ìrini1 mcrlittm by s;oclittm nitrate car,tsed a sir;ni-

ficant clccrr:1sr: i,n arnpìiL,Lrde v¡lticir progrcs:;ive 1;r' flcll fo

near resti.n¡: ,i cve -l S ils t itc': cii.ìoricìe conc entr¡rti-on i'r'ls se-

quentialli' rcrirtcgd. Only r.'rÌlen tlle chloriCe ioll v¡as fuily

restorecl, l'¡i' r,'r'rsÌ:in:l thc mLtsc-l c. Several tirne in normal Krebs

ilensel.eit sol'r1,i-on dlC the ,rmplitrrd0 iìpproecÌ^, rtear normal

v;; -l-u es "

,\li,itougit t.ìie nean tcnsjon and ampli'Lurje decrea'sed t'ri""h

tÌre pro3res Sir¡o ci ec reas e in c h.loricle Conc entration, thc f re-

qLrency of 'the r:rll¡rsic cont,rac t j.ons dicl not chan¡1e s iflni.fllcanLl-y.

It is inte:rcstit-rg t,o note too, t,hat the mean baseline tension

sholieci a s,.r'ostrntre-l i-ncrease ¡ririclr peakecl',','Ìlen tLre cÌr-ì.oride

concentratio¡ t.¡as clecre¿isecl to 50;: that of normlì (fi¡;, f0).

Further loss of cltloride ion i-n the batÌlin¡ rnedium resiLl.lt'ed

in a graclue.ì riecline in base li.ne i,ension" Uasìiin¡1 or:i t,ile

soclium nitratc) $oLution v;itìt norma.l i{rebs Ilcnseleit catlsecì a

siøn'ìfìe;rn1-, cleCrcase in b:rsolj¡c tension to val.tles AplrOx'i-\,, r ¿;¡ ¡

mni-'ino thnqr. recorrl ed before ion rerrlacement.¡i¡ctv¡j¡ò v¡fv\r

Iìol-e of the lìjlectroqenic Socillm-!-!UI-

Because much cliscussion has c enterecl ¡rround tìre rol-e

of' pumpin[ mechanisms, spcc illica]1y t,he electroqen ic sodiltm

pump, in relation to the slot,r electri.cal- osci.llations ob-

Served in rfryLhnric muscles, i1, tta:; of interi'st to Stndlr blie

eff ects that, purnp inhibition might Ì-lave on the denervated
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tracheaf s¡ilooLn mLlsc I e nreparation

Ouabain (fO-5t.:; , ân agent 1<notrn to inhibit the sodium

potassiu.nrp.jrnD,l..jas¡i<lnlinj-sterec]tor|r}¡t}rmicallyactivecener-

r¡ated rnuscle strips (-f Í¡1" lf )(n = 5) " If one assumes that

bhe c resf s il¡cj troughs of the mechanic al rcspons es correspond

Lo electrica-l clepolarization and repolarization respectively,

tÌren an osci-j-latiU socliurn electrogenic pump should be most

active dr.rrino j-r?irolarization ¡rcl l-east active during d epo-l-ari-

zation " It was expectccl , therefore, that ouabain shoul-d

cau.se a C epolarization by nature of itt s ability to inhj-bit

tlie soclium pump" This .in fac[, rliC occur, hslvever, it v¡as also

expecteol that such en effect i,':ould have resurlteC in an in-

cl:ease j.n baseij-ne tension essoclaied with a decrease in rhyth-

mic osc j--il ati ons ancì ti'rat ai. the point of abolition of the

rÌrythmicitlr '[he base] ine tension shou-lC have reacÌred t]re

leveÌ of' the peahs of the phasic eontractions, (fig" IIA)'

Figure lJ-rJ represents tÌ:re expecteri and actual results ex-

pressed in graphic form. If the amplitude of bhe phasic

contractions before giving ourabain is designaterl rtlltt r and

the amplitucle recorcied after the aclministrati.on of ouabain

is designated lrBrr, while the change in the baseline tension

a.fter ouabain is ienotecl aS rrCrl 
' then the perc ent clecrease

in amptitucle of the phasic contra.cLions can be expressed as:

^It11 .J

-tt-
X 100

IOB



C
q 

¡'b
2 

x1
0-

7 
M

H nl

O
uo

Ë
oi

n
l0

-5
 M

O T l .: À E c c) tn o (¡
,) |J o â \o L'

\

o I X I
eû

l rl< <
l

O
uö

bo
in

2 
X

l0
-' 

M

10
m

in

þ 
ln

cr
eo

se
 I

n 
B

os
el

in
e 

T
en

si
on

-a
T

g 
x 

lo
o



ll'io llL Li)¿ Denervated Canine Tracheal_is: iJffect of
Ã

ouabain (10-/ l',/i) on amplitude of rhyth-
micity ancl baseline tension, (upper trace)

Expected versus observed reslionse to pump
trinhibitj-on by ouabain (fO-' tri) (lower

graph) 
"

Inse L shov'¡s schematica.l cha.n,r;es in base-

line and eumplitude of rhy bhmic contrac t-
ions. Sol-id line wj.th slope of I repre-
sents idealizecl situation r¡rhere oscilla-
tions are totally clependent on fluctuat-
iOnS in eleC {¡o.i:ernì n qnd.i rrm pr.Unpin,;.

( to8b)



l,vhi.l.e tl'le pr.:r'cent increase i.n baseline tension can be

founC bi' tit e io r¡n',t la :

'\lc-* toor\ -'

The resuì-ts, a.s sitovrn in figrrr:e 11Ì 1^rere contrary to these

expectatio.-rs " The clecreese in anlpL-itu.de of' the phasic con-

tracti-ons exc eeded the increase in baseline tension.

Tomnor qtrrr o

iita;<imurn actirri¡y 6¡ the scCiurn pot.rssium pump is de-

penclEnt, in ihc manrmal, on an opiirnal tempei"atlre, lihich

.lenerally cent,ers around 37oC. PLrmp activitlr cAn be reciuc ed

anrl eventua.l..'lv abofishecl by a recLurction in 'bernneraturei be-

lor¡¡ that opti-nrtrni va-J-rre. !'igur"e I? il-lustrates the resu.lts,

observed in 6 .i.nima1s, after such a decre¿ìse in ternperature,

^h r'l¡ryl-1.--in .'n+'ir'ìl-'" i- *--n1.n-'l ennn{-1¡ -"'on'l ^ rì Ä-^v,i r ¡rry ur!¡rf,v ault,'¡.1riay in tracheal smooth muscl-e. f\ drop in

ternperattire of onl1i 3-t+oC eff ec tir¡e ly abol-ishecl the rtrythmic

act,ivitt' rvÌricil was accomJlan-'Led bi' a siqnif ican'u ine rease in

basel ine tension. '-lension contj-nues to increase as f empera-

ture cl eereas cs . Ln a numl.. er of e){Derirnents tension cont inLred

to rise until the t,enperature reaciied 15oC at rvhich point a

pl ateau st,c.ge in ten:r j on develo¡;ment r^las attainecl" Rer";arm-

ing of the preperation resL.r-lted in an a]-most immediate loss

of tension as 1;lrc ¡nuse I e ;'e-ì-axed t,o n e¿,r.r bas eline levels .

l\s tl-re tcmprl'¿ìrLr,rrc ¿iÐ,.rro¡-rc--iteil ')-iof: tr,:ns-Lon rccìcve-loperl t,o

too
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Fig. 12 Canine Trachealie: llltythmicity induced

by carbachol ( 2x1O--' t,1) .

cff'ect of lowering the temperabure.

( ro9 b)



neer previoLLs -lcve-1s ¡nri nlechanica-l osci.l.-lations Itere

a ."r i n ohs ervcrl .qÒu*¡¡

;\TP Cont,ent in thc l)encrrrlLerl 'j'r'eciie:',1

SLrrgic el d enerv¿ltion v\¡¡'ì..i pct'fol'ne c-ì on 6 ln iml ls ,

'Ihe neural innervatj-on oJl the posLerior sect,ion of the

trachea was left intact so as Lo ser\¡e es en j.nt ernal con-

trol f or each experiment " 'l'he ATP cont,enl; oll ltoth t,Ìie an-

terior denervated ancl tlic po:;terior innervatecl sep;nents

of the muscle vthere o'otaj.ned ¿rnd a pej-red i['-tr;:-.1- v¡as ttserl

to anaLyze t,he results (fi¡. f.3). ¡\s c:ìn irccn seen from

the graph, the innervatecì nruscle seßnents si,r¡i'rerl a siqnifi-

cantly greaicr ;\TIr conLeni (mc:rn 1," !4ivÏ /¡;m l'ir:i, l,,i s:;L-tc) th¡lll

the dencrvatecl segment,s (0.t/lt[,,1.1n1 ',';o¡, t:-:rsr,tc), (,'=0"0f )"

Invivo Exoeriments

I risc.l e

\iho.l e ¿tnirit.,ìl exnc.Ì'imcnt;s ';'.i {rÌ'r.) lct-i'o':"nrt''l i)lt 5 ,l o''':; lrl¿

l Jro f onlrninrrav¡rv cl escf i'ot'cl in i',irtl iltr:il:o'ìl ilÌr'l ¡Ì r.:r,lt'.'lm':lL-i cr lJ;'

representeri in fig. 7."

The results of ¿,, ¡.¡p1.ca Ì experi.ilcit i, :ìr'c shoi,tn ir:

fig. 11r " Stimrrlation o.i the ve¡us nr:rr-\r? -ri; one llertz (ljz )

prodLrced a srnall- contraction of i rnrnli¡ ton:ii on in tl:e inner-

vated muscl-e but no response r,\tasì observcc jn'¿i:r': clenerv¿Ltecl

musc-Le segment. An increase in the f-reqrì{'nel¡ ol nerve

stirnulation from I llz to 3 "3 ÍIz, , lO lt,?, ¡ ?.() 1.',',',

It0

:':rl )) 11,2, re-
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Fiáj. fj ATP content of innervatecl anil cienervated

canine trachealis rnusclc.

( trob)



sulted in ,'l proÍ';i:essi ve j.ncrc,rse j rr the con'braction of t,]rc

inn ervatecì tracìreal. s ei¡rìcnts from 5 to ?.I mrniig, t'rlri l.e

l-itt,le or no response lr,iìs obserrrecì in the denervated muscle

at the .1.o1','er frequenc ies. 0ccasiona.ì.}y e srna-11- contraction

of abont 2- 5r¡rn

paratioll r'¡iren stimul-atecl at, 3)' llz. 'lhis may have been due

to a passj.ve spreacl of the elcctrical stimu.l-rts from tl-ie in-

nervated to t'.lre clencrvated segment of the muscle.

Control str-rcì ies, j.n rvirich no suT.gical. clr:nervat'ì on rva.s

perf ormed, sÌtovr cci thaL t,Ì.,c norm¡rl trachea behavecl like t,h¿.lt

of the innervated traclieal. sef,ments. Increasecl neural st,inr.t-i-

.l-at j.on r€'su.lLcrl j n ¡ìn inc rcrs ecl musctrlar conf rac Lion ¿r lon.q

the entire lenqth of t,lre trechee"

1"ras observed in the denervated pre-

l1r.
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,Fig" 14 Evaluation of parasympathetic rlenervation

in the dog.

A. repronìcn bl; postcrior trachc¿¡l- sec Lion
t,

in tlte nornal clo¿ç

lJ. rc presents ¡interior t¡'¿¡che¿rl s ec bion

in [hc uorrnal'lo,.l

C. re1;rescnts anterior denervatecl tr.r-

clleal sec bion of the suri;ica.Lly cLener'-

vateil tio 11

.D" reproscn t,s tire pos berj-clr innervated.

scc'Lio¡ o-[ {,Ìr;^ f-]r,il'jic.1li¡r operated clog"

( r-rr b)
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S-tinr,rlati-cn of bìre distal end of the trachea vrith

c¿rrbachol, iristamine or elevatecl pot,as,sium consistently

caused tonic contractior-ls " Since t,his end had i.ntact inner-

vaiion, it cen ber conc,ì-uC.ecl tliat the surgical- procedure,

Þer s e, dici not alten tÌre nroperties of this s egment and

al.l-o,';ed it to behave I i ]<e 'i..he norma.I tracheal smooth musc Ie

obtaÍned fron unoperated clo,qs" Likewi-se, it ean be reason-

abl.y conc.lr.rcìerl f rom the pr:cssiirre measurements and vasus

nerve stimu-lrt j-on experiments bhat the pro:<imal. portion of

the tracllel, ','ri-rich shot'reC rhvthmíc behavior to carbachol or

histamin e rdas i nd eecl. frrnc t,i onal l1r d enervaterl insp it e of our

not Ì-iar¡inl done sirL.ictu.rel str,rdies to prove the point be-

yond an;', doLrbt. The care ial<en in separating the cut sec-

tion of tlic r-ecu.r'rent l..lryngeal nerve ensnred t,hat the dener-

vatlon v¡as we-Ì1 maintained clr¡er the maximr.rm observation per-

iod of 20 d ays "

Our stu.dies with 6-hydroxydopamine ireatecl animal-s in-

dicates ti-rat the denervation of i.nhibitory s)¡mpathetic nerves

does not indLrce rhythrnic j-tr., In the previously citecl studies

done on splcen and vas deierens, it r.ras si¡mpathetic denerr¡a-

tion v,rhich caLrsecì rh5rt.5r1"taU" The onlv cot-nmon feature in

these experiments anri otlrs on the trachea was that in both

cases rl'ryt,itrnic i ty vras on,l',' procì.r-ic ecl b)' motor" cl enerv¿rtion'

UniiLe r"ec eptcr spec if ic pharmacological. a.gents, eIe-

113



vated potassiir.r.n ceuse(l t,olic contl-¡rcti-ons in ìroi;i: inner-

v¡terì and rjencrr¡rt,erì fi'.rsc Ir's. 'i'he act,ion oi. i ncrease,.ì e)r-

tern.l-l pota:'i:;irrr on trl":icii(.'rl :;nrooLlr ¡¡u.sc I r.: c.ìif flcrr; f ronl

thos;e n¡;on-isi,s -ìrl:e,1c)etr-,,'lr:lio.l ile in tÌl¡lt te:rsion Ceveìop-

ment j s rr'.lrt,ccl to :r lnirclr -r.-,lter cüi,cnL on mcnrl¡rrÌre rlepo-lari-

zat jon ('-;',rrl c,' ',:rrÌ i.:il,::s , la7'l) . '.'iìti. ìc j-t r:,:rlrno*u ìte e:,:nl.air,ed

ås to l'rhi':ìÍ"c:':t,:; cìc¡,r:llrìt¡i,l oÌl c.l.r:r:trori1cçh,rn:Lc¡rI coufìin1 (e.¡j.

potassiunr) rrr: not sLlccessfr-rl i.n caLrsinfl rlt'¡tìlrli.r:i'by as cot:Ì-

pared to a..1cnts d epencì¿ìnt on phr.rnaconrccÌran jc al coLl,p,lj-nl, it;

r'loes rcnl¡li¡l ¡t coÌ-tÍìis1;6¡i1-. ob-qcrrv,:rtioir even in cr:ies of rÌiy1,ir-

nricity incluc eiì L.i' subst.r.:ì.Lcl i'lcprirrLi,ion (iio:;c and !os e , 1977) "

,r'i1'tÌroLr1ìr it, i.s,lerneraì 1..,u* acc ept,ed tliat, teIrocloto>:in

spec j.f icel -lr,r Ì-r locl:l t,Lie f :rst .soCirrrn cli¡.nnel-s i-n iìlet menl:ranes

of excj-taÌ:-l c cel.ls, i.irrero nro renortecl excei-.1ì.ons jn r,'rlijcil

tliis a¡'cnt. cìoet rcL ìr.locl, sorìiurrt cÌi¡rnne.ls (e.l:" ptl{'f er f i::ìi)

( G e rs iion , ll ¡,>'/ ; S oi: I'i,6

'['ìji.. t_o>: j-n j.l, I j::o l.lo,'l: i,r'r b ìoc],: lroi,ir nreg.trìXl j.on ì-c ¿..ni

rotltgíìnl:l irrr;ic' lrrrrr.¡rì3, ctic i¡.r.:iì lt¡'' t.l"ln::tnttr:t,l :r L,i l'lttl'lt jon L:ì

r,.ieÌ.ì. ¡.S t,ìtrorrl.;ìi i,ìrc ;rc t j r-in o l' r¡ i.'l'i o't: n Cr-tt-O Lr:lnSr.n ittCrS i¡l-

cl,udin.j íìt:r-:tj'jcho ì inc.'fiie inrl ttc eiì pìrasic- .:iciii'it,t' ol:s err¡ed

in denervlt.crj c'.nine i-.:'¡ìclrq",,r snoot,h ir,rt:,c l.e .:ìpìtc;.Lrî t,o l:r:

conpl ete15r t:r.a,'i'cc1--ccl L,l,' te1..rot'lotcxin. 'fiiis is not sui'pri:z -

ing si¡rce j.t js l.:rìo',,,'Ìl 1,ìrll. i,ct;r^orlot,oxir does not inhj bit,

spontaneoLls elr:ct,rice.l ¡iç--L-i-r¡j.t-i' in vt,-rt¿ìl)rlte sriooth rn'.tsele

or that, procìrÌcí'rl b_v cìirt-.ct e.l ec'¿rjcal stinLr-ì¡bion (iírrriy:.ma,

rirrÌ ,lonr.l -,'o , 'l.tl70; lÌi.r-rhasìti, 1972 ) "
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etâI,l!(ró)''ll-icÌiaresPonsìe,liofic'"'Ér:1,cìoosindícaEe

Lhet 1;Lir:: lileclr,r:icll oscilabions -Ln the clenervrtecl tr-achca-l

rnltSc I e l'cr)l'cs ¡,itt,s e pltenomenot-l occurin¡¡ in t,iit: musc l.e it-

self ratlter. 1:ìi;n ¿in ef lect nterli¡rt,ed tiiroLr¡lir t,lic rele¡lse of

Iransnli'¿[e rs í'rotil lCr\¡e termine l: " It a]so nro','ide'5 cvi-

clence to sttq,,1esi, '-r''r1; t,iic clepo-l,lrj zlinq phese oÎ tÌle electri-

cal. oscil-l-¿,itioris n¡r5ç¡rrecì ¡tt the nusc-l-e nnenbrenr: lii"e rìtte bo

Some ion cLìÌ'r'elr'. othc-'r t,hln socìiunl. Ii excit¡Lion ¡rncl con-

tragtiOn ere a couplecl proc..rSSr j-t-;','loti.id Seem rCasc)nAble to

suggest tÌ:lt t,he ris in¡; phase o Í- tlte mecÌ'ranical osr: il Ia-

tions rnei¡ ì)c ciu-c Lo en j.Ììct.oiìsc.in nrernbr¡ìne nerrneability t'o

c a-ì.c ium "

DifferenLiabion ofl the nreclianica.l tr¡tce revealerl t.hat

the slor^l t/aìvos l^ierc mlrle'llf) or sm,rlr br-rt rri-'jcl osci'ilai'ions

r¡¡1ii.ch corres;ponrlecì ',,1iIh tlle elcct,r^icr'1 c]ran,qes in' tÌre nembrane

iiheLher tho sloir i,v¡r',¡e osci.llat,jonll r(lslrlt from sutmm¿rtj-on of

the fast oscil.-l;-rt,ions or tho iì'io represent inclepenCant phenom-

enA is not l¡rlt-. r:-l c.,:tÌ'. -i i', ,i r: lofì:, ill l e, hor'; CVer, tltat tire S -l-o';J

phasJ.c co¡li:onc:nL rlìí.ì'i'ìrc rlrtor :tt, lensl; i-n p'lr¡;, t'o fltrcttta-

tions in cìlloririe r--rirr(;:t.. Sltcil ¡L ¡necì-ienisn ltas been propos ed

( nt-Sfrarkawy and Danrel I975b) to descrilre the secondary clepo1:rrr-

zaLions or,r5¡',¡rrcìi ii: t,irr C:r1,.'e.trrn'.lnt:lncl for l.fie fibril-lat,or)'

bc¿havior of tj.l rli,rÌ,,t'v:11;ct.l ri.r:Iet¡tl tnLtsclc, rcirortcd b5' ilryant

and 0¡rmer i n¡ " lìt loi, j rlr: ir; lrl [,Lcrver] Uo ll;.tr¡c ¿r sultstanLi ¿ll ef -

feCt on iÌtc rr.]r¡i¡1¡ nc'rnbr'1i-,e pot,entia-1. of nost f:ìmootÌì m'-isc-l'eS
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enC jt has been clrlcrr.l¡ri,cri t,h:it,r ch.lorlde pr.tmn mal/ contri-

l-rute as rnLrc Ìr ¿rs )5 rnV t.o t,iir: rcs;t,in¡ menlbrane i,otentia.ì- of

the taenía coli (l;roo¡ltnans ¡rrcl (:lrsteels, :1976)" 'llhc menlbranes

ofl norma.l mítmlnill j.¡ln sl<c;-ìeta.ì. lrLrsc-l.c rectt.tires a hi,1h chloricle

conductance j"n orrler to m,rj.n[ain staìrili.tl' of j.tts: excifaÌrle

surface menbr¿rne and prerrenL al¡rnornr¿ll repctitive firi.n¡ oÌ'

s en sif ivitll 1,o d epohrization . In the cl ene:'vat,ed spontan-

coilsf\¡ act,.ir/r:) Irreprrrtion fìte inf.lucnce of i,ìre rnotor nerves

(i.e. tlrc: ¡rct,ion poLenii:rls or Lropiric I'rc1,ors) arc no .ì.orlr,er

present, ¿ind t¡;Ìri.:¡ i.:; stt¡;r'csLerl es ircirt¡ resr)oil:;-il,¡le for nre-

vent ìnq tlt e nLtsc I e f ii:r-.rrs f ronl n¡.-i.nt;ti nin¡ thcii' nornìell i¡

Ì-ii,qh ch.lorjclc r,errne,'tl'j 1 ii,';' rcsi,.Iì t,in¡ in sjÌrontancoLts pii¡sic

contrecti ons ( :h'yanl; ¡.r:,ì llrulr':rino r ))76) "

0tÌicr cll¿-u ¡rct,c:r'isi,-icr:l ol' s,i.n¡ìe uni-i- rnu¡cl-es 1'Jere e-Lso

exhibitecl tt"r- tìic cleneryatecì nus:c-ie. 0ne of't,hcnr is the nt)¡o-

genic response to rapiri sl,ret',cirirr,1 . :lLtrnstocil and Prossot'

17960 ) have sÌto',.rn f hat my'o,qen,Lc re:ìl)onse clcc ttrecl onl v in sin¡;1e-

unit smootll muscl-e and is probably as a resr.rl.t of rnenrbrane cle-

*^'ì^-i-^+i^- ;l/\/ror L¿,a\)Lw!, rÌ1 response to mechenical perLur'Dation" l'iyo-

genic response,,^r.rs only elicit,ecl in l,he clenerv¡1,-,er1 trachelì

muscl-e in thc presence of c¡Lrbacliol ait,er rhlrtÌrnric contr,ic-

tions had bcen est¿rblisherl " 'i'he response I'v¡ìs ibsenL in the

roq'r-inr,.¡nrì ^rrbnCl'lOI Stj.nlUl¿tte<ì innerv¡te,J rnUSCl-eS nS rVe-l-I a.SI ur-¿ vr¡¡:) (¿¡r\¡

in ihe re:;ti.nri cìenervat,ecl nruscl-e" 'fhis i;'nplies titat stretch

j nrl uc erl mcnlÌ:rlnc ovenLs c,:Ìn onlr,' oc cur a It,e:t" tltet exc j Labi ì ity
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of t-,he ceìI is al.tererl by car'oechol" lio',^rever, it seems

tl-ra'i; dcnot'v:.tii.on seis up 1.he concì itions llecessar5r to aflor'v

ihis to i:itplen"

Ì,,ir;,lt,irlnit snoo"L,it nltsc.les sho',v a chal:acteristic absence

of act,i on ¡ot,en i,i.¡ris or oSc i.ll.ator5r s -low po*r,cn1:ials t"then

stimuiat,erL . .l +; l,rs l¡cen d ernonsl;r'ateC that tì'ris is the caS e

i.rit,h can j i:e irache aÌ smooth mtrsc -l.e (liroeger and lSt,ephens,

1975; Bose anc 1-ìose , )t977) . TEA indr.icecì rhytÌrnric activity

is accom:¡,1:r-i cil ir). a 1r:nertlion of' ection pot,ent j-als (l(roener

anc'l 1ii:pi--.c1s, 1':,'l5) . SiniI,r.:-ty ib iras been chot';n that r'Ìryth-

micil-r <Jr-lr: 'ccl sLr¡str-rie d erp¡i,¡et-Lon is accoÌllpenieci by rela-

tj ve-ì y,r::,tr,ir'l sp:ìie ¡ìct.i-vitl¡ (ca" L/sec ) sr-rper-i-m.posecÌ on slot'¡

osciilations of' rnemì.rr:,rle iol..cnt-,i¡r1 (cr." 1/min. ) (Bcse aucl

Bose , 1.97-l ) " l!'Ìie pattern of e-'l-ec',ricel osci-l-lalions in the

c'lenerr¡tieci 1,r",.ic jir:a-1. r'rtrsc.'I o rcs cLnb l-ecj that incjUc ed b;v' subS -
.br¿ìte cleprj-t¡¡-]t.jol anC thcre',re-s ¡ c,oOCr, Correspondence bet''veen

tl-re rapicl ¡nci :-1or.: colinonetlt,s o-t'ciepol.;lriz¿ttion and the ac-

conpaniri¡¡; tnr:cllr,rn j.c,-rl osci ìl-lt-,Lon's. Gj-t¡en tìle Iimitations

of the nic t:oel ectr.od e incthocl in l'rÌlich the e-l.ectrical ac1;ivity

is recor-rJe,:l f'rorir,i sin¡1e ce'l-l -r^,ll:rcreas t'ire mechanical res-

ponse is ti¡c ¡ìvcl',:ìí.io resÐon3e ol'¡ril the SmooLh mirscl-e cells

in tlle prep:rLii on, t,he close cotr,r)li.ng of tìre mechanical- anC

e1ectri-c¡r.l ac'r,rvities tr^J€ll(:ì st,rillin"ì.

;1e-/cra_i ol,hei- cli f f ercrc es betueen l--onic and phas ic

(rh.¿i,ì:rlic ) cont¡act jo:-ts :rï'e obr¡j.olts. Reducti-on of extra-

ce11n.-l,rr calcium catr-serl n¡'eielrcnt,ial. inhibition of phasic
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contract-,ionssllfl.qeSt.i.nrit,it¡tLdiff'crentca-lci''tmpool'sma1,r

be invoivcrj jn 1.,jre t,,iro t\¡nr:S of Conl;r¡ìCtj.ons. 'i'hi:; iniprcs-

sion 1.raS {'r-t¡'LÌier- $trengtlienr:c'l by 1,he observabion that i)-600,

a calciunl ctìrrent inÌliltitor (irlecl<enstein, et al, )97l.), pre-

ferentiaì 1.5, inhibiteri t,ire pìrasic resnonse. It vri-t-ì- be inl--er-

cstin¡1 to sc0 \,\rÌtctlrer l)-600 aIl]ects fhc rapl'cl or sl.o'''r conìpon-

enl,s of t-,hc slsr.:trical osci.LI:rt,ions. Ilovrever, illcse r'ri'l 'Ì' have

to r.rait unLi..l flr.rrtìler st,rrclic''s are done. The eff ect of e'i-cv:lt-

ed. calc jLrrn i.n .rbolishinl: ¡irasic act j.r¡ity i.si nore diil-icrr'lt

to explain. liotrr:r¡err clrlc,i-itrn SLtbsorvcs Inany different fttnc-

tions in 1,irr: e;<ci1.r.tion-contracti-on coupli-n¡; proccss' lir:-

Sicles aCtinß ¿,tsl :ìn activil.or, nernbrane iloUncl cll.c ir-trn al'so acts

as a stabi )tr,er an|l coni;ro.ls jonic permeabi.ì.it1' (itran)<en-

haeus er anrJ Ìlocì¡1]':in, )9lt7; IIu¡^tit:r , et rl , 1967 ) ' Tiris; r,tlr þ¡;

an explanation for. tÌre eiIcct of Ìli¡,lr c¿r].ci um conc entrations

on phasic oscillations. ;\n increrse in tìlc tonic component

oftensionl.;hentheca]ci'umconcentrat,ionl.'asj.ncreåsccìcotl-]d

also resul t in an increase in t,Ìle i-ntracel-l-ular stores of cal-

cium to the point r,vhere the active r]ptake nechanisms bi'the

Sar:coplasmic reticu-Lum anð.for the mitochorlCria trec:ìnle satur"-

ated anrl the contract j.l-c proteins irroLllcì become maximal'1y

activatecl . 'i'ire jncrease in bensi'o:-t ancl -l-oss of irÌl:sic activ-

ity obs erved v; itlr the adcl ition o.f 2 '5vÌ'rt caLr: i.'-rm above the

normal conc entration ma)¡ be o ue to a saturation and maxima-l

¿tctiv¡rtion of Lhrl cont,r'':tct j-ì c e'ì ernlcn [¡ v; j t'hirl 1']rc nluscle

fibers . If is just as -tiÌ< eì5, , llortcr;cr , ih¡it, t,ll c inc reas e cl
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exi;liacel.lLtl-ar calciLLlrn h¿ls; a stabilizing effecb on the ex-

C i-uabl.e sU,r"f ac e men",'cranes of tlie srnool:h musC le c ells .

Tiie conn nct,r on beL,,.reen aetabol ism and oscillatory

phenomena in the celì- ìtas l¡een postulated for a l-ong time,

iìecent evicìence to stren¡iihen tili-s comes from studies in

,,,rhich osci-ì labor;r behrvior cou.lcl be indtlc ed by the mani-puJ'a-

tion of 1,he cel-l ATP cont,enr;. lllhr-rs tracheal rhythmic itSr could

be inCurc ecl l:y substr¡rte rl epri vat j on and this event lvas accom-

paniecl by a ciecrcasr: j.i: .\TP content (Bose ancl ilose, L977).

Si¡nilai:ly ¿þs Pol.l¡r tiltrtani o.1 neurospol'a craSSa rihich has a cle-

iect in tire ol{'i'rl'ei,ive phosphor}'laiion process t exhibits elec-

trical osci -ì-iations 'ur'hich are quite unlike the behavior of the

,;;i.lc.l s irain r.;;iir:ii has a liigher r\TP content (Gradman and Slay-

man, I97 5) . T.tl .,,r.ìs inieresf in¡i to note that p¿ìrasympatheiic

clenerr.ati.on of tra.cheal- snioot,h muscle also led to a decrease

in irTP content comi arecl to confrol innervated muscle strips

obtained from i,he seme ani.mal. Thuts t.he effect of denervation

on ATP content in Sui.nea pig vAs rlefei'ens, f irst sho',vn by

i,¡est-fal-f , (1975) seems to be appticable to other muscle tvpes

as i'¡ e1I.

The exact mechan ism bli vriricl-r a lor,v l\TP concentration

ca.n influence nÌur-îcle llr-operties to cause the oscillatory

phenomenon c¡.tl on11,,'ne conjecturecl" F-l.uctuaLions in the in-

t,ernal- i\TP coÌLccrli;i:¡rfioi-l jn t,lre rricinit5r of the conbrectil'e

proi,eins seenl io be an unli.Ì<c1y possibj-Iit'¡ because in that
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off of tltc Ðt.tmp l,Ìten inhibit,.iotr of i;lrc prlrllp sìlotl'ìd h.'r.'¡e

nrnq,pd thr. nhlsic con[,racirions tr:l suitsi.de only','¡l'len tl-rcv(1uuvu v".. f,^.-

basal- tension cltìa.l ied t.lie pclll'l oî t,lle phasic contrecti.on"

The: e-fore , it is unlii<cly t,irat the el.ecLro¡eili-c socìiltnr pump

is the only mech,:ìn isnn ,loverninl rhSrtlln'i.iaU evcn thouîlì

ouaba j-n hacl i.tIì ì ttlribit,ory' cf f-cct. 0rtiìlain ilal' been fotlncl t'o

infl-uence the inLrace.llrrl¡tÌ" concentration of oiher ions be-

sicjes sodium ancl pot,assj.ttm. C,:rs1,ee1s (l9Zi) has for-tnri otla-

bain to rlecrcase intracel.lul¡ìr clll.nridc concentrat,ions. I'lor-

mal. intrace-l-lrrlar ciilori-de l.e;r¡els ere in e;(cess oi the amount

expect,eC on t j:c 'oesis of 1.ìrel Gibbs-i)onan eorri.ì ibrittn. 'l'hiS

has resu-ltcd jr: 'L.he lrc-l jci't,lirt' ,:ìll inl'¡arcl'l-,' dirccIed cìr'lorirje

pump exists ilt srnooLh muSClr,:;lncl 1.1'iat, tire reS\lltin¡ e.lectro-

cliernical chloricle,gradir:ni, c¿Ln conUribu'r,e to tÌrc membriìne po-

tential. iii'retìier ouabain has an cllfect on t,ìle ch.l-oride pLlmp

inclenendentlv of itrs ef:[ect on t]rc soCium pllmp or rvhethcr

the t,vro are lj.nl:ecl retnains to be ltnovrn. l'levertheless, if

osci]l.ations in chl-oricìe perneabil.ity are conLributi-ng to the

membrane potent,ial osci l1¡rtions, then orrabain j s f-iÌ<ely to

abolish r-hy*,lirnicity by l-cclLrcinl: thc el ectrochr¡micrl- ,iradient.

A nossible ro-le of chlori cle ions in the ûenerrtion of r),1rth-

mic activity in c at .je,iLrnaI smoo th nrltsc 1e llas be en sLlS,Ies tccl

by iil-Shr.rkai.:y ¿rncl l)rnir:.1 (l?'i5c), a¡tcl in r.¡1c','r of tll": jnhiìri-

t,ory effect of chLoriCe depl-ction ol-l riivthr:nic acüivitv in

tracl-:eal. smoot,Ì, ntLisc l-e, it, is 1;enlnt,ini to pos1,u-[ate ihat

l2l.



c hlorid e ions nî1,' be irnporta.nt in the osc illatory phenomenon

in smooth rnusc-le i,.ìs has Ìteen suggestecL in i:Ìre cese of dener-

I¡ated skele tai inu,sc l e (Cameri-no ancl Sryant , L976) .

In sLlmmaj)¡, n¿ìny oí'the changes i.n tracheal smooth

nnuscle propr:rt,ies follor,{irlC moûor but not inhibitory denerva-

tion are sltîjiestive oJl a conversi-on from a multi to a single

Lrnil; t;,ipe. T'hese chan,qes a.re s jmilar to the ones S een fo]l-or¡l-

ing rhythmicitf inclrrced by sLtbstrate deprivation, The pre-

c is e mechenisa b./ ',tili-cÌt low ¡'TP conc entr¡'rt ions can indu-c e

nenbrane ins;tabilit.¡ r'enr¿,,ins t,o be ehic idated "
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