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SUMMARY

1. Slow muscle synaptic responses were modelled kinetically in an attempt to
define the mechanism by which slow fibre acetylcholine-operated channels differ
from those in twitch fibres.

2. Three kinetically distinguishable states were necessary.
3. All applicable three-state kinetic schemes were considered in an attempt to

identify the simplest description of the data. Experimental tests eliminated several
models. Two models were not tested because they contained an excessive number of
adjustable parameters.

4. The data were not fitted by kinetic schemes which postulated (i) channels
which opened with one as well as two bound agonist molecules, (ii) channels which
became blocked after opening, or (iii) separate populations of synaptic and extra-
synaptic channels.

5. The three-state kinetic model of del Castillo & Katz (1957) accurately described
all the data. This sequential model relates a closed channel state with no agonist
bound to its receptors, an intermediate state (also closed) with agonist bound, and
an open channel state. It is the same model which has been used to describe synaptic
responses in twitch fibres.

6. The variation which allows, this model to describe both twitch and slow fibre
synaptic responses is the lifetime of the intermediate state. In twitch fibres the inter-
mediate state lifetime is undetectably brief by electrophysiological methods. How-
ever, in slow fibres this lifetime appears to be 1-2 msec, varying with voltage.

7. Three of the four transition rates in this three-state kinetic scheme may be
estimated by fitting the model to the data. These are the channel opening rate, the
channel closing rate and the rate at which closed channels lose their bound agonist
molecules. The latter two rates appear to depend exponentially on voltage. The
channel opening rate was not detectably voltage-sensitive.

INTRODUCTION

The value of kinetic analysis as a means of elucidating the mechanisms of mem-
brane conductance changes is now widely appreciated. Applications of this analytical
technique to synaptic channels began after Katz & Miledi (1970) showed that the
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end-plate voltage noise which developed in muscle cells with the exogenous appli-
cation of acetylcholine (ACh) was produced by the inherent properties of a membrane
mechanism and was not incidental to it. Following that report, Anderson & Stevens
(1973) employed the voltage clamp to demonstrate that end-plate voltage fluctu-
ations arose from fluctuations in membrane conductance due to moment-to-moment
variations in the number of open ACh-operated channels. Kinetic analysis of the
conductance fluctuations allowed them to estimate the mean conductance of a single
channel, mean open channel lifetime, and in addition to make quite plausible suggest-
ions of the source of channel lifetime voltage dependence. Subsequent work (cf. Neher
& Stevens, 1977; Cull-Candy, Miledi & Trautwein, 1979; Anderson, Cull-Candy &
Miledi, 1978; Barker & McBurney. 1979) has demonstrated the wide applicability
and usefulness of the method. In the process the quantitative methods of kinetic
analysis as applied to membrane conductance systems has been treated by several
authors, most generally by Colquhoun & Hawkes (1977).

In this paper I present a kinetic analysis of synaptic responses from snake slow
(tonic) muscle neuromuscular junctions. As described in a previous paper (Dionne
& Parsons, 1980), slow fibre synaptic responses differ from those in twitch fibres,
being more complex in the sense that they cannot be fitted by the predictions of a
two-state kinetic scheme. Miniature end-plate currents (impulse response), end-plate
current relaxations following a sudden voltage change (step response) and end-plate
current fluctuations (equilibrium response), all produced by the natural transmitter
acetylcholine, were studied because they provide quite different but complementary
information. The miniature end-plate currents decayed as a single exponential
component, while both the step response and the fluctuations gave persistent evidence
of at least two components.
These two-component responses could be modeled by linear kinetic schemes of

three or more states; for simplicity only models with three kinetically distinguishable
states were considered. There are six models which might be applied. While it would
have been preferable to select among these six models on experimental criteria
alone, that was not possible. Nevertheless, experimental measurements have shown
that the slow fibre responses do not arise because they are mediated by some channels
opening with one and others with two molecules of acetylcholine, by the blocking of
open channels or by extrasynaptic receptors. The results are consistent with a channel
which can open and close several times once its receptors have bound the necessary
agonist molecules.

METHODS

These experiments were performed on slow muscle fibres in garter snake (sp. Thamnophi8)
costocutaneous muscles. The experimental methods were those described by Dionne & Parsons
(1980). In addition, the voltage-step experiments were performed under conditions of ACh
concentration and distribution identical to those for the recording of end-plate current fluctu-
ations. To achieve this, the same ACh ionophoretic electrode position, current amplitude and
time course were used to induce the membrane conductance change during each response type.
The cells were held at a nominal resting voltage, hyperpolarized about 40 mV by a command
pulse to a prestep potential, then returned to the resting voltage; the step response data were
collected following the depolarizing return step. The pulse duration at the prestep potential was
250 msec, sufficiently long for equilibrium conditions to be established before depolarizing to the
test (resting) voltage. This protocol allowed miniature end-plate currents (m.e.p.c.s) and noise
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END-PLATE CHANNEL KINETICS

as well as the step response to be recorded at the same voltage while avoiding conditions which
cause the resting membrane conductance to change.
Experimental tests ofthe kinetic theories required sets ofmeasurements at different membrane

voltages or at fixed voltage with different mean end-plate currents (e.p.c.). Both protocols
required the slow muscle cell to remain stable for a prolonged period, but many cells were
incapable of this. They deteriorated rapidly, typically becoming unusable within about 20 min.
Thus, some of the conclusions drawn here rest to an extent on data acquired in those rare cells
which tolerated the recording conditions well. Nevertheless, of the cells studied (more than
100), all gave results which were consistent with the description which follows.
Three measurable parameters were estimated by fitting theory to data; these were two

apparent decay rates associated with two separate response components and the relative ampli-
tude of the two components. The technique used to fit the data allowed a moderate degree of
flexibility in evaluating these measurable parameters. However, because one of the two rates
could be accurately obtained from the m.e.p.c. decay, the uncertainty of the estimates was not
as severe as would have been the case with all parameters free (Neher & Stevens, 1977). First
the decay rate of the m.e.p.c. was determined. The companion noise spectrum was then fit with
the sum of two Lorentzian (1/frequency2) components; one comer frequency was constrained
by the m.e.p.c. rate while the relative amplitude of the components and the second corner
frequency were adjustable. These two adjustable parameters were varied to obtain the best
visual fit (e.g. Fig. 1 B). The equivalence of the observed rates in the equilibrium, step and im-
pulse responses is a general result of the kinetic analysis and will become apparent in the
theoretical section which follows. In a set of later experiments where voltage-step responses
were also obtained, the rates determined from the m.e.p.c.s and spectra were used to predict the
time course of the step response.
From several cells m.e.p.c. and noise data were obtained at three or more voltages; these data

were used to derive estimates of the transition rates and state lifetimes with the KM model
(scheme 13). In all cases the derived rate , showed considerable variation but little reliable
evidence of voltage sensitivity. Similarly, other laboratories have reported little or no voltage
sensitivity for the apparent activation rate of the cholinergic channel (Gage & McBurney, 1975;
Neher & Sakmann, 1975; Sheridan & Lester, 1975; Dionne & Stevens, 1975; Adams, 1976).
With this data the two adjustable parameters were altered slightly so as to limit the variability
of estimated ft with voltage in individual cells. Variation of the fitting parameters was con-
strained by the requirement that the quality of the spectral fit be as high as possible. This
procedure not only limited the range of the derived ft values but also markedly improved an
already clear logarithmic dependence of the derived quantities p T2, a and k2 on voltage (KM
model). Such an optimization of the fitting procedure was not carried out systematically to any
final minimum variance for ft or any other quantity. Finally, no variation of this sort caused
the discounted kinetic theories to fit the data more accurately.

RESULTS

Experimental observations
Of the three synaptic responses elicited from slow muscle fibres utilized here, two

were described in a previous paper (Dionne & Parsons, 1981) which dealt with re-
sponse characteristics. The basic features were (1) in the majority of fibres the slow
fibre m.e.p.c. decayed as a single exponential with time (Fig. 1A), and (2) the ACh
noise spectrum was not a single Lorentzian component (Fig. 1B). If a two-state
kinetic scheme were to describe these synaptic responses one would expect an ex-
ponential m.e.p.c. and a Lorentzian spectrum related by their decay time constant X
and corner frequencyfo as r = 1/27Tfo. Although the major time constant in the slow
fibre spectrum was indeed a Lorentzian component so related to the m.e.p.c. (Dionne
& Parsons, 1978), additional high frequency noise power appeared in about 60%
of the cells which could never be predicted by a two-state kinetic scheme. Thus,
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while a two-state kinetic model was completely satisfactory for garter snake twitch
fibre responses (Dionne & Parsons, 1981) as well as those in frog (Anderson & Stevens,
1973; Neher & Sakmann, 1975) and mammals (Cull-Candy et al. 1979), it did not
describe snake slow fibre synaptic responses.

In addition to the m.e.p.c.s and noise data, a series of voltage-step experiments
was performed (Adams, 1974; Dudel, 1978). The step response (Fig. 1C) is the
difference between currents recorded in the presence and absence ofACh. It illustrates
the time course by which the population of channels opened as the old voltage relaxes

A

w.

B

10-23

0~~~~~~~~~~~~~~~~~~~~
MCO).0

10-25- X

10 100 1000
Frequency (Hz)



END-PLATE CHANNEL KINETICS 163

Fig1. * *.

X~~~~~~~~~~~~~~~~~~~~AI
.@X~~~~~~~~~~~06

ol

, .

to

Fig. 1. M.e.p.c., voltage-step current and current fluctuations spectrum from one slow
fibre studied at - 104 mV, 13 'C. A, the average of 5 m.e.p.c.s illustrates the exponential
m.e.p.c. time course and its analysis; that portion of the decay after the vertical line
was fitted with an exponential curve using a nonlinear least-squares method to deter-
mine the m.e.p.c. zero-time amplitude (- 1-85 nA) and decay rate (105 sec-1). Sample
interval 100 tsec; 25-4 msec full scale. B, two Lorentzian components (dotted lines)
were fitted to the spectrum of induced current fluctuations recorded from this cell. The
comer frequencies were 17 and 72 Hz, the lower value set equal to the m.e.p.c. decay
rate. The relative amplitude of the components (7-0) and the higher comer frequency
were treated as variables to fit theory to data. Fitted zero-frequency amplitudes: 4-19
x 10-2 A2see, 5-99 x 10-" A2sec. Induced mean current - 6-0 nA. The mean single
channel conductance from this data was 20-0 pS. C, the voltage-step response time
course was acquired by applying ACh in a manner identical to that used to obtain
the current noise spectrum in B. However, during the application of ACh the mem-
brane voltage was hyperpolarized 39 mV for 250 msec before the time indicated by the
vertical line (to), then returned to the test voltage (- 104 mV) at to. As the number
of open channels relaxed to a new equilibrium level appropriate for the test voltage
the induced current decayed. Two responses are shown in this panel. The upper
response is the difference between ten averaged traces recorded in the presence of ACh
and ten averaged controls recorded before ACh was applied. The lower response is the
difference between 10 averaged controls before and again after the exposure to ACh.
The flat control difference indicates that the membrane was stable during the experi-
ment. The upper current time course was fitted here by two theoretical curves, an
exponential (dotted) with the m.e.p.c. decay rate and the two-component prediction
of the KM kinetic scheme using the noise derived rates. The calibration bars are
2 nA and 5 msec. The initial part of the response after to was blanked to obscure the
capacity transient.
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at the new voltage. The relaxation occurs because the transition rates between open
and closed channel states depend on voltage, so that at different voltages the average
number of open channels will not be the same. The decay time course reflects the
rapidity of the transition rates among kinetic states at the new voltage in the scheme
which describes the channel mechanism. Fitted in Fig. 1 C are two theoretical lines:
one has an exponential time course derived according to a two-state kinetic model
with a decay rate predicted from m.e.p.c.s recorded in this cell at the test voltage.
At times just after the occurrence of the voltage step this line did not accurately
predict the data. Deviations like that shown here were always observed in slow fibre
step responses when that cell also showed a two-component spectrum. In twitch
fibres and those slow fibres which had a one-component spectrum the step response
always showed a monoexponential decay with no deviation at early times. The
second theoretical line which more accurately describes the response time course
was drawn according to the KM three-state model described below. At the bottom
of Fig. 1C, is a straight line response which is the difference between control step
responses recorded before ACh was applied and again after ACh was removed. Its
flatness illustrates that the resting membrane conductance did not change during
the course of the voltage step experiment. Measurements in which this was not the
case were discarded.
The object of this analysis was to determine the simplest kinetic model which

accurately described all of the slow fibre synaptic response data. Two technical
factors constrained the data and analysis. First, only open states of the receptor could
be detected; consequently, the presence of closed receptor states must be inferred
from the rates of appearance and disappearance of open receptors. Secondly, the
data were obtained over a limited frequency bandwidth. As will become apparent
later, this factor may account for the apparent qualitative differences between
spectra and voltage step responses recorded from the twitch and slow end-plates.
That is, on general grounds one should expect the responses in both fibre types to
exhibit two components.

Theoretical framework
Colquhoun & Hawkes (1977) pointed out that the number of basic components

which comprise the impulse, step and equilibrium responses will be one less than the
number of kinetic states. Thus, synaptic responses more complex than a single
component can be produced in principle if the underlying mechanism has three
states or more. For example, if there were three distinct states of the receptor, both
the impulse response (m.e.p.c.) and the voltage-step response would be the sum of
two exponentials having different decay time contants r12, while the equilibrium
response (noise) spectral shape would be the sum of two Lorentzian components with
different corner frequencies fl,2. The impulse, step and equilibrium responses would
remain simply related in the low concentration limit byf1 = 1/2/Tr1 andf2 = 1/27r72.
Thus these four parameters would be described by two characteristic values of the
particular three-state scheme. These eigenvaluea are functions of the transition rates
which relate the three states to one another, and the general properties of the responses
described by them hold although one observes directly only the population of one
state, the open channel. A similar description could be made if the responses were
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END-PLATE CHANNEL KINETICS 165
due to four or more distinct states of the receptor but then the number of response
components would be greater.
Of the slow fibre spectra 60% did not have a single Lorentzian line shape; these

spectra could be adequately fitted by the sum of two Lorentzian components
(Fig. 1). In all cases the two components had corner frequencies which were not
widely separated (typical frequency ratio of 4-6), so that their sum was not a curve
with two readily distinguished bumps. Instead, the transition region between flat
low frequency and I/f2 high-frequency behaviours was broadened compared to the
Lorentzian shape.
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Fig. 2. The general class of three-state kinetic schemes containing both open (0) and
closed (C) states. Models from this class were tested for their ability to account for the
slow synaptic responses.

Although it is clear that the data require a kinetic model with more than two
states for its description, and also that three states are sufficient within the present
degree of measurement accuracy, additional states might exist whose effects on the
responses were not detected. Models with kinetically undetectable states were
formally (if not in fact) excluded from consideration by limiting the analysis to
kinetic schemes with three kinetically apparent or distinguishable states. Further-
more, at least one state had to represent an open channel and one a closed channel.
Within the class so defined there are six general members (Fig. 2). These six models
may be divided into three two-member groups according to the number of free
variables in each model. The sequential models with two closed states (Fig. 2a, b)



contain the minimum number of variables: subclass I. In contrast, the sequential
models with two open states have one additional variable, the relative conductance
of the open states: subclass II. The cyclic models have one (e) or two (f) additional
variables: subclass III.

In the section on Specific Kinetic Models which follows, both subclass I models
will be tested. Each will be presented in the guise of a mechanism which might
conceivably account for the responses. Thus Fig. 2 scheme (a) is the KM model
(Colquhoun & Hawkes (1977) terminology) of del Castillo & Katz (1957) which
allows the channel to flutter between open and closed states when the receptor is
occupied, and scheme (b) is the Blocking model in which the open channel may be
transiently blocked. Two special examples of scheme (c) will be tested. First is the
Two-Agonist Molecule model invoked by Dionne et al. (1978) to account for their
dose-response work. This model allows channels to open with either one or two
bound agonist molecules. Secondly is a model in which there are two adjacent but
physically separate populations of cholinergic receptors with different mean life-
times, synaptic and extrasynaptic channels. Two other mechanisms which were not
supported by the data were considered by Dionne & Parsons (1981) when character-
izing the slow fibre synaptic response; these were (i) separate populations of Na-
selective and K-selective end-plate channels and (ii) separate populations of synaptic
and extrasynaptic channels. Both mechanisms may be described by special examples
of kinetic scheme (c) and a variation of (i) by a special example of kinetic scheme (d),
but they are defined in such a way that they may be tested on the basis of properties
essentially independent of the specific kinetic model (Dionne, 1979). The cyclic
models in subclass III were not tested because their extra free variables could not be
constrained by the data. Accurate evaluation of any particular transition rate or
state lifetime would not be possible with the additional one or two variables these
models offered.

In order to test the accuracy of the models, their quantitative predictions were
compared with measured responses. These predictions were made with the assump-
tion of low ACh concentration relative to its equilibrium dissociation constant for
the receptor. This assumption appears valid because under identical conditions
the total noise variance was found proportional to mean end-plate current at constant
voltage (Dionne & Parsons, 1981), a linear dependence that should hold only at low
concentration.
The mathematical derivation of the expressions appearing below was resonably

straightforward. (1) The impulse responses (m.e.p.c.s) were computed by convolving
a delta function representing the time course of agonist concentration with the
differential equations relating the states of a given kinetic model. Thus, one can
write

[Agonist] = c(t) = cp8(0),

where cp is the peak agonist concentration, and the delta function is nonzero only at
t = 0 where it assumes a value of unity. Although this description is conceptually
easy to understand, it does not produce a solution with the correct units. The problem
is that we need to deal with the amount of agonist released (per unit volume) rather
than its concentration. However, the concept of the peak concentration is important
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because some of the arguments assume concentration is small compared to the
equilibrium dissociation constant for agonist binding. In order to correct the units
and to preserve the identity of the peak agonist concentration, it is useful to describe
the amount of agonist released by the impulse as

A = cpe (units: M sec)

where e is a vanishingly small time. A further complication for the units of A will
appear when the blocking and KM kinetic models are considered. In these models
the binding of a unspecified number of agonist molecules to the receptor is represented
by a single transition. In these cases A has the units M' sec. An alternative account-
ing of A can be obtained if one assumes a specified but brief time course for cleft
agonist concentration; A is then the integral of the concentration-time relation.
This description of A will be useful in the discussion section where the effect of local
saturation of slow fibre receptors is considered. (2) The voltage-step responses were
predicted by solving the same set of differential equations obtained for the impulse
responses, except that concentration was now constant while the voltage-step
caused a new value of the transition rates to apply. (3) The temporal behaviour of
end-plate current fluctuations could be predicted by computing the correlation
function and Fourier transforming it to obtain the spectral density as a function of
frequency (Colquhoun & Hawkes, 1977).

Experimental tests among specific kinetic models
There are two fundamentally different ways to model the slow fibre synaptic

responses which have been described. First, there might be two types of receptors;
several of the models treated here and in Dionne & Parsons (1981) are of this type.
Alternatively, all the receptors may be of one type, behaving according to a compli-
cated kinetic scheme. Models of this type also appear herein. The first three sections
below describe experimental tests which argue that the slow fibre responses do not
arise from either extrasynaptic receptors, channels which open when one or two
agonist molecules bind, or a blocking mechanism. The fourth section describes the
KM model and shows that it does predict the measured responses.

Extrasynaptic receptors do not account for the observations. It was indicated above
that the results might be expected from a mechanism which postulates two physically
separate populations of receptors, junctional and extrajunctional. Only the junctional
receptors would detect nerve released ACh, so only they could respond during the
m.e.p.c., while both junctional and extrajunctional populations would be exposed
to ionophoretically released ACh. This could produce the two-component spectra
observed if the extrajunctional population had a slightly shorter mean open channel
lifetime than the junctional receptors. Receptors in both populations need only obey
the simple two-state kinetics of twitch fibre receptors. Dionne & Parsons (1981)
tested this model in part; they looked at regions of the muscle far from the end-plate
to see if a detectable population of extrasynaptic receptors existed there. None were
found. However, that does not preclude the existence of a population of extra-
junctional receptors restricted to the immediate vicinity of the end-plate. This
mechanism was tested with voltage step experiments.
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The synaptic responses for the extrasynaptic mechanism are predicted by kinetic
scheme (1).

nA + Rj _ q- (A,R = AnRj*
I (AOIR(Vi

.-, (1)

I nA+Re s (ARe) AnRe
I ~~KD. Ciet

Closed states Open states

Here the junctional (j) and extrajunctional (e) receptor populations remain indepen-
dent of one another. However, the binding of n agonist molecules A to the receptors
R to produce the intermediate closed states (A.R) was assumed to be at equilibrium
on the time scale of opening and closing the channels. Within each population of
receptors the closed states then become kinetically indistinguishable and the model
is reduced to a pair of independent two-state schemes. Under the conditions of the
experiment these schemes behave formally like a single three-state model with a

common set of closed states.
For this scheme the induced e.p.c. following a voltage-step at time zero will decay

according to the following equation.

IE(t) = (V - Vr) [(9gj + Agqe-a't) + (geX + Aee-xet)]. (2)

The conductance increments are

e = 9°,.-H e = G(cNj e) ,, e ke 1Aqjeg~eqj~e = U(Q J,e)[Dk'e Le2 Dj,eJ
where 0 identifies the pre-step membrane voltage and oc the post-step voltage.
Both the initial and final conductance terms 9° e, 9i e are functions of the ACh
concentration c, the number of available receptors Nj e' and the transition rates for
the respective populations at the appropriate membrane voltage. The observed
transition rates equal the rates of closure of the junctional and extrajunctional
channels. Before this e.p.c. time course may be qualitatively described, one must
know whether the conductance increments induced by the voltage step add to or
subtract from the pre-step conductance values.
According to scheme (1) membrane voltage presumably affects the amplitudes of

the observed transitions largely through the rates aje, while flj e and KDJ e exhibit
little or no voltage sensitivity (Magleby & Stevens, 1972a, b; Gage & McBurney,
1975; Dionne & Stevens, 1975; Sheridan & Lester, 1977). To the extent that the
hypothesized extrajunctional receptors share this property with the junctional
receptors (Neher & Sakmann, 1976; Gage & Hammill, 1980), we can write

KDJ, e [ J,e J, e

because the pre- and post-step voltages should not alter ,/, e or KDJ, e. Thus, the volt-
age step will cause the magnitude of the channel closing rates to change, and, most
importantly, the direction of this change will determine the sign of the induced
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change in mean conductance. For example, if a > oe then Ahgje > 0, indicating
that gi, e > gie; that is, the mean conductance of each population would decrease
with the voltage step. However, if the voltage dependencies of the junctional and
extrajunctional observed rates were opposite, then one conductance would increment
while the other was decremented by the voltage step.
The voltage dependencies of the fitted fast (Ar,) and slow (Ar,) spectral components

were estimated from data on six different slow muscle fibres to determine whether
Agj and Age in eqn. (2) were incremental or decremental changes. These coefficients
appear in Table 2 and this data is discussed in more detail later. In every case both
fast and slow fitted spectral corner frequencies increased with depolarization; the
average slow component changed e-fold in 106 mV, the average fast component in
149 mV. These values indicate that a depolarizing voltage-step experiment, as
conducted here, should cause both Ag components to decrement. Thus eqn. (2)
describes a time course where the e.p.c. relaxes as the sum of two exponential com-
ponents from an initial value I(0) to a final value I(oo). The two components are
independent with negative amplitudes, so that the current should exhibit a rapid
decay from an initial peak followed by a later, slower declining phase. One test for the
adequacy of the model is whether or not such a time course is observed.
The response from a voltage-step experiment is shown in Fig. 1C. Note that

qualitatively the response time course is not described by eqn. (2). If it were, the
current values just after the voltage-step would have been more negative than the
fitted single exponential line, not less negative. Although the illustrated deviation
of the data from a single exponential is small, it is not artefactual for it was not
observed in twitch fibres or slow fibres with a dominant single spectral component
and is in the wrong direction to be accounted for by an extrajunctional population
of cholinergic channels. The second theoretical line in Fig. 1 C was predicted by the
KM kinetic model (below); not all three-state schemes give the wrong time course
for the voltage-step response.
The voltage-step result illustrated in Fig. 1 C was typical of the slow fibres studied.

Seventeen cells with two-component spectra were carefully examined by this method.
In no case were the voltage-step response time course deviations from a single ex-
ponential in the manner expected from eqn. (2). In all seventeen cells any systematic
deviation from exponentiality was in the opposite direction.
The relation between theory and experiment illustrated here is evidence that al-

though two components are present in both the noise and step responses of most slow
fibres, they are not produced by separate populations of junctional and extrajunc-
tional receptors.
The Two-Agonist Molecule model does not work. Kinetic scheme (3) describes the

binding of two molecules of agonist each with its own equilibrium dissociation
constant (K1 = klo/kol; K2 =k2l/klO)

r--.-
I K, K2
2A+R A+ (AR) (A2R) Closed states

La 012 02 (3)
AR* A2R* Open states
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This scheme has been used to account for dose-response results from frog twitch
fibres in which the low concentration Hill slope was between one and two (Dionne
et al. 1978). Although expressed differently, it was originally treated by Karlin
(1967) and later Thron (1973) and Colquhoun (1973). According to scheme (3) either
or both agonist binding sites may induce the transition to the open channel state
following occupation by agonist. Most commonly, both binding sites would be
occupied before the channel opened, but the possibility of a channel opening with
only one site occupied is not zero. Rather, using carbachol, this latter probability
was estimated at 1 % of that for opening produced by two bound agonist molecules
(Dionne et al. 1978). In applying the Two-Agonist Molecule scheme to slow fibre
synaptic responses, it was assumed that the A2R* state was the dominant open
channel species. The conclusion established below that this model cannot describe
the data is independent of this assumption.
The five-state TAM model (3) was truncated to a three-state scheme by assuming

the agonist binding and unbinding transition rates were rapid compared to the open-
close transition rates. This assumption makes all the closed states in the dashed box
kinetically indistinguishable. The two open channel states are produced by transitions
out of this set of closed states, these transitions representing conformational changes
of the channel proteins.
With this assumption the model predicts an impulse response decay time course

(m.e.p.c.) having two exponential components.

ITAM(t) = [q1(0)e-Ot+ 92(0)e a] (Vr-1) (4)

where the exponential decay rates are the individual channel closure rates and V1 is
the reversal potential. It is important to note that this decay time course is accurate
only during the decay phase when free agonist concentration is zero. Several time
dependent terms decaying as exp(-k2,t) and exp(- klot) have been omitted because
the assumption of rapid binding means these terms should be rapidly decaying and
not resolved on the time scale determined by all and a2. Consequently, the peak
conductances g1(O) and 92(0) are values appropriate to back-extrapolation of the
decay time course and may not be accurate predictions of the t = 0 conductances.

91(0) = Nylfl1A (1+ k12A), 92(0) - Ny22A2_2k1K1 R1K2

Here N is the total number of channels, A is the amount of agonist released by the
impulse (M-sec), and yj is the single channel conductance appropriate for the sub-
script. Experimentally only the a2 component was observed in the m.e.p.c. Effectively
this means that the ratio g1(0)/92(0) must be much less than unity. Although this
description is consistent with the data, the predicted ratio of these peak conductances
contains variables which could not be independently evaluated, so that this expression
could not be fitted to the data to test the model. The temporal properties of two
other types of synaptic response, end-plate current fluctuations and voltage-step,
can also be predicted from the TAM model, and both of these can be tested experi-
mentally.
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The TAM expression for the spectral density as a function of frequency f is given

by SIM + 2(0)

STAMUA 2fz+ (7f2 (5)

where the coefficients SI(O) are

SJ(O) = 2Nflly22(V-Vr)2C (6)

2Nfl2y2 (V -Vr)
S2(0) = K 2()2C2 (7)

The agonist concentration c was assumed both low and uniform. The assumption of
uniformity is not necessary to the experimental test but simplifies the expressions.
With regard to this spectral description, the TAM scheme could be tested by deter-
mining whether the two spectral component zero frequency amplitudes were shifted
with agonist concentration as predicted. According to expressions (6) and (7),
St(0) oc c while S2(0) cc c2. Thus the spectral frequency amplitude ratio 82(0)1S1(0) oc
c. If two spectra were recorded, one at just twice the agonist concentration of the
other, one would expect that S1(0) would change by 2 times and S2(0) by 4 times so
that the observed change in the ratio would be 2 times.
For the test experiments it was unnecessary to determine the actual cleft con-

centration of ACh. Rather, since the scheme limits the dose-response Hill slope to
between 1 and 2, it requires that mean end-plate current ,t appear to be proportional
to concentration to some power 1 < n < 2. That is, for low concentrations

,u = KCn,

where K is a constant of proportionality. Kuffler & Yoshikami (1975) measured an
n value of 1-8 at garter snake twitch fibre neuromuscular junctions. For the pur-
poses here c oc ,1/' and the spectral ratio amplitude is given by

1? 8(0) cc ,t1@

Thus the expression for predicting the spectral ratio R2 of a second set of data from a
measurement of R, made on a first set is

R2 = R1 (#2/#,)'. (8)
Qualitatively then scheme (3) predicts that as the mean e.p.c. is increased by raising
[ACh], the A2R* open channel state should become progressively dominant over the
AR* open channel state. Thus, with increasing ,u one should observe a larger spectral
ratio. In eight experiments the maximum ,u was varied over a range of 2-7 times the
minimum, so that depending on the actual n applied here, concentration changes
between 2- to 7-fold and 1-4- to 2-7-fold were presumably achieved. The data from
the seven cells on which these experiments were performed appear in Table 1. The
general trend of the fitted spectral ratio was to remain unchanged with increasing ,u,
not to reliably increase as predicted by the TAM model. The expected spectral ratio
ranges based on eqn. (8) are tabulated for comparison. These data are also plotted
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in Fig. 3; first, the range of the ratio predicted by the TAM model was plotted as
vertical bars against the fitted ratios. The dashed line in Fig. 3 is the expected locus
of points if the model were an accurate representation of the data. It is not. Secondly,
the predicted ratios from the general Blocking and KM models (both discussed below)
were plotted as points against the fitted ratios in Fig. 3. Both models predict the
same values for the spectral amplitude ratio and provide a reasonably accurate
description of the data in this test.

TABLE 1. Spectral amplitude ratio V8. mean end-plate current

Fitted corner
frequencies (Hz) Spectral

Vmembr&Oe Mean end-plate ratio
(mV) Current ps (nA) Slow Fast fitted

21 100 10.6
5.9

16 64 11 0
11-1

22 80 3-8
4.7

26 81 4-7
6-7

27 132 26*6
30-0
19-9

21 80 10*4
5-7
3*0

34 135 4.7
2-0
2*8

21 85 11-4
10.0
10-0
5.4

S2(0)/SL(O)
expected range

14*8-20-7

17*4-27-6

6 2-10*0

7*8-12-9

41 4-64-3
54 0-110 0

18*0-31-2
27*7-73-8

6-6-9-4
11*3-26-9

15*4-20-7
18-3-29-4
27-7-67-5

The tabulated data from seven slow fibres (eight voltages) from which spectra were recorded
at two or more values of mean e.p.c., #u. The Two-Agonist Molecule model predicts that as ,u
increases the relative contribution of the AR* state to the noise current should increase. Thus,
one expects the spectral ratio to increase as a predictable function of cleft agonist concentration.
Although cleft [ACh] was not measured for technical reasons, the model predicts an allowed
range for the spectral ratio which depends on the change in iU. Both the fitted and predicted
spectral ratios are tabulated here. The predicted spectral ratio ranges are given for each experi-
ment based upon the fitted ratio for the lowest e.p.c. value. The fitted fast and slow character-
istic frequencies of the spectral components are also listed; these values did not depend on

[ACh], although they were voltage dependent.

Finally, the shape of the voltage-step response (Fig. 1 C) provides an independent
test which supports a conclusion that the TAM model is inaccurate. The TAM
model predicts a step response time course which decays from a zero-time value as

the sum of two exponential components, a fast decay with rate a, and a slow decay

Cell

19 Dec77.4S -80

-100

30 Jan78.2s

30 Jan78.3S

30 Jan78.4S

11 Apr78.7S

26 May78.4S

14 June78.1S

-70

-85

-70

-70

-61

-80

-39-2
-76-7
- 40 5
- 101-5
-8@5
-22-3

-20-6
- 9-6
- 23*2
- 39.7
- 3-0
- 9*0
- 21*3
- 3 0
-6*0
- 17-2
- 3-8
-6-9
- 9-8
- 22-5
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with rate a2. Qualitatively the predicted response is similar to that described for
the extrajunctional model, so that the TAM model is then just as poor in its prediction
of this response. That is, the faster component deviates from the slower component
in the direction opposite to that predicted. Thus, both the dependence of the spectral
components on concentration and the voltage-step response time course argue that
the TAM model cannot describe the ACh-operated channel mechanism in slow
fibres.

1001

5011 I
_/-~~~
/0 'I0

-o~~~~

2 _ /

2 5 10 20 50
loglo [fitted ratio]

Fig. 3. The dependence of spectral amplitude ratio upon mean end-plate current. The
data in Table I provided one test of the Two-Agonist Molecule model by plotting the
predicted amplitude ratio against the fitted ratio using expression (8). The ranges of
predicted values appear as vertical bars; in all cases the predicted range was greater
than that fitted (dashed line). For comparison, the predicted ratio values according to
either the Blocking or KM models were plotted as dots. These two models predict the
same result for this test. The Blocking/KM predictions were always less than the
Two-Agonist Molecule predicted range and were distributed along the dashed line of
expected values.

The Blockinsg model does not work. Kinetic scheme (9) describes the binding of an
undefined number n of agonist molecules to the receptor to form an intermediate
closed state (AnR). This intermediate can make the transition to open channel
AnR*, and only the open channel can be blocked to produce the non-conducting
state AnRO
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I ~~KD
nA + R D (A R) I -R* (Open state)

In
(Closed states) b2, b, (9)

AnR0 (Blocked state)

This four-state model was reduced to three states by assuming again that binding
rates were rapid relative to the conformational changes represented by the open-
close transitions. Thus the model consists of a pool of kinetically indistinguishable
closed states (the dashed box), the open channel state and the blocked channel state.
The model gives an impulse response

IB(t) = [91(O) e-rit+92(0) e-rt] (V-Vr) (10)
and noise spectrum

SBYf - Si(O)
2 S(O) 2'j

1+ (2f) + (ff)(1

The parameters in these expressions are related as follows.
Spectral corner frequencies oi = 27Tfi, i = 1,2

)1,2 = 1/2{b1+ b2 + a(c+ 1)±[(b1 + b2 + a(c + 1))2-4acb2d]}.
Impulse decay rates ri = w, (c = 0)
Amplitudes

(0) flAN (b2-rr,
i()-KD \r2-r11

flAN (r2_b2'
-KD ~r-r1!

S (0) = 4Ny2(V-Vr)2(V cb2 (ctc/b2-1)1-/b2)
(1- /G2

S2(O) =-4NY2(V-Vr)2 (d2 cb2 ) (/ 1-) (02/b2)
Coefficients

A = amount of agonist released at impulse (units: Mn sec),

fl[A]nc- (K + [A]f)' [A] assumed uniform,

d = 1+ c(1 + bl/b2).
Inspection of the expressions for ri, the apparent decay rates at zero [ACh],

reveals that r, is always the faster rate and r2 always the slower. As indicated above,
the Blocking model predicts that the zero frequency amplitudes of the two spectral
components S1(0) depend identically on concentration so that a shift in mean e.p.c.
will produce no change in spectral shape. Thus the Blocking model performs satis-
factorily in this test which ruled against the TAM model. Furthermore, depending
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upon the charge properties of the (endogenous?) Blocking molecule, the time course
of the voltage-step response can be made to mimic that shown in Fig. 1 C (Adams &
Sakmann, 1978a). However, another test can be formulated for this model which it
fails.
At low agonist concentrations the model provides a relation between the ratio of

the m.e.p.c. component amplitudes and the spectral amplitudes. The m.e.p.c.
amplitude ratio gL(O)/g2(O) can then be predicted from the zero frequency amplitudes
SI(O) and corner frequencies1 of the spectrum. If the Blocking model is to be success-
ful it must predict a small amplitude for the higher frequency impulse component
gl(O) because only the lower frequency component was observed. The following
expression relates the normalized high frequency impulse amplitude to the spectra
at low concentration.

MO() _AH S1(0).(12
92(O) f2S2(O) (12)

To test this dependence 59 paired m.e.p.c. averages and spectra from thirty-five
cells were analysed. On the basis of eqn. (12) the spectral data predicted a range for
the m.e.p.c. amplitude ratio of 014 g<1(O)/92(O) < 2-94 with a mean value of
0-52+0O48 (59). The maximum acceptable values for the amplitude ratio were
determined separately by superimposing on each of the mean m.e.p.c.s a two-
component computer-generated 'm.e.p.c.' with the rates derived from the spectrum
and an adjustable amplitude ratio. The maximum relative value for the higher
frequency component was defined as that which produced no apparent distortion
from the declining phase of the m.e.p.c. within the noise envelope of the data
record. The range for the maximum amplitude ratio defined in this manner was
o < 91 (O)/92 (0) < 121 with a mean of 0*20 + 0*22 (59). The maximum fitted m.e.p.c.
amplitude ratio for each cell was plotted against the predicted component ratio in
Fig. 4. The line at 450 represents the expected curve if the data and theory agreed;
they do not. The data in this figure has been further subdivided according to the
spectral component ratio. Those cells in which the amplitude of the higher frequency
spectral component was greater than 10% of the lower frequency amplitude were
plotted as filled circles (@) and the others as open circles (0). Miniature e.p.c.s from
cells having a dominant two-component spectral character have a larger predicted
m.e.p.c. amplitude ratio but do not have a correspondingly large fitted amplitude
ratio. One must conclude that the Blocking model cannot account for the two-
component character of the slow fibre synaptic response.
This method of testing the Blocking model used observed rates estimated from the

spectra to predict the expected ratio of the m.e.p.c. amplitude components. As
pointed out above, the spectral rates were evaluated under conditions of low ACh
concentration; however, it is plausible that the m.e.p.c. peak amplitude occurred
when the local ACh concentration was quite large (Kuffler & Yoshikami, 1975).
Thus, the low concentration rates might not be appropriate to predict the m.e.p.c.
amplitude ratio. Yet it would appear that expression (12) gives a lower bound for
the amplitude ratio; as agonist concentration is increased, and possibly prolonged
for a few tens of microseconds both apparent rates should increase. The faster com-
ponent of the m.e.p.c. should decay more rapidly from a relatively larger peak.
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Thus, while the test as outlined may not be accurate, it does provide a useful limit.
Discrepancies which could arise associated with agonist concentration would appear
to exaggerate the predicted m.e.p.c. amplitude ratio in a manner to make it more
difficult for the data to be accurately described by the Blocking theory.
An important variation of the Blocking model occurs when the agonist itself

becomes the blocking agent. For example, decamethonium appears to both activate
the ACh-operated channel and block it (Adams & Sakmann, 1978a). If ACh func-
tioned in a similar manner at the snake slow muscle neuromuscular junction, one

0 X

co
, 10 10203

E

0.~~~~~~

0

0 1.0 2-0 3.0
Predicted m.e.p.c. amplitude ratio

Fig. 4. Predicted m.e.p.c. amplitude ratio from the Blocking model. Averages of twenty
or fewer m.e.p.c.s were compared with a two-component computer-generated theory to
estimate the maximum relative amplitude of the predicted rapidly decaying initial
component, according to the Blocking model. Approximately 8% of the mean m.e.p.c.s
displayed decay phases which were clearly not a single exponential component (see the
Discussion of the KM model). In this sample, 15% of the events appeared to have two
components; they plotted above the dashed line, having fitted ratios > 03. Eqn. (12)
was used to predict the m.e.p.c. component amplitude ratio for each average, and the
fitted values were plotted against the predicted values. Ifthe Blocking theory accurately
described the results, one would expect the data points to be distributed along the
continuous line with a slope of 1. However, the theory was not an accurate reflexion of
the data. The data points have been further subdivided: 0 =higher frequency
spectral component amplitude < 10% of the lower frequency component, amplitude;
* > 10%. Dominance in the spectra of two components did not correlate well
with the presence of two m.e.p.c. decay components.

could predict qualitatively the synaptic responses observed. Furthermore, this
model might not be ruled out by the test described above, because the blocking
substrate would be present only briefly during the m.e.p.c. However, systematic
changes of m.e.p.c. amplitude and both the spectral ratio and the fitted characteristic
frequencies would be expected from this mechanism as would changes in the voltage-
step response. These predicted changes depend upon agonist concentration (Adams
& Sakmann, 1978a). First, no depression of m.e.p.c. peak amplitude or alteration of
m.e.p.c. time course was noticed when m.e.p.c.s were recorded during ionophoretic
application of ACh. Secondly, if the forward blocking rate b, = b[ACh], then the

176 V. E. DIONNE



END-PLATE CHANNEL KINETICS

o~ oN

00to o+

00o O

o <

O
0010 000

o mo _ i0

ooXO r- aoq

O O °.0 . °

> O~~~e O °M 0
1oO 04

m~ 00 N r-

o oQo o o o O ^._~~~~Q4

-e

0~~~~~~~~~~C

;~~~~1 t- oo 10 Q +

° O O O O ° °
E ~ ~~ C)OCO O C) O °.O

0~~~~~~~

0 >*

4

~~00 00 o +
Q O O~~C O C) ° Oo

v F s e 14 r O O +1 XD t°~~~~~~;4+

-e O O O O - or
OO O,b* >eee Q

O C OO-00 0 o

s ooo8
Ieq l

o~ ~ ~ ~~ o Xz

Q t °>~~~~~"
o,o zv ,s*:

z

177



equations describing the spectral response predict that increasing [ACh] should
result in increasing the faster observed frequency rl while decreasing both the slower
observed frequency r2 and the spectral ratio S2(0)/S1(O). Experimentally, however,
the observed frequencies appeared to be independent of [ACh] (see Table 1) while
the spectral ratio displayed no reliable concentration dependence. Although un-
certainties in the data may have obscured the predicted concentration dependencies,
this data does not support the self-block mechanism.
The KM model works. Kinetic scheme (13) describes the binding of an unspecified

number of agonist molecules to a channel-receptor to produce the closed intermediate
state (AnR). This intermediate may undergo a reversible conformational transition
to create the open channel state AnR*.

ki fi
nA +R '(AnR) A nR*. (13)

k2

The KM scheme contains three states, and no assumptions on the relative magnitudes
of the rates are required to truncate it. However, the physical meaning of the binding
and unbinding transitions is obscured by the possibility that n may not be unity and
may even be non-integral. The model predicts a two-component impulse response:

IKMi(t) = IKM[e2l e 1r] (14)
a two-component noise spectrum:

SKV() S= (°) + S2(O) (15)

and a two-component voltage-step response:

IKMJ(t) = I(oo)+ PO) ( ) [&2e-wit-1e-wt]. (16)

The parameters appearing in these equations are related to the transition rates as
follows.

Step decay rates and spectral corner frequencies:

oh= 27Tfi, i = 1,2

(O1,2 = 1{a+f+12+ kCnk±+I[(acfi+ k2+ cnk,)2-4ak2d]} (17)
Impulse decay rates:

ri = (Ol
c=0

Amplitudes:
I = IkflANy(V- Vr)
'KM (r1-r2)

4Nc fi2k1( V-Vr)2 (a-02)
SI(0) =-k2ad2jl (&jl - O2) (1 -klcn/O2)
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) - kd(-4Ncfly2kl(V - )2 (a- w)
SO k2 ad2(02(Wl l-C )2 (1- kLCn/&j1))

IWj) =kcn(cz +fl ) +
- (j = 0 before step, co after).

Coefficients:

A = 'amount' of agonist released at impulse (units Mn-sec).

c = [ACh],

C~nk,(Lx+f) 1

k2at
The KM kinetic scheme yields a predicted m.e.p.c. that decays as a single exponen-

tial function of time (Fig. 5A). In the notation of eqn. (14) it has the decay rate r2.
The additional component with rate r, largely accounts for the rising phase and the
time-to-peak of the m.e.p.c. The two components have identical amplitudes with
opposite signs so that at t = 0 the m.e.p.c. amplitude is zero. These are just the
properties of the common slow fibre m.e.p.c.s (Dionne & Parsons, 1981). According
to eqn. (14) the peak current will be measurably delayed after the concentration
impulse at time zero. Estimates of time-to-peak can be obtained from the data and
compared with the theory; they will be discussed below.
The KM kinetic scheme predicts two-component spectra in contrast to the single-

component m.e.p.c. decay (Fig. 5B). The relative amplitudes of the spectral com-
ponents are (slow/fast)

S2(0) w1(wl- a) (1- k1C"/(02)
SI(M) w2(01- klcn/(O) (a-(w2)

At low concentrations (c << k2/kl) this reduces to

S2(0) rl(r -a), (1
SI(M) r2(az-r2) (18)

which is independent of agonist concentration. Thus different concentrations of
agonist will not cause the spectral shape to change although the mean current and the
total current variance will be altered because different numbers of channels will be
opened. This preduction is in accordance with the data (see Table 1) and is one point
on which the TAM model failed.

Finally, the KM-predicted voltage-step response time course exhibits two ex-
ponential components (eqn. (16), Fig. 5 C). At longer times after the step the re-
sponse is essentially a single exponential decay with rate r2, the same rate as the
m.e.p.c. decay phase. Shortly after the step, however, the currents are described
by the sum of two rates whose combined amplitude is smaller than that of the r2
component alone. Thus, the voltage-step response should appear as an exponential
decay with a rounded peak near t = 0. An example of a slow fibre voltage-step
response appears in Fig. 1 C. The rates for the fitted KM time course superimposed
on this data were obtained separately from analysis of m.e.p.c.s and noise recorded
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at the same voltage from this cell. Thus, the shape of the time course is accurately
predicted by the KM kinetic model. No other kinetic model considered here success-

fully described the voltage-step response.

DISCUSSION

The KM scheme has been identified as the only three-state kinetic model from
among those tested which accurately describes the slow fibre synaptic responses.

The data allows three of the four kinetic rates in that model to be evaluated in the
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C

. ~+ + + +
To 10 20

Time (msec)

Fig. 5. Predictions of the observed responses according to the KM kinetic scheme.
The theoretical responses illustrated here were generated by the KM kinetic model
using the following rates: a = 350 sec-', f = 200 sec-, k2 = 600 sec-. These transi-
tion rates yield two observable rates using eqn. (17) at low (zero) [ACh]: r1 = 922 sec'
and r2 = 228 sec-. Compare this figure with Fig. 1. A, the m.e.p.c. time course is
shown superimposed at longer times with the single exponential component of rate r2.
Estimation of the m.e.p.c. decay rate by the methods herein would give r2 only. The
nonsaturating [ACh] pulse used to stimulate the m.e.p.c. is shown above it. Time base:
100 ptsec/pt; 25-5 msec total. B, the two observable rates are equivalent to Lorentzian
corner frequencies of 36 and 147 Hz. These individual components (dotted) and their
sum have been plotted with a relative amplitude of five to illustrate that the theory
generates spectra like those observed in slow fibres. C the predicted voltage-step relax-
ation is S-shaped; it deviates from a single exponential (rate r2, dotted) for several
msec following the step at To, then becomes indistinguishable from the exponential
component. Time base: 100 #tsec/pt; 5 msec/cursor.

low concentration limit and in terms of them the lifetimes of the two transient states,
(AnR) and AUR*, may be given. In addition, the expression for m.e.p.c. time course
(eqn. (14)) can be used to evaluate the time-to-peak of the m.e.p.c. These topics
will be handled in the two sections below.

Evaluation of the transition rates and state lifetimes. For a given set of experimental
conditions the fitted values for fl,2 and S1,2(0), obtained from both m.e.p.c.s and
noise, can be used to estimate the channel closing and opening rates az and fi, and the
agonist unbinding rate k2; the lifetimes of the open channel state r1 and the closed
intermediate state r2 can be expressed in terms of them. From the equations de-
scribing the KM model (13) the following expressions may be derived.

a = 27r [2 +f2(S2(0)/S1(O))]L =2 1+2(2)/l))
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k2 8 4V2filf2/DO
f = 21T(f1+f2) - x-k2,

Ti = a'

2

Of the > 100 slow cells studied, both m.e.p.c.s and noise were recorded at three or
more voltages from only six cells. Another eleven cells yielded data at two voltages.
The derived rates and lifetimes for one cell studied at five voltages were plotted in
Fig. 6A. These data have been displayed semilogarithmically and fitted with the
expression pi = p1 exp (-Ai V), where pi are the individual rates or lifetimes and
At the coefficients of voltage dependence. These coefficients have been tabulated
(Table 2) for the six cells with three or more voltage values. The combined data from
the fifteen cells studied at two or more voltages was also pooled into six voltage
bins and the mean values plotted against voltage in Fig. 5B. The voltage-dependent
coefficients derived from this figure were essentially the same as the mean values in
Table 2.
The following general observations on these results can be made:
Conformational change rates. The channel closing rate ax had a nominal value of

several hundred per second; it increased with membrane depolarization, changing
e-fold in about 130 mV. Its magnitude was quite similar to a in twitch fibres although
it was somewhat less voltage-sensitive. The magnitude of az was much greater than
the m.e.p.c. decay rate, illustrating that the decay of this synaptic event was deter-
mined by several kinetic steps, not just channel closure. The opening rate fi had a
typical value of 220 sec-' and showed the least voltage sensitivity of the derived
quantitities. However, a small voltage dependence would not have been well resolved
in the data. This channel opening rate is - 10 times smaller than Adams & Sakmann's
(1978b) estimate from frog twitch fibres. Whether the value is physiologically accept-
able may be determined by the ratio fl/(c + fi) which defines the fraction of channels
open at equilibrium (given receptors with bound agonist). At -80 mV and 14 0C
approximately 42 % of the slow fibre channels should be open. Although this is less
than the 90% estimated in twitch fibres (Adams & Sakmann, 1978b) it would appear
satisfactory, especially as slow fibre channels have a greater probability of opening
more than once (below).

Unbinding rate. The unbinding rate k2 was more rapid than either of the confor-
mational change rates, and like ax it was voltage-dependent. At -75 mV (14 00) it
averaged about 420 sec-1 and increased with depolarization e-fold in about 108 mV.
This voltage change parallels that for the channel closing rate, a. At 0 mV membrane
potential the expected rate would be 1000 sec'. The precise physical interpret-
ation of k2 is not clear. Evidently two molecules of agonist normally bind to the
channel receptor before opening can occur; k2 might then reflect one of several
changes during the unbinding process or it might reflect several individual unbinding
steps overall.
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State lifetime. Both the open channel lifetime rl = 1/az and the closed transition-

state lifetime r2 = 1/(fl+k2) had millisecond values with the open-state lifetime
always exceeding the closed-state value. The open channel lifetime r1 was similar in
magnitude to that described for twitch fibre synaptic channels (Dionne & Parsons,
1981). It increased exponentially with hyperpolarization because it is reciprocally

A B

1*oi 1.0
(A

E

,,2 E .r2
C

0 0
-140 -100 -60 -20 -100 -60 -20

Potential (mV) Potential (MV)

-1 0 E X1 E

0~~~~~~~~~~-

-2-0 -20

Fig. 6. Voltage dependence of the KM model derived rates. The slow fibre data was
fitted with the KM kinetic scheme to estimate the rates a, f6 and k2. Plotted here
as a function of membrane voltage are f and k. and the state lifetimes rT = 1 /at (mean
open channel lifetime) and r2 = 1/(f8+k2) (mean transition state lifetime). The data
from one individual fibre are presented (A) along with the pooled data from seventeen
cells studied at two to five different voltages each (B). Both indicate that the rates
a(= 1/r1) and k2 depend exponentially on voltage, increasing with depolarization,
while ft showed much less voltage dependence. As described in the Methods, the observ-
able rates r, and r. were fitted to constrain the variation of/ within a cell. Although this
fitting procedure would lessen any true voltage dependent change in fi, no reliable in-
dication of such a dependence was detected even before the procedure was adopted.
In contrast the voltage dependencies ofboth a and k, were evident from the first fitting,
and the variation method which controlled ft served to increase the confidence levels
of the least-squares regression lines fitted to that data. The pooled data in B are
plotted as mean ± s.E. of mean. The points from -100 to -30 mV represent eight,
nine, eight, six, five and two values respectively. Data from these cells were used if they
fell within 2 mV of the potentials plotted. These data yielded the following expressions
for the least-squares fits.

x1 = 1P80 exp(-0.0075V) msec; rT = 0-95 exp(-0-0076V) msec; k2 = 1190
exp (0.0093 V) sec-; f = 230 exp (0.0013 V) sec'; a = 550 exp (0.0075 V) sec'.
The comparable expressions for A appear in Table 2, cell IOAUG78.4S.



related to the closing rate a. The transition state lifetime r2 also increased with mem-
brane hyperpolarization, because the unbinding rate k2 was voltage dependent
(although fi was not). Experimentally, both 2 and k2 appeared to depend exponen-
tially on V, but because they are nonlinearly related, this cannot be a perfectly
accurate description. Nevertheless, it held to within experimental accuracy over the
voltage range examined. At -75 mV (14 'C) the average slow fibre channel had an
open lifetime of 3-2 msec and a closed intermediate state lifetime of P-7 msec. Both
values appeared to change e-fold in about 130 mV, so that at 0 mV the estimated
lifetimes would be: open 1 8 msec, closed 1 0 msec.
Thus the kinetic scheme which describes the averaged synaptic responses recorded

from these slow muscle end-plates at 14 0C may be written

ki 220 sec-
nA +RI -(AnR)s AnR*

1000 exp 0-0093V sec' 550 exp 0 0075V sec1

where V is given in millivolts.
Estimation of m.e.p.c. time-to-peak. The time-to-peak of the m.e.p.c.s recorded

in this study ranged between 200-600 #sec. Moreover, it was possible that the rise
times of the fastest events were limited by the clamp, so that this range of times-to-
peak may be biased to longer values. Nevertheless, the following expression derived
by differentiation of eqn. (14) predicted tpeak values about 10 times greater than those
observed:

1 r

r2-r1 r1

If there were no way to correct this estimate, it would provide a strong argument
against either the method of estimation of the observable rates or against the KM
kinetic scheme. However, the observed rates should depend on concentration ac-
cording to eqn. (17) in such a way that as c is increased both observed rates increase.
The effect of this concentration dependence on the risetime is dramatic, so that at
Cn = lOKD (KD = k2/kl) the m.e.p.c. time-to-peak is reduced to a few hundred tsec,
just as observed. This difference is illustrated between Fig. 5A and 7A. Both
figures show simulated m.e.p.c.s derived using the same values for ax, fi and k2. In
Fig. 5A the low agonist concentration limit was used to predict peak - 2 msec,
while in Fig. 7A maximum rACh]n = lOKD and tpeak - 0*5 msec. This value for
the local peak [ACh] following vesicle release does not seem unreasonable (Kuffler &
Yoshikami, 1975; Mathews-Bellinger & Salpeter, 1978). Thus the KM kinetic model
can reproduce the observed m.e.p.c. rise times and times-to-peak with the estimated
transition rates if the peak local [ACh] caused by the release of one vesicle is much
larger than the receptor KD.
The infrequent two-component m.e.p.c.s which were observed can also be accoun-

ted for by a temporarily large [ACh] at the m.e.p.c. peak which, in addition, is
maintained for a brief but non-negligible time. The simulated m.e.p.c. time courses
in Fig. 7 were produced by convolving an exponentially decaying agonist concen-
tration pulse with the differential equations describing the KM model, rather than
by using a delta function. Agonist concentration was assumed to rise almost instantly
to a peak value of lOKD, then to decay in time as exp (-t/-TA). Fig. 7A differs
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from 7B only in the value of TA that was assumed. In 7A [ACh] decayed with a
characteristic time of about 250 /tsec; in Fig. 7B the value was 500 gtsec. In Fig. 7B
with the prolonged [ACh] the m.e.p.c. exhibits a rapidly decaying initial component
which is not present in Fig. 7A. This rapid component occurs during the time of
high [ACh] and tends to follow the loss of cleft ACh under these conditions. As the
cleft [ACh] falls to negligible values the decay rate slows to r2, the rate determined by
channel kinetics. These values of cleft [ACh] decay times compare well with Magleby
& Stevens (1972) driving function decay time of about 300 Itsec estimated for twitch
fibre evoked end-plate currents in frog. The results illustrate significant changes in

A

cot)

1(t)

B

c(t)

1(t)

Fig. 7. M.e.p.c. time course predicted by the KM model. These time courses are theo-
retical descriptions from the KM kinetic scheme in which the [ACh] (plotted as the top
trace in each panel) had a peak value of lOKD. These large concentrations augment
the observed rates which were estimated at zero [ACh]. Because the large concentration
is present only briefly the dominant effect is to shorten the m.e.p.c. rise time (compare
A with Fig. 5A). If the [ACh] outlasts the m.e.p.c. time-to-peak, a temporarily in-
creased decay rate can also be observed as in B. This effect on the decay rate manifests
itself as an event which decays non-exponentially, having a brief rapid decay from its
peak. At larger times after the concentration transient has died away the event decays
exponentially. These simulations used the same transition rates as those in Fig. 5 and
[ACh]pk,, = lOKD. In A the [ACh] decayed with a time constant of approximately
250 /,tsec; in B it was 500 #usec. Time base: 100 /tsec per point.
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the m.e.p.c. itself which depend upon the time course and cleft concentration of
ACh. Although it cannot be demonstrated that these kinds of cleft [ACh] transients
occur in vivo, they are certainly not inconceivable.

If we assume that the KM kinetic model identified here is an accurate description
of the molecular states of the ACh-operated channel in slow fibre end-plates, then
these two pieces of evidence argue that at the peak of the m.e.p.c. [ACh] may be
greater than the KD for its binding to the receptors. This is not to say that the
assumption of low agonist concentration made throughout is violated. First, most
of the m.e.p.c. decay time course occurs when [ACh] is zero, after free ACh is removed
by hydrolysis, diffusion and binding. Secondly, the validity of the low concentration
limit was demonstrated for the fluctuations and voltage-step data. It is only at the
peak of the m.e.p.c. where the ACh concentration appears to be large. Under normal
conditions this large concentration lasts so briefly that the only detectable result is a
shortening of the time-to-peak. If the high concentration condition lasts a few
hundred microseconds the m.e.p.c. can appear to decay in a non-exponential manner.

Single channel conductance. The parsimony of the KM kinetic scheme as applied
to slow fibre responses permits consideration of whether the 20% difference observed
between the mean single channel conductance values in twitch and slow fibres (Dionne
& Parsons, 1981) is real or apparent. The y estimates reported were based upon the
low concentration assumption, cn < KD; as such, they are apparent values. The KM
model yields a specific relation between the true and apparent mean single channel
conductance values which depends upon a, ,f, KD and c:

CO ( fi) +KD
True cn+KD Yapparent, (19)

Although the data indicated that the low concentration limit was indeed applicable,
it is instructive to see what effects concentration and voltage can have on the esti-
mated y values. In Fig. 8 the ratio Ytrue/Yapparent was plotted as a function of
voltage using the mean voltage dependence of the derived rates a and fi from Fig.
6B. While cn = KD seems an unlikely extreme, it is quite plausible that Cn might
attain a value of 0 1 KD. The value Ytrue would then be from 5 to 7 % greater than
the estimate. If Cn were as great as 03 KD, then ytrue would be from 10 to 17 %
greater than Yapparent- Dionne & Parsons (1981) described Yapparent as independent of
voltage, but their data were not accurate enough to resolve differences as small as
these. The most important point then is that Ytrue in slow fibres is quite possibly
several percentage points larger than the mean value of 19X5 pS reported. In contrast,
any difference between true and the estimated value in twitch fibres might be much
smaller. The reason is that while twitch fibre current fluctuations were recorded at
mean e.p.c.s about 2 times larger than those from slow fibres, the area per twitch
fibre end-plate (and hence the number of channels/end-plate) was at least 10 times
greater than that of a slow fibre end-plate. If everything else were the same, this would
indicate that the relative concentration of ACh was lower during noise studies on
twitch fibres. In turn the conductance ratio in twitch fibres would be nearer unity.
Thus the 20% difference between mean apparent single channel conductances in
twitch and slow fibres may not represent a difference between the true values. The
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slow fibre value may be larger than reported, but the twitch fibre value is probably
accurately estimated.

This kinetic description of the data encourages speculation about the molecular
mechanism by which a voltage-dependent unbinding rate might arise. One idea is
that proposed by Ann Woodhull (1973) to account for H+ block of the Na channel.
If the ACh binding site were embedded in the membrane so that the charged sub-
strate must pass through a portion of the membrane electric field before binding, then

14

c =1.0 K

121

c=03 KD*

c=0.1 KD

c=O 1-0

-100 -60 -20
Potential (mV)

Fig. 8. Agonist concentration and membrane voltage can alter the single channel con-
ductance. Plotted here are the predictions of the KM scheme for the ratio Ytrue/
y.,.t using eqn. (19). The regression lines fitted in Fig. 6B were used to estimate
a and fi. Relative concentration values of 0, 0 1, 0 3 and 1.0 times KD were selected to
span the range of experimental conditions. Although c was never determined experi-
mentally, it is most probable that cn < 0 3 KD. Thus, yppt..t would underestimate
Ytrue by several percent, and a small voltage dependence of y.,p.., would go undetected
in the experimental scatter.

the field would affect the apparent binding rate. By assuming an ideal membrane
in which voltage drops linearly with distance, an estimate of the fractional depth
into the membrane for the binding site may be made. For the ACh channel with the
k2( V) given in Fig. 6, the receptor site would appear to reside about a quarter of the
way through the membrane. Although this estimate depends critically on the as-
sumed microscopic environment of the binding site, as well as the precise nature of
the transition described by rate k2, it suggests that the concept of an embedded
binding site is quite plausible.
The descriptive accuracy of the KM model for both twitch and slow fibre ACh-

operated channels is elegant in its simplicity. The essential difference between chan-
nels from the two fibre types appears in the lifetimes of the intermediate closed



states which have bound agonist. For twitch fibre responses the assumption of rapid
binding and unbinding rates relative to the conformation change rates means that
this intermediate state has a negligible lifetime. Functionally then, the fate of a
twitch channel in the intermediate state is almost always to unbind the agonist, not
open. In contrast the slow fibre channel has an intermediate state lifetime which is
appreciable, varying between 1.0 and 1*8 msec with voltage (Fig. 6). Slow fibre
cholinergic channels could flutter between open and closed states once agonist
molecules have bound. Examples of fluttering in normal single channel records have
been reported by Patlak, Sakmann & Neher (1979) and by Nelson & Sachs (1979)
and also by Neher & Steinbach (1978) following local anaesthetic treatment. It is
this fluttering which appears to produce the added high-frequency spectral noise, the
two-component voltage-step response, and the lengthened m.e.p.c. decay time course.
The voltage dependence of the intermediate state lifetime is a direct reflection of the
voltage-dependent unbinding rate k2, since the opening rate f appeared not to depend
on voltage. This voltage-dependent unbinding is also reflected in the probability
(,8l/k2) that the channel will open once it is in the intermediate state. As the membrane
depolarizes the probability of channel opening decreases because the unbinding rate
k2 increases with the voltage causing fl/k2 to decrease. Such a change is consistent
with the apparent physiological role of the slow fibre channels. These channels are
the mechanism by which the membrane is depolarized to produce tension; there is no
conducted action potential. Thus, when the membrane depolarizes the probability of
channels opening decreases. This could aid in both maintenance of the depolarized
state and repolarization of the membrane.
A similar mechanism to that described here for the activation of the slow fibre

ACh-operated receptor/channel complex may operate when synthetic agonists are
used on twitch fibres. Commonly such agonists produce current fluctuations spectra
which cannot be fitted by a single Lorentzian line (Colquhoun et al. 1975) and the
false transmitter acetylmonoethylcholine yields long time course m.e.p.c.s with
disparate rates in addition (Colquhoun et al. 1977). The simplest idea of how a
synthetic agonist might differ from ACh would be that it bound to the receptor with
a different equilibrium constant. If this reflected an increased affinity between
agonist and receptor, it could allow a longer intermediate state lifetime (scheme 13)
and so produce the observed responses.

In this paper I have described how several synaptic responses must be used to-
gether in a carefully synchronized manner to test and select for an accurate model
from among a number of viable kinetic schemes known formally to describe the data.
An interesting point is made, especially by the KM model: a single exponential
decay in a response-does not necessarily demand that there exist a single rate-limiting
step as its determinant. The slow fibre m.e.p.c. decays exponentially although neither
binding nor conformational rates alone control the decay time course. Instead,
these two processes appear to work together to produce a decay time constant which
is greater than either the open channel lifetime or the bound state lifetime. A similar
claim could be made for the twitch fibre m.e.p.c. also, but to what extent binding
and conformational rates each contribute to the measured decay process there
remains unclear.
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