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SUM’sIA R-t-

Time effect of t-remutnuenit with time disulfide bond-reducing mmgent dithmiotiireitol on the

responisivetmess of isolated strips of chuck muscle to) cimolinergie agonmists arid antagonists

iia.s beemi studied. After reduction, the muscle becmmme less sensitive to cmmrbacimol, acetyl-
choline, timid sevemmml otimer motmoquatemniary agoniists, but more sensitive to bi��quaternaries of

time decmimetiiommium series mmitiu chmaimi lemigtlms from C6 to C� . Hexmmmetimonium, normally a

mmeak mmnmttmgonmist, became mmmimugommist-. Time relationm bet’smeenm chain lermgth mmmd i)otermc�’ ‘svithin

tmmo homologous series mm-as only sligittly modified by reduction of time receptors. The effect-s

of reductiomu could be fully reversed by reoxidation witlm 5, 5’-ditimiobis(2-nitrobenmzoic micid).

Time stirnulmummt act-ions of caffeimie timid poltassium ions mvere unaffected by reduction. Tubo-

curmirinme did riot protect- time receptors tmgmminst time tiction of ditimiotiireitol.

Reduction inmcreased time affinity of tubocurarinme for time neceptors, by a factor of 2.4.

It milso gremmtlv immemeased the blockinmg l)oteIic�’ of the alkylmmtiimg mmgenmt dipimenmyldecametho-

muiunu nuustmmrd amid, to musmaller extenit, timat of time corresponudinmg dinuapimtimyl compound.
These results, mm-Imiclm are conuparmuble to those obtained oni electropimix cells, suggest that

time receptor possesses mmdisulfide bond, reduction of wimich modifies the selectivity of time

receptor mm-itI iout- muiarkedly affecting its fumict ionm.

n NTROt )UCT ION

‘I’imese Immive beemi a mmunmber of studies of

tIme effects of reductiomi of tissue disulfide

bonmds, timid of sulfhydmyl-blockinig agemmts, on

drug action at time e(-lluhmr level [for refer-

ences, see Eimrenmpreis et al. (1)]. The nuost-

detmuiled stu(lies hmive been t-imose of Mmtmtini

afl(l Sciiild (2) onu time mictionms of pe1)tides

relmmted to oxytocinm amid vasopressinm, end of

Kmii-limu timid his mussocimmtes (3-7) onm time actions

of olepolmmrizing mmmd blockimig drugs mm

elect mopi mmxeel ls fr )fli EleetrO/)/1 ants electricus.

One of time most striking effects mm’as I limit time

(lepolmmrizinig aet-ionm of emorbmmchol mvmms gremitly

inmhiibited miften- time cell immid been tremuted witim

This work wmis sotpported by mi grmmitt from the

i\Iedical ltesemircli Council -

ditimi(Itiireitol (5) , mmimem-etms iuexmimctiuonium,

‘smimieim hicks depolmmnizimug mietivity agonist a

imomnimml cell , caused clepo)larizat iomi O)f time

ditimiotlmreitol-tmeat-ed cell (4) . Timese effects

were finllv revemsed by exposure to time

oxi(hizing migenmt 3 , 3’-dit imiobis(2-nmit mobenzoic

micid) (9). Kan-hinu mmmdhis mmssoeimmtes also found

timmit time susceptibility of time meceptors to

mmlkvlmmt ionm by qummt (-n-mimin-y mumnuionmimrm deriva-

tives (If N-ethvlmaleinmuide \vmms increased by

dithiotimneitol tmetmtnuuenit (4, 6). 0mm time bmisis

of tiuese fimmdinmgs, Kmmrlinu (6) proposed that

time receptor for- etmrbaclmol is mi protein con-

tmiinmimmg mmdistrhfide bridge in the nmeiglmborimood

of time active site, meduetionu of which exposes

sulfimydn-yl groups tutu mire remmdily mmttmmcked

by certain alkylmiting mmgemmts.

1mmthis study we hmm’s-e examinmed the effects



DA DA DAD #{163}DADA DADA

DTT DTNB

DnSULFnDE BONI) REDUCTION IN CHOLINERGIC RECEPTORS 621

of ditimiotimreitol mimi 3 , 5’-ditlmiobis(2-nmitro-

bemmzoic mucid) omm time remictivitv of chick
muscle to clmolinmergic agonists mind anmtmigo-

rusts, iii order to cimmurmmcterize in more detail

the effect- o)f disulfide bommd reduction on time

receptors mi this tissue, mind to compmmre it

witim the electroplax.

A 1)rehimimiar� miccoummt of timis mvork has

been publislmed (10).

METHODS

Time experimemits were donie on thin strips

of chick biventer cervicis muscle prepared

and mounted in Krebs’ solution, pH 7.4, at
37#{176},�5 described previously (11).

Solutions of DPC10M’ were imicubmited mit

neutral 1)H to generate time mictive etimyleni-

miniium ion mis described earlier (11).
DNC10M mmmus mmmdc up mis mu 1 numt stock

solution in 0.01 N mmitric acid comutmuinming 10 %

et-hamiol. Timis ‘sm-as diluted to 0.4 m’si by
addimmg 0.07 ‘si sodium phosphate buffet (pH

7.4) and kept mit 37#{176}for 30 mm. Tiuis pro-

cedure gave a 70 % yield of time ethyleni-

minium iou, estimated by titrmttioni with

tiuiosulfate; time ethmvlemuiniimuiurm iomi mm-as

stable for some hours if time solutiomm mvas kept

oh ice. Concenmtrmitiomis of DPC1�.\I timid

DNC10M mire expressed in terms of tue mmctive

ethylemuimimmium ion.
Dithiothreitol (Cmmlbioeimem) miuud DTXB

( British Drug Houses) mmere mupplied mm
Krebs’ solution (pH 7.4). Iii time electroplmmx

at room temperature it humus been reported
(3, 4) that these nemigemuts tire effective if

applied at- pH 5, but mmot mit pH 7. Since, iii

our experinuenuts, DTT mmmd DTXB were
found to be fully effective at pimysiological

1 The mibbreviat ioims itsed mire: I)PC10 , deca-

nmethylenie - 1, 10 - bis(dinuethylhenzvlammonmiinnu

bronmide); I )PC10M, decanmet hylene-1-(.V-betmzvl -2-

chioroet hylanmino) - 10- dinmetlmylbenzvlammonmimnm

chloride Imydrocimloride; I )NC10M, decamet Imyletto--

1 - (2 - chioroeth I - 1 - nmaphthylnmetlivl) - aminme -

lO-dimethyl - (1-niaphi hyl nmmethyl )amnmmoniinnn chlo-

ride hydrochloride; 1)TT, dithiothreitol; J)TNB,

5,5’-dithiobis(2-niitrobenizoic acid); C,,-TMA,

alkyltrimethylmmnmnmonium compounds of the type
CH3(CI12),,.1N�(CH3)3 ; C,,-his-TMA, mdkvlhis

(trinmet hvlmmnmnmoniimmm) colmpo)mtnds of the fornmm

(CH:o),N#{176}(CH2),,-N�(CH3)m ; phetmyl-T\IA, pimenmyl -

trimethylummnnonmimmnmm iodide; met hylfurnmet Imide,
.5-met hylfurfuryl t tinmethvlanmmmonmiunmi iodide -

pH, ‘sve (lid rmot imivestigmite time pH depenmd-

ence of time reactions.

RESULTS

Effects of teduction (ff1 responsiveness to

aqonists. DTT was found to immmve fully

reversible effects oni time prepmmrmitioru wimenm it

wmis mi�)plied mi concenmtrmutions betmmeenm 0.1
amid 1 m’si for a few minutes mit 37#{176}(pH 7.4).

As is described iii more (letail belomv, time
muscle remained in mm more or less stable

condition after it imad been exposed to
DTT, until time effect- mm-mis reversed! by

DTNB. The conmcenmtrmmtiomu of DTXB me-
c1uired to do this was about 0.3 m’sm. 1mmniost

experimemmts 1 mur DTNB ‘sm-mismipplied for
10 miii, amid timis cOmj)ietehy restoreol time

tissue to its original respommsivenmess. 1mmsome

experiments time effect of reduction wmus
observed by keeping 0.1 m’si 1)TT mu time

organ bmitim im-hile the test responses ‘smere
beimmg elicited; in others, I)tmrtidullItrl� wimen

alkylating migenmts, ‘smimicim migimt himive remmcte(l

mmit.im DTT in solutionm, ‘smere being stU(hiedl, 1

mM DTT mm-misapplied for 10 mimi mmmd thu-nm
‘smtmshmed out before time drug test ‘svas cmurrie(l

omrt. Iii prelinuirmmury tests it- was foummd timat

time effect of 0.1 mit DTT took 15-30 mini to

develoj) fully, ‘svhmeremms 1 mit DTT acted in

less thtimi 5 minu, time final effect being time

smmme mit timese two coneentrationms.

Figure 1 simomm-s tlmmut- time sanue kinmd o)f
reversmul of time mietiomis of cmmrbmmelmol mind

Fma. 1. Effect of DTT (0.1 aiim) on re.spo�o-se.s

to (-arbao-hol and hexametho-nium.

The t rmicing is of isommmel nc c’oimt mmoct ions of mi

st m-ip of cimick hiveni er nmuscle. Cmirbmicitol, 12 j�i

(A), mitici Imexanmet honiunm, 0.1 nmi�i (LI). wene ap-

plied alternimitel throughout time (‘xperinielit for
1 mm each at- 4-nmiim irttervals. The recording wmms

st opped bet weenm dring appl i eat ionms - Time I )TT

was wmislmed ommt after t lie finmil o-arhao-hoil mopplicmm-

ionm inidicmmted. 1)TNB (0.4 mmmii) wmos t Iten applied

30 sec before the itext appl icmtt ion of hexanmuet ho-

mtiotnmm. Time cal ibrmition represents :300 nmg.
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hi(-xanmm(thm(Inmiunuu thmit I�mmrhini mmmd \Vinmnmik

(4) fomnmmd oni thud- d-lect-roplmix mmlso occurs in

chick mmminsch-. 1mm the comitmol period, car-

bmiehmol ( 12 �.o’sn) pro)ducedl mmresi�onmse that ‘sm-mis

mibomnt 70 � of maxinumil, ‘smimeremis tilternumttitmg

doses of hexamet-iioniiuni (0.1 mit) humid rio

stinmuulmonmt effect. 1mmtIme presenice of 0.1 nuir

DTT t im(- effect of carbachol grmidually dis-

mml)1)ettme(l, mvhile at time sanue tinue mmstimulmmnt
act ion 0 j I mextmnmetimonmiunu developed. DTXB

(0.4 mummn) rapidly abolished tue action of

imexmm.nu-t I to )tilitfli amid nuore gra(Itmtilly restored

tue s(-nusitivit-y of time nuuscle to carbacimol.

Aft-i thm- 1Y1’XB wmms immisimed out time muscle

usutilly gmiv- a sloim contrmuctionm, mmimiciu took

l0-1.�) mmmiii to subside. TIme conitrmmctioni ‘sm-mis

nuot mtfleete(1 by tubocurmmri nie, mind ommly

occmnmr(-(1 if t lie 1)reParmut iomm htmmd previously

bemm ttetttd(I ‘smitii DTT. “olemisurements of
drug efleets were mmmdc omulv miftem t-iuis coni-

trmietiolmu iimi(1 dismuppetired. Time cycle of

reduetiomi amid reversal could! be rel)eated

sevdmai tinmmes imithout mmj)j)mumd-nmt ill effect on

time immuscie.

Hlexmmnmet iiommntnu emiusedl no conmt ractli)ni i nm

tmo)mnmal j)no-j)mirmmtiomms, eveim mm conmcemitnmitionis

exceo-dimig 1 nuin. Inmdeed, it mmmosfounid to mict
as a eonmmenmtiomimml eoflil)dtitiVe mi-nmtmigonmist of

ratimer iomm l)0t(!tmc� to carbmichmol, time equilib-

riunm ooiistttmmt estinummuted by d!OSo� ratio

niemisum(-mmmo-mmts (12) being about 0.15 mm.

Tlmis inmplies timmut imexmmnmetluoniunu ilmidi a
nuud-mmsmnmmmble mmffiniitv for recel)toms iii time

miormummil pni-llminmmtionm, so that tim(- muppemmranmce

of stinummhmmmit activity miftem tue mmh)phcmiti(In of

i)TT o-ouiol niot iimive bed-nm due only to mini

mnicn-(-ase imi thmd- affinmitv of imexmmnmethoniium

for tim(- receptors; it is nmd-cessmimv to postulmite

thuit time eonmsequentees of time occupmitiomi of

t lie n-co-pt ors by I mexmmnuet I monmium were mmlso

nuo(lifie(l, in time semisd- timmit- hiexmmnmmetimommiuni

beetummic- mmmi mogonmist rmmthien- thmmmm mm pure
mu it tigo )1 mist.

Conmtmmmetioiis elicited by NC! (which

olepolmimizes t hid- nud-nmbmminie dir(-et-ly ivitlmout

inmvolvimmg m-eeeptors) mimm(I by cmmffeimue (which

is timouglit to) mmet by releasimtg emulcium fronu

t lid- smmnoolllmtsnuic md-t-icuhunmu) were unmmmltd-red

b’s- I)TT, nmummkimmg it ummhikely timat 1)TT humid

affeeteol t huo- muscle mmonmspeeificmmhl�.

lime mmetiollm of l)TT mm-misniot miffeetedi if it

‘sm-mismtp�Ihe(l in t ho- I)ro-s(-mmee of 30 �n tubo-

eurmmn-imme, mmconmcemmtratiomm sufficient to) block

95 (_� of time receptors. Thus, occupation by

tubocurmurilme dhd nmot mmppear to protect time

receptors againmst- reduction by DTT. Iii

order to test whetimer time same receptors
were involved mm time stinuulmitionm by imexmm-

methonmium mi time reduced PreParmitionu tumid

by carbacimol mm time nornmmmml 1)reparmmtio)nm, time

receptors ‘svere blocked irreversibly mm time

n(Irnumul prepa-ratiomi ‘smitii 5 JL’sI DXC10\l for
10 nmimm, causimug an occupancy of mibout- 0.95.

The muscle wmms then exposed to DTT, anud it

wmis found timmit it- dhd nidt develop time usumul

selmsitivit y to imexamethuommium. \Ve cmmnmmmot

say mmlmether timis ‘svmis dime to time mulkylmited

receptors being protected agmuinst reduction,

or (‘svhich is nuore liko-lv) to time alkylatiomi of

time site ‘svitim ‘svimicim imexmmnietlmommium coni-
bimues, but in either emmse time implication is

thmti-t time smume receptors mire ilivolved mm time
stimulamut actid)nms of emmrbmichol amid imexa-

nuetlmommium.

1mm studying (lttminmt it mit i’s’elv t hue effect s of

DTT tmeatnuemmt oni different migonists, time

muuost reproducibl(- results ‘sm-crc obt mmmcd
whmenm time DTT wmms applied at- 1 mit for 10
mum timid! ‘smmmsimed (IUt befome time tests ‘sm-crc

mmmdc. Test doses of time agonmist ‘sm-crc given

bet’sveen 5 timid 20 mini tufter washing out time

DTT. �fl conistant time sequenuce was

mused t(I avoid varimmbi!ity due to time slomm

declinme imu semisitivity (see Fig. 5 for miii cx-

tmennme exmmnnple), ‘svlmieim sometinies occurred

mmften time mmuuscle immud been exposed to DTT.

Figure 2 simol\ms some exmmmiiples of the mmmuy mm

‘sviuiciu t ime senisitivit V to differemit agoniists

‘svmms chmmmmged by DTT. Except in time case

of imexmmnuuetimonmiunm, time slope of time log

dose-response curves fon- differenit mmgonmists
wtms unmcimtunmged by tmemutmuuenmt ivitim DTT,

mmlthougiu time position of time curve (i-eflectinmg

time potemmey of time drug) mvmms altered. Timis

emmmmbled time effect of 1)TT tm-emit nuent to be
expressed nuunuerietm!ly mis time ratio by mmimicim

time conueemmtrtmtionm of mm drug produeimmg mm

givemm responmse wmus altered. We numude nmeas-

urenuemuts mmitim 27 diffemenmt mmgolmmists, emicim onu
three nmuseles, mis siiol\vnu mu Tmmble 1, including

time two lmomologous sem-io-s o)f nuolio- and bis-
t ri met imylmmnumomuunm eonmmpounds. Where t he

activity rtitio givenm is less tlman 1.0, the

comuupo)mmmmd becmmn-id- less moet-ive mifter treat--
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FIG. 2. Effect of DT7’ on agonist log do-se-re-

sponse (-urve.s

Each panel gives the result of a separate experi-

merit. Itt each experinmelmt a control dose-respontse

curve (#{149})was o)btaitmed. I)TT (1 nmmm) wtms timeni
applied for 10 mum, aimd the agonist was teste(1

again (0). 1)TNB (1 mum) was theni applied for 10
mm, anmd nmore responses were recorded (s).

Except with hexanmuethoniimnm, the experimenttal

and control curves were approxinmatelv parallel.
Two of the drungs illustrmited (hexaimiet-honiunm anid

C8-bis-TMA) becanme more active after treatnmment

with J)TT, while the other two (carbachol and

C2-bis-TMA) became less active. Aft-er ])TNB
treatnmment- their mict-ivities rettnrned to time (-onirol

values.

memmt mmitim DTT; mmnmmtio gremuter thmmnm 1.0
meamus thtut time compoummdl became nmore

active. The activity ratio is plotted mis mu

functionu of chmmmimmlength for time t’sm-o huonmolo-
gous series in Fig. 3. 1mm gemmermul, time mono-

quatemnmmry series became less active after

DTT, time largest effect being with time C4
C5 , timid! C6 compounds. Time muctivities of time
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o)t Imer comj)ounds, except for t et rmimet I myl-

anmmommium , ‘sm-crc hitt he mmffected.
1mm tests with the bisqum-mtemnm�miv senies,

Hexamethonium time C3 , C4 , mmmd (1� conupoumidls siiow(-d no

0 stimulamut activity either before or tufter

7 DTT treatmenut. C2-bis-TMA ‘sm-mis gn-emmtiy

0� reduced mm activity, ‘sviuereas C6-bis-T MA,

as mmlremtdy descmibed, ‘sm-misconverted fnonu mm

0� mmmitmmgonist to an agonist- (time l)otenie� rmitio

is timerefore not- caleulmmblc). (�- mmn(1 C5-bis-

T \ IA mmere l)o)t-enmt iated , mviii he !omigd-m-ciimuili

co)mpounu(ls ‘smere more or less unitmfId-etc(l am

f f �___�! l)Otenmc\. Time results obtmmimmed ivitim other40 80 200 - -

nuonmooiuaternary migommists mire mmlso simommni mi
C8bis-TMA Tmub!e 1. Timree of timese (mmeostignuinmd-, edlro-

#{231}u pimoiminunu, timid in-imydroxyphenyh-T \ I A) tire
better knommmi mis mmnt-icImolinmestermuses than mis

7 ehoiinmergic agonuists, but all three etiuse coni-

trmictionm of time chick biventer cervieis. This

/7 � contrmmctionm is imiiuibited by tuboctnmmim-imme but
is scarcely affected by eserimme (wiuicli itself

causes no commtractiomi). It is therefore umm-

likely to be time result of emmimanicenuenut- of time

mmctiomm of endogenmously released! tucetyl-

cimohinie by inmimibition of clmohimmestd-rmise, mmmd

is much more likely to be a (lineet 1IOst-

svnmaptic action of tlmese eonuponmnm(ls. ()f
timese miscellaneous agommists, dlmmly mieost ig-

nuinme becanme substanitiahlv more mmeti’s-e after

t-remmtnuiemit mmitlm DTT. Time rest ‘smene eitimo-r

umuclmmunmged (nuet imylfurnmet hide) or m-d-dmmeed

mu potenicy.

Because of time rather selective effect of

DTT mi immereasing or redlineing time potemmey

of individual compounmds, it ‘sm-mis of inmtem-est

to see how time over-all stmuetume-mietivity
relmutionships withminm time t mm�� iionmuol!olgous

sen-ics ‘sm-crc modified by DTT. For (-mmcli

conupounmd, time coneemmt rmmtion (\ IC301) givimig

50 % maximal contrmmctiomm of niormmml pneh)murmm-

tionis mm-misdetermimmed (Tmmble 1), time nmtmximmml

commtract-ion being obtaimuedl mm-itIi mm high

eomieemmtratioim of earbacimol (40 �mi). Time

potemicy ‘sm-as expressed! as time n-eeipn-oeal (If

Time potemicy of time eonmmpommnud

tomvmurd time I)TT-tmemitedl muscle ‘svmms ob-

t muinmed by muitiplyi mug time pot emiey to Iward

time untreated l)repmirat-ioni by time poto-mmey

matio obtained with DTT. Figure 4 shiomvs

the relation betweemu potency amid chmaimm

lemmgtim for control timid DTT-treated mmuus-

des. 1mmneitlmer series mvmmsthe oven-mull Siitul)e
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LJfect of DTT oo stint ulant potency of various (tiny-s Ofl cit UI muscle

MU:,o is tite immolar conmeent rat ion reqttired to give a contt ractiont of mu nmornmual muscle 50� of the size of

time niaxmimiomnm oht mtittmihle wit It emurbachol - The activity ratio) is the reciprocal of time rat in by which the

eqmtimict ive concent ration chmunged after t lie mmnscle had beeni treated with 1 mum l)TT for 10 mm. The

nm(-ans anod st anmdard errors of nneasurenments nmmode on three muscles are given -

Agonist Activity ratio

0.21 ± 0.04
0.18 ± 0.02

0.46 ± 0.03
0.24 ± 0.02
1.14 ± 0.07
0.37 ± 0.04

0.43 ± 0.05

0.4:3 ± 0.02
2.60 ± 0.54

= I;

= 0
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Cmurhac itol

Acet VI (imol i Ito-’

Suxaniet lion ntnm

�Nicot me

NIet hvl fmnrnmet imide

Phenvl -TMA

no -Hydroxypimenyl -TMA

1�dropimommi omimi

Neost ignmmnoe

(‘,-TrmIA conmpounds

n = 1
= 2

U = 4

a 5
fl

V

U

C�-hms-iN1.� (onmpoltnd.s:

a

7.98 (±0.69) X 10�

2.53 (±0.24) x 10-i

2.13 (±0.15) X 10�

3.13 (±0.79) X 10�
3.39 (±0.31) >< 10�
9.77 (±0.11) X 10-6
2.46 (±0 - 26) X 10�

4.40 (±0.61) X 10�
2.45 (±0.53) X 10�

6.24 (±0.55) x 10� 0.56 ± 0.04
1.35 (±0.09) X 10� 0.83 ± 0.08
1.77 (±0.11) X 10� 0.79 ± 0.06

2.75 (±0.03) x 10� 0.24 ± 0.01
1.68 (±0.07) X 10� 0.31 ± 0.01

2.13 (±0.08) X 10� 0.40 ± 0.03
3.04 (±0-20) X 10� 0.96 ± 0.02
5.40 (±0.58) X 10� 1.17 ± 0.17

=2 8.33(±0.33)x1o-#{176}

0=7 1.83(±0.28)x105

O = 9(mO (±0.40) X 10�
a = 2.(�3 (±0.13 X 10�
n = 10 1.21 (±0.02) X 10�
n = 11 8.40 (±0.00) x 10�
O = 12 6.32 (±0.64) X 10�

= 1:3 5.45 (±0.63) x 10�
mm = 14 5.55 (±0.28) X 10-8

o = 15 8.32 (±0.67) X 10�

Niemosinred ito t h presenm-o- of 10 �oM l)1l�50)5t igmmne.

of time ielmu-tionmsiiip betmmd-eni potency timid

eimmiinm lemmgthi grossly altered by tremmtmmuemmt-

‘svithi l)TT.
Stability a DTT-treated prel)al-atiofl. Thme

DTT-trd-mmted l)repmtrmltionm dud riot- usually

proldince commsistemmt (Irug respommses for mmlonmg
tim(-, mmhthtoitgh time nmuscle could mmornimully be
restored to its om-iginial m-esponmsivemmess by

reoxidmitionm mm-itii 1)TNB. When 1)TT ‘sm-mis
apphie(l for mi femm niminmutes timid timeni ‘svmusime(I

out, thud- effect sonmetinues subsided, pre-

sunmablv beetm-usd- of spommt mu-mieous re-fom-nua -

t-iomu of tho- dlisulfide bridges. More o)ften,

imomveven, mupnogressive declimme itt senmsitivity

to mill agonmists occurred, mmmidthis effect could

0.17 ± 0.01
9.30 ± 0.41
2.15 ± 0.13

1.01 ± 0.09

0.83 ± 0.03

0.87 ± 0.08

0.98 ± 0.02

0.95 ± 0.14
1.30 ± 0.07

0.97 0.08

be so numunked as to) prevent tiny quanititative
memm-surememmts. Anm example is shown in Fig.
5. Time agonist ‘svmus C8-bis-TMA, at a con-

cemmtrmmtiomm ‘svimich gmmve only a very small

responmse dumimmg the control period. After

DTT tremutmetut time conmtn-mmctionm ‘sm-misinitially

imicremu-sed, but this mm-as riot sustaiimed. Timis

‘svmms hot due to sponmtaneous recovery from

time muctiomm of DTT, bectiuse the effects of

otimer mmgonuists, such as carbachol, whicim

‘sveme mmmdc less active by DTT, shmommed mu

l)mirmil!el decline. i\ loreover, a secomid appli -

catiomi of DTT did not restore time respomm-

sivcnmess to drugs sucim as C8-bis-TMA.

DTXB could, imowever, restore nornumul
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FmG. 3. Change in potency of agonist-s caused by DTT

The figmtre shows logarithmic plots of time activity ratios resitlting fronm tremitnment with I)TT (1 nun

for 10 mum), for two homologous series of mtgonists. Time imatched area in the plot for the bisqmtaternmary

conmpountds shows I imose connp(Iinnds (C,-bis-TMA. C4-bis-TMA, mmmd C5-bis-TMA) that were inimuctive

hot ii I)efore amid after applicatioim of l)TT. Emmch poiitt is the nmeaim (± Stmiltdar(1 error) of three observmt-
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FnG. 4. Effect of DTT on potency of different agonist-s

The two panmels refer to the same groitps of drtmgs as shown imi Fig. 3. TIme nmeasmmre of potency used is

the reciprocal of the molar commcemmtrationm needed to give a half-nmaxinmal contraction. A cotmtrol prepa-
rat ions; 0, 1)TT-tremuted preparations.
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FIG. 5. De(-line ifl seO.Sitivit!/ O(O(osiOflally seCO

after DTT

The t rmmcing sho-ui-s contractions in response to

0.8 ,.�un (�-bis-TM.k, (S), in wlmich the decline in

sensitivity following 1)TT (1 rimun for 10 miii) was

uttusunally great -

senmsit-ivitv to ti-id- muscle e’s-emm tufter it had

ummdergonme timis secondlmmry dechimie in-i time

pro’semice of DTT. Timis effect , mulso desenibed
for time mmctiomm of dlecamethmonmiunu on time eel

electroplmmx by Podleski, 1\leunier, anmd

Cimmmnigeux (13) , was onmly occmmsionmmully as

pr(Ilmounuced mis it is in l-’ig. 5. In nnost expen-i-
menits time tendency mm-mispno’semmt , but- was miot

large enmougim to inmtemfere seriously with

measurements mmmdc ‘smit-imini mubout 20 nuin of

usnmsiminmg out time DTl�.

Interaction oj I)TT wit/i antaqon isis. In
four l)rel)mummutiomiS the potenicy of tubocu-

rmmrinmc mis arm mmntagonmist ‘s’s-misnueasured iii time

presenmee olf 0�i mit DTT. The dose m-atio
metimo(I ‘sm_mis used mis described! previously

( 11), mmmd experimemmts ‘sm-crc nmmmde mvitim

four different- agonmists-emirbmmelmol , niet hyl-

furmet imidle, C7-b��-T)o IA, amid dlecmunuet hid)-

nmiuni-sonue of ‘smhuichu became nuolre tumid

sonue less mmetive mm time presence of DTT
(Table 1). mm tlmese experiments 0.1 mit DTT
mm-mis allowed to act for 15-30 mumini; test

respommses to the agonist in-i question ‘smere

thenm elicited (mu time pro-so-mice of DTT) in

order to obttuinm a pm-eantmugommist- log dlose-

responise curve. Time ammtagonmist ‘sm-mis up-

plied, still iii time l)mesenie(- of DTT, timid mm
further set of test responmses was obttuinmed.

Time antmmgonmist mm-misthiemi wmusited out mind mm

check mm-mis muua(ld- to see thimit the semmsitivit�-

immmdreturned nuome or less to its �Iremmnmtagonmist

level. 1mm mumost- experiments time recovery ‘svmus

smmtisfactory; oeemusiotumml!y this ‘sm-mis riot so,

possibly because of mmpro)gnessive diedlimie in

senmsitivity mm time pmesemiee of DTT (see

emirhier section). Sucim expeninmenmts were

rejected.

Tubocumarinme cmu.msed time usual shift to

time right of time mmgommist log dose-respomuse

curve ‘smitimout cmuusinmg munmy clmmunmge mm slope.

Time results are plotted as (dose rmitio - 1)

‘smitim respect to tubocurarimie concenitration

(12) in-i I�ig. 6. TIme himmemurity of timese l)lotS

shuomvs timmit tubocurmmrinme mmnitagonism obeys

time competitive equation (12) : time equilib-

riunm constant is given by time reciprocmul of

time slope of time lmnme. Time e(1uilibrium con-

stmmnt- ‘svas cmilculmitcd for each point amid time

results were averaged, giving a vmulue of

3.78 (±0.08) x 10� ii (n = 19) in mmon-nual

sohntionm, maid 1.59 (±0.07) X 10� ii (ii -

10) mm the prcsenmce of DTT. Thus DTT mm-

creased time affinmity of tubocurmurinme for the
receptors by mu-factor of 2.4. Timere ‘sm-mis rio

evidence t imat tubocurarine discriminmuted
bet’smeeni one agonist mum-id ammotimer eitiuer

before or after DTT tremutmenit.

Interaction with irrem’ers ible anta�on isis.

Kamlini (6) imas simownm that DTT tremmtmcnmt of

time electroplax greatly facilitates recei)tor

mulkylmut ion by cert aini d�uaternary maleimide

dcrivmmtive. Onm ti-ic other hand, Podleski

tumid imis co-’svorkers (13) four-id tiummt time ir-

reversible blocking actiomi of p-(t rimcthmylam-

monium) bemizemmediazonmium fluoroborate

is lost- after treatment of time clectroplax

‘svith DTT, a reversible depolmirizinmg effect

mip�)emuimig in-i its plmuee. It ‘s’s-misthins of immtcrest

to study time effect of DTT tremmtment onm time

muetioni of receptor-mulkylmitinig mugenits on

cimick muscle. The mulkyhmutinmg agemmts tested

‘smere (Iipimemmvldccmmmet honmium nmust ard

( D PC1 �\ I ) mind dinmupimt iiyldecmunmethmommiumui

numustmurd (DXC10\ I) , mmhiose 1)ropemt-ies ‘sm’c

have mej)o)nted Oh l)meviotn5l� (ii, 14).

The experinuenits were done by mmieasurinmg

the em-mrbmucimol dose ratio produced by mi given

eonmccnmtrationm of DPC10NI or DNC10N1

mupplicol for a given-i time, mum-id eoflmpmmritmg this

‘sm-itIi time dose n-atio obtmummcd ‘svhcnm time numuscie

wmms exposed to DTT (1 mum fon 10 nuimm)

bcfone time blocking agent was mmpplicd, mind

ti-icr-i to DTXB (1 numn for 10 mmmm) befone

time test doses of emurbmehol ‘sm-crc given.

Thus time emtrbmucimol dose rmmtio mm-mis meas-

un-ed! onu ti-ic muscle in mmmiummreduced state.

Typicmil results mume shommnm in Fig. 7. With
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Carbachol

Decamethonium

Methylfurmethide

Me3N(CH2)7N Me3

Tuto�irarine ‘cnce�traticn (M)

FnG. 6. Effect of DTT on pote-nc!J of tuhocurari,oe

\arious agomuists were used as indictmted. Memosurenmeruts of time dose ratios produced by severmul colt-

0-cut rat ionms of tmnbocurmirinie were made, mood (dose nmotio -1) was 1)10)1ted mogainist t tnhocmnrmormnme concent rmo-

tint!. The solid symbols represeitt conmt rol rmueasmnientents nmmode mm time mollsentce of I )TT. The open symbols

represenmt- nmeasurenmeimts numade in the presence of 0.1 mum I )TT. lit em-mclm case the plot was hinmemur, as tite

coflil)etit ive nmodel demands. However, time line u�-mos steeper wimeut the nmeasinrenmenmts were nmade mi the

��resent�e of I)TT. showing that tubocurariume was more potent iii this sit tmmutionu.

botim I)PCioNl mmmd! 1)NC10NI time blocking

tmctionm \vmms inmeremmsed mviiemu time d!mugs mmeme

applied after DTT tteat fluent. Wit hi I)XC10\ I

time effect ‘svmus not very great. 1mm Fig. 7.

I)XCnoNI (0.M �ui for 2 miii) mupphicd to time

mmormmul muscle produced mu close i-mmtio of 1.2
(17 � of time receptors alkylated), mvhmercmis

time smume concenitrmmtiomm of DNC10Nl mipphcd

after I)TT produced a (lose rmutiol of 1.5

(33 � of time rdecptoms mulkylmuted). Other-
results tire giveni mm Tmmblc 2, tumid simow mi

defimmite but snmmmll effect. \Vith DPC1M time
munutmmgommism mvmis very gmemmtly inicreased by

treatment uvitim 1)TT. Timus, mm time experi-

nuenut siiomvnu mm Fig. 7, I)PC10Nl (0.6 M’st foln-

10 nuimu) emiused virtummhhv mio) blockmmdc mu mm

nuom-nimml mumuscie, butt gmuv(- mu (loIsd mmitio of 5.0

(SO C� of time receptors blocked) mmimemm till-

i)hied mifter I)TT. To produce SO � blockmudc
‘smith I)PC10NI mm mmmmormmil nuusche in-i 10 mini
requires mit letist 10 tinuucs tue conmcemmtrmutionm

used in time cxpeminuemmt of Fig. 7. Tmmbk- 2
collects time rcsmnlts of mm nmmmnmubcm of expem-i-

nmicmmts simommimig time inmcremms(-(l effectiveness of

I)PC10\ I fohlowintg t remit nuenit of cimiek nuuscle

withi l)TT. Time effect is immdo-pemidentt of time

migonuist used tol test time biockade.

Si mmcc irreversible bloekmmdc o)f t hue receptors

numust be missunmed to occur in tmmo stmuges,

n-ev(-m-si ble missocimit ion foi hommed by milkylmut iomm,
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The figure shows log dose-ro-sponoooo- curves to

Omtrh)mt(’lmOl in-i t ‘sun 1)rel)anmmt iootm-4 (a monool 1) ) . Iii each

(-xl)(-rinnent a coott mol (Io)se-resl)onose ootrve �smos oh-

ohtmtinte(l (#{149}),timenu the m-mnttagonoioot �mts ap�)lied

(I )PC18NI, 0.6 �ui for 10 nub; I)NC10Nl, 0.8 �un for
2 mitt). These mmpplicmmt ions cmmused lnt tIe h)lo)ckade

(0). 1)TT (1 noun for 10 nmumni) wmms thm(-nu a�)plied.

followed by time smmnme appl icat ion! of anut agonmist

ms hmod been used before. I )TNI3 (1 mmmii for 10

numini) was thenu mopplied, anod mo finomol (lose-ro-sponse

o-onrve (Lx) ‘sm-as (10-I ernuinmed. Iii hot hi (moses a larger

blockade was prodonced I hanu had o)c(-omrre(I whenu

he anotmogonist wmus applied to t ho- unit nemited

nnonso-le, l)ltt I he enthmtncenmenm u�as niuonc h gremit en

wit hi I )PC10M I hunt with I )NC14NI -

we wisiued to timid wimieim of thuc-se steps ‘sm-mis

fmmcilitmmtcd by l)TT trcmmtnueitt. A fcmm experi-
mmmcmmts‘smere thmerc-f ore eonmduetcol wit ii I)PC10
t hic niomimilkylmit inig munmmlilgud- of 1)1 �C�\ 1. Tho-
cxistcnmce of time nlmctmmjlhmihid eflo-ot (11) with

1)PC10 numude it difficuit to memmsun-e mmmi

co�uihibriunm eormstmmnt by time usual nuetitod,

but, provided! timmit time dose ratio ‘sm-missnuumull,

time degree of anmtmugonisnu pnoduced by a

giveni eonmcentrmutiomm could be measured tunic!

conul)mmned ‘smith sinuilmur results obtaimmed muft-r
DTT tremutmenit. mi t’smo exj)enimmwnmts it ‘svtis

founmd timmmt- DTT tremutmermt roughly doubied

time blocking 1)otency of DPC10 , mm effect

sinmuilar to timmmt seenm with tubocurmurinie. Since

time enhmanmcememmt- seemi ‘smith-i DPC10M mmas

nuome ti-ian 10-fold, it is likely timat it repre-

sented mainly mini increase in-i time rate olf

mmlkylationm, altimough an increase in reversible

bimuding nummy immive made some commtributiomm.

I)IS(15510N

Oum resimlts olmi cimick nnusche eioseiy

resemble tito)se obtmmined onm time electnoplmux
(3-7, 13). Although Karhin used mu diffenermt-

method of cxpressinug time clmammge in mictivity,

his results witim miectyicholinme, carbmieimoi,

T)OIA, C-i-’111\IA, tumid hexamethmonuium agree

mup�)roxinumitelv ‘smith ours. W7itim decametho-

nmiunu, Kmimlini (6) mmmd Poc!leski et al. (13)

found arm immeremise in-i activity mifter DTT

trcmitmemmt, ‘svhercmms mve observed a very snuail

(leeremisc.

Our tinmdimmgs mmitit time milkylmut-inig agents

DPCn0NI miIm(l 1)NC1�NI tire sinuilmom- to

Kmunhin ‘s (6) observmit iomms 0)1 c1uat emnmurv

numuleimide compounmds, ‘smimichm beeonuc l)Otelit,

irreversible bloekimmg mugenuts mmfter I)TT

treatnuemut. 0mm time otimer hmmmnd, Podheski

et al. (13) obtmuinmec! time o�)positc ro-smnlt mvitim
/) - (t ri nmet imvlmunun�Iniiunu) bemuzenuedimizomuiunu

fluonobolmmute, mmhuieim muets muS mimi irrevem-sibie

blockimug migemit nmornumullv, bitt as mu revcisible

depolmmr-izinig dn-ug mmfter Di�T.

\Vc hmmic! holpc(l that- mu fmuirly systemummutic

study (If struncture-mmet-ivitv mclationmshiips iii

muom-nmmmmlamid DTT-trcmuted tissmtc migimt- bmimig

to) iigimt gemicrmihizatiomms fronu ‘svhmich time type

of eomufomnuummtiommmil ehanmgc cmuuscd by DTT

nuuighmt be deduced, but it is ext remumely

difficult to perceive muny demur pmmttem’nm iii time

rcsmnlts. Anuommg ti-ic nuonmoqumutermmmmries, it is

true timmmt thmree siruuilmum eonupoummds, ed!m-o-

phmonuiunu, ?n-huy(lmoxyphenyl-1’NIA, timid

�limcnmyl-1’�’�1A, mvcrc mubout equmully muffected by
1)TT, but musimnhtmm- eompoummd, nmcost ignuuinme,

‘sm-mis mmffcetcd flu time opposite dilcctio)fl.



Expt Concen- Time of
Antagonist I ration apj)lication Agonist r3

10 l)NC10M 0.8 2 Carbachol 1.2 1.0 1.8
11 1)NCn0M 0.8 2 Carbachol 1.2 1.0 1.5
12 DNCIOM 0.4 2 Carhachol 0.9 1.4

DISULFIDE BONI) REI)UCTION IN CHOLINERGIC RECEPTORS (129

TuttLE 2

Effect of DT7’ on blocking action of DPC�0 .1! and D.VC10 M in chick muscle

rn is the agonmist dose ratio produced by the antagonist. applied to a nuornmal preparmotionm. r2 is time (lose

ratio tufter applicationm of 1 mum 1)TT for 10 nmminm, leaving the prepmirationm for 15 nmmimu, anmd then-i applyiimg

1 mum 1)TNB for 10 mint. r� is the dose ratio after applicationm of 1 mit 1)TT for 10 nminm, thenu the antago-

nuist,anud fiuually1 mum 1)TNB for 10 numin. (‘ompmurisomu of r and r1 thus shows time effect of redmnct iono ott

the block produced by the antagonmist.

1 DPC1OM
2 DPC1OM

3 I)PC1�M
4 1)PC1�M

5 1)PC1� 1�-i

6 1)PC10 rb-i
7 l)PC��mI

8 1)PC10M

9 l)PC10M

nUn

2.4 15 Carbmichol

0.6 15 Carhachol

0.6 10 Carbachol
0.6 10 Methylfurnmethide

0.6 10 Carhachol

C7-bis-TMA

0.6 10 Carbmichol
0.6 15 Carilachol

C-bis-TMA

0.15 10 Carbachol
(‘8-bis-TMA

0.6 10 Carhachol

C8-bis-TMA

1.25 1.3 9.0

10.0’

1.0 1.1 5.0

6.5

3.4

�3. 9.
1.0 10.0

4.4
5. 4’

1.8
2.3

3.8

4.4

Curves flat termed; r nmeasured at lower eni(1 of curve.

Wimenu time effects of DTT treatment on

I)Otenic�’ witimin the tWO) imonuologous series
are siiomvn as in Fig. 4, it is seen timat 1)TT

hmas mu relatively small effect on time over-mill

pmuttern. \Vitlmin ti-ic bisqummternmury series,

time maimm effect is to reduce activity rougimly
to that of the imomo)logue with one fewer

methylemme group, multimougim riot ‘svithm corn-

I)otlnds ionmger thami C5-bis-TMA.
In leecim muscle (11, 15) mind in time elcctro-

phmx (13) timere is evidenmee timmut tmvo types of

chohin-iergic receptor exist: in both thiese

tissues carbmichol appears to muct mmt diffcrenmt
receptors from decmmnuetimonuiunu. Time opposite

effects of DTT on time depolmurizing muctivity

of different agonists nmigimt timus be exh)lainmed

quite simply if disulfide bond reduction

facihit-muted time activmmtion of omme type o)f

receptor but inhibited mmctivatiomm o)f time

other. mm chick nuusclc, imouvever, timeme is

evidence agmminst time existemmee of nuore thmmmmi
omme type of choiirmergic receptor. Titus timbo-

curmurirme blocks equally time effects of emmm-

bmm-chmoh, suxanuet honiunu , nuet imvlfurmet hide,

C5-bis-TI\ IA, mit-id decmmnuetiionmionu ; gmullanuimme

mulso fmuils to discrinuinuute mi its blockinug

action between cmtrbmuchmol mimic! suxanuet hmo)-

mmimmnn ( 1 1) . :\ loreover, desensitization of

carbmichiol receptors iii cimick muscle cmumm be
brought mmbout by nmmunmy different cimohinmem-gic

agonists, amid siuo’svs nmo selectivity ( 16)

similarly, time nuetmupimihic effect- (1 1) , mmiiichm

aJ)pemirs to be due to tue same process mis

desemmsitizmmtionm (14), also) fails to discriminummtc

mumonig different a-gonmists. mi leech-i muscle,

where time selective blockimig action of tubo-

curmurimme timid other anitmu-gonmists suggests timat
more timmmnmone type of receptor exists (11,

15), clesenmsitizmutionm mimic! time numetmupimihe effect

show correspommdimmg selectivity.

The results obtained witim tubocumarinme

mulso nmummke it- unlikely timat mini apprceimtblc

fractionm of time rc-ecptoms exists mm time re-

duced state mm mm nornumul prepmmrmmtiomi, or timmit

DTT used umuder tiiese eommditionus leaves miii

mupprecimible pm-opom-tioni (If nccej)t 0 )FS mu time
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unreduced state. Sin-ice time dissociation

conmstammt for tubocurarine was reduced by a
factor of 2.4 by DTT tn-eatmcmmt, inmcom-

plete reduction by DTT ‘smould result in-i two

Pol)ulmutionms of receptors with differing
affinities for tubocurarine am-id ‘svitim differing

susceptibilities to time various mugomlists. This

imeterogermeity uvould nueminu thmmt ti-ic dose

rmmtio 1)10t (F�ig. 6) woulc! be nmoniiniear, and

aiso tiummt time graphs obtmminmecl umitii different

mugonmists ‘smouhd not- be superim�)osmuble. Since

tue grmm�)hi5 ‘sm-crc linear, mmmd results with

different migonmists agreed closely, we con-

chindle timmut chick muscle possesses mmsingle,

hm(lmo)gemeous population of iecept-ors, wimich
wmis ftnllv reduced by IDTT in timese experi-

nio-mit 5.

1mmsonue of our preparmmtiomms, tue responses

oh-dimmed pr-ogressively ‘smith-i time mmfter time

nuuscle hmtucl bc-em-i tremmtecl mvitim DTT. A similar

effect immmsbeen described for time eleetropiax

(h3), aitimo)ugim il-i that tissue time effect of

do’canucthmonmiunm decr-ascd wimile that of

emmrbmmeimoi did not. In our experimeruts, the

oleehmmmo mmffected all agonists equally. It was

mm higimiy vmiriabk- effect, tin-id therefore

(lifficumlt to study svstcnumuticmi-lly, mum-id we
have rio evidenmce mmbout time numeehmmmmmsm

immvolyed.
Irreversible block of time meceptoms cam-i be

assumedi to occur iii t\m(I stmmgcs:

x + I? -:Ti:i::�Ei:t AWl? (revo’rsihlo coniuplex)

A-3
---.----3 _\ -Iii (alkylated conuuplex)

‘Uhic bhoekinmg muetiomu of DPCno\I was

inemcmmsed at lemust 10-fold ‘svhietm it ‘svmms tested

on mm I)TT-trcmuted nuusele, whercmis the

mmffimmity of the 1-cvcrsmbld- aimmilogue, DPC10,

mm-mis no mo�re timmmnm olontbled. Thus makes it

likely timat time nmmin effect of DTT ‘s’s_mis to

inieuemm�e I lie mate �:ot i�t unit I. iou the mihicylmi-

110)11 51 ci), tilt hit)utgli mini mnmcmemiso� iii tue miffinmity

COtist mimit - k-� nmmty lcm’se (:0 tit n-ibut ed.

TI ie nmiuc-im smnmthlem effect of I )TT on 1 lie

hlo(:Limig mmclioni of 1) N( �.\ I is conimpal ible

mvii ii t lois nneeimmmtiistu if, iii nomnumi tissue,

I he I-mit 10) /3 /:� iS lunge 10)1 1) Ni�1�,_\ I (so t limit

ml i(C(j )t 0)1 neversibly 0 )CCitj )iet! by I) N ( ��-\ I

is 11111dm iiio oc likely to he mmlkvlmmi ed t iianm

\mdmii ed ) - _\.mm ilidtemise 111 k3 j)1o)(lltde(! by

I )‘F’l’ ‘smomthl tutu himivt m(lmitivelv hitthe effect

on the rate at- ‘svhichi alkylation proceeds.

With DPC10\i time mmmt-io k3/k2 may normally

be smmull, so timat amu imicrease in k3 ‘smould

result in mm large inmeremise iii the blockimmg
potency. Ti-ic Present evidenmce does riot

indicate mmimet-her time increase in k3 is due to

greater accessibility of the group or groups
timat are mmlkvlated mi time normal, unreduced

receptor, or to time aikylation of the reduced

sulfimvdryl groups timat normally form a

disuifide bridge.
The in-icrease mi time blocking actiomm of

DPC10M caused by DTT called to mind time

metaphilic effect (11, 14, 16) whereby

desensitization of the ti��sue by agormists

incremuses the blocking act-ion of DPC10M

and DNC10M, am-id we considered whetimer
time action-i of DTT nuight be equivalent to
the process of desenisitization. Hmud this beeni

so, however, desenmsitization shmould imave

(like DTT) increased time potency of certain

agon-iists, sucim as C7-bis-TMA, ivimereas we

founmd thmut mu desenmsitizinmg dose of carbmichol

dinuinished time response to C7-bis-T\ IA as

much as to otimer mmgomiists. Furthermore,

altimougim time mctmmpiiihic effect ‘sm-mismore pro-

nounced ‘svitim DXC10\I timmunmwitim DPC10\I,

time increase mi i)0te1mc�’ after l)TT ‘sm-mis

greater witi-i DPC10M. Thus it seems tin-

likely that clesenmsitizmmtiomm and time metaphuilic

effect were botim time result of c!isunitide bond

red uct io)nm.

Otnr fimudinigs ar- eomisistenmt mmitim the

conciusionu 0)f T�immrlin-i mind Winnik (4) titmut time

cimoiinergic receptor is mmIroteimm co)nmtmmining

mu disuifide bommd reduced by dithuiothreitol.

After sucim mo-duction time specificity of time

mcecptor for different mugo)miiStS mmmudant-mmgo-

must-s is mochfied, ‘svitimout time receptoms iosimmg

timein fummctiomimii properties.
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