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,ABSTRACT 

llds study utilizes relaxation kinetics and equilibrium conductance 

to aeasure the response of the nicotinic receptor to cholinergic agonists. 

Agonist-induced conductance, postsynaptic currents (PSC's), and voltage­

jump relax.a tions are studied in electl"Oplaques of Electrophorus 

electricus. Agonist-induced conductance is instantaneously ohmic at 

voltages more negative than -JO mV. In bath-applied acetylcholine (ACh), 

the dose vs. conductance relation is sigmoid. 0 
At 15 • the .apparent 

dissociation constant for ACh decreases e-fold for every 87 mV of 

hyperpolarization, hence agonist-induced conductance increases as the 

electroplaque is hyperpolarized. In other experiments, presynaptic 

terminals are stimulated to produce PSC's. Peak PSC changes linearly 

with aembrane voltages more negative than -30 mV. 'lhe estimated reversal 

potential for all the above agonist-induced currants is about +10 m.V. 

0 After the peak, PSC 1s decay with a single exponential rate, oe • .A.t 15, 

cc equals 1.2 msec-1 at O av and decreases e-fold for eTery 86 mV of 

hyperpolarization. In still another series of experinumts, an 

instantaneous jump 1r1 m.821lbrane wltage causes agonist-induced conductance 

to relax to a new equilibrium along a simple exponential time course. 

'lhe rate constant, 1/?', tor such relaxations varies ldth the nature of 

the agonist, its concentration, and the final ■embrane Toltage. 'Ibis 

relaxation rate is interpreted as the sum of the closing rate of 

receptors, a.:, am a ti.rat-order, wltage-independent rate constant tor 

receptor opening. .A.s apect.ed from this interpretation: (a) 1/ T' 

approaches oc at low A.Ch concentrations, (b) 1/T increaaes linearly 

with agonist concentration, and (c) 1/T is unaffected by blockade of 
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receptors with oe -bungarotoxin. Several kinetic models of the nicotinic 

receptor are tested. 1he one which best tits the data assumes: (a) that 

the open state of the receptor toraa as the receptor binds the •econd in 

a series of two agonist molecules, (b) that this process ccristitut.es the 

rate-limiting step in receptor activation, and (e) that dissociation of 

either agonist molecule closes the receptor. In ACh, the rate-limiting 

step proceeds 1d. th an opening rate or 107 M-1sec-1 and a closing rate 

or 102to 103 sec-1 • 

Agonist-induced ccriductance and postsynaptic currents are also 

studied in electroplaque.s or Raia erinacea. In Raia electroplaques, 

delayed rectification prevents 11easurement of conductance at voltages 

aore positive than -.50 mV. At wltages more negative than -50 mV, bath­

applied carbachol (3 to 9 pM) produces a steady-state conductance which 

is independent of membrane voltage. ' In ether experiments, PSC's are 

produced by electrical stimulation of presynaptic nerves. Peak PSC 

0 varies linearly 1d. th membrane wltage. .At 20 , the extrapolated reversal 

potential for all the above agonist-induced currents is about O nV. PSC's 

decay exponentially after the peak. '!he rate constant of the decay, oc, 

-1 0 does not vary with membrane voltage and equals 0.23 msec at 20 • !his 

rate constant does increase with t111Peratu.re and has & ~O or 1.95. 

D-tuboc:u.rarine reduces the peak PSC but does not change the decay rate. 

Neostigmine reduces the decay rate but does not change the peak PSC. 

These results 1:aply that the oparl.ng and elesing ra:t.es of the nicotinic 

receptor are voltage insensitive in B!!!, electroplaques. 
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INTRODUCTION 

This study concems the kinetics and equilibria of the nicotinic 

receptor's response to acetylcholine. The nicotinic receptor is a 

protein complex embedded in and probably extending through .the 

postsynaptic membrane at a nicotinic synapse {Cartaud et al. ,1973). 

The nicotinic receptor responds to acetylcholine and other 

chollnergic agonists by altering the postsyna.ptic membrane's 

conductance. This change in conductance is the physiologically 

important "product" of the reaction between acetylcholine and the 

nicotinic receptor. Kinetic and equilibria data are necessary for a 

description of any chemical reaction, and relaxation methods provide 

such data from physiological measurements of the nicotinic receptor 

response. 

Relaxation methods utilize observed rates of change in a chemical 

system to describe the rate constants for transitions among distinct 

chemical states. Following a perturbation trom equilibrium, a chemic&l 

system "relaxes" to a new equilibrium. For a given chemical reaction, 

this relaxation consists of a series of exponential decays, each of 

which corresponds to an eigenvalue of the matrix ot r.ate oonstants for 

the chemical reaction. For each decay, the exponential rate constant 

is a simple function of the reaction rates {Kirschner et al., 1966; 

Eigen and deMaeyer, 1974; Hammes and Wu, 1974; Kalcolm, 1975). If the 

transitions between two distinct chemical states are slower than 

transitions between the other states in the chemical reaction, the 

slower transitions com.prise a "rate-limiting step". The rate-limiting 

step is associated with the slowest relaxation decay. If the 
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rate-limiting step is the only step slow enough to be measured, the 

relaxation appears to have only one decay component. 

'!he reaction mechanism determines the relations betw.en reaction 

rates and relaxation rates. Once these relations are experimentally 

established, hypotha.tica.l reaction :mechanisms are selected for their 

ability to fit these experimental results. Often, aore than one 

reaction mechanism can predict the observed kinetic data. Fortunately, 

the equilibrium state is a mdque .f'lmction or the reaction rates that, 

again, depends on the reaction mechanism. Thus, relations between 

equilibria and reaction rates provide supplemental data on the 

reaction mechanism. 

Relaxation rates can be found without pertv,bing equilibria. 

Spontaneous fluc.tuations away from equilibrium have autocorrelation 

functions charactJrized by exponential ti.me constants. Such 

autocorrelation time constants equal relaxation _time constants when 

reaction rate constants are independent or their previous history, 

i.e. have no ''memory". '!his equivalence is based on the Fluctuation 

Dissipation Theorem (Stevens, 1972; Zingsheim and Neher, 1974). 

Autocorrelation time constants equal relaxation time constants for 

nicotinic receptors (Ander.son and Stevens, 1973; Nehm- and Sakmann, 

1975). 

Nicotinic receptors undergo two reactions vi th agonist. The 

taster reaction leads to an increased agonist-induced condu.c:t.ance and 

relaxes vi th one decay component (.Adams, 197.5c; Neher and .S..kmann, 

197.5; Sheridan and Lester, 1975, 1977). '.Iha implication ia that.. .this 

reaction either consists or only one step or has a distinct rate-liaiting 
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step. '!he slower reaction leads to a decreased. agonist-induced. 

conductance and is ca.lied ''desensitization". When nicotinic receptors 

are exposed to high agonist concentrations for extended. periods of 

time, the resulting agonist-induced conductance slowly decreases. 

tis decrease is known as desensitization (Katz and 'lhesleff, 1957; 

Magazanik and Vyskocil, 19'10, 19'15; .Adams, 197,5a; Lester et al., 1975; 

Scubon-Mulieri and Parsons, 1977). Desensitization occurs too slowly 

to affect synaptic transmission. Since the faster, playsiologically 

significant receptor reaction does not depend on desensitization, 

desensitization is not of illlnediate interest in this study and was 

avoided by W'Orking at low temperatures, by applying agonists to the 

preparation briefly, and by pemitting depolarization of the 

postsynaptic membrane during agonist application (Magazanik and 

Vyskocil, 1970, 197.5). These precautions allowed measurement of 

nicotinic responses at equilibrium before desensitization could 

signi.ficanily reduce agonist-induced conductance (Sheridan and Lester, 

197.5). '!hereto~, the data reported here are probably free from 

artifacts associated with desensitization and represent only the 

faster reaction of the nicotinic receptor with agonist. 

Nicotinic receptor physiology is often studied at synapses on 

skeletal muscle. Such pm.pa.rations contain only nicotinic synapses, 

can be isolated in vitro, and have a well-defined pharmacology. 

Unfortunately, such skeletal IIWlcle synapses do not allow the extremes 

ot electrical and pharmacological unipulation that yield the most 

infol'll&tion about the nicotinic receptor. Electroplaques are analogs 

of muscle fibers that do not similarly limit electrical and 
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pharmacological manipulation. 

Electroplaques are the cells which produce the electric fields 

tound around several species of fish. Experinumts in PART ONE •ploy 

electropla.ques f'l-om the freshwater teleost Electrophorus electricus. 

Experiments in PART 'IWO employ electroplaques from the .marine 

elasmobranch Raia erinacea. Both electroplaque preparations contain 

only nicotinic synapses, as determined by pha.rmacology(Brock and Eccles, 

1958; Bennett, 1961; Karlin, 1967a; Lester, 1970; Ruiz-Manresa and 

Grundfest, 1971; Lester et al., 1975). Despite similar nicotinic 

pharmacology, these two preparations di!'fer in size, shape, and 

extrasynaptic membrane properties and thus require so111nbat different 

methods of physiological measurement. 

Electroplaque preps.rations are the principle source for purified 

nicotinic receptor, either as postsynaptic membrane fragments or as 

solubilized receptor protein (Karlin and Cowbum, 1973; Weber and 

Changeux, 1974a, b ; Weill et al., 1974; .Karlin et al., 1975; R&fteey 

et al., 1975; Popot et al., 1976). 'l'bus it is possible to study both 

receptor biochemistry and physiology on the same preparation. To 

date, electropla.que receptor physiology has been studied only at 

equilibrie (Changeux and Podlesld., 1968; Iarlin, 1967a: Lester et al., 

1975: Moreau and Cha.ngeux, 1976). The present study expand.a upon these 

equilibrium studies and adds complementary kinetic data. 
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PART ONE 

Studies of Cholinergic Mechanisms in Electrophorus 

Electroplaques. 

MATmlALS AND METHODS 

Preparation. Adult Electrophorus electricus, 1 to 1.5 m long, were 

kept in treshwater aquaria. Sections of the organ of Sachs were 

surgically removed from the caudal errl of live animals. Five to eight 

such sections, each 2-3 cm thick, were removed from each fish. 

Single electroplaques were dissected from a section of Sachs' 

organ, were cleaned of connective tissue, and were mounted in a 
... 

Plexigla.ss chamber. Electropla.ques used in these experiments were 

typically )nm x &nm x 100pm thick. The Plexigla.ss chamber consisted 

of two wells of saline separated by a partition which contained .the 

electroplaque. Part of the electroplaque 1 s innervated surface was 

exposed to one well of saline (pool A) through a 1 x 3 mm wi.rrlow in a 

sheet of mylar. The other, noninnervated, electroplaque surface was 

exposed to the other well of saline (pool B) through a silk screen. 

The electroplaque provided the only connection between pool A arrl pool 

B. (See Lester, 197/b for a detailed diagram.) Temperature was 

controlled by a water bath sU?Tounding the Plexiglass chamber. 

Solutions. Electrophorus Ringer saline contained (mM): NaCl, 160; 

KCl, 2.5; CaC12, 2; MgC12 , 2. '.lhe Ringer saline was buffered with 

either 5 mM phosphate (pH 6.9) or 10 mM HEPES (pH 7.3). The HEPES 

buffer was preferred for its greater buffering capacity. The two 

buffers gave identical experimental results. 

Solutions in pool B contained 6 JIM glucose. Solutions in pool A 
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contained a variety of drugs in addition to the Ringer saline. All 

-pool A solutions contained J mM Ba.Cl
2 

to maintain the anomalous~ 

rectifier in a low-conductance state (Ruiz-Manresa et al., 1970). 

Electrophorus electropla.ques have no delayed t+' con:iuctance. During 

measurement of responses to bath-applied agonists, the electrically 

excitable Na+ con:iuctance was blocked with 10-7 to 10-6 M tetrodotorln 

(TTX) added to pool A, and acetylcholinesterase was irreversibly 

inhibited either with 10 mM methanesulf ony 1 fluoride (MSF) or with 

o.4 mM diisopropyl fluorophosphate {DFP) added to pool A for JO to .50 

min at 20°. Du.ring solution changes, 10 ml of repla.cemsnt solution 

were flushed through pool A (0.7 ml capacity) in 10 to 20 sec. 

Electrical Arrangements. Voltage-clamp circuits were used to measure 

the conductance of the innervated membrane. Voltage across the 

innervated membrane was measured in either of two ways. The first 

method used a pair of 5-10 megohm microelectrodes which straddled the 

innervated membrane (Nakamura et al., 1965; Lester et al., 1975). 

The second method used a 200 kilohm, extracellular electrode in pool A 

(VJ); a 200 kilohm, extracellular electrode in pool B (V1 ); am a 

5-10 megohm, intracellular microelectrode {V
2

). The resting potential, 

(V1 - v
2

)
0

, was electronically stored shorily before the voltage-clamp 

feedback loop was olosed. later, during current flow in the 

voltage-clamp circuit, the computed voltage .a.cross the noninnervated 

••brane, IZ, and the stored resting potential were subtracted from 

the voltage across the entire electropla.que, v1 - VJ. Thus, the 

seoom method calculated the irmervated membrane• s voltage as: 
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v
1 

- v
3 

- IZ - (V1 - V2\• Both methods were corrected for series 

resistance by subtracting IR
8 

where R
8 

is the series resistance due to 

Ringer solution (Lester, 1977b; Sheridan and Lester, 1977). In both 

voltage-clamp circuits, current applied to a pt plate in pool B passed 

through the electroplaque to a virtual ground current monitor via a 

Pt plate in pool .A.. Both voltage-clamp circuits gave equivalent results 

for slowly changing conductances. However, the secend voltage-clamp 

circuit allowed 3-fold faster measurement of membrane current 

(time constants of .50 p.sec as opposed to 170 p.sec). Therefore, the 

second voltage-clamp circuit was used in a majority of these 

experiments. 

All the analog circuits described above were controlled by 

command voltages from a digital minicomputer (Data General Corporation, 

Nova 2/10). Voltage across the innervated membrane and current at the 

virtual ground were digitized by the computer and stored on magnetic 

tape for later analysis. Currents were scaled to the mylar window's area. 

EQUILIBRIUM RESPONSES TO CHOLINERGIC AGONISTS. 

Chord Conductance. Chord conductance, gj , equals I/ (V - Ej), where 

Ej is the potential at which current flowing through the j pathway, Ij , 

reverses polarity (Hodgkin and Huxley, 19.52). In practice, gj is often 

measured by eliminating or subtracting all but the I j current. The 

rma.ining current is than a linear measure of gj at a given voltage. 

However, because chord conductance is often a flmction of membrane 

voltage, only the chord conductance can be used for comparison of 

responses at different voltages. 
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!!,_embrane Properties. Intact Electrophorus electroplaques had resting 

potentials of -80 to -90 m.V. '.Ihese electroplaques had Na+ action 

potentials of 120 to 180 m.V amplitude. In order to aeasure leakage of 

current around the electroplaque. the intracellularly and transcellularly 

recorded Na+ action potential amplitudes were compared. Preparations 

were used when these ampli tu.des agreed to within 2~. After addition 

of Ba++ and m, the innervated membrane had a linear current vs. 

voltage relation from -200 mV to +100 m.V (Figure 1). '.Ihis "passive" 

membrane conductance averaged 41 t 3 mAho/c,i (mean t SEM. 12 cells). 

Passive membrane current reverses polarity at the resting potential. 

Neither Ba++ nor TTX changed the resting potential. 

Measurement of Agonist-Induced Conductance. Bath-applied, cholinergic 

agonists depolarir.e the innervated membrane of Electrophorus electro­

plaques (Schoffeniels and Nachmanson, 1957). 'Ibis depolarization 

results prima.rily from a slow. positive going "shift" in the NYersa.l 

potential for pas~ve current (Karlin, 1967b; Lester et al., 1975; 

Lester. 1977a). Passive aembrane conductance does not~• in 

response to bath-applied agonist. '!he agonist-induced shift in passive 

current reversal potential nonu.lly disappears after agonist is reaoved 

but becomes permanent if the eleotroplaque is pretreated with ouabain or 

strophanthidin (Lester et al.• 1975). 

In order to .measure agonist-induced conductance, passive current 

aust be subtracted from membrane current during exposure to agonist. 

'l'bis subtraction is complicated by the variable shift of the passive 

••brane's current vs. voltage relation during agonist application. 
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Figure 1. Equilibrium current vs. voltage relations in 

Electrophorus electroplaques. Upper curve: passive 

membrane current before agonist. Lower curve: 

membrane current in 150 pM carbachol. Light line: 

estimated values of the "shifted" passive membrane 

current in carbachol. Currents were obtained by 

continuously changing the membrane voltage at a rate 

of o.8 V/sec. 0 Temperature, 15. 
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Fortunately, agonist-induoed current is a nonlinear function of 

aembrane voltage. At voltages more positive than about O av, 

agonist-induced current is essentially zero, and only the "shifted" 

passive current remains. Since the passive current vs. voltage 

Nla,tion is linear, the complete passive current vs. voltage relation, 

with shift, can be generated by linear extrapolation from membrane 

current at positive Toltages (Figm-e 1). '?his procedure has been 

verified using ouabain or strophanthidin treated electroplaques 

(Lester et al., 1975). 

Instantaneous Agonist-Induced Current. Agonist-induced conductance 

is a :t'unetion of ••brane voltage and time. Iailediately following 

an "instantaneous" jump in membrane Toltage from some voltage V to 

another voltage v•, agonist-induced conductance is determined by 

equilibrium conditions at v. '.lhe agonist-induced conductance then 

gradually approaches equilibrium conditions at v•. Starting with a 

measurable conductance at V, instantaneous and equilibrium currents 

at V' ld.ll be eq~ only when V' equals the reversal potential, E. 

For voltages 110re negative than -30 mV, instantaneous -agonist­

induced current increases linearly as membrane voltage becomes more 

negative (Figure 2). At voltages more positive than -30 mV, agonist­

induced current changes less than linearly with voltage . .As a result, 

the intercept of instantaneous and equilibrium current was difficult 

to determine except by extrapolation tro• negative voltages. Such 

extrapolations yielded an average reTersal potential tor agonist­

induced current at 15° or +10 m.V with a range or O to -+20 av. 
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Figure 2. CUrrent vs. voltage relations in ?5 pM 

acetylcholine. Filled circles: equilibrium 

agonist-induced currents. Open circles: 

instantaneous agonist-induced currents. '!he 

asterisk indicates the equilibrium current 

before the voltage juaped to a more positive 

value. The reversal potential is the 

extrapolated intercept of the instantaneous 

and equilibrium currents (-5 av). Temperature, 

90. 
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Slighily more negative reversal potentials are found during 

ioiltophoretic application of ago~st at higher temperatures 

(X..ssignal and Martin, 1976, 197?). 'lb.ere are several possible 

explanations for the nonlinear relation between instantaneous, agonist­

induced currant and mEml°brane TOl tage. First, if :m.cotinic receptor 

kinetics increase mark~ .-t -positive voltages, the vol~e juap 

may be too slow to be considered instantaneous at voltages more 

positive than -JO av. Second, nicotinic receptors could rectify 

against the passage of outward current. In either case, agonist­

induced conductance is instantaneously ohmic at voltages more negative 

than -JO mV. A s1m1lar, 1Mtanta.neously ohmic conductance is found 

at nicotinic synapses on .amphibian slceletal muscle (Magleby and Stevens, 

1 9'12a i Dionne and Stevens• 1 9'15) • 

Valtage Dependence of Agonist-Induced Conductance. At equilibrium, 

agonist-induced conductance increase• as aembrane voltage becomes aore 

negative (Figure J). For low agonist concentrations {i.e. 7 .5 pM 

acetylcholine) and for voltages in the range of instantaneously ohldc 

conductance (more negative than -JO mV), the equilibrillll, agoniat­

induced conductance increases exponentially as membrane voltage 

becomes more negative. '!be agonist-induced conductance changes e-fold 

for each 8? t 10 m.V (mean! SD, 6 cells) at 1.5°. Similar TOltage 

■en.sitivity is found during agoniat application to amphibd.an...akeletal 

auscle (Di~nne and Stevens, 19'1.5i Adams, 1975b, 1976). For high 

agonist coneantrations (i.e. greater than 20 pM acetylcholine) the 

equilibrium, agonist-induaed conductance incN&ses leas than 
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Figure 3. Semilogarithmic plot or agonist•induced 

conductance vs. llellbrane voltage at equilibrium. 

Filled triangles: 7.5 pM acetylc:holine. 

Open circles: 20 pM acetylcholine. 

Filled. circles: 50 pM acetylcholine. 

0 Tutperature. 15. 
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e,cponentially at negative voltages. '!be higher the agonist concentration, 

the less negative the voltage where deviation from exponential voltage 

sensitivity occurs. At very high agonist concentrations and at negative 

voltages, agonist-induced conductance becomes nearly constant with 

voltage. These high agonist concentrations have not been studied in 

amphibian skeletal 111\lscle due to limitations of that preparation. 

Dose vs. Conductance Relations. .A.t any given voltage, high~r agonist --
concentrations produce larger equilibrium conductances (Figure 4). At 

equilibrium, agonist-induced conductance increases aore than linearly 

with low agonist concentrations and less than linearly vi.th high 

agonist concentrations. At •ery high &gonist concentrations the 

equilibrium -eenductanee approache.s a maximum value, r y. 'lhi~ maximum 

conductance can be viewed as being the response of r receptors, each 

having a conductance of J' • Similarly sigmoid dose vs. response 

relations have been found in aaphibian skeletal 11Uscle (Adams, 1975b; 

Drayer and Peper, 197.5a,b) as well as in Electrophorus electroplaque 

(Karlin, 1967a; Cha.ngeux and Podleski, 1968; Lester et al., 1975). 

'lhe first bath application of agonist consistently nsults 1n 

larger conductances than subsequent applications of the same concentra­

tion. Although the reasons for this effect are unlO'lown, the effect 

can be circumvented by using only the second and subsequent agmiist 

applications to construct dose vs. eonductanoe curves, such as those of 

Figure 4. Such data were repeatable within a giTen electroplaque. 

In Figure 4, the continuous cunes were fit to the data points 

according to the equation: 
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Figure 4. F.quipotenti&l dose Ts. conductance curves for 

acetylcholine. Double l.opri thllic plot of equilibrium, 

agonist-induoed conductance vs. acetylcholine 

concentration. Fitted curves are from equation (1) 

with K indicated by a dashed line. Experimental app . 

uncertainty was approximately 0.12 U!h.o/cm.2• 

0 Temperature, 15. 



100 

10 

(\J 

E 
u 

' 0 
.c 
E 
E 

1.0 

0.1 

19 

10 
µM ACh 

• -175mv 
o -145mv 
.., -I I 5mv 
b. -85mv 
• -55mv 
D -25mv 

33-52 

100 



20 

g = r7(A/(A + 0.414K ))2 
app (1) 

where A is the acetylcholine concentration and K is the concentration app 

at half-maximal conductance. '!he Hill coefficient equals the slope or 

the double loga.rithllic plot or dose vs. (g/ (r r - g)). For su.11 

agonist-induoed oonductances, the double logarithmic plot o.f dose vs. 

conductance has a slope approximately equal to the Hill coefficient 

(Dreyer and Peper, 1975a; Fromm, 1975). In bath-applied acetylcholine 

the Hill coefficient averaged 1.9 and ranged from 1.8 to 2.0. Since 

desensitization is faster and more pronounced at higher agonist 

concentrations, not only the maximum agonist-induced conductance but 

also the Hill coefficient could have been reduced by desensitization 

during bath application. However, a Hill coefficient of 2 is 

consistently found for acetylcholine and carbachol responses at 

nicotinic receptors (Karlin, 1967a; Changeux and Podleski, 1968; 

Adams, 1975b; Lester et al., 1975). Two notable exceptions are 

Dreyer and Peper (1975ah who found a Hill coefficient of approximately 

3.0 at amphibian skelet&.l .muscle end.plate, and Moreau and Ch.angeux 

(1976), who found a Hill coefficient of approximately 1.0 in Torpedo 

111.rmorata electroplaques. 'lbese latter two measurements rely on 

theoretical asSUlllptions which aay not be valid in the preparations 

chosen. It should be noted that all these esti:m&tes of the Hill 

coefficient are based on physiological responses of the nicotinic 

receptor. Biochemical studies of agonist binding indicate such lower 

Hill coefficients, ranging from 1.0 (Raftery et al., 1975) to 1.3 

(Weber and Ch.angeux, 1 974b; Changeux et al., 197.5) • 
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Figure 5. Voltage dependence of the apparent dissociation 

constant for acetylcholine. Semilogarithmic plot of 

K vs. membrane voltage for the data of Figure 4. app 

Continuous line indicates an e-told change for 91 mV. 

0 Temperature, 15. 



22 

100 

50 

33-52 

IQ.__ ____________ _____. ___ _ 

-200 -150 -100 

mV 
-50 0 



When membrane voltage is changed, the dose vs. conductance 

relation shifts along the concentration axis without changing its 

shape (Figure 4). The maximum agonist-induced conductance, r ')', 

is essentially constant for voltages aore negative than -30 mV. At 

voltages more positive than -JO mV, rTdecreases slighUy (figure 4). 

Like instantaneous, agonist-induced conductance, the voltage dependence 

of r r could result from instantaneous rectification. However, the 

principal effect of Yoltage is to change the apparent dissociation 

constant, K • As membrane voltage becomes more positive, K app app 

increases exponentially (Figure 5). '!he apparent dissociation 

constant for acetylcholine increases a-fold for enry 87 t 4 mV 

(aean f SD, 4 cells) at 15°. Assuming that the only significant effect 

of membrane voltage is to change K , voltage can be Yiewed as 110ving app 

the equilibrium dose vs. conductance curve with respect to a fixed 

agonist concentration. This interpretation accounts for the YOltage 

dependence of equilibrium conductance in both low and high agonist 

concentrations (see Figure J). 

NEURALLY EVOKED POSTSYNAPTIC CUP.RENTS 

Generation of Neurally Evoked Postsynaptic Cm-rents (PSC 1s). In the 

Electrophorus electroplaque prepantion, presynaptic nerves cannot be 

stimulated with a separate electrode. Therefore, presynaptic nerve 

terminals were stimulated with a .large, brief current pulse th.rough 

the electTOplaque•s innervated surface. A portion of this current 

rlow1 through the presynaptic terminals and depolarizes part of the 

terminals' membrane. Electrically excitable currents then propagate 
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the depolarization throughout each terminal and lead to acetylcboline 

release. Since electrically excitable currents must be functional in 

the presynaptic terminals, TTX could not be applied in the bath. 

Sodium action potentials were avoided in the electroplaque by 

inactivating the sodium conductance with a brief depolarization prior 

to stimulation of the PSC (Hodgkin and Huxley, 1952). PSC's are 

sufficiently brief that neither desen-Mliz&Uon nor shift in the 

reversal potential for passive current occur. Thus PSC' s can be 

isolated from passive membrane currents simply by subtracting 

voltage-clamp currents in the absence of the current pulse which 

stimulates the PSC. Every measured PSC series was preceded by ten 

stimulations (at J/sec) which brought acetylcholine release to a 

constant leTel of facilitation, Unless stated otherwise, aJ.l_psc• s 

were obtained in electroplaques with functional acetylcholinesterase. 

Peak PSC .!!• Voltage. Electrophorus electroplaques have a linear peak 

PSC vs. TOltage relation at voltages more negative than -30 m.V, At 
\ 

\ 

more positive volta.ges the peak PSC changes less than linearly with 

voltage {Figure 6), By contrast, in &lllphib:i.an skeletal muscle fibers, 

the peak PSC ine~aaes -les-s than linearly as voltage becomes more 

negative and more than linearly as voltage becoaes ■ore positive 

(lord.as, 1968; Magleby and Stevena, 1972b; Dionne and Stevens, 1975), 

Several explanations are possible for the nonlinear dependence ot 

peak PSC on Toltage in Electrophorus electroplaques, ·First, 

presynaptic stimulation .could produce asynab.ronous release or 

aoetylcholine, resulting in proportionately greater reductions 1n peak 
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Figure 6. Reversal of the peak PSC 1n a preparation 

treated with MSF to inhibit acetylcholinesterase. 

Reversal occurred at +14 mV. Insert shows PSC 1 s. 

0 Temperature, 15. 
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PSC among the briefer PSC's at positive voltages. (See the following 

sections for details.) Second, the peak PSC could be an equilibrium 

•t&te like tae agonist-induoed currents in bath-applied or 

iontophoret.ically applied acetylcholine. In support of this explanation, 

the agonist-induoed current is similarly voltage dependent during 

iontophoretic application of agonist in amphibian skeletal muscle and 

in Electrophorus electroplaque, during bath application of agonist in 

amphibian skeletal 11Uacle and in Electrophorus electroplaque, and 

during peak PSC in Electrophorus electroplaque (Dionne and SteTens, 

197.5; Dreyer and Peper, 197,5a,b; Adams, 19?5a, 1976; Lassignal and 

Martin, 1976, 1977; Lester et al., 1975: Sheridan and Lester, 1975, 

1977). Third, nonlinear peak PSC vs. voltage relations could aris.e 

.from instantaneous rectification against the passage of outward 

current by the nicotinic receptor. Like the peak PSC, instantaneous 

agonist-induced current and JU.Xi.mum agonist-induced conductance &r.e 

reduced at Toltages more positive than -30 mV. Such rectification 

would imply significant dif'ferences between nicotinic receptors in 

Electrophorus eleetroplaques and nicotinic receptors in ·· amphibian 

skeletal .muscle fibers, where no rectification at positive ·voltages ha• 

been observed. 

'llle reversal potential tor peak PSC is a JIN.sure of the reversal 

potential for equilibrium agonist-induced current, E. Peak PSC'• 

actually reversed polarity in wy 40i of the electroplaques studied, 

usuall7 after acetylcholinestense inhibition (Figure 6). Th• flftVu.l 

potential for peak PSC1 s was +10 ± 2 mV (11ean • SEK, e eells) at 15° in 

those electroplaques wbieh did show reversal • . '!he NJlle &Yerage 
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rnersal potential was obtained. !%'Oil instantaneous agonist-1.nduced 

currents. '!be PSC reversal potential was not ohanged by the presence 

of BaCl.
2 

in the bath (pool A). 

'!he maximulll conductance during a PSC was aruy 13 ! 6 ~ 

(meant SEM, 6 cells) greater than the maximum conductance induced by 

bath application of a-cetyloholine to the same electroplaques. '!his 

similarity suggests that the same receptor pepulation is stimulated by 

bath-applied acetylcholine and by neurally evoked aeetylcho~ release. 

Moreover, if this small difference in u.ximum agonist-induced 

conductance is due to desensitization, then desensitization reduced 

agonist-indueed cond\lct&nce by less than 1~ during bath applications. 

E.§.£ Waveform. Postsynaptic currents rapialy increase to a peak and then 

decay exponentially (Figure ?) • '!be PSC "growth time" was measured as 

the time from 20% to~ of the peak PSC. 'the PSC growth time lasts 

?35 ! .54 fs•c (mean! SD, 14 measurellents) at 15° and changes less than 

1~ with membrane voltages from O to -175 llV. For comparison, 

extracellularly recorded, spontaneous, miniature PSC 1 s have a growth 

tiae of 160 ! 55 p.sec (mean t SD, 34 11easurements) at 23° and -90 11.V. 

'lhese values agree with PSC and miniature PSC growth times in_aaphibian 

skeletal muscle (Gage and MoBumey, 197.5; Gage, 1976). PSC decay 

begins with a mu.11 (<.5~), nonexponential C0111p0nent which may be 

oonsidered to be part of the PSC peak. 'l'be rest of the PSC decay f'ollovs 

• aiaple exponential tiae course through aore t.h&n 95~ ot the return 

to baseline (l"igu.N 7b). For eonsiatency with the tendnology of 

Magleby and Stevens (1972&,b) for the same process in aaphibian skeletal 
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Figure?. Neurally evoked PSC's. (a) Superimposed PSC1 s at 

._brane TOltages from +5 mV (mllllber 1) to -175 av 

(number 13) in 15 mV incr•ents. (b) Smnilogarithmic 

plot of PSC decays. Only the linear portions of the 

plot are used to calculate the decay rate constant. 

Same time a.xis applied to (a) and (b). Reversal 

potential was +14 mV. Passive conduotanee of the 

electroplaque was 91 mmho / c::s,l. Tellpera ture, 15°. 
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auole, the u::ponential PSC decay rate oonstant will be called oc. 

Qiangi.ng the PSC Dec&y Rate. 'lhe PSC decay rate can be changed with 

certain drugs. The PSC decay rate is reduced approxilu.tely 60'1, upon 

aoetylcholinesterase inhibition with MSF or DFP. Under these 

conditions, the additional application of d-tubocurarine (1 to 4 p.M) 

increases the PSC decay rate. The PSC decay rate can be increased in 

this manner to within 1~ of the PSC decay rate before acetylcholin­

esterase inhibition. When a~etylcholinesterase is not inhibited, 

d-tubocurarine bas no effect on the time course of the PSC. Comparable 

results have been obtained in &11phibi&n skeletal muscle (Katz and 

Miledi, 1973). The presence of BaC1
2 

in pool A has little (<1. ~) 

effect on the PSC decay rate constant in Electrophorus electroplaques. 

The rate constant of PSC decay, oc: , increases as the electroplaque• s 

temperature is increased.. At -175 av, « has a ~O of 3.2. The same 

~O is found for PSC decay rates in amphibian skeletal muscle fibers 

at similar voltages (-Ma«J.eby &D:i SteTens, 1972b; Kordas, 1972b). In 
~ 

amphibian skeletal' muscle the ~O of oc decreases as the ·aanbrane 

voltage becomes aore positin (Magleby and Stevens, 1972b) ; '!'bis 

phenomenon bas not been innstigated in Electrophorus electroplaquea. 

The rate oonstant of PSC decay, w , increases exponentially as 

aembrane voltage becomes J10re positive (Figure 8). 'Die relation of 

OC' to aembrane voltage is: 

(2) 

tor all voltages between O and -175 av. • At 1;0
, OC:

0 
ia 1.23 t 0.12 

asec-1 (meant SEM, 7 cells) and v1 is 86 t 6 mV (aean t SEM, 7 cells). 



Figure 8. Semilogarithmic plot of PSC decay rate constants 

vs. aabrane wltage. Line corresponds to an e-fold 

change for 84 ■V. Salle electroplaque as Figures 4 and 

0 Temperature. 15 • 
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51nce the growth time for PSC I s is essentially independent of voltage, 

the increased decay rate at positive voltages has the effect of 

shortening the duration of the PSC at positive voltages. The constant 

0 v
1 

increases to approximately 120 m.V at 22 • Similar values cf v
1 

are found for the PSC decay in amphibian skeletal muscle .(llagleby and 

Stevens, 1972a,b; Kordas, 1972a,b; Gage and Mc:Bumey, 1975). In 

Electrophorus eleotroplaques, a n'Ulllber of receptor processes have the 

same voltage dependence. 'lbese processes include: {a) the PSC decay 

rate, {b) the equilibrium conductance in low acetylcholine concentrations, 

and {c) the apparent dissociation constant of acetylcholine. All of 

0 
these processes va.ry e-fold for each 85 to 90 mV at 15 • 

Interpretation of PSC Decay Rates. In amphibian skeletal muscle, the 

PSC decay rate is thought to represent the 11 closing" rate of nicotinic 

receptors (Magleby and Stevens, 1972a, b; Kordas, 19'?2a,b; .Anderson and 

Stevens, 1973). It is thought that neurally released aoetyleholine is 

eliminated from the synaptic cleft by hydrolysis and./or di!fuaicm 

before the end of the PSC peak, and the PSC decay is thus a relaxation 

from a population of "open" receptors (in a high conductance state) to 

a population of "closed" receptors (in a low conductance state). 

Furthermore, since the acetyloholine concentration is zero during the 

PSC decay, the. "opening" rate of receptors is sero and the PSC decay 

rate represents only the closing rate. 

In amphibian skeletal muscle, several indirect observations 

IUpport this argument that the PSC decay rate equals the closing rate 

or nicotinic receptors. {a) PSC decay is always a simple exponential 



and therefore probably represents one aolecular process. (I,) The 

psc decay rate is too temperature dependent to be a diffusion limited 

proceu CMagleby and Stevens, 1972b; Kordas, 1972b i Gage and Mc Burney, 

1975). (c) 'Iha PSC decay rate constant is a sillpla function of 

postsynaptic membrane wltage, indicating that the PSC decay rata,is 

govemed by a process at the postsynaptic IIB'!llW.a.ne (Magleby and Stevens, 

1972a; Kordas, 1972a; Gage and McBurney, 1975). (d) D-tubocurarine 

does not shorten the PSC decay when acetylcholinesterase is not 

inhibited, indicating that aeetylcholine is not present in the synaptic 

cleft during PSC decay (Katz and Miled.i, 197.3). (e) A.cetylcholine­

induced spontaneous fluctuations indicated. a aean channel lifetime 

equal to the inverse PSC decay rate constant (Katz arxi Miledi, 1972: 

Anderson and Stevens, 197.3i Colquhoun et al., 1977). 

Most of these observations have been confirmed in Electrophorus 

electropl&ques. For example, in Electro~ electroplaques, PSC 

decays are (a) as exponential, (b) as temperature dependsnt, (c) as 

wltage dependent, and (d) as ifteeMitiTe to d-tubocurarine as are 

PSC decays in amphibian skeletal muscle. To the extent that these 

observations support the equivalence of PSC decay rate and tre closing 

rate for nicotinic receptors in amphibian skeletal lllUscle, the 

Electrophorus electroplaque's PSC decay rate also equals the closing 

rate for nicotinic receptors. However, agonist-induced spontaneous 

fluctuations ha?e nenr been studied in Electrophorus electroplaques. 

Thus, this single, strongest obsenation supporting the equivalence of 

PSC decay rates and closing rates for niootinic receptors is lacking 

in Electrophorus electroplaques. 
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VOLTAGE-JUMP RELAXATIONS 

Q!neration of Voltage-Jump Relaxations • .At equilibrium, agonist-induced 

conductance changes with membrane voltage (Figure J). However, 

agonist-induced conductance is instantaneolisly ohmic at voltages between 

-JO and -175 mV (Figure 2). Therefore, an instantaneous jump in 

membrane voltage perturbs equilibrium. and results in a relaxation of 

agonist-induced conductance. Since such 11"f0ltage-jump relaxations" 

occur in the presence of agonist, voltage-jump Nlaxation rates, 

unlike PSC decay rates, reflect both opening and closing rates of the 

nicotinic receptor. At any given voltage and time, agonist-induced 

current is a linear measure of agonist-induced conductance and was 

used, instead of conductance, to determine voltage-jump rila.ntion 

rates. 

The nonlinear relation of agonist-indueed current and voltage 

suggests two, essentially similar, protocols for generating wltage­

jump relaxations. Both protocols yield identical experimental results, 

and in both protocols BaC1
2 

and TTX are applied to make the 

electroplaque's passive current vs. voltage relation linear. 

The first protocol involves recording a series of control voltage 

jumps without agonist. These voltage-jump currents measure passive 

membrane conductance and membrane capacitance. The same Toltage jumps 

are repeated in bath-applied agonist. The "control" voltage-jump 

currents a.re then subtracted from the "agonist" wltage-jllBlp currents. 

The resulting agonist-induced current ia then corrected for ahirt in 

the passive current vs. voltage nla-t-1on during expoSUN to &gonist. 

Specifically, the difference between control and agonist voltage-jump 
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Figure 9. Voltage-jump relaxations in 25 pM acetylcholine. 

(a) superimposed traces of mcbrane Toltaga. Second 

voltage level is changed for each episode. (b) Agonist­

induced currents. Passive conductance and capacitative 

currents have been subtracted (see text). (c) Semi­

logarithaic plot of the approach to steady state in the 

lower six traces of (b). Points ,tart 180 fHC after 

the voltage jump. Time axis appli-ee to all three panels. 

TemperatUN, 14°. 
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currents is adjusted to give an agonist-induced current or &ero at 

voltages more positive than O •V {Figure 9). Under most ai-r.Quaata.nces 

this protocol works satisfactorily. However, the protocol &s8UJ!l8s 

that passive conductance is .constant with wltage and time. Since the 

passive conductance ean change over the time course of the experiment, 

this assumption can result in en.-ors during aubtraction of control 

from agonist voltage-jump currents. 

The second :protocol for voltage-jump relaxations relies only on 

the linearity of passive current and of capacitance with voltage. The 

eleetropla.que undergoes two types of voltage jump in bath-applied 

agonist. The first wltage jump occurs exclusively at positive 

voltages, where agonist-induced con:iuctance is negligible. A second 

voltage jump occurs at llOre negative voltages, where agonist-indueed 

conductance is significant. Then the first wltage-jump currents are 

scaled and subtracted from the second wltage-jump currents, leaving 

the agonist-induced current (Figure 10). Like the first protocol, the 

subtracted currents are adjusted to have a sere value at voltages more 

positive than O av. Because both passive and agonist-indueed currents 

are measured at the same time, this protocol ia f?-ee of problems asso­

ciated with slow changes in paa.sive conductance. However, this 

second protocol has two problems not !ound in the first protocol.. 

l"i.r1t, voltage jumps at positive voltages must be saaller than wltage 

jumps at negative YOltages to avoid breakdown of the aembrane 

dielectric. Therefore, passive currents must be nltiplied before 

nbtraction. This procedure increases the noise in the resulting 

agon1st-1nduced cm.rrents. Secom, · this protocol aeasures tl9 gating 
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Figure 10. Voltage-jump relaxations in 50 pM acetylcholine. 

Averaged records from two identical experillents. each 

consisting of 16 episodes (numbered 1 to 16). 

(a) Membrane voltages during each epi10de. (b) Mabrane 

currmts during the same episodes. Currents during the 

first half ef each episode a.re essentially passive. 

eurr.rits during the second half of each episode contain 

agonist-induced current. ·(c) J.gonist-1.nduced currents 

obtained by scaling and adding the two halTes of each 

epiaode (see text). (d) Sem:ilosaz-ithmie plot of approach 

to steady state for the last ed.ght episodes in (c). Same 

0 tiae axis applies to all panels. T•perature. 15. 



41 

a 
100 

mV 
0 

-100 

-200 16 

b 5 
mA/ cm2 

16 
0 

-5 

-10 0 10 20 
msec 

-15 

16 

C 0 

mA/cm 2 

-5 

' 
-10 \ 

d 10 

mA/cm 2 

16 

9~ 

0.1 
33-43 



42 

currents associated with electrically excitable sodium conductance 

as well as agonist-induced currant (Ana.strong, 1975). These gating 

currents, due to nonlinear capacitance, are not eliminated by TTX. 

Thus, the early relaxation currents are distorted by the presence of 

gating curr91'1ts. 

Mea.suraaent of Voltage-Jump Rel&xations. Agonist-induced currents 

relax to steady it.ate along a simple exponential ti.lie course 

(Figures 9c and 10d). Some wltage-jump relaxations could be followed 

for more than 9'» of the approach to steady state. In acetylcholine, 

voltage-jump relaxations can be deacribed by a single exponential 

rate constant, 1/?: • Such TOltage-jump relaxations do not oontain 

any long time constant components. However, a fast component with a 

decay t.iae constant of 200 p.sec or less would be impossible to resolve 

due to t.lporal li.mitations of the wltage-clamp circuit. Therefore, 

voltage-jump relaxations in acetylcholine oould contain a fast decay 

ooaponent with a rate at least five times the ebserved decay rate. 
\ 

Such a condition is typical of relaxations between only two chemical 

states or of relaxations involring a rate-limiting step. Like 

Electrophorus electroplaques, amphibian skeletal 11Uscle fiNrs---han 

agonist-induced currents 'Whi.ch relax with a single exponential rate 

constant (jdams, 1 97 .SC. leher and Salau.nn, 197 5; .Ad&as, 1977) • In 

receptor-rich fragments of Torpedo electric organ, relaxations have 

been J1Msured using intrinsic fluorescence of the receptor (Bonner 

et al •• 1976) and quinacrine-induced fluorescence (Grunhagen et al., 

1976). In both cases, a fast, sillple exponential relaxation was 
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Figure 11. Evidence that voltage-jump relaxation rates 

depend instantaneously on llembrane voltage. 

Carbachol, 100 JlM• Insert: superimposed voltage 

traces. v1 E +50 mV; v3 = -235 mV. v2 lasted ?.5 

msec. Open circles: relaxation rates tor the jump 

trom v1 to v2 • Filled circles: relaxation rates for 

the jump from V 2 to V :,- 95:' confidence lim1 ts are 

shown. Temperature, 15°. 
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associated with receptor actiTation. 

Volta~ Dependence of Relaxation Rates. Voltage-jUlllp relaxation rates 

depend on the membrane voltage after the voltage jlllllp. For the data 

of Figure 11. an electn>plaque was exposed to the cholinergic agonist 

carbachol. The innervated •embrane was clamped to the indicated series 

of voltages and the resulting nlaution rates were mea-sured. For the 

jUlllp from the fixed voltage v1 to the variable voltage v2 , relaxation 

rates changed systematically with v2• However, for the jump from the 

variable voltage v2 to the fixed voltage v3, relaxation rates were 

constant. Thus, voltage-jump relaxation rates depend on the aembrane 

voltage after the jump and not on the ... brane voltage before the 

jump. Similarly, relaxation rates are the same for voltage jumps from 

+50 to -100 m.V (an "on" type jump) and for voltage jumps from -175 to 

-100 mV (an "off" type jump). Both on and off type voltage- jump 

rela.xations depend on the membrane voltage after the voltage jump, 

regardless of the uture of the agonist or its ooncentration (Table I). 

ill of these experiments show that voltage-jump relaxation rates do not 

depend on the previous history of the mmbrane voltage. SUch .an 

instantaneous voltage dependence is a necessary oondition for the 

equivalence of voltage-jump relaxation rates and rates of spontaneous 

fluctuation 1n agom..at•induced conductance. In amphibian skeletal 

muscle, voltage-jump relaxations and spontaneous fluctuations have 

equal n.t. constants (Neher aftti Sakmann, 1 'll 5) • 

Voltage-jmp r.alaxation rates increase as the YOltage after the 

jWlp becomes more positive. The voltage-jump rela.xation rate, 1/?: , 
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TABLE I 

COfPARISON OF NON" AND "CFF" RELAXATIONS 

Cell 

20-32 

20-41 

20-51 

Agonist 

ACh, 55 pM 

Carb, 50 pM 

.A.Ch, 75 pM 

.A.Ch, 75 p.M 

Carb, 50 pM 

Sub, 3 pM 

Sub, 5 pM 

1/~ 
OFF 

(msec-1 ) 

0.25 ~ .02 

0.42 ± .03 

o.43 ± .03 

0.38 ± .03 

0.61 ± .05 

0.12 ± .01 

0.20 f .02 

0.24 t .02 

0.39 ± .04 

o.43 ± .01 

0.35 ± .03 

0.63 ± .05 

0.12 ± .01 

0.19 ± .01 

Rate constants for voltage-jump relaxations to a final 
\ 

\ 

voltage of -100 mV. Starting voltage was +50 mV for 11on" 

jumps and -175 mV for "off" jumps. SEM of each observation 

0 is given. Temperature, 9. 
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Figure 12. Comparison of YOltage-jump relaxation rates with 

PSC decay rates. Li.near plots of rate constants vs. 

■flllllbrane voltage. Open circles: TOltage-jump relaxation 

rates in 10 pM acetyleholine. Filled circles: averaged. 

PSC decay rates from five eleetroplaques. Error bars 

indicate ! 2 SEM. '!he smooth curve through the PSC data 

is an exponential fit to the data using equation (2). 

The smooth curve through the voltage-jump data 1s the 

same exponential plus a constant (see text). 

0 Temperature, 15 • 
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is greater than the corresponding PSC decay rate, ac. at all TOltages. 

Voltage-jump rel&xation rates in acetylcholine can be described by an 

equation similar to that for the PSC decay rate: 

1/"t = C + ~ exp(V/V1 ) (3) 

where C is a voltage-independent constant (Figure 12). Experimentally, 

v1 equals 82 ± 10 mV (mean ± SD. 5 cells) at 15° • which is essentially 

equal to the value of v1 in equation (2) for the PSC decay rate. With 

the notable exception of the constant C in equation (3), similar 

results are obtained in amphibian skeletal muscle fibers for voltage­

jump relaxs. tions (Adams• 197.5c • 1977; Neher and S&lau.nn, 197 5) and 

spontaneous fluctuations (Katz and Miledi, 1972; Anderson and stevens, 

1973; Neher and Sakma.nn • 197 5; Colquhoun et al. • 1977) • 

,Agonist Concentration and Relaxation Rates. For a given agonist, the 

term C in equation (3) increases with increasing agonist concentration. 

The concentration dependence of C does not change with membrane 

voltage (Figure 1)). In Electrophorus electroplaques, signal-to-noise 
' 

limitations prevent measurement of voltage-jump relaxations at agonist 
\ 

concentrations below about 0.JK for the equilibrium dose vs. app 

conductance relation. Desensitization prevents reliable measurement 

of agonist-induced currents at agonist concentrations greater than 

about 5K • Within this accessible range of agonist concentrations, app 

voltage-jump relaxation rates increase linearly with agonist ooncentra-

tion (Figure 14a). At -175 mV and 15°, the dese vs. rate relation for 

voltage-jump relaxations has a slope of 107 M-1sec-1 when acetylcholine 

is used as the agonist. Other agonists h&Te different slopes. 
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Figure 13. Voltage-jump relaxation rates vs. aembrane 

wltage at a number of acetylcboline concentrations. 

'!he same curve was fit to all ooncentrat.ions of 

aoetylcholine. Data from Hftftl eel.la WN und. 

0 Temperature. 15. 
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In receptor-rich fragments of Torpedo electric organ, the fast 

relaxation rates associated with receptor actiTation also increase 

linearly with agonist concentration, with a slope of 106 to 107 M-1sec-1 

for acetylcholine (Bonner et al., 1976; Grw'lhagen et al., 1976; 

Neumann and Chang, 1976). 

Voltage-jump relaxation rates extrapolate to a nonzero value at 

zero agonist concentration. As predicted by equations (2) and (J), 

the extrapolated_ zero-concentration rate for voltage jumps 1n 

acetylcholine equals the PSC decay rate to within experimental error 

(<2~). Therefore, in equation (J) the term C is equal to sero at 

zero agonist concentration. S111:Ha,:-ly, oc: is independent of aembrane 
0 

voltage and agonist concentration, although OC does depend on the 
0 

nature of the agonist (Sheridan and Lester, 1975, 1977). In 

amphibian skeletal muscle, however, wltage-jump Nlaxation rates and 

spontaneous fluctuation rates are insensitive to agonist ooncentrati.on 

(Adams, 19'n) and equal the PSC decay rate when the agonist is 

acetylcholine (Anderson and Stevens, 197); Colquhoun et al., 1977). 

Voltage-jump' ,relaxation rates increase linearly with agonist 

concentration through the range of agonist concentrations where the 

dose vs. conductance relation is d•onstrably nonlinear (Figure 14). 

At any given voltage, the dose Ts. current relation is sigmoid, with 

only a narrow range of agonist concentrationa where a linear 

approxillation is valid. The dose Ts. rate relation is linear not only 

in this narrow range but also at higher agonist concentrations where 

the equilibrium current increases less than linearly with agonist 

concentration. In Electrophorus eleetricus. wltage-j,mlp relaxations 
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Figure 14. Equipotential dose Ts. response relations for 

one electroplaque at -175 mV. (a) Volt.age-jump 

relaxation rate vs. acetyleholine concentration. 

Arrow indicates the PSC decay rate at the a&111e TOlt&ge. 

(b) Equilibri'lllll agonist-indueed current vs. 

acetylcholine concentration. Filled circles: first 

concentration series. Open circles: secooo ooncan-

tration aeries. 0 Temperature, 15. 
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cannot be measured at the low agonist concentrationa where equilibrium 

current increases more than linearly with agonist concentration. Thus, 

although litUe can be concluded about the dose vs. rate curve at the 

low concentration extreme, it is clear that the dose vs. rate curve is 

linear at agonist concentrations where the equilibrium, dose vs. 

current curve cannot be approximated by a linear relationship. l'his 

difference 1n concentration dependence will be useful in evaluating 

hypothetical reaction mechanisms. 

In Electrophorus electl'ltplaques, oc-bungarotoxin irreversibly 

blocks agonist-induced corw:iuctance (Changeux et al., 1970; Lester et al.• 

1975; Sheridan and Lester, 19?5, 1977). The extent of this blockade 

depends on the toxin concentration and the duration of exposure. Thus, 

oc-bungarotoxin oan block a portion of the nicotinic receptor 

population, leaving the rest of the nicotinic receptors functional. 

Such an ~-bungarotoxin treatment reduces agonist-1.ndueed current but 

does not affect voltage-jump relaxation rates (Figure 15). These 

results support the asslDllption that the agonist-r.ceptor reaction is 

independent of receptor uconcentration" becallse the agonist 

' 
concezu.ration is rapidly buffered near the receptors by diffusion 

frem. the l:ulk solution (pool .A). These results also show that 

voltage-j,ml:p rel&xation rates are independent of the agonist-induced 

conductance. 



Figure 15. Effects of oc-bungarotoxin on electroplaque 

responses in )0 pM carbaehol. (a) Linear plot of 

TOltage-jump relaxation rate va ... brane wltage. 

(b) F.quilibrium agonist-induced current vs ... brane 

~l tage. Filled circles: control :r-esponses. 

Open circles: responses after treatment with 5 x 10-~ 

oc-bungarotoxin for 15 min. &rror bars indicate ~ SEM 

for rate measurements. Temperature, 1.5°. 
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THEORETICAL RELATIONS BETWEEN KINETICS AND EQUILIERIA 

Restrictions Imposed .2!!_ Kinetic Models. Experimental kinetic and 

equilibria data impose criteria for kinetic models. For the nicotinic 

receptor, these criteria fall into three general categories. First, 

at equilibrium, the dose vs. conductance relation must have a sigmoid 

form similar to equation (1) • .Also, the apparent dissociation 

constant (or agonist concentration at half-m.axi.mal conductance) must 

increase exponentially as membrane voltage becomes more positive. 

Second, voltage-jump rela.xations must follow a simple exponential 

ti.me course, even when relaxation amplitudes are a significant fraction 

of the maximum agonist-induced conductance. Third, voltage-jump 

relaxation rates must increase linearly ldth agonist concentrations 

from about O.JK to 5K • Furthermore, at zero agonist concentration. app app 

the voltage-jump relaxation rate in acetylcholine must extrapolate to 

the PSC decay rate for the same voltage. In turn, the PSC decay rate 

increases exponentially as membrane voltage becomes more positive. 

Many kinetic models could satisfy these experimentally imposed 

criteria. However • one further restriction ca.n be placed on any 

kinetic model of the nicoti.nic receptor. A nicotinic receptor ca.n 
' 

assume only two conductances. One conductance level is zero (tm 

"closed" state) and the other has a conductance of -y (the "open" state). 

Graded agonist-induced conductance implies that a variable fraction of 

the receptor population assumes the open state and not that the 

conductance of each receptor is continuously variable. Thus. 

voltage-jump relaxations and PSC 1s are changes in the distribution t)t 

the receptor population between open and closed states. Such a 
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two-state model is supported in amphibian skeletal muscle by 

spontaneous fluctuations and single-channel recordings which reveal 

a unique conducting state of the nicotinic receptor ld th a chord 

conductance of about 10-11mho (Katz and Miledi, 1972; Anderson and 

Stevens, 1973: Neher and Sakmann, 1976; Colquhoun et al., 1977; 

Dionne and Ruff, 1 977; but see also Colquhoun et al. , 197 5) a Similar 

data are not available for Electrophorus electroplaques. 

Single Bimolecular Association Models. One simple, kinetic model 

assumes a single bimolecular association of agonist arxi receptor 

followed by a conformational change to the receptor's conducting state. 

Tn.e reaction pathway is: 

k+1 
A+R 'AR 

'k -1 

k • +c, AR 
k 
-c 

(4) 

where A is agonist, R is receptor, AR is a closed intermediate, and 

• AR is the open form of the receptor. The rate constants k t1 refer to 

the binding reaction, and the rate constants k% c refer to the 

conformational change. If either conformational change or binding is 

rate limiting, then voltage-jump relaxations are simple exponentials. 

If conformational change is rate limiting, then voltage-jump 

relaxations are simple exponentials with a voltage-jump relaxation rate: 

+ k • -c 
(5) 

_When A equals zero, 1/?' equals k • Therefore, the PSC decay rate is -c 

k , and k is the only voltage sensitive rate constant. According to -c -c 

equation (5), voltage-jump relaxation rates should increase with agonist 
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concentration. However, the increase is hyperbolic, not linear, with a 

hal.f-maximal point at k 1/k 1 and a zero-concentration intercept of k • - + ~ 

For agonist concentrations less than k_1/k+i' voltage-jump rel&X&tion 

rates increase nearly linearly with agonist concentration. 

If binding is rate limiting, then voltage-jump relaxations are 

simple exponentials because the binding step is pseudo-first-order. 

In equation (4), binding should depend on both the agonist concentration 

and the number of functional receptors per unit area of membrane. From 

the experimental results with oc-bungarotoxin, it can be shown that 

relaxation rates do not depend on the number of functional receptors. 

This apparently first-order behavior is probably due to rapid buffering 

of agonist concentrations near the receptors by diffusion from the 

bulk solution. Under these conditions, the voltage-jump relaxation 

rate is: 

1/r = k 1A + k 1k /(k + k ). + - -c +c -c 
(6) 

Equation (6) predicts that voltage-jump relaxation rates increase 

linearly with agonist concentration. At zero agonist concentration, 

the relaxation rate equals k 1k / (k + k ) , which is ··the PSC decay 
- -c +c -c 

' rate. This PSC decay rate is voltage dependent when either k_1, k_c or 

k is voltage sensitive. Equation (6) then meets all experimental 
+c 

kinetic criteria. 

Whichever reaction step is rate limiting, the equilibrium agonist­

induced conductance is: 

k+ck+1A ] 
k k 1A + k k 1A + k k 1 +c + -c + -c -

(7) 

where r is the receptor population accessible to agonist. Equation (7) 
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predicts a hyperbolic dose vs. conductance relation with a half-

11&.Ximal. conductance at k 1k /k 1 (k - k ). However, the dose vs. 
- -c + +c -c 

conductance relation is actually sigmoid. Therefore, tm single 

bimolecular association model, equation (4), fails to meet the 

experimentally established criteria for equilibrium corxiuctance. 

Voltage Sensitive Conformational Change. It is useful to consider the 

limitations of conformational change independently of any specific 

model for the nicotinic receptor. If conformational change is voltage 

sensitive and not rate limiting, the ratio k /(k + k ) determines 
+c +c -c 

tre voltage dependence of instantaneous, agonist-induced conductance. 

Instantaneous, agonist-induced conductance was not found to be voltage 

dependent at voltages more negative than -JO mV (Figure 2). Therefore, 

for conformational change to be voltage sensitive and not be rate 

limiting, the ratio k /(k + k ) must nearly equal one at voltages 
+c +c -c 

more negative than -JO mV. 

If conformational change is rate limiting and voltage sensitive, 
l 

then equation (5) implies that (k + k ) must exceed the fastest +c -c 

observed voltage-jump relaxation rate (about 2 uec-1 at 15°). Also, 

for relaxation rates to increase linearly with the observed agonist 

concentrations, the half-maximal point of the dose vs. rate relation 

must be at least five ti.mes the observed K !or agonist-induced app 

conductance. Considering the specific case posed by equations (5) and 

(7), the ratio k 
1
/k 1 must exceed K , k 

1
k /k 1 (k - k ), by at - + app - -c + +c -c 

lea.st five-fold. This implies that the ratio (k - k )/k 11Ust +c -c -c 

be greater than five. 
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.All of these limitations, taken togeather, indicate that if 

conformational change is voltage sensitive, the open conformation is 

favored at all voltages more negative than -30 11V. 

Dimerization Models. Voltage-sensitive dimerization regulates the 

gramicidin-induced conductance in artificial membranes (Bamberg and 

Le.uger, 1973; Zingsheim and Neher, 1974). A similar model for the 

nicotinic receptor is: 

k 1 kt£ 
2A + 2R :!: ~ 2J.R ~ (AR)2 

' k_1 ' k-d 
(8) 

where (AR)
2 

is the open receptor configuration with a conductance of}' 

and where the rate constants ktd refer to the voltage-dependent 

dimerization. At equilibrium: 
2 

k+d Gr - 2(AR)2 )(k+1A/(k+1A + k_1 )8 = k-d (AR)2 • (9) 

E.quation (9) predicts a sigmoid dose vs. conductance relation wi. th a 

half-ma.x:imal conductance: 

where: 

Thus, K is a function of the voltage-eensitive diaerization rate app 

(10) 

constant(s). However, it should be noted that K also dependa on the app 

receptor population, r, and might be expected to change in response to 

noncompetitive antagonists. For this dimerization model, it may be 

advisable to redefine a receptor population as an interacting subset of 

receptors in the postsynaptic membrane. If the postsynaptic aembrane 

contains a large number of such subsets, each having a small number of 
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receptors, then antagonists could block postsynaptic receptors in units 

of one subset, r, and still not change K • app 

:a.laxation kinetics are somewhat complicated in the dimerization 

model. If dimerization is rate limiting, voltage-jump relaxations are 

simple exponentials when rk-td/k-d is less than about three (Bamberg and 

I.auger, 1973). With this restriction, voltage-jump relaxation rates 

are: 

where: 

s = (k-d/k-td)((k_1 + k+1A)/k+1A)2• 

F.quation (12) predicts that when A equals zero, 1/T equals k-d. 

Therefore, k-d is the PSC decay rate and the data suggest that it is 

(13) 

the only voltage sensitive rate constant. F.quations (12) and (13) also 

predict that voltage-jUDlp relaxation rates increase with agonist 

concentration. The increase is essentially hyperbolic w1 th a half-

maximal point close to K for the dose vs. conductance relation, a.pp 

given by equations (10) and (11). Both the dose vs. rate curve and the 

dose vs. conductance curve level off at the same agonist concentrations. 

Therefore, the rate-limiting dimerization model does not satisfy the 

experimental kinetic data. 

If binding is rate limiting, "on" type voltage-jump relaxations 

differ markedly from a simple exponential under all conditions. There­

fore, the dimerization model, equation (8), fails to meet experimental 

relaxation kinetics criteria. 

Concerted Transition Models. The Monod, Wyman, and Changeux model for 
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receptors, then antagonists could block postsynaptic receptors in units 

of one subset, r, and still not change K • app 

:a.l.axation kinetics are somewhat complicated in the dimerization 

model. If dimerization is rate limiting, voltage-jump relaxations are 

simple exponentials when rk,td/k-d is less than about three (Bamberg and 

I.auger, 1973). With this restriction, voltage-jump relaxation rates 

are: 

where: 

s = (k-d/k-td)((k_1 + k+1A)/k+1A)2• 

Equation (12) predicts that when A equals zero, 1 /T equals k-d. 

Therefore, k-d is the PSC decay rate and the data suggest that it is 

(13) 

the only voltage sensitive rate constant. Equations (12) and (13) also 

predict that voltage-jump relaxation rates increase with agonist 

concentration. The increase is essentially hyperbolic with a half­

maximal point close to K for the dose vs. conductance relation, app 

given by equations (10) and (11). Both the dose vs. rate curve and the 

' dose vs. conductance curve level off at the same agonist concentrations. 
', 

Therefore, the rate-limiting dimerization model does not satisfy the 

experimental kinetic data. 

If binding is rate limiting, "on" type voltage-jump relaxations 

differ markedly from a sim.ple exponential under all corxii tions. There­

fore, the dimerization model, equation (8), fails to meet experimental 

relaxation kinetics criteria. 

Concerted Transition Models. The Monod, Wyman, and Changeux model for 
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allosteric enzymes is based on concerted transition of all protomers in 

the enzyme between inactive and active oonformations (Kirschner, 1971; 

Hammes and Wu, 1974). For the nicotinic receptor such a model is: 

2A + T0 
\ 

R0 + 2A 

1 l k+t 

1~ 1l 1. ~ k+r 
k_t J. + T1 \ R1 + A k -r 

1~ Jl 
T2 ' R2 

k 
+n \ 

' k 
(14) 

-n 

where Tn is the closed receptor oonformation and Rn is the open 

receptor conformation vi th a unit conductance 7. This model could 

have more than the two binding steps shown, rut n ~ 2 is the minimum 

condition for a Hill coefficient of two (Karlin, 1967a). If all the 

reaction steps in equation (14) were independent, voltage-jump 

relaxations could cons~st of up to seven components. This co.mplexity 

can be reduced by employing th?-ee simple assUl!ptions (Kirschner et al., 

1970; Kirschner, 1971; Hammes and Wu, 1974). First, agonist binding to 

all Tn occurs with the same specific rate constants, ~t. Second, 

agonist l:li.nding to all R occurs with the same specific r.ate constants, n 

Third, either all k equal k or all k equal k • If all k -n -o +n +o -n 

equal k , the principle of microscopic reversibility requires that -o 

k = pnk where p = k k t/k k t = L/L. Similarly, if all k 
+n +o -r + +r - Jt ~ +n 

equal k , then k = pnk • +o -n -o 
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For this simplified form of equation (14), equilibrium agonist­

induced conductance is: 

where~ equals k_r/k+r' K.i, equals k_t/k+t• and p equals 1ii,IK.r 

(Karlin, 1967a). In the absence of agonist, receptor 11.ediated 

(15) 

conductance is very small, illlplying that k /k » 1. For p << 1, 
-0 +o 

the dose vs. conductance relation is sigmoid. 

If conformational change is rate limiting, wltage-jump relaxations 

are simple exponentia.ls. Within the limitations already aentioned, 

voltage-jump relaxation rates increase with agonist concentration only 

if all k -.ual k and k = pnk • Under these conditions, the -n -" -o -tn +o 

(16) 

voltage-jump relax.a ti on rate is [ 
1 

+ A/Ka ] 2 

1 /'r : k -o + k +o r 1 + pAf ~ 
(Kirschner et al., 1966, Kirschner, 1971; Hammes am. Wu, 1974). At 

~ero agonist ooncentra\ ion, equation (16) predicts that 1/r equals 

(k + k ) • Therefore, the s\lll k + k is the PSC decay rate an:1. 
-o +o -o +o ' 

must increase exponentially as 11.embNM voltage becomes more positive. 

F,quation (16) also predicts that Toltage-jump relaxation rates increase 

sigmoidally with agonist concentration. According to equations (15) 

and (16), both 1/7: and g have nearly identical dose vs. response 

relations. Since the dose vs. rate relation is actually linear at 

agonist concentrations where the dose vs. conductance relation is 

nonlinear (Figure 14), the Monod, Wyman, and Changeux model with rate­

limiting concerted transitions fails to aeet experimental kinetic criteria. 
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If either agonist binding to the T conformations or agonist binding n 

to the Rn conformations is rate limiting, voltage-jump relaxations 

cannot be simple exponentials. Therefore, the concerted transition 

model, equation (14), does not account for the observed nicotinic 

receptor rela.xa.tion kinetics. 

Sequential B:i.nd.ing Models. The .Adrlr, Koshland, Nemethy, arxi Filmer 

model for allosteric enzymes is based on sequential binding reactions, 

each of which is followed by a conformational change (Kosh.land et al., 

1966; Koshland and Neet, 1968; Hammes and Wu, 1974). If conformational 

change is closely coupled to binding, each sequential binding and. 

conformational change is kinetically equivalent to a binding step alone. 

For the nicotinic receptor, such a sequential binding model is: 

2k 
2A + R +l \ A + AR 

'k -1 

(17) 

where '2_R is th open receptor conformation with a corxluctance of 7. 

According to this model, each receptor has two binding aites for agonist. 
~ 

These binding sites ue assUllled to be equivalent before any agoni st is 

' boi.md and after two agonist molecules are bound, resulting in the 

statistical facrt.ors of two associated with k+l and k_2 • The first 

binding st.ep cannot be rate limiting. If it were, then the PSC decay 

rate would equal 2k_2 and would be too fast to measure. Therefore, 

the second binding step must be rate limiting in this model. 

If the secorrl binding step is rate lilliting and voltage sensitive, 

then voltage-jump relaxations are simple exponentials with a rate 

constant of: 
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According to equation (18), when A equals zero, 1/'t' equals 2k_2 • 

Thus, 2k_
2 

is the PSC decay rate and must be the only voltage sensitive 

rate constant. Equation (18) also predicts that voltage-jump relaxation 

rates increase linearly with agonist concentrations greater than about 

0.5 k_/k+l (Figure 16a). Experimentally, voltage-jump relaxation 

rates could not be measured at agonist concentrations below about 

0. 7 k _1 /k +l; so the predicted dependence is not inconsistent with the 

observed concentration dependence. When k_
2 

is the only voltage 

sensitive reaction rate, the dose vs. rate relation is independent of 

voltage. Therefore, equation (18) predicts the observed voltage am. 

agonist concentration dependence of the relaxation rate. Under these 

same conditions, equilibrium agonist-induced conductance is: 

(19) 

F,quation (19) predicts a sigmoid dose vs. com.uctance relation 

equivalent to equation (1) if k_/k+l approximately equals k_2/k+2. 

(Figure 16b). In equation (19), half-ma.ximal conductance occurs at: 

Kapp= [k_2k+l + (k_2k+l (k_2k+l + k-t2k_1 ))½] /k+lk+2. (20) 

Since the PSC decay rate equals 2k_2 , both rates must increase e-fold 

with every +87 mV change in membrane veltage. If k_
2 

is the only 

"f'Oltage sensitive rate constant in the reaction, equation (20) predicts 

that K increases nearly e-fold with every +87 mV change in membrane app 

voltage, as was found experimentally (Figure 5). Therefore, equation (19) 
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Figure 16. Theoretical dose vs. response curves for the 

sequential binding model at one voltage. (a) Voltage-

jump rela.xs.tion rate vs. normalized agonist concentration. 

(The equivalent PSC decay rate equals 2k_2.) 

(b) Fractional equilibrium conductance vs. normalized 

agonist concentration. 



-C 
0 -(./) 

C 
0 u 

Q) -0 
I,... 

Q) 
u 
C 
0 -u 
~ 

-0 
C 
0 u 

69 

a 

6k_2 

4k_
2 

slope= k2 

2k 
-2 

., 

b 

0.75 

0.5 

0.25 

o---__._ ______ __._ ________ _ 
2~/42 3~/42 

[Agonist] 



70 

predicts the voltage and agonist concentration dependence observed in 

equilibrium agonist-induced conductance. However, because k_
2 

is 

voltage sensitive, k_2/k+2 equals k_1/k+l at only one voltage. 

ConsequenUy, the predicted dose vs. conductance relation changes shape 

as a function of voltage. No such effect was observed (Figure 4), but 

this voltage dependent effect might be obscured by experimental 

uncertainty in the data. 

The ratio k_2/k+2 equals the ratio k_1/k+1 at all membrane 

voltages only if both k_2 and k_1 are voltage sensitive. Under these 

conditions, the equilibrium agonist-induced conductance is: 

(21) 

with a half-maximal conductance at: 

K = (1 + '2°) k 2/k~,,• app ~' - ~ (22) 

Again, equation (21) predicts a sigmoid dose vs. conductance relation, 

arrl K has the same voltage dependence .as 2k_2 and the PSC decay rate. app 

Furthermore, the dose v~. conductance relation no longer changes shape 

as a function of voltage. Assuming that the secorrl l:::d.nding step is 

still rate limiting, the voltage-jump relaxation rate is: 

(k+2A)2 
1/~ = k+2A + k_

2
/2 

' 

(23) 

F.quation (23) differs from equation (18) only in that the dose vs. rate 

relation changes as a function of membrane voltage. Thus, in equation 

(23) the voltage-jump relaxation rate is not the sum of a voltage 

insensitive constant and the PSC decay rate as stipulated in equation 

(3). Specifically, equation (23) predicts a decrease in the voltage 
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dependence of the relaxation rate. This decrease is greater at higher 

agonist concentrations but is less than 15~ at the highest agonist 

concentrations tested. Decreases of this magnitude probably would not 

be detectable in these experiments. 

As a final test of the sequential binding 110del, theoretical 

curves can be fit to experimental results from Electrophorus electro-

plaques using as many lmown parameters as possible. Acetylcholine is 

the best agonist for this purpose because PSC decay rates equal 2k_
2 

only for acetylcholine. The maximum agonist-induced conductance, r7, 

can be estimated from the dose vs. conductance data. The reversal 

potential, E, is indicated in both the instantaneous current vs. voltage 

relation am the peak PSC vs. wltage relation. The reaction rate 

constant k-+2 is the slope of the dose vs. rate relation for voltage-

jump relaxations in acetylcholine. Both membrane voltage and agonist 

concentration are lmown. Thus, only k_1 am. k+l are free parameters. 

However, if equations (21) and (23) are uad, k_1 and k+l ar.e f'1xed 

by their relation to k_2 and k-+2 respectively. Figure 17 shows the 
\ 

predictions of the s'equential binding model -with two voltage sensitive 

binding steps for experimental data from one electroplaque. As can 

be seen, the sequential binding 110del adequately accounts for the 

experimental kinetic and equilibrium data. 

The sequential binding model makes several predictions that 'C&llnot 

presenUy be verified in experiments on Electrophorus eleotroplaques. 

First, the voltage-jump relaxation rate is essentially indepenlient of 

agonist concentrations below about 0.5 k_1/k+1• Second, voltage-jump 

relaxation rates increase linearly with agonist concentration until the 
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Figure 17. Comparison of theory and data for the sequential 

binding model with two voltage-sensitiTe -binding steps. 

Upper panel: voltage-jump relaxation rates vs. membrane 

voltage. Predicted curves from equation (23). 

Lower panel: equilibrium agonist-induced current vs. 

membrane voltage. Predicted curves from equation (21). 

The maximum agonist-induced c'IUTent is sho-wn by the 

dashed line. The reversal potential was estimated to 

be O mV. Acetylch.oline concentrations were as indicated. 

0 Tempera tu.re , 15 • 
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binding rates approach the rates of other transitions in the reaction, 

such as conformational change. Third, the first binding step would 

cause a second rela.xation component if this component could be resolved 

by the voltage-clamp circuit. Fourth, the number of voltage-sensitive 

binding steps could be determined by observing the voltage deperrlence 

of relaxation rates in high agonist concentrations or by better 

measurements of equilibrium dose vs. conductance relations at different 

-.oltages. The verification of these predictions awaits similar measure­

ments on a preparation with better signal-to-noise limitations or a 

better relaxation method for Electrophorus electroplaques. It should 

be noted, however. that the first prediction of th: sequential birxiing 

model would account for the observed lack of agonist concentration 

effects on relaxation rates in amphibian skeletal muscle, where low 

agonist concentrations are used. 
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PART TWO 

Studies of Cholinergic Mechanisms in Raia 

Electroplaques. 

MATERIALS AND METHODS 

Preparation. Sections oft.ail, containing the electric organ. were 

removed from live. adult Raia erinacea and stored in elaSlllobranch 

Ringer solution at 8°. Electroplaques in these sections retained 

normal resting potentials for seve11al days after removal from the 

anima.l. Before use. the el-eetric organ was isolated :from the section 

of tail. cleaned of peripheral connective tissue, and mounted in one 

cm lengths on a Silastic rubber stage. The stage was immersed in a 

bath containing Ringer solution. The one cm lengths of electric organ 

contained 20 to JO electroplaques. each in a connective tissue capsule. 

Raia erinacea electroplaques are roughly disc shaped. 0.5 to 1.0 mm in 

diameter and about 50pm thick (Bennett, 1961). Temperatm-e was 

controlled with a Peltier device 't.neath the bath. 

Sol.utions. Elasmobranch Ringer solution contained (mM): Na~l, 250; 

KCl. 4; CaC12 , 5: MgC12• 2; Urea. 330. This solution was buffered with 

5 mM HEPES adjusted to pH 7 .4 with H&OH. Drugs were added in Ringer 

solution without compensation for osmolarity. Bath solutions could be 

completely changed in less than one minute. At the electropl.aque 

surface. however, solution changes were much slower. Unless otherwise 

indicated, all drugs were allowed to come to equilibrim effect before 

data were taken. 
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Electrical Arrangements. Single electroplaques were impaled with two 

Jll:icroelectrodes. The electrodes were filled with 3 M KCl and had 

resistances of 1 to .5 megohms. One intracellular electrode aonitored 

the membrane voltage and the other electrode passed current into the 

electroplaque under constant-current or voltage-clamp control. 

Electrode penetrations were stable for several Jiours i the electroplaque' s 

input resistance and resting potential did not change over the course 

of the experiments. Similar results were obtained with 10 to 1.5 megohm 

electrodes. There.fore. the low resistance electrodes did not damage 

the electroplaque membrane. Current injected into the electroplaque 

was returned through a Ag•A.gCl electrode in the bath to a virtual ground 

circuit which was used to 11oni tor the amoWlt of current injected.. 

Following a jump in clamped membrane voltage, the passive membrane 

currents settled with a time constant of 200 to JOO p.sec. Presynaptic 

terminals were stimulated with a coaxial electrode near the innervated 

surface of the electroplaque. During such presynaptic stillulation, 

voltage clamp of the electroplaque kept the resulting wltage change to 

less than .si of the voltage change in an unclamped electroplaque. 

NONSYNAPTIC MEM:ERANE PROPERTIES 

Passive Membrane. Raia elect:roplaques have resting potentials of 

-64 ± 9 mV (meant SD, 45 cells) at 20°. The effective input resistance, 

tested with small hyperpola.rizing currents, is 15 ± 8 kilohas (Man t SD, 

40 cells)at 20°. At membrane voltages 110re negative than -50 mV, the 

electroplaque•s current vs. voltage relation is linear (Figure 22). 
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Space Clamp of Raia Electroplagues. Treating the Raia electropla.que as 

two discs of membrane bounded at a radius a from the current-passing 

electrode, the steady-state voltage distribution is: 

(24) 

where: 

(25) 

I and K are modified Bessel f'lmctions of the first and second kinds of n n 

order n. T is the current at the origin. V is the membrane voltage at 

a radial distance r from the origin of the current. The distance 

between the membrane discs is b. Rm and R1 are th9 specific membrane and 

cytoplasm resistances respectively (Jack et al., 1975). For an electro­

plaque of 0.4 mm radius with b • 5 x 10-3czn, R = 150 ohm•cm2, and m 

Ri = 60 ohm•c:m, the space constant, "-, equals o.86 mm. Therefore, 

the radius of the electroplaque, a, is less than X/2 for this typical 

electroplaque. When a = >../2, the steady-st.ate wltage varies less than 

1~ over the cell surface. Thus the passive electroplaque is essentially 

isopotentia.l when the current-passing electrode is centered in the cell. 

For an electroplaque of 0.4 m radius, 1.5 x 104 ohm input 

resistance, and with 5 x 10-Jcm between the current-passing and voltage 

microelectrodes, equation (24) predicts that R is 182 ohm•cm2• m 

Treating the same electroplaque as a IPherieal cell with equal membrane 

2 area, R• is 150 ohm•cm. Since these two values of Rm are nearly equal, 

the~ electroplaque is as well described by a spherical cell model as 

by a planar disc .aodel. Treating the electroplaque as a apherical cell, 

the passive :membrane is isopotential (Cole, 1968). 
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Delayed Rectification. The Raia electroplaque exhibits delayed 

rectification-a..t membrane wltages more positive than -.50 mV. The 

delayed rectifier's conductance increases for 10 to 20 msec to a 

steady-state conductance 10 to 15 times the passive membrane's 

eonductance. The steady-state currant due to delayed rectification is 

outward at all voltages. 

'When delayed rectification is active, the Raia electroplaque 

cannot be reliably wltage-cla.mped. For example, in the typical cell 

discussed above, delayed rectification reduces the space constant, ,._, 

from o.86 mm to 0.20 nn. Under these corrlitions, the electroplaque1 s 

radius, 0.4 mm, now equals 2).. aM. the steady-state voltage varies by 

50'1> over the electroplaque surface. This is probably the basis of 

reports that Raia electroplaques are not space clamped when delayed 

rectification is active (Hille et al., 1965). In~ electroplaques, 

the delayed rectifier is not a simple t+ conductance (Hille et al., 

1965; Harris et al., 1976). Neither the delayed rectifier's conductance 

nor its acti vs.tion were blocked by a number of pharmacological agents 

tested for this purpose. Therefore, experiments on Raia electroplaques 

were limited to membrane voltages more nega..tive than -50 mV. 

NEURALLY EVOKED POSTSYNAPI'IC CURRENTS 

Posts:ynaptic Current Waveform. Figure 18 shows voltage-clamp currents 

evoked by stimulating presynaptic nerves. These postsynaptic currents 

(PSC's) peak rapidly and then decay with a single exponential time 

-constant. At a given .-.brane voltage, peak PSC increases with the 

strength am duration of the presynaptic stimulus. This increase occurs 
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Figure 18. Typical PSC 1 s in a skate electroplaque at three 

different temperatures. ME111brane voltage-clamped to 

-60 mV. An upward deflection indicates inward current. 

stimulus artifacts occur five msec after the start of 

each trace. 
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in three to five distinct steps to a maximum peak PSC which varies 

from cell to cell. The stepwise response to presynaptic stimulation 

implies multiple innervation of each electroplaque. Multiple irmerva­

tion is also indicated by anatomical studies (Bennett. 1961). When 

all other conditions are equal. once the presynaptic stimulus is set 

the PSC amplitude remains coostant over the course of the experiment. 

After the peak. PSC 1s decay along a simple exponential time 

course (Figure 19). The PSC decay rate. oc , is the inverse time 

constant of this exponential decay and is measured as the slope of the 

semilogarithmic plot of PSC vs. time after the PSC peak. 

Temperature Effects. Increasing the electroplaque 1s temperature 

decreases the time from presynaptic stimulus to PSC peak, the growth 

time (20% to 80%) of the PSC, and the PSC decay time constant 

(Figure 18). The first two processes have ~ 0•s of approximately two. 

The temperature dependence of these processes is difficult to aeasure 

quantitatively because the PSC peak becomes broader and difficult to 

' measure at 1.ow temperatures. However, the PSC decay can be measured 

with greater accuracy (Figure 19). At low temperatures. broadening of 

the PSC peak induces deviations from a simple exponential decay. This 

problem is avoided by analyzing only the later, exponential portions of 

the PSC decay. The ~O of the PSC decay rate. oc , is 1.9.5 at -100 mV 

(3 cells, each studied from 10° to 3()0
). In other words, the PSC decay 

0 rate doubles for each 10 rise in temperature. 
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Figure 19. Semilogarithmic plot of postsynaptic current 

vs. time after the PSC peak. 0 Temperature, 21 • 

Membrane voltage, -?2.5 mV. Slope of the indicated 

line is the decay rate of the PSC am equals 0.24 msec-1• 
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PSC Decay Rates. PSC decay rate vs. membrane voltage is plotted in 

Figures 20a and 21a. The PSC decay rate does not change with voltages 

from -50 to -150 mV. Furthermore, the PSC decay rate is equally 

independent of 11E1J1brane voltage at all temperatures from 10° to 30°. 

Voltage dependence does not appear in smaller PSC' s. The PSC 

decay rate does not change when the peak PSC is reversibly reduced 

during bath-application of ~tubocura.rine (dTC). The PSC decay rate 

remains voltage independent when the peak PSC is reduced as much as 

four-fold (Figure 20). The PSC decay rate is also unchanged when the 

presynaptic stimulus is reduced in order to decrease the peak PSC. 

Again, the PSC decay rate remains voltage independent. Therefore, 

the PSC decay rate is indeperxient of the PSC amplitude. 

The PSC lengthens during bath application of the anticholinesterase 

agent neostigmine methylsulfate. During such drug applications, the 

PSC decay co.nti.lw.es to follow a simple exponential time course, although 

the rate of PSC decay is reduced (Figure 21a). The PSC decay rate is 

not voltage depement in any ooncent.N.Uon of neostigmine below 10-\i. 
\ 

There is litUe (d.~) change in peak PSC amplitu:ie w1 th neostigmine 

-4 concentrations below 10 M (Figure 21b). Neostigmine concentrations 

-4 greater than 5 x 10 M decrease the peak PSC. This decrea,.se is not due 

to altered electrical excitability of the presynaptic tel"llinala heca.u,se 

the stimulus thresholds did not change. Similar effects of neo-stigmi.ne 

have been observed in amphibian skeletal 11Uscle (Magleby and Stevens, 

1972a • b), and are generally attributed to com.peti ti ve antagonism by 

neostigmine at the nicotinic receptor. 
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Figure 20. Effects of voltage and dTC on the PSC in Raia 

electroplaque. 

Filled squares: 

Open squares: control PSC's. 
• 

PSC 1 s during treatment with 10-~ dTC. 

(a) Plot of PSC decay rate vs. membrane wltage. 

(b) Plot of peak PSC vs. membrane voltage. Arrow 

indicates the extrapolated value of the reversal 

potential at +18 mV. Passive currents have been 

0 subtracted. Temperature, 20. 
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Peak PSC ~• Voltage Relations. Peak PSC increases linearly as the 

aembrane voltage becanes more negative (Figures 20b am 21b). Such 

linear current vs. voltage relations imply that peak postsynaptic 

conductance is independent of membrane voltage. Assuming that the 

peak PSC vs. voltage relation oontinues to be linear at voltages 

more positive than -50 mV, the reftl'aal potential of the PSC can be 

estimated by extrapolating the peak PSC vs. wltage relation to zero 

current. Th.is extrapolated reversal potential is +5 ± 10 mV (mean ± SD, 

7 cells) at 20°. Neither the linearity of the peak PSC vs. voltage 

relation nor the extrapolated PSC reversal potential are changed 

during application of dTC (Figure 20b), although dTC does decrease the 

slope of the peak PSC Ts. voltage relation, indicating a decreased peak 

conductance. Similarly, neither the linearity, extrapolated reversal 

potential, nor slope of the peak PSC vs. voltage relation are changed 

by concentrati.ons of neostigmine sufficient to reduce the PSC decay 

rate (Figure 21b). 

BATH-APPLIED AGONI ST 

Measurement of Agonist-Im.uced Current. Raia electroplaques depolarize 

when a cholinergic agonist, such as carbachol, is applied in the 

extracellular bath. Depolarization to -50 mV activates delayed 

rectification, am the eleetroplaque' s corxiuctance dramatically 

incraaaes. Delayed rec:tificatien ·il.ight han been preTM1ied. during 

agonist application ~ .using the voltage-clamp circuit to pz-ovide 

• oontinuous hyperpolarir.ation. Unfortunately, the large currents 

required eould not be maintained over the several minutes necessary for 
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Figure 21. Effects of voltage and acetylcholinesterase 

inhibitors on t.he PSC. Open circles: control PSC's. 

Filled circles: PSC 1s during treatment with 3 x 10-~ 

neostigmine methylsulfate. (a) Plot of PSC decay rate 

vs. membrane •ltage. (b) Plot of peak PSC vs. 

manbrane voltage. Arrow indicates the extrapolated 

reversal potential at ,t40 mV. Passive currents have 

been subtracted. Temperature, 13°. 
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agonist equilibration at the electroplaque. Steady-state depolarization 

increases with agonist ooncentn.tion. Therefore, delayed rectification 

could be avoided by applying only low agonist concentrations to Raia 

electroplaques. Low agonist concentrations were applied to the 

electropla_que either (a) by adding a low concentration of agonist to the 

bath and waiting for equilibrium response or (b) by measuring agonist­

induced oonduct.ance before equilibration of a higher agonist 

concentration. Drug equilibration requires several minutes in Raia 

electroplaques due to connective tissue diffusion barriers. 'D:d.s long 

equilibration time pe:rmi ts brief measurements of agonist-induced 

conductance at 1:ntervals during equilibration of the agonist. During 

each measurement the agonist concentration is essentially constant, 

but unknown. 

In J pM carbachol, the elect""9f'laque undergoes a barely detectable 

depolarization. In 6 pM carbachol, steady-state depolariza.tion is 

approximately 1.5 mV. In 9 pM carbachol, depolarization eventuaJ.ly 

reaches threshold for activation of delayed rectification. The 9 pM 

experiments were monitored at various times during agonist 

equilibration (Figure 22). Carbachol i:s not readily hydrolysed by 

acetylcholinesterase, so agonist concentration does not change after 

equilibration. Further, agonist-induced oonductance did not desensitize, 

probably because of the low agonist conc.antrations used in the 

equilibration experiments (Adams, 197.5a; Lester et al., 197.5). 

Voltage Dependence of Agonist-Induced Current. Without agonist, the 



91 

Figure 22. Voltage-clamp current vs. membrane voltage. 

Control currents indicate the passive llElllbrane 1 s 

con:iuctance. Currents during carbachol application 

are shown at 2, 9, and 13 min after introduction of 

9 pM carbachol. Right-hand arrow indicates the 

extrapolated reversal potential for agonist-induced 

currant (-5 mV). Left-hand arrow indicates the altered 

reversal potential when delayed rectification is active 

(curve at 13 min). 0 TElll.perature, 20. 
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electroplaque 1s current vs. voltage relation is linear from -.50 to 

-1.50 mV. Carbacholincreasesthe electroplaque 1 s conductance, but the 

current vs. voltage relation remains linear (Figure 22). Therefore, 

the steady-state, agonist-induced conductance is independent of 

membrane voltage, at least over the range of -.50 to -1.50 mV. Provided 

that the current vs. voltage relation remains linear at voltages more 

positive than -50 mV, the reversal potential for agonist-induced 

currant can be estimated by extrapolating the current vs. voltage 

relations with and without agonist to a point of intersection. This 

extrapolated reversal potential is -10 :t 10 mV (mean ± SD, 8 cells)at 

20°. In the electro plaque of Figure 22, this reversal potential was 

constant during agonist equilibration, until the resting potential 

depolarized beyond -50 mV (13 min after agonist application). The 

electroplaque I s conductance then aharply increased as delayed 

rectification was activated, and the extrapolated intercept with 

control c'lll"r9nts became more negative. This new intercept presumably 

represents a combined value of reversal potentials for agonist-induced 

current (-10 mV) ' &nd for delayed rectifier current (probably ~ -50 mV). 

DISCUSSION 

Nicotinic responses in Raia erinacea electroplaques are similar in 

many ways to nicotinic ruponses in skeletal muscle fibers and in 

Electrophorus electroplaques. For example, cholinergic agonists 

reversibly increase Na• and~ conductance in Raia electroplaques 

_ (Brock and Eccles, 1958). The nicotinic antagonists dTC and Naja 

nigricollis «-toxin block the PSC in Raia electroplaques (Schoffeniels, 
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1958; Lester, 1970, 1972). '!he ~ electro plaque responds to the 

cholinergic agonist ca.rbachol in concentrations similar to those 

effective on skeletal muscle and on Electrophorus electroplaques 

(Adams, 1975a,b; Lester et al., 1975). Finally, acetylcholinesterase 

is present in Raia electroplaques, and esterase activity shortens the 

PSC time course. 

Despite these si.mi.4rities to amphibian skeletal muscle and to 

Electrophorus electroplaques, nicotinic responses in Raia erinacea 

electroplaques have several unique properties. First, the PSC decay 

rate is independent of membrane voltage. Second, agonist-induced 

conductance is independent of membrane voltage. And third, PSC decay 

rates are less temperature dependent than the PSC decay rates in 

amphibian skeletal muscle or in Electrophorus electroplaques. 

Of primary interest is the relation between these observed 

responses and the rate-limiting steps at the nicotinic receptor. 

Certain assumptions about the nicotinic receptor greatly aiaplify the 

description of observed kinetics and equilibria in terms of reaction 

rates. (a) Nicotinic receptors can assume only one "open" state which 

contributes an ohmic oonductance of 7' to the total agonis,t-induced 

conductance. (b) All other receptor states are "closed" and do not 

contribute any conductance. 'Ihese two assumptions imply that agonist­

induced conductance is directly porportional to the fraction of the 

receptor population in the open state. Further, at any given voltage, 

the agonist-induced current, I, is directly porportional to the 

agonist-induced conductance and hence to the nU11ber ot open i.ceptors. 
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(c) The Raia electroplaque contains only one receptor population, r, 

which is equally accessibla to either neurally rel.eased agonist or 

bath-applied agonist. This assumption allows direct cmpariaon of 

results obtained from PSC 1 s arrl hom bath application af agonist. 

(d) Relaxations of the receptor population are governed by 

unidirectional rate constants: a net opening rate,,• and a net 

closing rate, oc. This is a simplified f'orm ot the equations derived 

in PART ONE for Electrophorus electroplaques (Sheridan and Lester, 1 Cfl5). 

Voltage Indeperxienoe of ~ Decay Rates. In Raia electroplaques the 

PSC decays &long a simple exponential time course, as do PSC decays in 

amphibian skeletal 11UScle fibers and in Electrophorus eleotroplaques. 

However, in the latter two preparations the PSC decay rate decreases as 

the membrane is hyperpolarized. 'lllis voltage dependence varies with 

temperature but generally amounts to about a !&ctor of three for every 

100 mV of hyperpolarization (Magleby arxi Stevens, 1C/l2a,b; lord.as, 1C/l2b; 

Gage am McBurney, 1 Cf? 5; Sheridan and Lester, 1 Cf? 5 • 1977). If PSC 

decays in Raia electroplaques nre as voltage dependent, the PSC 

decay rate would have changed three-fold over the 100 m.V range studied. 

Such a change would have been obvious in the experiments of Figures 20a 

and 21a. 'ntere was, in fact, no systematic change in PSC decay rate 

with membrane voltage to an accuracy of :t 10~. Like the Raia 

electroplaque, a nuaber of preparations have TOltage independent PSC 

decay rates. These preparations include the squid giant .aynapse 

(IJ.inas et al., 1C/l4), a glutamate synapse in locust muscle (Anwyl and 

Usherwood, 1976), a chollnergic synapse in Aplyaia buocal ganglion 
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(Gardner. 1975. 1976). arrl tonic skeletal muscle fibers in the ribbon 

anake (Dionne and Parsons, 1977). 

'Iha interpretation of the PSC decay rate in terms or reaction rates 

depends on the acetylcholine concentration in the cleft during PSC 

decay. Like the PSC in amphibian skeletal muscle and Electrophorus 

electroplaque, the PSC in Raia electroplaque is lengthened by 

acetylcholinesterase inhibition because -neurally released acetylcholine 

is no longer rapidly hydrolysed and must leave the synaptic cleft by 

diffusion alone. '!he rate of acetylcholine loss is further slowed by 

multiple binding of acetylcholine to nicotinic receptors. Application 

of dTC effectively reduces the receptor "concentration", thus reducing 

the extent or multiple binding with acetylcholine 1 increasing the rate 

of acetylcholine loss from the cleft. and increasing the PSC decay rate. 

The limit to which 1l11ll tipl. binding can be reduced with dTC 1-s a single 

event; the corresponding limit of the PSC decay rate is the closing 

ute for the receptors. In uphibian skeletal muscle fibers and in 

Electrophorus electroplaques treated with acetylcholinesterase 

inhibitors. dTC application increases the PSC decay rate to a value 

nearly equal to that obtained before acetylcholinesterase inhibition 

(Katz and Miledi, 1973i Sheridan and Lester, 1977). When 

acetylcholinesterase is functional in Raia electroplaques, the PSC decay 

rate is unchanged during dTC application (Figure 20a), implying th.at no 

multiple binding occurs and that there is litUe or no acetylcholine 1n 

the synaptic cleft during PSC decay. 'lherefore, in Raia electroplaques 

with functional acetylcholinesterase, the PSC decay rate, ae, is the 

elosing rate for receptors. Since the PSC decay rate is wltage 



independent, the closing rate of these nicotinic receptors must be 

wltage insensitive. 

Voltage Independence of Aganist-Induced Conductance. Agonist-induced 

conductance can be measured during bath application of agonist or 

during the peak PSC. Aside t'Nls any differences in the agonist used, 

these tvo measures of agonist-induced conductance are not equivalent 

because the time course of agonist applica ti.on di:ff ers markedly. 

During bath application the agonist o~sitration changes al.owly a.nd 

the receptor population is always at equilibrllllll. During the PSC, the 

agonist concentration changes rapidly with respect to the receptor 

rates. Consequenily, the results from bath-applied agonist and peak 

PSC must be examined separately. 

In Raia electroplaques, bath-applied carbachol induces a steady­

state current that increases linearly as the electroplaque is 

hyperpolarized. This agonist-induced current can be descrlbed by the 

equation: 

(26) 

where r is the receptor population, 7 is the unit receptor conductance, 

V is the membrane voltage, E is the reversal potential, $ is the opening 

rate :for receptors, and oc is the closing rate for receptors. 'lhe 

opening r.ate, I , increases with increasing agonist concentration 

(!dams, 197 5b; Sheridan and Lester, 197 5, 1977). In amph1 bian skeletal 

muscle fibers am in Electrophorus electroplaques, steady-state, 

agonist-induced currant increases more than linearly as the membrane 
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is hyperpola.rized (Adams. 197.5b; Dionne and Stevens. 19'1.5; Lester et al •• 

1975; Sheridan and Lester. 1975. 1977; Z..ssignal and Martin. 1976. 1977). 

1'he reason for thi.s. voltage fiependant_ conductance is that the closing 

rate. OC, decreases 1d th hyperpolari~ation. while the opening rate, , • 

changes only slighUy with voltage. Consistent with this interpretation 

and with equation (26), agonist-induced conductance becomes less 't'Oltage 

dependent at high agonist con..ntraj;j.ons because ( becomes larger. In 

Raia electroplaques, however, steady-state, agonist-induced current 

varies linearly with voltage even though only low agonist concentrations 

were used (Figure 22). Therefore, in Rai.a. . electroplaqu.es, the opening 

rate, , , and the closing rate, ec , for nicotinic receptors J1111St .be 

equally -voltage sensitive. Since PSC decay rates indicate that the 

closing rate is voltage insensitive, the opening rate must also be 

voltage insensitive. 

Like the steady-state current during bath application o..f agonist, 

the peak PSC varies linearly with the membr.ane voltage. However, 

unlike the case during bath application, the acetylcholine concantration 

in the synaptic cleft is unknown during the growth phase of the PSC. 

Two alternative hypotheses must be considered. (a) In amphibian skeletal 

muscle fibers and in Electrophorus electroplaques, several investigators 

have calculated that agonist concentration is high enough near a site of 

pre~ptic relea.a.a to open most of the adjacent receptors (Kuffler and 

Yosbikami, 19'15a, b; Fertuck and Sal peter, 1976; Lester et al., 1976) • 

If this is also true in~ electroplaques, then equation (26) predicts 

that peak PSC should equal r7(V - E). In this case, the linear peak 

PSC vs. voltage relation in ~ electroplaques indicates only th.at the 
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corrlucta.nce contributed by a single r.ceptor, 7, is ohmic at '90ltages 

■ore negative than -50 mV. (b) If, on the other hand, only a few 

receptors near a presynaptic release site open during the growth phase 

of the PSC, then the time CO'Ul"se of acetylcholine release must be 

considered. The duration of the PSC growth phase is IIUeh le-ss than 

the time constant for PSC decay. Since the time constant of PSC decay 

equals the mean lifetime of the open state of the receptor (Magleby and 

Stevens, 1972a, b: .Anderson and Stevens, 1973) • very few of the receptors 

opened durlng the growth phase of the PSC have a chance to close before 

the PSC peak. ConsequenUy, the peak PSC represents the integrated 

value of the opening l"&te, S , during the entire growth phase of the 

PSC (Dionne arrl Stevens, 1 97 5; Lester et al. , 1 976) • In amphi bi.a.n 

skeletal muscle fibers the peak PSC increases les.s than linearly as the 

membrane is hyperpolarized. 'lb.is nonlinearity is attributed to a voltage 

sensitive opening rate for nicotinic receptors (Dionne and Stevens, 

1975). In Electrophorus electroplaques the peak PSC increases linearly 

as the mE111brane is hyperpola.rized beyal'\d -39 ■V. The opening rate is 

thought to be voltage ins~tive in Electrophorus electroplaque 

receptors (Sheridan and Lester, 1977) • The peak PSC vs. voltage 

relation is also linear in ~ electroplaques (Figures 20b and 21b). 

Thus, hypothesis (b) implies that the opening rate is voltage insensitive 

in Raia electroplaque receptors. 

The accuracy of the measured reversal potential deperrls on the 

voltage sensitivity of agonist-induced corxiuctance. Equation (26) 

predicts that agonist-induced current equals zero when V equals E. In 

Raia electroplaques, agonist-induced current could not be ■ea.sured at 



voltages more positive than -50 mv. where this reversal potential 

apparenUy lies. 'Illeref'ore, the reversal potential could only be 

•ea.sured by extrapolation from the current vs. voltage relations at 

voltages more negative than -50 mV. F,quation (26) wo predicts that 

such extrapolation yields an accurate reversal potential only if 7, 

i , and oc: are voltage insensitive in .the aeasured range of voltages. 

Hypothesis (a) for the peak PSC implies that y is voltage independent at 

voltages more negative than -50 mV. Further, the kinetics of the receptor, 

~ and «-, are voltage insensitive from -150 to -50 m.V. therefore, 

extrapolation probably indicates a correct reversal potential in Raia 

electropl&ques. 

The extrapolated reversal for peak PSC was +5 ! 10 m.V (mean ± SD) 

at 20~ and the extrapolated reversal potential in bath-applied carbachol 

was -10 ! 10 mV (mean ± SD) at 20°. '!he difference between ~•• two 

estimates of the reversal potential 1'S not significant. Occasionally 

the extrapolated peak PSC reversal potential was much more positive than 

the average (see Figure 21b). Such cells also had postsynaptic 

potentials which overshot O mV. 'lhese large postsynaptic potentials 

are consistent with a positive reversal potential and have been reported 

in Raia electroplaques by other investigators (Brock and Eccles, 1958). 

Temperature and ~~Decay Rate. In Raia electroplaques, the PSC 

decay rate has an unusually low ~O of 1.95. In amphibian akeletal 

1111scle and in Electrophorus electnplaque, the PSC decay rate has a 

~O of about 3; the exact value varies with manbrane voltage (Magleby and 

Stevens, 1972b; Sheridan and Lester, 1975). Although it is low for a 
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nicotinic synapse, the ~ .:lectroplaque• s ~O is still too large to 

be consist.act with a diffusion-limited process (Dreyer and Peper, 19?.5b) 

and nearly equals the ~ 0 of the PSC decay at certain glutamate 

synapses (Anderson et al., 19?6; .Anwyl and Usherwood, 19?6). 

It is possible to relate the low ~O and the "f"Oltage independence 

of the PSC decay rate in Raia electroplaques. In general, a low ~O 

implies a low activation energy for the associated chemical reaction 

step. Making the reasonable assumption that the open to closed 

transition of nicotinic receptors involves a free energy change: 

.6.G = TAS +~E (27) 

where Tis the absolute temperature, then according to the activated 

complex theory the transition rate is: 

kT oc: = -h- exp(AS/R) exp(-.6.E/RT) (28) 

where k, h, and R are constants (Gardner, 1969). Voltage is expected 

to affect a nicotinic receptor primarily by changing the activation 

energy, AE. For instance, it the rate-limiting step in receptor 

closing involves .a dipole moment change, p., as suggested by Magleby 

and Stevens (19?2b) for amphibian skeletal muscle, then AE has the form: 

AE = AE + N(V - V )u./M o o r (29) 

where N and M are constants, where AE is positive and voltage 
0 

insensitive, and where V is a correction for membrane surface charge 
0 

(Magleby and Stevens, 19?2b; Gage et al. , 19? 5). If p equals sero in 

!!!!, electroplaque receptors, this theory explains how CIC is both 

voltage insensitive and less temperature dependent than in amphibian 

akeletal muscle fibers, 'Where l1 < 0 and the PSC elecay Nte is voltage 

sensitive. In aaphibian skeletal muscle, oc: has a lower ~O as V - V
0 
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approaches zero. Experimentally, PSC decay rates in amphibian skeletal 

auscle fibers at O mV and ~ electroplaques at all voltages have 

equal ~ 0 ' s for the PSC decay rate (Magleby and Stevens, 1972b ),. If' 

the only difference between these two preparations is fl• then ~E
0 

is 

the same for nicotinic receptors 1n Raia electreplaques and -a.phibian 

skeletal muscle. Furthermore, this implies that V equals zero 1n 
0 

amphibian skeletal muscle. Unfortunately, this simple analysis fails 

to account for the :f'ive-fold difference between the magnitude of the 

PSC decay rate in Raia electroplaque at all voltages and in amphibian 

skeletal muscle at O mV. 

Space Clamp in Raia Eleetroplagues. Space clamp is a condi ti.on of 

spatially uniform membrane voltage. .Failure of space clallp leads to 

some serious artifacts 1n voltage-clamp records of conductance aaanges. 

For instance, when an amphibian skeletal llUScle fiber is voltage-clamped 

one length constant away from the end.plate, PSC decay rates appear to 

be voltage inseasitive (Magleby and Stevens, 1972a). Therefore, 

space-clamp !ailu,re could account for the observed lack of voltage 

sensitivity in Raia electroplaque receptors. 

1b.ere are several reasons to believe that Raia electroplaques were 

adequately space clamped. First, equations (24) and (25) predict that 

the passive Jllelbrane in!!!!!, electroplaques is space clamped. Second, 

PSC decay rates are independa'lt of PSC amplitude (Figure 20). Since 

space-clamp tailure is 110re likely during oomi tions of high ••brane 
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·conductance, one would expect eTidence or voltage independence only with 

larger PSC' s. i'hird, agonist-induced current increased as the 

electroplaque was hyperpolarised, which indicates that the ■emlarane 

voltage near the receptors changed in response to the applied current. 

And .fourth, the extrapolated reversal potelltials for agonist-induced 

current are consistent with observed postsynaptic potentials in Raia 

electroplaques (~ck and :Eccles, 1958) as veil as with reversal 

potentials in amphibian skeletal muscle (Magleby and stevens, 1972a) and 

Electrophorus electroplaque (Lester et al., 1975). Space-clamp failure 

would have made the extrapolated reversal potential appear to be more 

positive than the actual reversal potential at the receptors. 'lhus, 

to all indications, Raia electro plaques were adequately space clamped 

during agoniat-induced conductance changes. Consequently, the observed 

voltage insensitivity of receptor opening and closing rates is probably 

an inherent property of the nicotinic receptor in Raia electroplaques. 

Teleology of Voltage Sensitivity. Voltage control of nicotinic receptor 

rates seems advaht.ageous under certain conditions (Lester et al., 1976). 

For example, a voltage-sensitive nicotinic receptor could -prevent 

shunting of an electrically excitable, inward current in the same cell. 

ilso, depolariution by such an inward current-could shift the nicotinic 

receptor population toward the c)oaed state arrl shorten the poatsynaptie 

event. 'lhese advantages do not apply ..to!!!! elec:tNpleqMs. !@!!. 

electroplaques have no electrically excitable inward 011rrent, and all 

depolarization is due to the PSC. '!bus, it would be counterproductive 

to decrease nicotinic receptor canductance ;as the electroplaque 
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depola.rir.es in response to that aame conductance. Far trom being an 

isolated case, the TOlta.ge-indepandent PSC 1 s in ~ electroplaque 

appear to be 4'Pical of cells which lack an electrically excitable 
i 

inward current. For example, both invertebrate muscle fibers and tonic 

skeletal muscle fibers are electrically inexcitable. Both preparations 

also have voltage-independent PSC 1 s (Anwyl and Usherwood, 1976: Dionne 

and Parsons, 1977). 
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