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SUMMARY

,JOHNSON, C.�nnL L., (�on�tsTEnN, \IARGARE’l’ A., ANI) ScHw-,41n’Z, ARNOLD: On tint’ multi-
lecular actionn of loa’al anst’stiuetit-s. I. Tint’ mitt)(’iuo)nsdmiomnn as a nntudo’l membrmnnne systo’nn
fommstudvimug local annestho’tin at’titns. �iIo1. P/uaruunaeol. 9, :360-371 ( 197:3).

Local anso’sthetics inshibit vnulimsomycinn-induo’ed ja itmnssiunnu uptake tumid basit’ proutei ms-insduned
sw-ellinug 0)1 liver mitochomudria. Tiue present results suggo’sf that munonunuonn fo’atume oil tiuest’

effects of the local anno’sthetics oini mitochonsdriru is ru stabilizations oil mennbmannt’ structuro’. Inn

view- of the proposo’d role of proteimn connformatioinsal cinmunugt’s inn mnemve impulse ctuniductions, tint’
results suggest that the mtllecular mt’chmunisnu oil loctul nunnestinesia nnay imnvoulv(’ tins innhibit ions
0)1 membrane conlommationnal cinanngo’s rather tisan a dirt-nt innInibititjnn of tmatssport tf mono)-

valemnt or divalent nations, as gennerally believed. A o’oirmo’lafioun o’xists betnveo’nn fist’ ao’tivity of

these drugs on mittichondmia tumid tiseir mictivitv tan muo’rvo’ ct)nudut’titlnn bitlekmudt’. Tine mitoi-

chondriolms mnuy therefore serve as a useful model svstt’m to study loo’nul anmt’sthsetin actioini rut

tine moulecular level. Stmuctumt’-ao’tivity studies inidinnute thmit tine mrijour deto’mmimnmunst of 1�#{176}u-

temncy of tint-se anno’stluetics onn mito)clnt)nndria is fist’ lipid soilunbility oil tint’ drug.

INTROI)UCTION

Local runt-st hetics possess tint’ specific

ability lou block nonnduct ions inn t’xcitable
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tissues inn mu reversiblo’ nuanumst-r. Elecfro-
phuysit)lolginal nseasuremt’nts (1-5) oms nerve
amid munscle suggestt’d thunut tiso’se drugs t-xemt

thn(’ir phrurnumucological effects by innterferinng
wi fin t mo’ t mmsnmspoIrt til so idium nmtstl 1)o)tassiunu

rio-ross tint- cell mo’nnbmrunne. Other studies

(3, 6-S) suppturtt’d tint’ t-ounno-o’pt tistut mumnes-

tino’tins bltlck (-onuductioums by moidifyinug tint’
stnufo’ oil imntmnunehlular or nuo’nnbmamne-bounnd

calcium.

Aitintiughi it is nvido’ly acco’ptt’d tiuat tint’
loical anuestiso’tics (‘x(’rt their pinmtrmmucoltugicmul

actitums by inntertuctinng witin tint’ ct’ll nnt’m-
bmmmnne oil o’xcitable nt’lls, study oil tint’ nuti-
leculnur mnmiturt’ oil fhuis inntera(’titmnn is difflo-ult

ins tine imntaet nso’rvo’ our musele. As a result,

mann�- mutto’mpts havo’ bo’enu mmndo’ toi umtilizo’

(utlno’r mt’nubrrunne svstenns capable of tramns-
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porting ionns imi order to) t’xanninnt’ lunsda-

mental characteristics oil local nunnesthetic-
membrane interactions.

We have previously poimut(’d out (9) tluat
the mitochondrionn mruy be a useful model
system ui�oni which to) study tine effects of
local anesthetics at the m(’mbmanue level.

Isolated mitochonidrimu mire (‘apable of (�arry-

ing out a number of met abolism-linuked
t mnnnusport pmo)c(’sses, ins pmnrticular fht’ f ranus-

port of potassium. A mmujor advanutage of tine
nnitochonndmiai system i� that the mmngnitude
rind time course oil the ioinn tmansslocationus
are sucin that they cmii be conntinuouslv auth

directly monnitored by nueans of ion-specific
electrodes. In addition, tine mitochondriouns

is capable 0)1 undemgoinug reversible mnhtera-

tions of structure which (-an be conivenientlv
followed by meanns of spent mopint A oumet rio’

(light scnntterinng) techniques.
Under tine usumnul assmiy coums(hitio)nns nnitom-

oiuondrint (It) nitit sptunntmuns(’ousl� cat mnlyze met

transsport of Ptifn&ssiUfln. However, mecenut
studies ismuve sinowns tiuat net movements oil

potassium (It) (ut-cur inn the pmesennce of certrnimn

specific insducinng agents: tht’ ‘‘ionsophoro”
rmnitibiotics (10) amid (‘o’rtmuinu brush- proteinns

(11).
\?alinsoinucins munnd brush- profeinns were uso’d

ins tine pmesenmt studies as ‘toouls’’ to) indut-o’

potassium t ransspo urt mind st ru(’t mnral alt emmu-

tionns inn mitoclnomsdria. TIse purpose 0)1 tisese

studies was twofold: (mu) tou cinaractt’rize tine

effects of local annesthuetics on mittuchondrinu,
minud (b) to coumpame the nuctivity of loo’mnl
anestinetics onn mito)chonsdria mind f Iseir
pharmacological potency tins nerve ct)nduc-
tit)nn and thereby explore tint’ use of tine
mitochonndrionu as a model system for study-
ing flue mecinanism of local ansesthetic

actiomu.
Ft-w reports ismnve muppo’mnred ins tint’ litermu-

fume dealing witis flue o’ffects of local anses-

thetics onu nnitochnonudminn. ,Judnuh et al. (12)
observed that tine locmil annesthuetic dibucruinse
thinniniisined tint’ loiss ol potassium mund tint’
uptake oil hydrogen iouns innduco’d by the
mit o(’iuo indrial unscouphnng agent 2 , 4-dinsi-
trophn(’msoul. This tibst’mvationn was thuo’n ex-

tended by Azzi tumid Scmnrpmi (13) to a nnunnber

(if other mitocisounsdrial franusptrt processo’s.

The�’ found tinmut dibucainne inhibitt’d boutin

sponsf annt’o ins tumid vnii inut innynimm-i nsduo’ed p u-

tassium extrusio)nn (nuetmuboilisnu-imudepenndennt

t ransport) and vali nuornyci n-induced po-
tassiunu uptako’ (metmubolism-dependent

tramusport). In tine latter case tint’ inhibition
by tint’ local munesthetic mt�)po’ar(’d to he

competitive witin the level of potassium in
the extemnnal nno’dium. Inn tint’ conscentration

range nneeded to) inuhibit potassium transpt)rt,
1501) effents w(’me observed tan phuosphnoryla-

tionn 0)1 ADP, umseoupler-stimulated respira-
tionu, our calcium transport. Higher con-

centrat ionss t)f tiut’ locmnl anuest met it-s , lnowevt’r,

were founmud to) inshibit (‘alciunu uptake.

‘I1inese authors (13) co)nscluded that in lowv

concentrations (onn the order of 50-100 �

dibucaine was a specific inhibitor of mito-

chonudrial l)ottissium t ransport processes.

Chance c/ al, (14) and Mela (15, 16) re-
examinued tine effects oil local anesthetics oni

(-alcium tranuspoirt and reported a stimula-

tionu t)l nnilcium uptake. The reasonn for tine

thiscrepnunut-y in these reports on the effects
of local anesthetics onu calcium transport is

not demur but may be due to a difference inn

mussav t’t umsditionss , in pturt icular, t he presenco’
our abso’nmce of I)ht)sphnnte in the medium. inn

anuv event, these results cast some doubt
on tine specificity of local annesthuetic actions
on nuifoio’houndria.

We previously rt’pourted (9) that mu Va-

rio’tv of bit-ru annestisetio-s innisibit mito-
cisonsdrial potassium ext mimsion ninnd swelling

(menusunred by light scatterinug) insduced by

basin proteinus. Sinsce thuese two) o’ffects, P0-
assi am f ransport mind st nnnt urmul clnmnnnges,

could nuot b(’ dissociated, it was nnot clear
w-iuetluer tint’ mechnanism oif local annesthetic

action innvolved a direct innhnibitionn of nation

transspo)rt or mu “stabilizations” of membrane
structure. Preliminary studies w-ith several

locmil runuesthuetics suggested that flue ructivity

o�f tiuese compounds (in mitoinhnondria pmnral-
leled their l)iitennc�’ ons nnerve noniduntion
blockrude (9).

METHODS AND MATERmALS

Met/i otis. �I it ochonndria wero’ iso ilat ed
from mudult rat liver by tht’ met istud of

So’Iunneido’r (17) ins mu medium o-onsfaining

0.25 M sucrtuso- annd 1 m�i Ei)TA buffered

to) pH 7.2 with Tris. Tise final mitochoinndrial

pellet nvas suspo’inded inn the same medium
toi yield mu proteimn t-o)nne(’nntmationn oil 100
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mg/nub. Proto’inn wmis t’stinnmutt’d by ru biuro’t
inset iso iti ( 1 5) , usinng ho vinst’ strains nulbunnsuims

as a struns(!nird.

‘FIst’ missriy 0 mf nuifo uoh unsdrial ro’spimnitio ins,

iounm transspoirt , ninnd swo’llinsg svtus cmlrri(’(l omut

simultamuo’o nmsl� by niemumns oii mu iisultiptumninno’-

to’r do’vico’ designnt’d rut tint’ ,JomIsnssounu Ho’-

st’niro’inl’ouunndnutioumn(l�iniImudelphnimn),�\.. de-

so-ript ioumn 0 ii t ins do’vit-o’ inns beenu pumblisiso’ol

(19).

I’o ur tint-f ro in misit-ro uso’o upv � duplit-nute sr.unui-

Pies omi fllit(uO’inonn(lrimi (0.6 nug of iuromto’inn)
�vo’rt’ mo’nuouvt’(l f’rtunu tint’ o’uvo’tto’ oil timo’

nnultiiurimminsuo-tt’r d(’vit-(’ nunnd fixo’d inn mu

suspo’nnsions (:300 muuilliousnnoubo’s) oil 1 .5 �

purifio’d glutnumnuldo’is�de inn 0.05 �m juinosjuismuto’
buffo’r, iuH 7.3. A Pt’lbt’t \Vtis oubtnuimso’d by
(-emit rifugnut io inn nunnd n’innso’d inn Pisosluisrit 0’

buffo’r, J)lnito’(l ins 2 � ; ousnnuiunnn to’) roixido’ four

2 hr, tlehuydrmitt’ti witin o’tlsanol, mimud o’nu-
bo’ddo’d inn F)I)ounn.‘fhninnm-to-t’tiomnnss�o’re -ttnuinso’d

n�-ifhi umnunnyl ruo’o’tmutt’ rumnd �vitiu lo’mud t-itmmutt’

munud svo’ro’ o’xrunuinno’ol inn runs RCA 1�\IU4
o’bo’o-frouns nuicroisnoupt’.

‘fist’nussmny miuo’diunn unso’(ltinro)ugiuonmt finest’

stti(li(’s o’oumutmiimst’tl 0.25 �i sunrouso’, 20 nu�i

Tris, 3 m�u glutrnmuunuto’, �3 nnM nnumilmuto’, mmd

2.5 fl5M phstuspisnit(’, mndjusto’d tou iuH 7.2 wit is
HCI. The finsrulvoihnnuo’ wris 10 nub ; tint’ to’nn-

Permit art’ ��mus 25-26#{176}. Tint’ mnnitounisoumudrinil
o’oininemutrationi �\mts 4.0 � i’oum’ tine ex-

�)t’ri mnno’nnts imuvo ulvi nng vrul i nutunsyo-im n-i mndu(-ed

Ptmtmissiumnu uipfmukt’, tint’ lit it mossiurn to ums(’O’mn-

trmutiomnu ivnus 1.0 mmt munntl timt’ nsnuoumnf of

vmulinsounuyo’inn ivrus 0.0-5 �g nnug oil nuitou-

-iuonndrinul prouteinu. F’oun’ tint’ bnusit- pn’oufeins-

inndunned pot russians o‘xt rumsio ins o’xpo’ri nuo’nts,

fho’ (‘oninentmmntionn ouf potassium was 500 �t

nunnd tint’ basin 1)roitt’imu uso’d was 10 jog oil
�-histonuo’ po’r nnil ligmann oil nuit ouo-inounsdrial

Pro it (‘ins.

iIatei’iais. ‘flit’ isisto inst lmat’t it inn (,�-hsistounne)

used ins theso’ studio’s wmns genseroiuslv do-
rsnut(’d by Dr. Hnurris Buscis (Bnuylour Collo’ge
oil ‘s1(’dicin(’, Houustonn). \nulinuomyo-imu was

pumchmised frtm Sigmmt (‘iso’nuicmil (1oumnnpamsy.
Nigerinimu wnus oubfmuimsed Iroum Eli Lilly tumid
Company. Tint’ fi ullowimsg It mo’mul tunnestho’f is

wo’re obtaimno’d fro inn o-oummo’ro-inil so uurt-o’s:

pro(-miinie, t’ot’nuimmo’, tm’ouprinoo’munno’, dibuno-aimse,
lidocainut’, to-tmmto-muinne, oiuinsidinit’, mumud proi-

prmunoltul.
Several anmnboiguo’s oil pn’ouo-ruimmo’isnuvinng flit’

genueral st runt urn

0 (‘2H5

�Th e -0-(’I!2--ChI2-- N

� (‘2115

svo’ro’ uso’tl ins tint’ pro’so’nst studio’s. ‘fiso�� inmuvo’
i)os’ns givo’nn tint’ loilbosving frivinul nnmunnt’s
ft mm’ ido’mnt ifit-nutiouns Purl)oso’s : hn�drt mntiimnt’

�::x: = H), nimborounmuinso’(X1 = 4_(1l), fiuoirou-
o-nuinso’ (Xi = 4-1-’) , p-nuo’tinvl(-muinno’ (IXI = .3-

(‘Il:i) , in-nuo’th�lo-nuimno’ (X1 = :3-(’Ili) , nnitn’ou-

-nuinno’ (4X - 4-NO2) , nnuo’tisouxyo-nuinno’ (X = 4-

( )CH3) , o’tistixyo-muimno’ (IXI = 4-OC2H�),
butoix\o-ruinso’ (�Xi = 4-O(1H9) , runt! hut vh-ruinmo’

cxi - 4-lei-1-(’ H9) . ‘fiseso’ coumuipo munnntls
synntlso’sizo’(l 1mminn bo’imzo ut- tnt-it! (bo’rivnutivo’s 011’

t ise to mn’mesl it umndimsg muo’yl o-iulomn’i(lt’s mis juit

vimmimsly (lo’so-ribo’d (20, 21).

HESU LTS

.1 CtiOlI (1j local anesthetics (11! i’alihiO)hhiJCjhl-

u1(iace(l (JT(’(’t-�. list’ o’fft’o-ts oil tint’ nimnfibioutio-
vmulinnounuy-ims tim nuito uo-iso)nsdriru muro’ sino�vim iii

1’ig. 1 . ��(lohitiounu oil 2 pg oil vnulimsomynimn
nmuuso’tl mini inunuo’dirnto’ uptmuko’ oil 110 mtmissiimni
mmmd mu do’oi’o’nuse ins liglut s-mutto’n’ (rt’pro’so’istimmg

nut o)(-lmoinntlnimil s�vo’llimsg) . lponu ro’rio-isinsg rims

rintuo’ro ubio’ st mit o’, f hut’ nuumijoin-i ty oif t iso’ pout mss-

siunn ruo’o-uniulruto’d wnus bust must! light stat-
to’n’imsg inno-m’o’niso’d. ‘fiso’so’ n’o’sults art’ o’s-
stunt imully iolo’nmth’tul ��it ii t moiso’ ro’po mrto’d flm’’-

viouusly by oufhno’r imsvo’stigafoirs (22-24).

‘fino’ innhibit oun-v rio-f it inn of tint’ lonmul numuo’st hunt h-

butt ixyo-muinmo’ (butoixv munnniloiguo’ oil pro mo’tuimno’)
is slit uwmminn l’ig. 2.

A (-tin/I of 10(01 anest/,etic,t (/1/ baz,c /))0tei1I-

i1l(/UCel efTe(’ts. fist’ o’ffents oil mi bnnsio’ proif o’inn,

mu inisto mint’ immuo-t it ins iso ulmnto’dIn-tins nnulf tin vnusns

nnuno-lo’i, murt’ slit iwnm ins l”ig. 3. Adtlitioins oil 10
pg inistoinno’po’r milligmnumui oil nnitouo-inoumn(lrinul

prouteinu (‘auso’d rums innmo’dimute o’xtmusiouns oil
inst rrunsitounino inudmimil pout nusshmns, mu denrt’muse inn

ligist snatft’rinng, numsd mustinsmulatioins oil ouxygo’nn
counmsunnpfioumn. 1�poims ro’muninimmg tint’ nunsmut’roubio’
stmito’, tint’ light so-mitto’rinmg trnut’o’ lo’velo’d tiff,

‘fist’ inisto umst’-imnduo’t’(l o’flo’cts wo’mo’ ins-

imibito’d by tint’ lout-rub munno’stimo’tit- butoxvcnuinso’

(l’ig. 4).
Tiumut tint’ ligint so-mit to’rinmg nlimnnsgo’s oib-

so’rved ins those t’xperimo’nnts repro’so’nnt strut’-
umnul multt’n-mutit mis ins tint’ mitt )niuo iimdminul innino’n’

mennbmnumuo’ ��rus sino’uvns by electron mi(’ros-
o’tip� studies. Alio1uouts (if time missmuv mt’dium

wo’ro’ ro’nnoivo’d froum tint’ o-uvo’tte oil fist’ nuulfi-

jumun’mununeto’n’tb-vito’ mmmd t n-t’rit(’d mis dt’scribt’d
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2 pg of vnshimmoumusyo’in.
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FIG. 1. Effeo-ts of o’alinonmujoin on ,nitocluoundria

Tine assay nnedimmmn o’onnsisted of 0.25 M simcromse,

20 nuu� Ti-is, 3 nsn�m glutminsic not-id, 3 muM nsalic miCi(!,

2.5 nus phosphate, antI 1.0 mM KCI, pIT 7.2, at

25-26#{176}; the final volunne after additioims ouf mnnitou-

chonmdria was 10 ml. TIne aol(litmomss at the morrows

were 40 mg ouf washeol mitoehommidrimol proteimn (M,,)

mimid 2 pg oif vmtlimiomveimm. mumnot! expeniniemmts shoiwmm

in this aimd suhsequemnt figures, calihratiounn ouf tine

K+ electroude was carried onmnt hefoure amiol mifter

assay; light scatter (L.S.) wmos calml)rateol quali-
tatively umsimmg a nnitomchoummdnial suspennsioumm.3 A

t!eseending slope imuo!icates mm decrease inn ligimt

scatter whicis may reflect sns-ellinng, althouugh oither

mmnterpretatmons are by nno nseamss exehmt!e! (19).�

unnder METHOI)S ANI) MATERnAI4S. Priour tom

tudditiounn 0)1 the basic proiteini (Fig. SA runud
E), tine mitoichomidrimi o’xhnibited mu tvpicrul

conndt’nssed, ‘‘nnonuent’rgizt’d’’ o-onmfigunrnit io ins

characteristic of sti-(’mullt’d stmnte 4 mito-

elnoinndria (25). \Vlnenu fist’ bmisit- pro ito’imu was

Valinomycin

Minutes

addo’d mnnnd lighit serif terinng humid do’(-r(’ruso’d to
a nusinninnum, electro 115 micro igrmnpiss (Fig.
SB munud F) sinowed that. tine inuner mo’mbrnunse

had unsfolded rmnud tint’ mnutrix nmppemnred less
demnse (2S). \litochondria in the presenmo-e

of bumt oxynmuinne wero’ inndistinsguishsable fro mnnn

the conutmol mifoicinoimsdriru (Fig. SC mmd ().
Additioun oil basic protein to tine local aunt’s-

thet.h--tro’mtted mifoicinoinndria failed to pmo-

duct’ ul t mast ructurrul (‘inmnnges (Fig. SD mmmd
H).

In oiur earlier studies (11, 26) oil tIne effo’ets

0)1 tine bnisic pro)teilss tan mifochonudria we
were unnabbt’ tou dissouniate fist’ o’xt.runsionm oil

potrnssium from tine light serif terimng t-hnmunsgo’s.
We hmnve msow (ibtainned a dissocimutiounn of

these twti prour-esst’sby mt-minus of tine annti-

bittin nuigt’ri(’inu.

As shownn inn Fig. 6, low conucemntrations tif

nigerininu (on the order tuf 1 nsg/mg of pro-
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Fno; . 4. Ac/mom of liii toxy(’ailue (ill t)USie pr(itti’lu -

induced effects
TIme numeohimunuu w;os tine smimnme as mm Fig. 3 ilmns 200

pM bmmtomxyo’aimme. ‘FIne miolohit iumms nut tine murromws
is-ere 40 nnsg (if nusitoicisonmolninul hunouteimm (�\1a.) mmmd

400 pg of (3-histounme.

l)o)tmtssiufls, thse brush- pmoto’in still rt’tmuiint’d
tine mmbihity toi stimulmnte ro’spimmttioumu timid tou

o’tnumse ‘‘swellinng’’ oil the mifoo-Iuounudria (Fig.

6). It is demur, tiso’refore, tiumut the at-tions of

tine basin i)routo’imms doo’s mitit nnt’no’ssmnriiv inn-
volvo’ tint’ t rmunsspo irt oil putnussium . Ratiser,

the effluX of pofnussium tinat omneurs in the

l)resenne of tine bmnsie promteinns is proubably
due tou a rearmnmnsgo’ment �uf thue mifocinonndrirui
membranse structure, mulbowinng four pmussivt’
leakage of poitassiumm downs its (-oneemntmmu-

tion gmmmdiemsf. It sisould ho’ emphnasizo’d,
h’now-evt’r, tinmit tint’ struntumnil o-hmunsges in tine

membrmumse o-munsnoit be cinrumninto’rized as mu
go’rno’rmmlizo’d do’stmuntiouns oil nmo’nnbrtumno’ ins-

tegrity. Tint-se nhurmnngo’s mire o-omplo’telv me-
taboilisrn-depo’nsdo’nnt, requirinsg o’itlu(’r elo’--

tmounn trmmnsspommt our ATP utilizmmfions (26).

Furt iserm(mme, mit ucho )nndria treated wit in

bash- pn-titeinms still retain tint’ ability tou

1 2 3 4

Smi n u t e s

F�no; . 3 . i�’,fl’oo/.s- of boisic pi(i/oiius Oil 1/I 1 /()clIOII(l lie)

The nune(!imnni wmis tine snmnnie as imm Fig. 1 except

thnmmt tine mit imil F�Cl oommo’o8motnatiommm was 0.5 must -

‘rine :m(I(Iit im(nms at t Inc amnmmivs is’en’e 40 mug ouf fluit(i-

(‘hommod ni ml Pr it ci a (?�T,,. ) nimuo! 400 pg ouf �i -hist oine.

to-ins) (‘01150(1 a t-ounniuleto’ loss oil instrannuitoi-
o-inoumndrimml Potassium mmnitl mmslight inneremnso’ inn

ligint so’mutto’rinug. No rno’nisurabie o’ffo’ct onn
respirnufions was obso’rved. A largo’ nsunubo’r of

studies commuo-o’mmu(’dwith tine at-thins oil nsi-

gericini turn nnito(-hnonndrimn isnuve mippo’rmro’d (o’.g.,
24, 27-31). If is go’nno’rmully aco’eptetl tlnmut

nnigericins (‘rius(’s mu melt-rise oil po)tassiulm annd

nun nuppnnro’mst t’ounutrmno-tiounn 0 if mitot-hs andrimi.

Inn most crust’s inniuibifioins oil NAI)-linmked
substrate ouxidmutitas ismus mulso beo’ms no ited.

However, this respirmmftury insisibit it ins nouubd
be avoided imntler suit mublo’ rmssay o-oimndititunss,

mnamely, isighu substmnmto’ o-oumu-enufrmut it ins ruisd
mild imypo)tonicitv (30). Wo’ hnrmve rulstu coins-
sistentlv observed tiumut a o’ommplete ro’lemnse oil

poitassiuim (‘rims be ombinminned ims nun isoitomni(-
nnedium ouf mtudemmtto’ substmmufe coimnno’mnfrmitiouin

if the nonco’nutrationn oil nnigo’ricins is louwo’med
to approuximately 1 ing/mg oil mitouo’inounsdrimil

limo item.
I)espite tine do’plo’t iomnu oil nsitouo’inounsoln’inml
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.m ‘Ummpmmblmshneol (ui)sei-vat ions.

1)hnosPInom�lnmto’ AI)P minud foi nmo-t-ununulmute j)o)-
tassium uipounn tmdditionu ouf vmulinsonuyo-imu.m

These results suggo’st tin(’ innpourtmunce oil
initial Isistoinue-nnembrmunne innto’mmm(’tionn ler’udinsg
tti signifinanut strunctumnul nultemrutio inns.

As sinownn ins 1”igs. :3, 4, mmmd 6, tint’ lighit
scatterinig chumunngo’s observed with the basic

proteimus exinibit two phrises. There is a very
rapid decremuse inn scat t erinsg, t erminumit mug
withnin ruboiut. 10-15 sen, winichn humus been

shownu to) be (‘0 umplef ely nuetaboulisns-insdo’-

Pendent tnnsd is nnoit inninibited by very large
cominentrat.iomus 0)1 tiue lonnil mmnsesfiuetio’s. Thue

mature of thuis process is unnkmnown, but it

may reflect some aggregrutioni of tine mito-

chiondria ctLtlS(’d by tint’ stroangly chnmurged
basic proteins. Tine so’cond pluase of tiue ligiut
scatterimng channge is completely metabolism-

dependent (beiing prevennted by o’lect rtun
transport ininibitors) annd is inulnibited by tine
l()CttI tunestinetins. Tinis second pisase is
reasonnably linsear with tinue. As a measure

of tine effect of tine basic proteins onu mito-

chondrial swellinng, we ismuve cmnlculated the
relative cinange inn light scattering during

the period from 20 tou �0 see alter mudditionu
of the basic proteins.

A dose-responuse (-urve four tint’ imshnibitioun

of inistone-induced swo’llinng is shown in
Fig. 7. The control o’xperiment (solid circles)
represennts mu titratio)n of fine effects of tine
local anesthetic but oxyeaine under the
conditions employed inn Fig. 4. TIne tither
titration (open cir(-les) was carried 0)1st onn

mitochuondria tinat hat! been depleted of

potmtssitim by prior treatment with nsigeri(-in
as inn Fig. 6. No differennce was tubtained in
the dose-responsso2 relnutiomsship, indicmit mug

that the local anesthetics ai-e not acting on a

potassia 11/ ti’aimspoi-t niec/i anisin. Thus tine
originmul hypothesis of Azzi and Snarpa
(1:3), that low concentmnstionns of local muses-
tinetics are specific imnhuibitors oil nuito-

clnonndrial potmissiunn trmunnsport pn’ messes,
does msoit appear to be correct. A nuore likely

mecinnunsism of mn-titan of the munnesthsetics

appears tou be an iiniuibitionn of tine membranne
conlomnnmmtiomnal cinamnges w’inicln are mISSOCS-

ated with mmntionn of btuth basic pr(utt’imns and
valimnomynims, amid svimio’in mire reflented by
ligist so-nutterinng ciuansges.

If is signnifinmnmut flint time lout-al mmnnestint’tio-s
(it) hot inihnibit tine muigerinins-insduced o’xtm’usioumn

ouf J)t)tm’iSsilnfls, mu j�rocess whsu-hn is mitit tb’-

penudent oh o’mnergy tmnsd whsinh is nmout mn-
nompani(’d by swelling. Thus a clear (bistinmn-
tionn cans be nuade betweenn tine extrusiommn oil

potassiunn cruised by the bmnsie 1)mOteins nunsd
tisat. caused by nuigericiim.

Stl’u(-ture-actio’ity stnul’ies on rnitochi oi,d,’ia.

un an effourt tom gruiin some insloumnnnnitionn mis to

tine menhammisnn oul the lounmul amuestino’ti(’ inn-
inibitionn 0)1 tine valinonnycini- mind bmmsic

l)routt’imn-inndu(-ed effects, structure-rio-f ivity
studies were carried ouut usinug a large mminnn-

ber of lounal anestinetins or bouo-al runnest 1st-tic-

like molecules.
‘fou conserve space, doise-responise curves

for mmli tine (‘ompounds (‘onSidered mmmc mnot

shown, but some represenstative results are
shown’s inn 1”ig. S for valinommyo’inn-inn(bu(-ed

potassium ul)tako- mnnsd in Fig. 9 for inistoimne-
induced swelhirng.

As slsownn inn ‘fnuble I , tint-re is mu (-lose

correlation betwt-emn tine relative potenscy of
mn series of ltu-al munestinefics 0)15 vmulinntmnnnvo’in-

innduced uptake tuf 1)otassiunu munnd onn isistoine-
innduced swelhinsg. Unnder fist’ eo)nnditi(unms of

thuese experimenuts tiso’ conunenntratio inns of
local anestisetics required to innhibit thie
Inistonse-inuduned effects were gennerally tin

the order oii 25 #{182}�.of thnose required to inn-

hibit tine vahiinomV(’inn-inu(luced effects . Ho mw-

ever, tisis nuay be mnscribed to tine Inset tiunut

tine nonn-enut rat ions of local msinestlno’t it- re-

quired for iualf-mmmximal innisibitionn of tim(’se
respomuses (lepenud tins time (‘onco-nstrmutiomns of

tine innducinng ageInts. (‘mire was takeni inn all
tinese studies ttu nuaintaimn nonustannt expo’ri-
mental ctunnditions, in pnirticulmir tint’ non-

cemntration of valimuomnnvo-inn ruind inistonne nmnnd

tine amount tuf mitochonndrial proteins used.

It is inoteworthy tinrmttine relative jucmto’nncy

of several comnnomn local amnestlnetio’s (in
nnerve nonsciuct ion blockade (32, :33) is
clousely o’orrelated with tin(’ potenncy oil fist-se

corsupounnds on vmilinnt mmynin-inndunt’d p0)-

tassiunn ao-t-unuuulat hums mint! inistomne-insolinned

sweblinug (Table 1).

As sinownu inn Fig. 10, mu good coirrt’lnmtion

ssmis obtnuimned betweeno time at’tivitv mml a

series of procmuinnc nmnsmubogues onn nnitochuonsdria

anud tine lipid sodubihity oil fine drug [mis esti-.
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F’mo;. 5. Action of butox�jcaine on. ultrastrmio-tuiral effects oif basic proteins

‘I’hne uniedimmmni was the smime mis inn Fig. 3. A amid E. Commit rol mit omchommndnino hefon’e middit moms of huasic pro-

m a. B and F. Mitouclnoummolnimm treated wit in 400 pg of �-hist (mmue. C momid ( . Mit (mchomnolnma that had been

premmno-ubmotet! wit In 200 pM butouxycaine. 1) munn(l 11. Mitoehonsdnia fronns Fig. SC after modditiomm ouf 400 pg
of �-histommn. A-I) >< 6500; E-II X 17,500.
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Mini tes

FIG. 6. Effects of basic proteins after depletion

of mitochondrial potassium by nigericin

The medium was the same as in Fig. 3. The

additions at the arrows were 40 mg of nuitochon-

drial protein (Me), SO ng of nigericin, and 400

pg of $-histone.

nuated by Hanscin ir vrulues (34)]. Only the

parennt compound, procaine, did not fit the
regressioni well. This may have been due to

an inncorrect ir value for tine amino group.
On tine otiner hand, this group is tine only
stronng hydrogen-bonding group within the

series studied. It is possible that a second

paranneter is required inn order to correlate
derivnut.ivo’s capmuble of strong Inydrogen
bonuding,

DISCUSSION

Local anesthetics have been sinown to
affect. several parameters of mitocinonsdrial
function, including vahinomycin-induced p0-

tassiunn uptake and basic protein-induced

swehhiing. It is clear from the present studies

that tine extrusion of potassium is incidental
to the action of the basic proteimns. It is

noteworthy that valinn(umycin-inndUced P0-
tassiunn uptake is accompanied by light

I I I I I

20 50 100 200 400

1iM Butoxycaine

Fio. 7. Log dose-response curie for inhibition of
bas ic protein -induced s welling by butoxycaine

The muedium was the same as in Fig. 3. The

rate of swelling was calculated as described in
the text. The ordimsate represeiits the percentage

inhibition of this rate, expressed ins probit units

to improve the linearity of the cnmrve. #{149},without
prior depletion of potassium by nigericin; 0,

after depletion of intramitochondriai potassium
by treatment with 50 ng of nigericin. The concen-
tration of $-histone was 10 pg/mg of mitochondrial
protein.

scatterinng cisanges tisat have been shown
by electron microscopy (35) to be accom-
panied by ultrastructural changes in the

inner membrane of the mitochnondrion. In
the present study a sin-nilar correlation luas

been found for the liglst scattering and ultra-
structural effects of basic proteins. In

view of the close correlation betweein tine
inhibitory potency of local anesthetics on

valinnomycin-induced potassium uptake and
basic protein-induced swelling, it seems
probable that the action of local anesthetics
on mitochondria is due to an inhibition of
membrane configurational or conformational
cinanges rather thann to a direct inhibition of

cationn transport. It is also of significance
that the extrusion of mitochondrial po-

tassium induceti by low- conncentrations of
nigericiis is not accompanied by swelling

and is not inhibited by local anesthetics.
The correlation of local muinestinetic ac-

tivity onn mit.ochnondria and on nerve con-
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1.0 (19.3)

1.8 (10.7)
2.5 (7.7)

2.6 (7.4)
5.5 (3.5)

7.9 (2.4)

29.7 (0.65)

68.8 (0.28)
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ductioin blockade suggest s that, the nuitoi-

chnomndrionn migint be a useful model systennu

ftur testinug more poutemst munsestisetics. It is

well knuowin that lipid somlubility is a major

determinnant of local anestinetic activity tins
nerves (36-42). It is of imnto’rest, thnerelore,

2

0

20

�30

#{176}-i40

� 50

60

� 70

80

90

01 02 05 I 2 5 0 20 3040

mM Local AnestheOc

Fin. 8. Representative log dose-response curves

for action of several local anesthetics on valinoint,cin -

indu-ed potassinno uptake

The assay conmditiouns are described in Fig. 1.

The ourdinsate represemnts the percentage inhibitiomnn

of the potassismnn uptake rate, expressed ins probit

units to improve tine linearity omf the curves. The

milhimolar comscenntratiomns ouf drug producing hmulf-

maximal inhibit iou ouf potmissiunn uptmmke (amid tine

st andmmrd errors) were mos follows: ProI)rmunoulo ii,

2.252 ± 0.022; quinidinse, 0.905 ± 0.034; methoix-

caine (nnethoxv analogue omf procaimne), 3.62 ±

0.08; procaine, 18.8 ± 0.9. The concentration of

valinonnycin was 0.05 pg/mug of nssitochnonsdrial

protein.

I I I I I m m m

0.030 05 0.1 0.3 0.5 1.0 3.0 5.0 10.0

mM Local Anesthetic

Fn ; . 9 . 1?epresen to tire log doise -l’espoinse c u rio’s

f or action of sexeral local a,me,qthetio’s on basic prom-

(em-induced swelling

The assay (-oumo(hit iouns more olescrmbeo! imo Fig. 3.

The rate of swellinsg was calculmited as described ins
the text. The ordinate represemits the percemitage

inhibitimun ouf this rate, expressed inn l)roubit unsits

to improuve the linearity of the curves. The milli-
minolam’ c(unn(-emotratiomns of drug prouducimsg hnmulf-

nsaxinnal inihsmbmtiomm were as fomliows: o!ihucaine,

0.074; tetracaine, 0.18; coucaimme, 2.1; procaine, 5.0.

The conscentrations oif fl-histounie was 10 pg/msug oif

nssitochomnu!rial l)routein.

that tine action of local amnesthetics on nuitou-
cinondrial processes is also closely corre-
lated with lipid solubility.

\Ve propose tinat tine primnury muntionn oil

locmml rmnnesthetics onn mitoc-isoumndriru is remit ed

t(u ann inshibititums of membrane consfigurru-
titmnuai or connloirnnnmfiounnmul chnannges (tine

former refers to mm ro’arrmtngenuennt oil menu-

branno’ j)roteinn on- lipoproteimn unnits, tine

TABLE 1

Corrolation of relative poteiuci� of local anesthetics on nero-c (‘and notion blockade and on initochondria

Anesthetic Relative potency on nerve Relative potency on mitochondria’

Skou (32)#{176} Truant and Swelling” K� uptakee

Takman (33)#{176}

7.8 (0.64)
460 36.5 27.8 (0.18)

920 53.8 68.5 (0.074)

I)esheat hed frog sciat in nerve (epi mieurisomis n-ennoved).

Froig sciatic nerve.
Values inn parentheses more xnillimolar conscemnt rations four 50#{176}�inshibit ioinm omf swehhinmg mur K’n uptake.

d Bmssic pr(utein-imnduced swelling mis ins Fig. 9.
\almmnonnnycin-imndinced K’ miptake as inn Fig. 8.
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FIG. 10. Correlation of relatixe potency of pro-

caine analogues on mitochondria with partition

coefficients

The assay cumu!itiomis were the sanie as inn Fig. 1.

The ordimsate represents the reciprocmul ouf the milli-
niolar cemmncentratiommi of drug required for half-

niaximal imnhibit iomo ouf vahimmommvcinn-i noduced up-

take of potassiunn. The abscissa represents the
Hansch hydrophobic huondmnig comistant, 71, for

the correspomndimng bemnzoic acid derivatives (34)

Tine bend anestinet ins mad the genoermol structure

0 (7115

�) �CH�-CH2-N,

where X represents the substituent groups shouwn

ins the figure.

latter to changes inn tine tertiary or qumiter-

mary structure of mnnn individual umnit). Our
results further suggest tinat there is a cor-

relmitiouns between tine l)Otenncy oil tine local

anuesthetics on nnitouo’houndria arid (inn mnerve
conductioun. Tiuus it is attractive to) propose

tiuat tine mechanism oil actionn of local anes-

thetics onn nerves may be directly related

to) ni stabihizatioun (if membrane structure

ratiner than an inhnibition of sodium, p0-
tmussium, or cmulcium movements, as is gen-

erallv believed.

It is oil particular intero’st, thero’fomre, thuat

tine proc(’ss oil o’omnductionu ouf tint’ nso-rve im-

pulso’ has beenu o-ounsidered by sevt’ral in-
vo’st igmuto mrs t 0 inuvoilvo’ reversible cooperative

cinanuges ins coislo urnumut ion cml t me mnucromol e-
cub’s inn tint’ niorvo’ membrane (43-45).

Ro’co-nst studies oil tist’ tmptio’mml prompo’rtio’s 0)1

nno’rveS (46-48) suppourt the vio’w thmmt so)mt’
kinud oil coimufourmatioumnal chmtnnge douo’s take

j)la(-e irs tho- membrmunno- during co)nuduction.
It might be predict(’d that lo)cal munesthetics
woiuld pro’vemut tho-se connformmmtional o-hanges,
altinough this humusapparently mnot beemu tested.

Sucin studio’s womuld not, however, demonn-
strmuto’ thmnt the primary action of tine anes-
thetio’s is tou bltuo’k structural changes, sinnce
catiomnn movements must accompany tine c(unn-

iormmutiousmul alto-rmntioans in order to Inave
impulse (‘ondu(-tionn . Tine presenst results

appo’ar tti bo- tine first indicationn tlumnt loo’al
annestineti(-s cain prevenit membrmumno- struc-
turmul chamigo’s which are muout diro’o-tly mis-
socimuted witin mu mo)vemo’mst oil (-atiorns.
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