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SUiuilAtti

I�.ituo’tic measurenuemuts were nhadle of the hloockadle by tetrodooUoxitt (T’FX) of sodiuonu

channels in thio’ nomumyelinate(1 fibers o)f thio’ do’shueathied rabbit vagus tuo’rve. Tb to (Inset rate

i�’as found to increase wit 11 TTX concentration, ivhoo’neas the offset rate after ro’nioval of

TTX i�’as found too ho’ relativo’lv ilu(lepo’uodeflt oofthe J”IX ooolucemhtrat-io)n to whuiohi thoo’ prellartu-

tioru huad boeti exposedl. It has been shiowmu that the rato’ of actiono of tetn(odlotoxin may well

be (ooiut-rOllo’d by diffutsiomu (slowo’d by sinoulttomto’ous adsorption) rather thtamo by thio’ nato of

tIle dlrutg-reoo’ptolr interaction. Xo’vo’nthielo’ss, tho’ equilibriunh comust-ant calculated jude-

pendently from kinetic rneasutrenuent-s, ott t hue wrong assumption t hiat thio’ rates aro’ ((omit rollo’d

by thio’ dnmg-ro’cept(on imuterthtiOtl, shuouuld ho’ roughly correct. Thio’ equilibrium coonstant so

calcutlated was 3.15 miii,confirming tho’ previo otisindlependent estimttto’ made fn om equtilibniunu

measurememuts of TTX blockade.

INTROI)U(’T ION

Cuervo amid Adelnltimt (1) imtvo’stigated, in

voltago’-rhtmmp oxpemiments, t ht(’ rate at whuiohi

tetrodotoxin aots omi thio’ squid axoit, by

following tho’ tettodotoximt-itidttoo’d t0’(lttO-

tiotu in sodium (unmetht. Thieso’ authlors tts-

sumedi, as we shiall, that the imoterIl(’tiolu

betweemi tile to’trodotooximi molleeulem amid its
mlhembrtimue reooptor (I?), imisofan tis it is

reversible (see ro’f. I ati(l I)iS(’USSION bo’low),
can ho’ repres(’tttO’d by tho ro’tmotiomi

TTX + II. ‘[TX-il

whuo’re t In’ reoeptons aro’ supj)oso’(l to b(’

i(l(’Ilti(ttl audi imi(l(’pemidemot. This tn(’ohtimuisfli

ithhpli(’sthe Lamtgniuoim bimidimig (u(htttttioti (2),
ivhuiehiwits utso’d by (‘uo’rvo amid Adolmami (1)

‘This �vork uvas stmIII:oorteol ito part by ( imamit

NS-08304 fromn hoe Imoited Stalo’s Pmthlic health

Service.

1 The olol)reviatiooto mtse(l is: TTX, telroolotoxin.

tut(l by Colquhiolumi timid Hitohtio’ (3). The

valuto’s for the law of nutiss aetioto nato’ 00)11-

sttUlts iii squti(1 ttXO)tt \V0’t0’ fotitud (1) to) be

= 0.202 X l0� iti mimim timid k, = 0.116

minm. ThIe rat to of t huo’so’,iou., tho’ dissooia-

tio)tt o’((uuihbm’nunu oOltlstttmit, K = k2 /k1, was

5.74 nit, imi fair agt’o’o’mo’tot with thlo’ valute

obtained ito thue stmuo’ pro’j)a-I’ation from

(‘quihibriumn nu(’astoro’mo’tots, whuio’hi wtts 3.31

tiM (1). In expo’ninueitts oomt thuo’ (lo’sho’tithi(’(1

rabbit ‘ervieal vttgus mieuve, (‘obo ittho�utti and

I�it(hui(’ (3) o’stimato’d, fromu o’oiuihibniutm

measitro’m’nts, a similar vtilute oof about 3-5
mum foot thie equilibmiutuu ooomistatit of tettodo-

toxiti a(ting on thio’ snutoll tiolmtmy(’himunted (1

fibers. We hitivo’ iiow uso’d thus itufornutitioti,

tog(’thuer with miew (‘vi(lo’li(e 0111 tIn’ kimuetics

of aot ion (If tetrodotooximo oomi IlltinunTtahtimi C

fibers, as a basis foot diso’ttssing thuo’ go’mto’rttl

(fut(’sti(Imi, oftemi rais d wboo’mt t lu into’ract ion

of a dnttg with a receptom is beimig eXatuiilio’di

tuttnhel\’, whiethier the ohso’rvo’d rates of omuso’t
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tLti(loofiso’toot’a(t-io)ttool a (hug t.o’till\’t0’llt0’-

5(uuht tbio’ rtttes (of (Irug-r(’o’o’ptor iltt(’ttt(tlOii 0)1

ivhtethei. thto’y l(’fl(�(t the mato’s oof (liffuision

into, and out of, somuuo’ oompartmo’mtt o�oti-

taming thue reco’pt-ors. The work of Rang

(4), Wautd (5), and Thlrotl and Waud (6)

has already imidio’ated thiat ill sonio’ circuni-

stances diffusiomt-cotitrolled rat’s may niinnc

drug-reoeptor ititeraot ioth-eontiolledl rates.

We have extended quiant-it-ativelv the treat-

niemit of the muhodel used by these authors

itito thie ramtge requimred by outm experimental

results. We ootiolutde thttt- the ratio of tile

appttrettt I ootwardi and backward rato’ con-

stants mu�ay still give a fairly good estimate

of t lie e jun libniutm constant, o ‘veii when the

rato’s are diffuismon-eontrohled, if tile drug

(ollcentratiolt is Ilot tO)O high.

\IETHOI)S

Adult rabbits were killed by injeotion of

tUt illtO an (‘tit V(’ill, 1111(1 tu cervical vagus

was removed, deshd’tuthed, amtdl nhOltntedl 111

a sutomose gap for electrical reoordhng of tile

com poutuid aot ion h)otem it itil of t he nonnhve-

linatedi fibers (7). Tue part of tbie nerve

from \Vhichl the tuotion pot-o’ntmal was recorded
was oont inuouosly perfutsed with Locke’s

solution, or with one of a series of mulodlified

Locke’s soluttiomis that could be so’lected by

nu’ans (If a taj). Sivitchimig fmoni otie solution

to amiothier was ooompleto’ within a few see-
on(ls, ttIi(I piO(luiO’ed littlo’ oor iio electrical
artifaot (7). Thio’ ioo’tve was stitititlatodi w’itbl

single maximal shocks (I msec duration;

5-10 timo’s thur(’shlo)ld)o’vo’my 40 see throuigh-

out t boo’ experinuetit. The distance between
the stimuuulatimog etitbhodo’ amid the reo’omdmg

I.O(kO’-su(’toIse imit’mfaee �‘mts usually about-

3 muumuu.
Solutions. �\ootnial Loek’’s soluttiomu comi-

tamno’d NaCI, 154 mum; M’l, 5.6 mM; CttSO,,

5 nu�m ; do’xt rose, 5 tint; amid Tnis buffer (pH

7.2), 2.5 mit. Low-sodiutni Loooke’s solutt ions

were nltL(l(’ by mo’plaeimog sothuinu ohiboridle

ivith ati eoiuiniolam amoutot oof ohuohimie chlo-

tide. ‘Fhie chiohimie (East muuamo Koodtik) ivas

roorysttthhizo’d Ito)tii ethiamioll.

All (‘xp(’nmm(’muts i�ero’ obooma’ at m’oomuu tenu-

pt’tttt tin’, about 20#{176}.
Whoemoever possible, moamis and stamidard

ermiots od’ the to’sults are givemo.

- THEORETICAL (‘ONSII)ERATIONS

It will help in tue interpretation of thhe

obsem’ved rate of action of tet-rodotoximt to

make some quamtt ittitive plo’(li(tmomls aboutt

tile expect-ed rate of (Imffusi(Imi of tetrodo-
toxin into the t-issute whemi the druig is simul-

taneoushy adsorbing to saturable sites. Tile

simplest model appropriate to this sititatioll

is a moodifleation of the biophiase model of

1urchgott (8) and of Frankenhacuser and

Hodgkiii (9). This model post-utlates a diffu-

sion barrier separating thd’ receptoots from

the external fluuid, the (onupart nient 00 omitamn-

hug the receptors being referted to) as tile

biophase, for example, tue peniaxontil spaoe:

the sites themselvd’s thus fornl pant of tue

biophase. This muuodel has been niodified to

allow foi tIle adsorption of (lrug by Hang

(4), whose ‘‘limited biophiase model” will

uuow be discussed.

If it is assumed that the biophase etumi be

treated as w’ll muuix(’(l, we obtain

dc1 .11 d1n1,

�i-�t= (Co��C)_K�.lT
(2.)

The terms utsed in this amid sutbsequtent-

equiations are defimled as follows:

Is. e(juilmbrmutnu comistant (muioles1

liter)

c = nornutuhized (dimuuo’misionlo’ss) con-

o.(umitmmitmoul utnit dmuig o(Iticeth-

tration -is..

tiot’fliahiz(’(l cotucetttrtttiomt o�f free

(unboutmud) (mug Ii biophiase at

tmnue t

= nornia,hiz(’(l (ottoemitratioul iti cx-

to ‘rnal soluttiomi, ttssumuio ‘d eon-

stamit

V = volutme (If bioophuase 1)01 utmuit

w’ightt oof’ tisito’

= l)erm1i0’tLhilit� coomist-ant fom diffut-
sion bamrier; it is assunio’dl to be

the sttti1(’ in bot-hI directioomis, so

mit d�(jttihibtiunl C� ( X ) = C0

i-’0 = 1/h’1, = tulle ootistant fooi expo-

mieoitial ohiamuge o�f oomuo(’tlt-rtttion

in the hiophase itt tho’ absence

(If a(lsotptiolu

I = t-imne

7’ = miommuuttlized (dimuiemosiotth’ss) umiit-

d)f tinio’, (lo’fmmoe(l tO5 I To
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i/ = (‘apatity (If binding sites, in

moles per uimiit weight- of tissue

/),, = fract-ioui of binding sito’s blocked
at- time I

il/K I’ = t’ati() (If bindhing capacity to

amount of drutg utnbound in bio-

phase when drug o’onco’ntratuon
= K, i.e., C = 1

If we assume thiat tue bimiding sites can

be identified with tue receptors, and that
they equilibrate i’apidly so thiat- at all times

we hiave the Langmuit equtat-ion Pb =

(1 -f- ci), thueti wo’ can sutbstitttte dc1/dT =

(c� + 1)2 dp�/dT into Eq. 2. Tue resutlting

equation is-as given by Rang (4), \s’hlo) pre-

sented 50t11(’ amualogue (ompult (‘r solutions of

it for valutes of il/K 1’ utp to 10. In the pres-

ent- case results fot muich larger il--K1’ are

needed, and it- ss’ill be oonvo’tiient to utse the

analytical soluttion. Integration oof Rang’s

equation gives2

- �1l 2 r/)1(o) - J)1(i)
- �p(�) I --- - -- -

r,, K1- L /)j(’)

where p1(t) = 1 - /)b(I) = 1/(c1 + 1) =

fraction of receptors not ocoupied at time I,

and

- /)1(t) - p�( �)
/),- (I, = __________ -

- pf(�)

Whemi the bitidittg is large relative to) the

amouint of unbouondl drutg in t-ho’ biophiase,

M/KV being at least 100-200, tho’ terms

other titan the first in E1. 3 beconuo’ n(’gli-

gible at most I and C, SO thiat the plots of

��cupancy against- time will have thuo’ same

appearance for a given drug conoentt’at ion,

whatever tue valute of M/KV. In this ease

occupancy can be plotted against t/r, svhere

r - roil/KV, and thus is done in Fig. 1 for
drug concentrations C0 = 0.1, 1.0, aunt 10,
correspondimig (3) to TTX oottcentrations of

aboutt 0.3, 3, and 30 llii. Xutmerical oalcula-

tions shioss’ that tho’ ourves in I”ig. 1 are an

excellent- approxumuuatuon to t-iue exaot resutit-
(Eq. 3) when iI,/KV is at least a fo’w hutti-

dred, butt imi ease of doubt the full Eq. 3
shoutld be utsedi. The outrves foi offset- shuow

log J)o,(I-) plot-ted agaimust- t/r. I-or onset the

2 A.. L. I loodgkin, personal (‘oomnmntomuicatio)mu

II - P. 1 amoo.� timid I). Colqtiluoumo, umopulolisloo’o 1 me -

stills; I). Tlom’omo, pel’so)mlal coommtmmoio’atiomu.

plots show log [p�( ) - pi(i)] agaimist
t(c0 + 1)/r. Tue reaso)n for pldltting ito this

way is to facilitate comparisomt wit hi the

alternative model in whuchi the rates (of

onset and offset mite dependetit wily on the
rate of interaction of drug w’ithi m’o’ceptor,

with tue rate constants A’1 and 112 (sd’e Eq.

1). Itt the latto’r case ofiset- and! onset- tire

o‘xpotient-ial wit-h rat-c (‘(Inst ant-s 12 and

A’2 (C,, + 1), respectively (2). Therefore, if

n’sults oonforming to t hto’ receptor imito’r-

aotioml model were plotted as in Fig. 1 (with

r = l’2), both onset- and offset would fall Ofl

a single straighit line ‘with slope = - 1. Thus

sort (If plot- was utsed by Rang (4), who

shows some solutions fom smaller _1l, - KV

vtilutes. It- may ho’ noto’d thitit in thud’ caption

of Rang’s l’ig. :� thud’ \VoIt(ls “soohid” and

‘‘imito’rrupt-ed” shoutld be imiterehianged.3 Over

ti wide rango’ of concemitratioons, amid for
il/K V vtulues not lo’ss thuan 4 or so (see Fig.

lii /)/(I)] - mt (L�L�P�) - Ito /)t( I) (3)

1 and ref. 4), it is 50’(’ti t butt onset- a-uid offset

are slowed, by m-udsOrpti(otu, by a factor

appm’oachung il/KT.

If the biophase eamu ho’ ident-ifi(’(l withi thie

periaxonal space, thuemt il,/K 1’ � 3500 for
thie rabbit vaguts preparation (seo’ totS(’US-

SION), and therefore the grapius ito l-’ig. 1
can ho’ utsed. At low concentratiomis (relative

to K) it- is olear that otiset- and oofIset of

ocoutpaite\ (amid oo)no(’nt-ration) beoo onue situ-

I)le (‘xpolmi(’ntual proo’�’sso’s with rate o’o)misttimlt

r0il/K1’. At- higil eottcentrations, suuo’hi as

those utsedl in tue l)reselit expeo’imuuemuts, the

o(’(uptumucy DO homigem changes iti ti lIt’o’o’uso’ly

expono’ntial way. Butt mit C� = 1 the (lovia-

tion is snuall and ‘vo’mi tit c, = 10 it is miot

huige, and thue rtutes of onso’t mmdl ooffso’t tire

slowo’(l, hi midsot’ptiouu, by a faotor mtl)IIm’OOmiObi-

mg _1l--’KV. t’nlo’ss the drug cootoco’titttttioon

is very high, the omuset starts withi mate oo)ti-

stant r0,il-K1 tindl thn’mi speeds up tus the

oo’ouipamtcv inoro’tises, svhio’no’as oIfl5(’t is imii-

tially fast amid tho’ti settles doosvmt to) this mate,

as nuighit be expo’(’to’d.

( )vo’m’ tue I 00-fold! ramoge of o’omn’o’mit mmit ion

51105511 in Fig. I , tho’ oflso’t rato’ vmtm’io’s nba-

tivo’ly little, in m’ooughi agn’ement witho the
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laO/c ((1/ Ie(ZSI 10(1 -200)

Foot 00usd ( I p,�(I I us 101001 ted (limo a loogat’it Ii-

miii 0’ sdaI(’ I mogni mosl l/r, where r = r1I/K I amid

T� = 17!-, = I imooe coomost amut imo I lie ahsemice o)f ad-

sut’I)t moomi; foot’oomos(’I ( --- -) /),,( -� I - p1(l) 5 plot ted

(lo oga mi I lomooi cal lv) agai mist 1(0- + 1) /r mos (‘XplmOi ned

ito I ho- to’xt . Fot m’efo’m’(’mo(’(’, sl raighol limoes (-- -

wit ho sloope dot’mes�Oootodmmog to a timmi(’ (‘omost atit of

too’ shoo o\�’ti - TIn’ �‘mol ties (r. ) (of I lie(‘omo(-enttot into oof

I ho’ a;ololied olm’ug (ito mull pies oof I lie e(ttliliht’itino

dissooo’iatiooti (‘omosl:omul K) wet’e: .-�, 10; B, 1.0; C.

01.

simpl(’ Latogmiouit’ muiodcl, mio’coot’ditig to w’iuch

it should ho’ comtstmimot (A’2). ( )vcm’ tin’ rmunge

(If o’(otieo’tut imitiootos tis(’(! ito t boo’ i’xperuments,

o’oorro’s�oootoolimog too U � 3 30, t boo’ offset- rate

ourvo’s omi thoo’ himuuito’d biopbtmosc model an’

vittutmollv ioh’moticmil (hik’ tiomit showt f(oo’

= 10). luit’thoo’m’tnoorc,thu ootos’t mind offso’t

(uit’V(’s itt l’ig. 1A, B, timid (‘ homiv’ sintilat’

slopes, at ho’ast imt thio’co’mutm’milt’titigo’(of ocou-

l)timoo’� (mim’ouomool 30-70 #{176}, mood t he (omiset (‘Urves
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ar’ very similar over tile ramige C0 = 3-30

( like that siioIIVIt for c0 = 10) . Thuis the

Otls(’t tate (‘OIisttiIit is pro’dioto’d to be faster

tilart offs’t rat(’ by a factor similar to thlat

l)redi(tedl by the simple Langmuir mnod!el,
viz. (c0 + 1), as ivtts observed (see EXPERI-

MENTAL RESULTS) . Comusequently in both
mod’ls tin’ ratio (If the onset- (K,1) and

j offso’t- (Koff) mate o’otistuttit-s is aboutt th(� samd’.

Approoxumatchy the same valuo’ of K is (Oh-

taiuied fnonu the ro’latiouusiiip K =

� - ,�) whuethiem’ tho’ rmito’ comustamitS an’ de-

termineol by tho(’linuitedl h)ioOl)IiutSe model (IF

by the simpbo’ Lamognuuiir moo(lel. This means

that the o’stinuate (If K fronu tho’ observo’d
Omis(’t ttfl(! offset rates (Table 1) may be
roughly (otre(t, (‘Vet) thoulgil the observed

rmites give completely wrong estinuates of

k1 and A’2.

Thuts thud’ only distimictiomi thtit o’an be

uso’d imithu’ lIm’escmito’xpem’imo’nts bet wo’eti the

simple Lamogmitim kimietics timid hinhite(! bio-

phaso’ kino’tics is thud’outrvatun(’ of tho’ semi-
logarithmic phots imi Fig. 1A. However,

mTtOdIo’t’mitc o’ut’vmiture is diffioult ho d’t(’ct- ill

s(’nuihogmitit humuiio’ pboots unlo’ss tiu’ results are

vo’t’v hlt’0’(’i50’, (‘SjI(’(’ittlly ivhien, as imi the

preso’tit exjlel’ituetits, thi(’ misymflpt(It(’ in the
o)Iiset- (‘litV(’S is estutitatd’d 5(1 as to make the

lino’ tis straight mis possible. Ito add!iti(In, the

himito’d bidopha-se mnodel is pmobablv a fairly

cnttdo’ tipjlroximmution too thio’aotumul physical

sutuatioomo, so tilmut the o’xmiot shape (If the

oumrves canmooot be taken told) lito’m’alhy.A more

ro’mihisticmiiodel for dliffusion itoto the nerve
tmutnk would use tile diffusioti eojuiation [as

ttso’dI,foot example, by Ruspimum and! Hafe-
miianui (1 0) mis a miuodo’l for diffuosion of TTX
in tin’ braini. However, tin’ (lithcultv (If

relatimig tue mm’asured m’csp(otiso’ too /)c ivhen

p� vmtmio’s with distance mis wo’ll mis time has

(Iis(’otOt’mig(’d! us fronu mittetllj)titig t(I utse tili5

ti000(l(’l.

Tints, umider a \Vid!e mango’ (of condlitiolls,

tue limited biophase model predict-s results

that- mite at least quttulitatuvely, and often

o�utamititativcly, simiuilam to thldlse expected
withl the simuuple Langmiuuir mul(Ido’l.

EXPEItIMENTAL RESULTS

l’siioelics of I(-t1O(/OILO,t’ilO c//cc!. Whemi tetro-

dotoxumo was mupplio’(l to tIle deshucathedi
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( conul)ound action pot-emitimil heights) imi thie

presence (for tiune I) timid! mibseno’e of to’tro-

dotoxin. The tett’(odotoxin ivas applied imi

muornlal Locke’s solutiolmo, so) that t-ho’ muumuier-

atom (If r ivas always tho’ nornial exto’tmial
soduutnu concentrmutioomi ( 154 nut) , tin- (10’-

IloImninator being fouimio I by mt erpo olation omi

the (comiupouind actioti j)oot-ential hn’ighit) � bog

( extetnal sodiunl (‘oIllo’clutmatuolui) cuorv’

1OuiItOI’(! ill. the absenoe of tetrodoltooximo. iiio’

(I(’cupanev ii�as tilOIIl. fooumid fm’omuu tbio’ melation

/)j = 1/,�#{176},given by (‘ollqutiioutmi miti(I Hitchuie
(3) , th(� coefficient 1, boimig ostitiiito’t! 50’j)mt-

rat’l�’ ill each expet’imiuo’mot.

The exp(-nimentally observedi (Omisot rate

0’(�)Ii5tttI1t5 (K011) and offset- mate eomist amit s

( Koff) fbi’ occupamie\ mit’O’o’ollected itt �1’mible 1.

In (‘mUll experunuettt tin’ offset- rate oonstmtmot

si-mis relatively indlepetident- oof the cone(’n-

ttmttioit of toxin to whichu tue prepmimatiomu

had! beeti d’xposed; thie imit’rpro’tat ion oof

these results is eollisidero-(l ttlidlet’ IIISCUS=

siox. On the oot-her hand, the oomiso’t rate

cotost aiit imicreased routghly i mo proport ion to

the (‘Oti(’emit ratiolmi (If t (1 roodotoximi uso’d. At

all comio’entratuons, mimo(! llmtttio’UlatlY mit hooss’o’r

oiio’s, the onset mato’ comistmimit is-its oomtsi(!o’r-

ably less than the rmtt(’ o’omistamit for ox-

chango’ of o’ations hiku’ soodium aiid l)(0tmi5

sium, ivhio’h is aboutt 1 .0 miti (11). Ev’mt

allowing for the larger sizo’ oof tetrod!ootoximi,

-- the slowimug in the ratd’ of oonset (and imi the

1 0 - - rate (If offset) of ao’tiomu tInts seems too be

deto-rmined lmurgo’ly by somuuo’ factor imi tidoli-

ti(IIi too diffutsioti to thio’ sito- oof miotion ito t-hoo’
I I membmamoo-

5 1 0 1 5 20 Reversibility. Lit-the or moo evidetice ssmis

obtained imi tho- presemit expo-runuents foot mimi

irreversible (onupoliemit oof ao’tio)n of TTX.

Thuis, in 10 ‘xperinuo’mtts mit 20#{176},pro’pmtrmutiooto.s

were exposed to) TTX (5-SO mi�i; memimo, 36

- n�t) utnt-il eo�utilibruunu was mittained (1-2 hun).
The ro-lationshlip betsveeml the conductiomt

0 10 20 30 40 velocity atld the logarithm of the extertial

sodiuim cotucentratuomi ss’as thuemi dI(’termuuutoo’d,

to pem’mut- tIle nueasutrenuemit of i’ for tho’ sub-

sequent ‘st umation of olooutpancy (3). The

((Induction velocity rather t hami the ho’ight
of tile (‘OmpOulld act-iOIl potential w’as used

as an imidex of TTX actidomi in this set of

experiments, because the polssuble irreversi-

ble changes soutghlt is-crc likely to be smuuall
and the conduotion velocity measurenuetit u�

-\

0 05�

1 . 0.-
0#{149}9-

Q�8 -

07

06

Time after-switching to TTX-free solution
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rabbit vagus nerve, the amplitude oof the

comnpouuid action potential of its nonnuye-

linat(’d fibers progressively d!eelimied with

time its nuom’e and more of tho’ sodiutmn O’iltuIl-

nels were blocked by the toxitu. The time

course of fall of tioe conlpoutndl mtctiomt potetl-

tial height after applio’atuon (If to’trodotoximl

in nom’mal Lock(”s soluttion is-mis not uisutallv

exponential (Fig. 2, �). This oonfirmuis that

the physiological o’o’sponse is noot himueam’Iy

related to oo’culpancy (see also mef. 3). How--

evem’, when tho’ oeoutpano’v (frmictiomi of m’eoep-

tors occupied; see below) by tet m’odoltoxin

was oaleulated, it was utsuahlv foumid that

the (Iluso’t andl offset of oo’cupancv were

appi’oxumuately expotuetutial, as shown in Fig.

2 ( #{149}).Oceutpanev is_mis estimated!, mis de-

seribedl elsewhet’e (3), by first measuring at-

various I tue ratio, r, of the o’oono’entrmutuons

of sodliutnl that oesutlt in eoiutal mo’sponses

N

Fmo;, 2. Kiroelics of onset (upper graph) and of

offset (loweo’ graph) of ne/jo,, of TTX on i,oam,nalia,o

noiontojeltioaled nerve jibeos at abooot 20#{176}

The ordimoates are plotted on a logarithornic
scale, Upper curve, omoset; lower ctmrve, oilset, The

height- of the compound actiomo p(otemutial at- time I

is demnoted y (t) where �j(0) = 1 amid t he occoipamicy is

denoted pb(t).



K,.0 (�,,, - � ITXI

no! min’ mm’ n-U1 ?fltfl’1

1 25

50

0.783

1.203

0.0264

0.0196
0.0303

0.0201

2#{176} 50

1(X)

0.239

0.538
(0.0647)

(0.0647)
(0,00351

(0.00471
3 15

25

0.390

0.450

0.0196

0.0196

0.0247
0.0172

4 30 0.171 0.0118 0.0053

5 10

3(1

0.088

0.218

0.0358

0.0358

0.0052

0.0061

6 10 0.073 0.0169 0.0056

7 10

25

0,139

0.187

0.0295

0.0181

0.0110

0.0068

8 25
50

0,170

0.470

0.0385

0.0352

0.0053

0.0087

9 25 0.110 0.0156 0.0038

10 20 0.099 0.0149 0.0042

11 20 0.153 0.0117 0.0071
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TAttLE 1

Onset (K0,,) and of/set (K0f1 ) rate o’onsta rots /or T7’.\ arlooon

K(f [I”I’XJ
(K,,00 - K0ff)

nm!

0.87

098

(18,49)

(13,77)

079

1.14

2.23

6.88

5.87
3.02

268

2.66

7.26

4.05

4.11

3-55

1 .65

Meati ± SE 0.0233 ± 0.0024 0.0108 ± 0.0020 3.18 ± 0.55

Not i ticiuded ito tuiemomis -

less moff(’ct(’d by the o’eo’ot’dumtg oonditions

thami tue action potential height (3). Wash-

ing for 1-2 hun in a toxm-free solution led to
ro’cooverv of tue colmudutct ion velocity to 92.3

oof its (original value. Hoosso’ver, afto’r a simple

deto’nmuuinatiori of tin’ colnduction velocity/log

(sod iutui co oncentratmo on) relationshi io in t hue

absetoce of TTX in thoe same experiments, the

comiductiomi veloocity recovered to) oomol�’ 95.6 �

of its original value. Tho’ diffememtco’ itt the re-

covery after o!(’to’rmntumug thi(’ conduction

vebocit-y ‘log (so oditi m conco’ntration) relation-

sioij) imi the preso’moco’ mt-mod abso’ioce of TTX

tilus seemuus slight (3.3 #{176}/± 1,4). Hoowever, a

recovery (of comi(lucti(omt velocity to within

3.3 ; of its contro)l valuto’ correspoomids with a

recovery oof � oonly to S5.6 % oof its original

value (based oomt a vmthue of q of 0.49; see Eq. 6

and p. 549 of ro’f, 3), But evemi thuis much

larger lack of recovery is mioot- good o’violence

for irreversibility; Ta-bho’ I shows that- re-

covo’n\ of occupmtmtcv for TTX ooccumrs with a

tiuii(’ ciotutant (if al)out- 46 mimi, SO) that re-

cover\’ to 85(0 � ivouild take about 90 miii,

sshoicho nlight well miccount foor nuuehi of thue

Oi)S0’r\’( ‘(I �ppmt rem it irreversibility.

0150 USSION

It was shiown by Hill in 1909 (2) that the

mode! specified ito the INTRODUCTION (Lang-

mutir adsorptiomi) predicts that the offset and

omiset of oceupmitoo’y pb(t), after a step change

imu dmug cono’emttm’mutioomu, would he exponential

withi rate comostamuts A’2 mind (A’� .[f’TXj + k2),

respectively. If the oibsetved rates of onset

amid (offset (of olccUpmtmlc\’ (rmtte constants K00

and &ff) ill Tmibh’ 1 w-ere controlled by tiue

rmite of ro’ml-etiomo bo’t sveen drug and ro’ceptor,

it follonvs thiat A’2 should be estimated by

Koff , atid A’1 by (�, - K0ff)/[TTX]. Tile ratio

of these estimates, A’2--A’1 = K, should pro-

vide an estimmite oof tho’ equtilibriuim constant

fronl kinetic nuemisumetuuents. Thus (‘st-innate

can then be oomuupmor(’d! w-ithu tiiat obtained

independetit ly fronu o’� iuilibniutm measure-

mnents. Fifteo’mi suo’h estituuato’s on 10 different

preparatuomts gmive a vmilue (If K (If 3. 18 ± 0.55
lu (so’o’ Tablo’ I), whuich agrees reasonably

svebl with the o’stunuates of 2.38 atK! 3.05 niu

made hi’ Colquhoun and Rit(hue (3) fromiu

equtilibrium muueasuremuuemuts of action poten-

tial and comiduet ioomi velocity, respo’ct ivelv.

IJiofoortutnmtto’lv, this mugro’enu(’nt dooo’s muot mu-
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jlly tioat thio’ estinumites of A’1 and A’2 froomut

kimietio muucasutremiuo’iuts mute �‘iTeti rougiuby right.

It is shtonvii utmiden THEORETtCA L CONSt IIERA-

TIONS thuat o’vo’n if k1 and A’2 were uiomtmly itt-

fimoito’, n’sults oiuiito’ similar to those olbserveol,

imucl uidimog an approxmmat (‘l\’ o’oorto’ct value foot

K, tim.o i)redicted! by mi sunul)le diffusiomi mluoo(bo’h.

‘Fin’ nuoodel j)(ostutlatos ti-tat tho’ into’rmicti(Imu

ss’ithi the reoej)t-oor is rapid, atid tilat tioo’ m’mtto’

(of aotiomi of tue druig is oolmitrollled by a diffu-

siomu barrier separmttmg thue conupmirtmuuemit

oomutainimug tioo meeeptors (thuo’ biophase; o’.g.,

the p’iiaxotimil spaoe) froinu t ho’ ext ertoal soolu -

ti(Oli. \Vheti a substantial Prool)(ortioln olf oltutg

is bouuod, thd’ drug (‘Otl(etltttitiOn in tIn’ bio-

phase chuanges mutch mo�re slosvly titami if thie

drug ss-ere not boutnd. A suitabbo’ nuo’tisumro’ of

bind!ing (4) is il/KY (see also THEORETIdAL

CONSiDERATIONS), where ii = binditog cmi-

�Iacity per utoit anuount (If tissue, K = o’qui-

libriuni comustant, and V = voluinue oof bio-

i.hase ioo�r umuit anuouunt oof tissute; thuts 11KV
is the ratio of the binding o’apacit-y to) the

anuoutmit of utnboutnd drutg present� in the

biophase when thue drug comocentratiomi is K,

i.e., abornt 3 nut. The folhoss’ing cabouolat-ion

suggests that- this factor may be important

in mammalian C fibers. If the width (of the

periaxonal space is aboutt 100 A, the voolutme
of tile periaxonal space ss-ouold be givemi all-

proximately by V X 34 X 100 X 10� X

10� = 3.4 X 1O� �l/nug, dry ss’eight-, there

being 34 cm2 of menubrane po’r milligranu, dry

ss’eight (11). The tetrodotoxin uptako’, =11,

is 3.6 X 10”� nuolo’/mg, dry weight (12).
Takiiog K � 3 nut, ive obtain 11/KV � 3500

(this is an upper bound for the correct valute

because thue value of 11 used is an upper

bound for the specific utptake). The anuoumot
boutnd is very much larger than tiue anuount

free in tile extrao’ellular 51)1100’, aiid it uvas

show’mu under THEORETICAL CONSIDERATIONS

that thuis would be expected to make tile

apl)roarh to equilibrium a few’ thoutsand

times slower than for a suibstance that was

not boumid. It is difficult too make further

quantitative prediotions, because of Utlcer-
taimit’o’ aboutt what thuo’ rate (of (liffuisioti ivoutld

be in the absence of bindimog. For exanuplo’,

the thieoretucal aioalysis by Groengard and

Strauth (13) suggests thlat diffusion of smuuahl

moleoutbo’s out of tiue periaxonal space is

rapio!, itt the absemoce of adsorption, (111(1 is

muuo’asumro’(I itu nuillis’oooiids, soo tioat o’vemt sshio’n

nuttltiplied by a faotoor of a fesv tholutsmtmoolthuo’

sbosv oottset (If actioomo of fIb’ tetroo(!ootoxito00)111(1

barely be mo.co’oummited for, amoo! thu sbowmiess

woumlo! probably have to ho’ asoribed too thie
meo’o’ptoot-drutg into’raotiomi . Flooss’ever, l’i ‘ymies.

tiii(l Hitchie (1 1) hmtve sinossmt o’xperimuuo’motmihlv

tilmtt tite sOldiunt amid 1)(ItmissiuIll ill thio’ 90’ti-

axolnmil 5l)tu(d�eoiuihibrmit-o’ssith the sodiumu mtmtd

l)(otmissiutnl ito thio’ builk of thto’ solutiomo ssithu mu
tuuio’hi larger timiio’ ooomostant , of tiboout I iouin;

timuol ( 10)lqUhOulmO , Hemidersomo , atid 1(itchiio’4
huavo’ fouottd a tinto’ colmistamot oof 4.5 mouimiuto’s

foot tile equilibtatiomi oof thu o’xtrmio’o’llulmim’

5paoo with [1-’4C]t-nutimituitol. At tiuo’ mo omo’mot

it is miot clear whiohi is thue reh’vmtmit time

o’o)tostmimit for t-iue putrposo’s oof oahcumlatiooto. If
tin’ value of Keymto’s mind Hitchiio’ (11) is tho’

appt’opriate otie, it is possible tiutit thuo’ hmtnnio2r

to� (!iffusion encbooses a murho larger voolumuue

thamt just the po’riax(oloal spaoo’, so that tue

effo’ct of adsolrpt ion oomi o’qumilibrmutioomi timuue

woutlol not be so prott(Iuhtce(l. At nuost, hosv-

ev’r, this volunuo’ (V) coutld not exco’o’d the

extraoehlular spaoo’, whuiohu is mibooitt2.4 �l - mug,

dry weight (14), amid so �il/KV oould still

be about 50. Thoure ss’outld still ho’ muuuch moore

bound drug than ummubound (lnuig in tiuc bioo-

I)hlase. The tinue comostant of 1 mimi foor sodiutm
equilibratiomi mighut itoh bo’ ro’flo’oteo!as a

tinte constant (K0��) in thuo’ regiomo of 40 nuito,

as oobserved! expo’nimetotmill’s’. Co’rt-aimulv, tue

findimugs by Hille (15) tiimit TTX proo!uoo’s a

steady level of imoiuibitioomi svithin 5 seo’ of its

applicatioti to frog nood!es an(i thuat (onlploto’

recovery nuav occur is-it hin 15 sco suipport thoe

idea titat tile toxin- no’oo’ptoor imiteractuoltt is

indeed very fast.

Fuorthuer experumo’mots tire rlo’arhy necessmimy

to) resolve thuis om’itical questiomu. It is prob-

ably bet-to’r at tho’ nuomo’mut t-do regard the rmote

coiustattts t-iiat luavo boio’mt obt-itimio’(! nuero’lv as

providimig an o’miupiniomol d!esoniptio)mu oof the
kinetics of onset atto! offset, iVit-iudoutt ascribing

to tiio’nu any particular theoretical muueatoimug.

Howevo’r, as t-huo’ THEORETtCAL CONSIDERA-

TIONS show-, evemi if t-hie valuies of the mii�-

parent rate constamits k1 amid! k2 an#{176}imu error,

their ratio, k2/k1 , may givo’ mimimipproximately

correct- estimate (If tiuo’ o’quuhibnmutmuu obissoooia-

tiomi oomostmimit. Ito fmiot, thou vuilime oof K olo’nivod
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A. L. Ilodgkimo, personal commttnicatiomi.

fmoonu tlio’ kimuo’tio’ mou(’musuro’muuemtts ito thus �a�er

iigrees sso’ll isithi ti tat- pm’o’viously determnined

froomuu thoo’ equilibm’iutmuu muuemisuiremuuo’nts in the

same 1oto’Pat�itiooto(3).

Similar ro’nuarks pm’o)bmibly apply to tue

work of (1uervo timidAd!elmuuamo (1) on thue rate

of 1J.’X action 0)tt solui(l axomi. If tile d(’musity

of bimudimig sites omo thto squtid axon is similar

too that Ott C fibo’m’s,calculmttioons of thue s(ort

givo’mu mibolve sumggo’st thtat tue pro’so’muce of the

bimidimog sito’s sinoutid reduce tho’ rtute of TTX

o’(luilibrmotion by a fmuotoom’ oof a few thoousandl
ito thto’ sqund axomo� �itod imu atty other muxomus

with mi h)0’m’uitXdomltil spaoo’ oof sinuilmir thickness,

soo thuat in these muxomos, too, the rat-c of

e(lutihihnmition nuav wo’ll moot reflo’o’t the rate oof

druig-reoeptor imuteraot iou.
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