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SUMMARY

1. Acetylcholine produced end-plate current (e.p.c.) noise is shown to be
the results of statistical fluctuations in the ionic conductance of voltage
clamped end-plates of Rana pipiens.

2. These e.p.c. fluctuations are characterized by their e.p.c. spectra
which conform to a relation predicted from a simple model of end-plate
channel gating behaviour.

3. The rate constant of channel closing az is determined from e.p.c.
spectra and is found to depend on membrane potential V according to
the relation a - BeAV (B = 0-17 msec-1 + 0-04 S.E., A = 0-0058 mV-1 +
0-0009 s.E. at 80 C) and to vary with temperature T with a Q10 = 2-77,
at -70 mV. A and B in this expression both vary with T and therefore
produce a membrane potential dependent Q10 for a.

4. Nerve-evoked e.p.c.s and spontaneous miniature e.p.c.s decay ex-
ponentially in time with a rate constant which depends exponentially on
V. The magnitude and voltage dependence of this decay constant is
exactly that found from e.p.c. spectra for the channel closing rate a.

5. The conductance y of a single open end-plate channel has been esti-
mated from e.p.c. spectra and is found not to be detectibly dependent on
membrane potential, temperature and mean end-plate current. y = 0-32 +
0-0045 (s.E.) x 1010 mhos. Some variation in values for y occurs from
muscle to muscle.

6. It is concluded that the relaxation kinetics of open ACh sensitive
ionic channels is the rate limiting step in the decay of synaptic current and
that this channel closing has a single time constant. The relaxation rate is
independent of how it is estimated (ACh produced e.p.c. fluctuations,
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e.p.c., m.e.p.c.), and is consistent with the hypothesis that individual
ionic channels open rapidly to a specific conductance which remains
constant for an exponentially distributed duration.

7. The voltage and temperature dependence of the channel closing rate
constant agree with the predictions of a simple dipole-conformation
change model.

INTRODUCTION

The kinetics of frog end-plate response to acetylcholine (ACh) have
standardly been investigated using evoked and spontaneous release of
transmitter. These studies are complicated, however, by the fact that the
time course of ACh concentration at the post-junctional membrane is
unknown. This uncertainty about cleft ACh concentrations inevitably
makes any mechanistic interpretation of end-plate current difficult.
For many physical systems, inferences about the responses to stimula-

tion may be made from observations on spontaneous fluctuations; such
inferences are possible whenever the relaxation toward equilibrium follows
the same course for spontaneously occurring and externally produced
perturbations (see Kubo, 1957). The discovery by Katz & Miledi (1970,
1971, 1972, 1973) of 'ACh noise' arising from end-plate conductance
fluctuations thus raises the possibility of investigating end-plate channel
kinetic behaviour through the properties of end-plate current (e.p.c.)
fluctuations observed at constant ACh concentrations, thereby circum-
venting some of the difficulties inherent in the use of axonal release of ACh.

In an effort to study post-junctional gating kinetics without the compli-
cations that arise with nerve-evoked transmitter release, we have carried
out a voltage clamp analysis of the end-plate conductance fluctuations
produced by constant ACh concentrations. Since post-junctional mem-
brane potential has been demonstrated to alter the time course of end-
plate currents (Gage & Armstrong, 1968; Kordas, 1969, 1972 a, b; Magleby
& Stevens, 1972a), and has been hypothesized to exert its effect through
the gating mechanism itself (Magleby & Stevens, 1972b), we have been
particularly concerned with using this variable as a tool to investigate
gating behaviour.
Our results are given in two parts. In the first part we demonstrate that

ACh produced e.p.c. fluctuations may indeed be studied with the voltage
clamp technique (Takeuchi & Takeuchi, 1959), and present some properties
of these e.p.c. fluctuations.
We have described e.p.c. fluctuations in terms of their spectra, a charac-

terization which basically indicates the amplitude of each frequency com-
ponent present in the fluctuating current. More specifically, an e.p.c.
spectrum is calculated by decomposing a record of e.p.c. as a function of
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END-PLATE CURRENT FLUCTUATIONS
time into constituent sine and cosine components with Fourier analysis;
the sum of the squared amplitudes of the resulting sine and cosine waves
give the spectral magnitude at the sinusoid frequencies. If the e.p.c.
fluctuations are very rapid, for example, relatively large values of spectral
estimates will occur even into high frequencies, whereas a slowly varying
e.p.c. will have appreciable values for spectral estimates only in the lower
frequency range. Altogether, then, the e.p.c. spectrum gives a profile of
membrane permeability changes in terms of constituent frequency com-
ponents, and is rather like the characterization of an amplifier's per-
formance by its frequency response.

Inferences about end-plate conductance mechanisms can be made from
e.p.c. fluctuations only through some hypothesis about the source of the
e.p.c. fluctuations. In the second part of the Results we have presented a
theory of post-junctional events together with a number of predictions
about e.p.c. spectra based upon this theory, and have compared these
predictions with experimental observations.
The satisfactory agreement we have found between predictions and

observations supports the following conclusions: e.p.c. fluctuations reflect
the probabilistic opening and closing of end-plate channels each with an
open conductance of approximately 2 to 3 x 10-11 mhos. The closing rate
of these channels depends exponentially on membrane potential and is the
same when measured by e.p.c. spectra or from the closing of channels after
axonal release of transmitter quanta. Altogether, ACh produced e.p.c.
fluctuations seem to provide a satisfactory means for studying the kinetics
of post-junctional conductance mechanisms under conditions of constant
ACh concentration.
Some of these results have appeared previously in abstract form (Ander-

son & Stevens, 1972, 1973).

METHODS

The Rana pipiens sartorius nerve-muscle preparation was dissected and maintained
in buffered Ringer solution adjusted to pH 7-20 (composition: 117 mM-Na+, 1-8 mm-
Ca2+, 2-5 mM-K+, 121-1 mM-Cl-, 0-425 mM-H2PO-, 1-58 mM-HPO2-). Experiments
were performed on frogs that had been kept at room temperature under running
cold tap water for 1 day to 3 weeks. Muscles were pre-treated with either glycerol
(Howell & Jenden, 1967) or ethylene glycol (Sevcik & Narahashi, 1972) in order to
disrupt excitation-contraction coupling.
The following procedures were used for hypertonic treatment. Steps (1) and (2)

at room temperature (220 C):
(1) 50 min, 50 ml., 750-800 mm glycerol in buffered Ringer, pH 7-2; or, 50 min,

50 ml., 1000 mm ethylene glycol in buffered Ringer, pH 7-2.
(2) Then 60 min, 250 ml., Gage & Eisenberg Ringer: 117 M-Na+, 2-5 mM-K+,

5 mM-Ca2+, 5 mM-Mg2+, all as chlorides, unbuffered pH 6-8
(3) Finally, experiment, 6 ml., buffered Ringer/pH 7-2, cooled (< 4 hr).
Although glycerol was used in the initial experiments, we came to prefer the
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ethylene glycol method because it seemed to yield high resting potentials
(V = -70 mV v8. -40 mV) and larger input resistances. The high concentrations of
ethylene glycol and glycerol and particularly the higher temperatures (as compared
to those reported in the literature) were critical in producing a muscle whose deep
fibres did not contract during nerve stimulation over the 2-4 hr duration of the
experiments. The high Ca2+, Mg2+ Ringer (Eisenberg et al. 1971) seemed to improve
both input resistance and resting potential; low pH (6 2-6-8) occasionally produced
similar results.

After this treatment the muscle was stretched to its in 8itu length and mounted
on the bottom of a glass and wax frame which fitted into a chamber with a standard
glass microscope slide base. The resulting close approximation of the muscle to the
bottom of the dish provided firm mechanical support and permitted Kohler trans-
illumination. The nerve was stimulated through a suction electrode; stimulating
current was supplied through an electro-optical isolation unit as pulses of 0-05 msec
duration and amplitude adjusted to be supramaximal. Bath temperature was con-
tinuously measured with a thermistor positioned near the end-plate region and
maintained at the selected value (± 0 250 C) by two peltier coolers (CAMBION, Inc.)
supplied from a storage battery.
The preparation was usually maintained at temperatures near 100 C for several

reasons. First, the low spontaneous quantal release rate (Fatt & Katz, 1952) at these
temperatures minimized contributions of miniature end-plate currents to the ACh
induced current fluctuations. Secondly, the cut-off frequency of the ACh current
fluctuation spectrum was shifted at low temperatures to the frequencies at which
extraneous noise arising in the measuring apparatus (see p. 662) was at a minimum
(< 200 Hz).

Surface fibres were impaled with two glass micro-electrodes filled with 2-5 M-KCl
one for passing current, the other for measuring membrane potential; electrode
separation was less than 50 jm. Low impedance voltage recording electrodes
(1-5 M92) were used to reduce the thermal noise contribution in the voltage clamp
records and to improve clamp frequency response. The level of Ringer solution in
the chamber was lowered to near the muscle surface (- 2 mm) to minimize electrode-
bath capacitive coupling, but other precautions in this regards (such as placing a
shield between electrodes) proved to be unnecessary for adequate response over the
frequency range of interest (0 -- 500 Hz). A third micro-electrode, for iontophoresis,
filled with approximately 2X5 M-ACh chloride was positioned extraceLlularly near
the end-plate region.

Because accurate estimation of end-plate conductance with the voltage clamp
techniques require that voltage control over the end-plate be as uniform as possible,
care was taken to obtain optimal electrode placement (Takeuchi & Takeuchi, 1959;
Gage & McBurney, 1972). A successful penetration showed spontaneous miniature
end-plate potentials (m.e.p.p.s) of at least 0-5 mV amplitude and fast rise time which
were clearly identifiable simultaneously in both intracellular electrodes. Because
membrane potential is not a faithful representation of the underlying conductance
changes, final positioning criteria were based upon characteristics of miniature
end-plate currents (m.e.p.c.) and evoked end-plate currents (m.e.p.c.) and evoked
end-plate currents (e.p.c.) measured under voltage clamp. M.e.p.c. rise times less
than about 0 5 msec (T = 100 C.) and peak amplitudes greater than 1 nA at
V = -70 mV were deemed acceptable. Likewise e.p.c. rise times of approximately
1-5 msec and peak current > 100 nA at -70 mV and 10° C were taken to indicate
adequate positioning. End-plates with high m.e.p.c. rates (> 1/sec at 180 C) were
rejected to minimize contamination of the ACh spectra.

Because the frog end-plate varies considerably in length (McMahan et al. 1972;
Peper & McMahan, 1972; see Kuno et al. 1971) the uniformity of voltage control
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probably varied somewhat from end-plate to end-plate; for example, with end-plate
lengths for 15-400 ,um and a muscle length constant of 2-5 mm (Fatt & Katz, 1951)
terminals would occupy from 0-01 to 0-18 space constants, and the maximum
voltage errors would range from 1 to 16% (d.c.). Without visual identification of
end-plate dimensions, electrical criteria were used exclusively to judge the adequacy
of a clamp. These criteria included the m.e.p.c. and e.p.c. rise times mentioned above
and the requirement that residual voltage change during an e.p.c. always be less
than 5% of the driving potential.
The iontophoresis electrode was positioned near the point of entry of the intra-

cellular electrodes and test pulses of ACh passed. Although it was possible to place
the electrode very close to the end-plate, as judged by the brief rise times of ACh
produced conductance increase, we chose to move the electrode away from the end-
plate to reduce the possibility of local ACh concentration fluctuations near the
receptor surface which might arise from rapid changes in electrode properties (Katz
& Miledi, 1972). Iontophoretic current, supplied through an electro-optical isolation
unit connected to a separate bath electrode, was monitored by a differential amplifier
mounted near the electrode to insure electrical stability. For some iontophoretic
electrodes passage of current was associated with haphazard variations in their
resistance; such electrodes were not used. Iontophoretic electrodes had resistances
in the range of 10-20 MO, and required backing currents of approximately 10 nA.
The voltage clamp was as described earlier (Connor & Stevens, 1971) except that

a 60 pF capacitor was placed in parallel with the 1 MCI feed-back resistor of the
current measuring amplifier connected to the bath.

Because we have been concerned in this work with the quantitative comparison
of theory and experiment, it has been important to understand the relationship
between the actual end-plate currents and the output of our measuring apparatus.
We therefore carried out an analysis of our voltage clamping system to calculate
the transfer function A(8) which relates actual end-plate current i(t) to measured
current 1(t). For this calculation we assumed that i(t) was injected at a single point
into an infinite homogeneous, one-dimensional cable, that membrane potential
recording was faithful, that the current passing electrode behaved as an ideal
resistor, and that the voltage clamp amplifier had ideal characteristics. This analysis,
carried out with standard mathematical techniques (see, for example, Aseltine, 1958),
yielded the voltage clamp transfer function

A 1(_.-)-= 1/[1+ 1/98+-Il,i(8) IL Ap RJ
where i(s) and 7(8) are the Laplace transforms of the fluctuating e.p.c. and the
measured clamp current; (A-1) the voltage clamp amplifier gain; R1 the current
passing micro-electrode resistance (0); R and a the membrane resistance (!a cm)
and capacitance (F cm-') per cm of cable length; and p the longitudinal resistance
of the myoplasm (fl cm-'). The magnitude squared of the transfer function | (2ifff) 1,
a quantity which specifies the over-all frequency response of the voltage clamp-
muscle system, is given by

IA(f)12 =
1

+ Ri,\2I (P\2 )2 ApR 4f)), 2((CM1+ R +(2Ip +ARcos (I tan-1(27TR Cf)) R + (217TpcJ)2)
We used amplifier gains A in the range 103-104, and our current passing electrodes
had resistances Ri between 106 and 107 Q; these quantities, together with values for
the parameters, p, R and C (see, for example, Dulhunty & Gage, 1973), permit
estimates of the extent to which measured currents are an accurate reflexion of the
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actual end-plate currents. Between f = 1 andf = 300 Hz, the range of frequencies
over which spectral densities are reported here, the errors introduced by the voltage
clamping equipment (as calculated by the equation above) are at most a few per
cent. More detailed calculations, in which properties of the input circuit and voltage
clamp amplifier are taken into account, have supported this conclusion.

E.p.c. fluctuations were recorded on magnetic tape (Sanborn, 15 inches/sec;
5 kc band width) simultaneously on a low gain ( x 5 to x 50) d.c. channel and on a
high gain ( x 1000), filtered channel (band pass between 1 and 500 Hz, 40 db/decade
rolloff). Typically, at each membrane potential first evoked e.p.c.s were recorded
without filtering, then a control sample of current noise without ACh application
and spontaneous m.e.p.c.s passed through a 1 kHz low pass filter was taken, and
finally the current fluctuations during ACh iontophoresis were recorded.

Estimates of spectral densities (Bendat & Piersol, 1971) were calculated for all
fluctuation data from 8,192 digital samples usually taken at 1*02 kHz. A fast
Fourier transform routine was used after cosine tapering (Cooley & Tukey, 1965).
No filtering was applied to the spectral estimates so as not to obscure possible narrow
band width properties of the fluctuations, All data are presented as current spectral
density S(f) (A2 see v8. frequency) and can be directly converted to conductance
spectral density Sg(f) by

SMf
Sg(f) = (V-Ve)J2

V denotes membrane potential and V,, the e.p.c. equilibrium potential.
All calculations including model prediction, rate constant determinations, least-

squares regression of voltage dependence and statistical testing were performed on
a laboratory digital computer (PDP-11-Digital Equipment).
The most straightforward way to study ACh noise is to record membrane potential

fluctuations as Katz & Miledi (1970, 1971, 1972, 1973) have done. The difficulty with
this approach is that one is interested in the underlying conductance fluctuations
characterized by the conductance spectrum Sg(f), but the measured quantity is the
voltage spectrum Sv(f). S,(f) is not directly proportional to S,(f) but rather is dis-
torted by the muscle current-to-voltage transfer function TM(f) according to the rela-
tionship (see Stevens, 1972)

Sg(f) SVW(f)

The mean membrane potential is denoted by V and it is assumed that voltage
fluctuations around this mean are small.

If the muscle transfer function were known, then, the desired quantity Sg(f)
could be calculated from the observed Sv(f) ; in earlier experiments, before the voltage
clamp was employed, we adopted such an approach. Unfortunately the simple cable
equation and lumped parameter models of muscle cell passive electrical properties
are not a sufficiently accurate representation of actual behaviour to permit TM(f)
to be calculated (Falk & Fatt, 1964; Adrian et al. 1970). We therefore measured the
muscle transfer function in each fibre, at the desired V, by injecting a white noise
(flat spectrum) current through a second electrode placed near the end-plate. If the
injected current noise spectrum is 9i(f) and the resulting voltage noise spectrum is

v(f) then the muscle transfer function is given by
IT,(f)I2 = S(f)/S(f)

and the desired ACh conductance spectrum is obtained from

SW( (f)SV(f)
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END-PLATE CURRENT FLUCTUATIONS 661
The validity of this method was tested by injecting model synaptic current with
known spectrum into a real muscle, then using the voltage response and IT(f) 12 to
rederive the injected current spectrum. The results demonstrated excellent agree-
ment between the injected and calculated spectra.
The conductance spectra calculated with this technique agreed quantitatively

with the voltage clamp records presented later in this paper and provide an inde-
pendent check on the voltage sensitivity of the ACh noise rate constants. The
transfer fiction method was discontinued in favour of the voltage clamp to permit
accurate control of membrane potential over a larger range, and also to eliminate
the division of spectra (see equation above) which severely limited accuracy, par-
ticularly near the ACh current equilibrium potential.

Frequently ueed Bymbol8

Symbol Units Meaning
T 0C Temperature of preparation
V mV Membrane potential
Veil mV Equilibrium potential for end-plate processes
f Hz Frequency
jug mho Mean increase in end-plate* conductance caused

by ACh application

uh nA Mean increase in end-plate* current caused by
ACh application

ergs mho2 Variance of increase in end-plate* conductance
fluctuations caused by ACh application

(rI2 nA2 Variance of increase in end-plate* current
fluctuations caused by ACh application

R 1 cm Muscle membrane resistance x cm of cable
length

C juF cm-' Muscle membrane capacitance per cm of cable
length

p Q cm-, Muscle longitudinal resistance per cm of cable
length

Be M!Q Resistance of recording micro-electrode
S(f) A2 sec Spectral density at frequencyf of membrane

current fluctuations
Y mhos Conductance of a single two-state ACh channel

in its open state
a msec-L Rate constant for closing of open ACh channels

* Strictly speaking, 'end-plate' should be replaced by 'muscle' because we have
not separated currents flowing through end-plates from those through extrajunctional
regions.
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RESULTS

Part I. Measurement of ACh produced e.p.c. fluctuations
Current noise in the absence of ACh

Our first objective in this study was to investigate background noise,
that is, the extraneous noise arising in our equipment and in the muscle
membrane in the absence ofACh; this background noise must be character-
ized in order to evaluate its contribution to the ACh produced fluctuations
which are described in the next section. Briefly, we have found that below
about 200 Hz the dominant source is '1/f' noise arising in the muscle
membrane whereas above 200 Hz, essentially all of the extraneous noise
is of instrumental origin. Over the frequency range of interest for the
e.p.c. fluctuations to be described later, both the '1ff' and instrumental
noise were two to four orders of magnitude less than the ACh produced
fluctuations we wished to investigate. The reader not concerned with
details of our analysis of background noise may omit the remainder of this
section without loss of continuity.

In the following presentation, we shall consider first equipment noise
and then the ' 1/f' noise arising in the muscle membrane.

After evaluating the possible sources for extraneous noise arising in our
measuring apparatus, we discovered that the only significant source was the
thermal noise in voltage recording micro-electrode and noise in the first
stage of the FET input amplifier. This electrode and amplifier noise is
added to the actual membrane voltage and thus acts as a command signal
for the voltage clamp system. The current required to clamp the membrane
to this noisy signal increases steeply with frequency because the mem-
brane capacitance results in a decreased muscle impedance at high fre-
quencies.
To analyse this effect, we idealized the muscle cell as an infinite one-dimensional

cable (Fatt & Katz, 1951) with a thermal noise generator (spectrum S,(f) = 4kTRe)
in the voltage recording electrode resistance (Re); the mathematical techniques
employed in the analysis are those described, for example, by Aseltine (1958). For
this system, the spectral density of measured current fluctuations SI(f) is related to
Sw(f) by

SI(f) = Sv(f) IT(f)12,
with T(f) obtained from the idealized muscle transfer function which is found,
with standard techniques (e.g. Aseltine, 1958), to be

1(0,8) _2
T(s) =(--(ps8+pIR).

Here 1(0,8) and l(0,8) are the Laplace transforms of membrane current and
voltage at x = 0 in the cable and p, C, R are longitudinal resistivity (fi cm-'),
membrane capacitance (pF cm-') and membrane resistance (Q cm), and the electrode
is positioned at x = 0; if 8 iS interpreted as imaginary frequency, T(8) is the complex
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END-PLATE CURRENT FLUCTUATIONS 663
input impedance of the muscle. Therefore the extraneous thermal contribution to
the measured current spectrum SI(f) is

8 (f) = 4kTRe(1+ 2RCf) (1)SIM=

pR

Added to this electrode noise is the extraneous noise contributed by the input stage
of the electronics, the principle component being shot noise in the FET input
voltage amplifier. This additional amplifier noise may be represented by a thermal
noise generator (measured R.M.S. value of 5 IsV for our amplifier) of 4 MQ added to
Re above. The resulting theoretical lower limit for clamp noise resulting solely from
recording electrode and amplifier contributions is shown as a continuous curve in
Fig. 1; above about 200 Hz the voltage clamp system achieves the mi num possible
value.

At low frequencies a membrane potential dependent, '1/f' spectrum
noise dominates. Such 1ff noise in nerve membrane was discovered by
Verveen & Derksen at the frog node (1968) and has been observed in
lobster axon (Poussart, 1971) and squid axon (Fishman, 1972). Present
evidence indicates that 1/f noise arises in association with K+ ion flow in
membrane channels. The 1/f noise in frog muscle exhibits an equilibrium
potential (Veq = -1O mV in Fig. 1, Vrest = -50 mV) which suggests a
combination of ionic components. Increases in external K+ concentration
shifted Veq to more positive values implicating this ion in the process, but
we have not ruled out the possibility that Na+ or even Cl- ions participate
in the current which results in a 1/f spectrum. 1/f noise is not solely a
property of the end-plate region but occurs anywhere in frog muscle fibres
with or without glycerol treatment. A lumped component model of the
muscle studied with our voltage clamp apparatus gave spectra at low
frequencies like that shown in Fig. 1 for -10 mV.

In hyperpolarized cells, humps were detected superimposed on the low
frequency 1/f spectrum. Separation of these components gave a spectrum
which seemed to behave as 1/(1 + 47r(f/f,)2)wherefc depended on membrane
potential. Such a case is shown in Fig. 1 (-80 and - 120 mV). Records
were sorted to ensure that no spontaneous m.e.p.c.s were present. It is
possible that these humps are spectra of current fluctuations in Hodgkin-
Huxley type K+ channels (Siebenga & Verveen, 1972; Stevens, 1972;
Fishman, 1973).

In summary, all the extraneous noise added by the electrodes, voltage
clamp and associated electronics has been quantitatively accounted for
and under the conditions of our experiments these sources limit the resolu-
tion to about 1 x 10-12 A (sec)i at 100 Hz. ACh induced current fluctuations
reported below are generally three orders of magnitude above these
extraneous background sources.

In orderto minimize contributions from background noise, control spectra
(obtained in the absence of ACh) have always been subtracted from the
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e.p.c. spectra presented in succeeding sections. Since the extraneous noise
varies in magnitude with membrane potential (see Fig. 1), it was necessary
to obtain a control spectrum for each membrane potential used. This sub-
traction procedure is justified because the extraneous sources should be
uncorrelated with the ACh fluctuations we wished to study. In practically
all cases the correction amounted to at most a few per cent.

A A A -120mV
10-22 A

A
0 ~~~~A

0
A 0 A

0..
-,0 A

-80 mV °
A
AAA

A-40mV A
10-23 lX

A,& A 0AAA~~~~
A10 . 1020A-plamV in a A

6 ~~~~~A00 AAt
*AA 0

10-24

10-25 1 1 1 I1 1 H I111 I1I1111
1 ~~~10 .102 103

Frequency (Hz)

Fig. 1. Current, fluctuation spectral densities from voltage clamped end-
plate in an ethylene glycol treated muscle at IO' C without ACh. Membrane
potential is shown with each curve. Continuous line represents the contribu-
tions from thermal and amplifier noise (eqn. (1)) calculated for the observed
Be = 3 MW, input resistance = 0 45 MQ, fibre radius = 50 #sm and using
longitudinal resistivity = 200 K2 cm (Falk & Fatt, 1964), Cm = 2,eF/cm2
(Gage & Eisenberg, 1969, Table 1). 1/f noise present in the input amplifier
was not included in this calculation; addition ofthis component would result
in a spectrum similar to the observed one shown above for V = -10 mV.
Note the 1/f component visible at low frequencies and the humps apparent
in records taken at large hyperpolarizations.



END-PLATE CURRENT FLUCTUATIONS 665

Membrane current fluctuations produced by ACh
Fig. 2 demonstrates the result of iontophoretic application of ACh to a

voltage clamped end-plate. The mean end-plate current increases (lower
traces) and is accompanied by a marked increase in the current noise
variance, shown at high gain on the top traces; a spontaneous miniature
end-plate current is shown in the control record for comparison.

Ifmean e.p.c. is varied by altering the ACh concentration, the magnitude
of the current fluctuations is found to vary as well. We have examined this

50 msec

Rest

ACh

200 _ * . :

ACh

IS 100_

Rest

Fig. 2. Digitalized time sweep of membrane currents in voltage clamped
end-plate of ethylene glycol treated muscle at 80 C. High gain, records filter
below 1 Hz (40 db/decade) are presented above and low gain d.c. coupled
traces below. The control trace includes a spontaneous miniature end-plate
current. Iontophoretic application of ACh[current = 10 nA] produced a
mean end-plate current of 120 nA and increase in R.M.S. noise from 0-07 to
0-25 nA (measured with 500 Hz, low pass active filter). The upper two traces
are shown on the same scale. V = - 100 mV.

relation by measuring the mean (#I) and variance (om2) of e.p.c.s. Because
the various records were taken at a variety of driving potentials (mem-
brane potential V minus equilibrium potential Ve), we have expressed this
relation between mean and variance in terms of membrane conductance
by using the following equations which result directly from Ohm's law:

FI TC2
/tg (V-Veq)' g =(V-Veq)

Fig. 3 presents a graph of conductance variance og2 as a function of mean
end-plate conductance ,ug for ACh noise obtained in three experiments. In
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these and additional experiments conductance variance was linearly
related to mean conductance by (eqn. (20) in Stevens, 1972)

g2 = Y/g (2)

where the proportionality y has a value of 0-205 + 0-0063 (s.E.) x 10-10 mho.
According to the interpretation we have placed on the e.p.c. fluctuations
(see p. 668), y is the conductance of a single open end-plate channel.
The conductance fluctuations shown in Figs. 2 and 3 are the basis of the

ACh voltage noise first studied by Katz & Miledi (1971, 1972).

1.010_ @~~~~~~~
0-9
0-8 -

0-7 -

0
0 056

X 0-5
x

0-3~~~
0.2i032 0a
0.1

0

0 1-0 2-0 3-0 4-0
Ug(X10-6 mhos)

Fig. 3. Variance ofconductance fluctuations as a function ofmean end-plate
conductance increase produced by iontophoretic application of ACh. Data
were pooled from three experiments, and points were taken at a variety of
membrane potentials between 60 and - 140 mV. Slope of the relationship
gives the conductance of a single channel (see eqn. (2)) and has a value of
0-19 x 10-1nmho for the three experiments shown here. The value from
eighty-four estimations in eight experiments was 0-205 + 0-0063 (sE.)
x 10-10 mho.

Spectrum of ACh produced e.p.c. fluctuations
The properties of the ACh induced fluctuations were characterized by

spectral densities calculated from digitalized records of e.p.c. taken before
significant desensitization had occurred. All of the over 200 e.p.c. spectra
calculated for more than 40 voltage clamped end-plates had the same form:
spectral densities were constant at low frequencies and approached 1/f2 at
high frequencies. Examples of typical e.p.c. spectra are illustrated in
Figs. 4, 5 and 10.
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The fast Fourier transform yields spectral estimates S(f) that are distributed

according to x2 distribution with standard deviation
a = {VAR(S(f))}1 = S(f)/B.T = 0*2 S(f)

(Bendat & Piersol, 1971) ; our calculations used a resolution band width B. = 3 cycles
and record length T = 8'192 sec or 3192 samples. The error bars on each power
spectrum indicate + 1 S.D. (± IO-).

Desensitization does not affect the form of S(f)
During a constant iontophoretic pulse of ACh the post-synaptic de-

polarization gradually diminishes (Katz & Thesleff, 1957). We have
standardly observed this desensitization under voltage clamp and have
selected for analysis e.p.c. records early in ACh current plateau before the
mean current decreased appreciably. Since the mechanism of desensitiza-
tion is poorly understood, we also compared e.p.c. spectra calculated from
noise samples taken before appreciable desensitization occurred and during
the various levels of desensitization produced by continuous application of
ACh. As desensitization progressed, the mean current /ti diminished, and
there was a concomitant decrease in the noise amplitude as measured by
S(O) or orI2; throughout, however, oI2 was linearly related to /q with the
same proportionality constant that characterized this relationship at
undesensitized end-plates. Although the magnitude of the spectra de-
creased, the spectral shape and cut-off frequency (that frequency for which
the spectral density if one half of the zero frequency asymptote) remained
constant for from 0 to 90% desensitization. We have also noticed that
desensitization occurred more rapidly in hyperpolarized cells (Magazanik
& Vyskocil, 1970).

Part II. Interpretation of e.p.c. fluctuations
In the preceding Part, we have characterized the background noise

current measured in voltage clamped muscle cells and have shown that
this extraneous noise does not generally make an appreciable contribution
to the comparatively large e.p.c. fluctuations caused by ACh application.
Further we have found that the amplitude of ACh produced conductance
fluctuations, as measured by their variance, is proportional to the mean
end-plate conductance, that the spectrum of conductance fluctuations is
constant at low frequencies and declines as does 1ff2 in the high-frequency
limit, and that the form of this spectrum is not affected by desensitization.
To interpret these observations in terms of end-plate conductance mechan-
isms, some theory about the source of the fluctuations is required. In this
section we first develop a theoretical framework which relates e.p.c.
spectra to post-junctional events, and then test the adequacy of this theory
by comparing a number of predictions about the behaviour of e.p.c.
fluctuations with experimental observations.

22-2
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Model for interpreting noise structure
On the basis of recent experiments (Magleby & Stevens, 1972a, b), a

quantitative model for the kinetics of channel opening and closing has
been proposed and shown to describe accurately the time course of the
end-plate permeability increase which follows nerve stimulation. According
to this view, ACh combines with the receptor molecule, and the receptor-
ACh complex undergoes a conformational change analogous to that seen
in enzyme-substrate systems (see Eigen & Hammes, 1963; Hammes,
1968a, b; Gutfreund, 1971; and references cited in Chock, 1971). This
model was developed for a situation in which the post-junctional membrane
is subjected to brief transient increases in ACh concentration, but it also
makes predictions about the statistical structure of the fluctuations
observed when the post-junctional membrane is subjected to a constant
ACh concentration (see Magleby & Stevens, 1972b; Stevens, 1972).
With a constant ACh concentration and very rapid binding of ACh to

its receptors (cf. Eigen & Hammes, 1963), the ACh-receptor complexes are
viewed as continually fluctuating between the 'open' and 'closed' con-
formations (see Magleby & Stevens, 1972b; Katz & Miledi, 1972):

K
nT +R,- TnR TnR*. (3)

Here T denotes ACh, R receptor, TR and TR* the 'closed' and 'open'
conformations of the complexes, and n ACh molecules per channel are
assumed necessary for a channel to open; K is the binding constant of
ACh and its receptor, and ax and ,8 are the indicated rate constants. The
rapid opening and closing of end-plate channels, which we view as the
source of the ACh produced e.p.c. fluctuations, are thus governed by the
binding constant K, and the rate constants a and ft.
The key to our analysis, then, is that these same rate constants (in

eqn. (3)) are reflected both in e.p.c. fluctuations produced by the ionto-
phoretic application of ACh, and in the kinetics of nerve-evoked e.p.c.s.
Our theory may therefore be tested not only by evaluating the accuracy
of the equation for e.p.c. spectra (see eqn. (4) below) derived from our
picture of post-junctional events, but more critically by investigating
predictions (described below) about relations between e.p.c. spectra and
properties of the end-plate conductance changes produced by axonal
ACh release.
In the remainder of this Part we present five tests of the theory just

described; these tests are based on equations derived in the Appendix and
in Magleby & Stevens (1972b). Note that the various tests outlined below
are not all independent, but that they have been separated into five
distinct categories to aid in the presentation of experimental results.
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(i) The spectrum S(f) of ACh produced e.p.c. fluctuations is given by

S(f) 2y,i1(V- Veq)/a (4)
S1)1+(27Tf/cx)2(4

Here S(f) is the spectral density at frequency, #I is the mean e.p.c., V is
the membrane potential, Veq is the end-plate equilibrium potential, a is
the rate constant for channel closing (from eqn. (3)) and y is the con-
ductance of one open channel. Note that this equation holds exactly,
because of restrictions in its derivation (see Appendix), for the limit of
low ACh concentrations. The meaning of 'low ACh concentrations' and
the accuracy of this assumption for our experiments is considered in the
Discussion.
The cut-off frequency fc of the spectrum S(f) above is defined to be

fc = a/27r and is that frequency at which S(f) has decreased to half of its
zero frequency asymptote. Magleby & Stevens (1972b) have predicted
that a should depend exponentially on membrane potential according to
the relation

a = BeAv (5)

and have shown that ax, as estimated from nerve-evoked e.p.c.s, does in-
deed conform to this prediction. In terms of this analysis, the constant A
reflects a dipole moment change associated with the conformational
transition ofthe end-plate channel gating molecule from 'open' to 'closed',
and the constant B is related to the free energy barrier for this conforma-
tional change in the absence of a perturbing membrane electric field.
Because the cut-off frequency (that is, the half-amplitude frequency) may
be conveniently measured from the ACh spectra, these spectra provide,
through the relationfc = 1/2ir, a means of estimating ac. As a consequence
of eqns. (4) and (5), (ii) estimates of a obtained from e.p.c. spectra should
depend exponentially on membrane potential.

According to the development by Magleby & Stevens (1972b) and that
presented here (Appendix) ax may be estimated in three ways: (a) as the
decay constant of nerve-evoked e.p.c.s, (b) as the decay constant for
m.e.p.c.s, and (c) from the cut-off frequency ofACh produced e.p.c. spectra.
Estimates of ax by these three means will be distinguished by subscripts
as ae (from nerve-evoked e.p.c.s), axm (from m.e.p.c.) and a. (from e.p.c.
spectra). If our theory is correct, then, (iii) estimates of cx by these three
means should coincide. Thus, for a given end-plate semilogarithmic plots
Of ce, am, and xa as a function of membrane potential should all cluster
around the same straight line (see eqn. (5)).
The parameter axe has a membrane potential dependent Q10 of approxi-

mately 3; more specifically, A of eqn. (5) increases with lower temperatures
(Magleby & Stevens, 1972b). Accordingly, (iv) the Q10 of ca should be
about 3 and should vary with membrane potential.
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The parameter y in eqn. (4) is, in our analysis, the conductance of one

open channel. Magelby & Stevens (1972b) have presented evidence that
end-plate channel conductance is independent of membrane potential,
that is, that end-plate channels do not show appreciable rectification. This
observation implies that (v) the parameter y in eqn. (4) should have the
same value when estimated from spectra obtained at various membrane
potentials.
The succeeding sections deal, in turn, with these predictions.
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Fig. 4. Spectral density of e.p.c. fluctuations produced by a constant ACh
iontophoretic application to a voltage-clamped ethylene glycol treated
muscle end-plate. V = -60 mV, at 8° C. The continuous line is the
theoretical spectrum calculated from the model presented in the text
(eqn. (4)) using the measured mean current (PI = 80 x 10-9 A), equilibrium
potential (Veq = 0), a = 0-132 msec-1, and assuming a single channel
conductance y = 032 x 10-10 mhos. The cut-off frequency f, = aI/27r =
21 HZ is indicated by an arrow. The error bar indicates + Ior. The spectrum
is based on 8192 digital samples taken at 1>02 kHz through a 300 Hz active
low pass filter. This plot can be converted to a conductance fluctuation
spectrum (units: mho2-sec) by multiplying ordinate values by 1/(0.06)2.
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Equation (4) accurately describes e.p.c. spectra
Specimen e.p.c. spectra for various membrane potentials and tempera-

tures are presented in Figs. 4, 5 and 10 with smooth curves calculated
from eqn. (4) superimposed upon the experimentally determined estimates
of spectral density. Although the experimental points scatter somewhat
about the theoretical curves, the extent of this scatter is no larger than

If
10-20 F

I

+60 mV

-140 mY-

I I .1 I 11111 1. I I I I 1111

I 10
Frequency (Hz)

102

Fig. 5. Effect of membrane potential on the ACh induced e.p.c. fluctuation
spectrum. Ethylene glycol treated muscle at 8° C for V = - 140 and
+ 60 mV. Vertical axis as labelled applies to the - 140 mV curve. The
+ 60 mV curve has been shifted along the vertical axis to facilitate com-

parison with the - 140 mV curve; multiply ordinate values by 8 x 10-- to
obtain spectral densities (A2 seC) for the + 60 mV curve. Error bar indi-
cates + lco. Continuous curves are predicted spectra from the model in the
text (eq. (4)), using the following parameters: V,, = 0; for V = + 60 mV
curve, a = 0214msec-1, #jU = -5x 10-9A, y = 0-24x 10-10 mhos; for
V = -140 mVcurve,a = 0 075 msec-1, # = 90 nAy = 0 30 x 10-1°mho.
The cut-offfrequenciesf, = a.12n indicated by arrows are 12 Hz (- 140 mV)
and 34 Hz (+ 60 mV). Conversion to conductance spectra (units: mho2 sec)
can be made by multiplying the appropriate ordinate values by (1/0-14)2.
Direct comparison can be made to Fig. 4 taken from the same cell.
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expected by the statistical uncertainty in the spectral estimates as indi-
cated by the error bars in the Figures. Eqn. (4) has been found to provide
an adequate fit to the experimental data for all e.p.c. spectra we have
measured.

The cut-offfrequency of e.p.c. spectra depends exponentially on voltage
The effect of membrane potential on the ACh produced e.p.c. spectrum

is demonstrated in Fig. 5. The shape of the spectra are the same for various
membrane potentials, differing only by a simple displacement along the
frequency axis: hyperpolarization results in a lower cut-off frequency. In
terms of our physical picture, hyperpolarization causes a slower relaxation
of the conformation change associated with channel closing.
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Fig. 6. Semilogarithmic plot of rate constants (msec-') calculated from
cut-off frequencies (f, = ac127r) of ACh induced fluctuation spectra at
various membrane potentials. Data is from a single end-plate at 80 C in an
ethylene glycol treated muscle. Solid line is a least squares fit corresponding
to a = Be'V (eqn. (5)) with A = 0 0059 mV'1 and B = 0-17 msec-1.

The rate constant aa = 27Tfc (msec-1) determined from these spectra
was found to depend exponentially on V as shown on a semilogarithmic
plot in Fig. 6. To obtain each point in Fig. 6 spectral estimates for e.p.c.
fluctuations were fitted by eqn. (4) and the corresponding aca determined
from the cut-off frequency fc. The least squares line shown in Fig. 6 is
precisely the dependence predicted by eqn. (5). A and B of (5) exhibited
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some variation between different preparation; for thirteen end-plates mean
values were (T between 8 and 11.50 C) A = 0-0058 + 0-008 mV-1 and
B = 0-24 + 0-015 msec-1.

All estimates of a coincide
Magleby & Stevens (1972a, b) studied the voltage dependence of nerve-

evoked e.p.c. kinetics and Gage & McBurney (1972) have carried out a
similar investigation of m.e.p.c.s; e.p.c. and m.e.p.c. properties have not
however, been studied simultaneously so that a direct comparison could

Ie.p.c.
\ ]~~~~~~100nA

_ ~~~~~~~~5msec

Log (I)

Fig. 7. Digitalized nerve-evoked e.p.c. recorded in voltage clamped end-plate
of an ethylene glycol treated muscle at V = -50 mV and 80 C. Base line
drawn as average of last 2 msec of the record. Decay phase between the
vertical cursors is plotted below on semilogarithmic co-ordinates. Con-
tinuous line through these points is a least squares fit.

be made. Since our model predicts that the decay constant ae for nerve-
evoked e.p.c.s and am for spontaneous m.e.p.c.s should have the same
values, the following procedure was adopted to test this prediction and to
compare am and ae with the values of °Xa obtained from e.p.c. spectra. At
each V evoked e.p.c.s, m.e.p.c.s, and ACh produced e.p.c. fluctuations
were recorded. The e.p.c. spectrum was calculated and fitted with the
theoretical (eqn. (4)) using both y and a as free parameters. From this,
graphs of °Xa VS. V were obtained as in Fig. 6. Then e.p.c. and m.e.p.c.
decay rate constants 'Xe and aXm were determined and their dependence
on V compared to that of ca.
As expected from recent work, e.p.c.s decay exponentially (Magleby &

Stevens, 1972a; Kordas, 1972a, b). Fig. 7 shows a digitalized e.p.c. and
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semilogarithmic plot of the decaying phase; the superimposed least
squares line, conforming to the prediction of the model (Magleby &
Stevens, 1972b), obscures most of the points. The e.p.c. decay constants,
determined from the slopes of these semilogarithmic plots, are shown in
Fig. 9A for various V. As expected the variance of ar estimates increased
somewhat near the equilibrium potential, where the currents were small,
but in all cases the results were entirely reproducible.

Im.e.p.c. 1N J nA

Log (I) 5 msec

Fig. 8. Digitalized record of a spontaneous m.e.p.c. recorded in a voltage
clamped, ethylene glycol treated muscle at V = - 120 mV and 80 C.
Below is a semilogarithmic plot of the decay phase of the m.e.p.c. between
the vertical cursors. The straight line through these points is fitted by the
least squaremethodfrom the forml(t) = 1(0) e-e. The basenlineis calculated
as the average of the final 2 misec of the current trace.

The declining phase of m.e.p.c.s follows the same exponential course as
that just described for e.p.c.s. The low noise levels of the voltage clamp
permitted relatively accurate determination of the exponential decay of
the m.e.p.c. tails as shown in Fig. 8. Similar observations have also been
made by Gage & McBurney (1972). Like the decay constant of e.p.c.s, the
voltage dependence of am is clearly exponential over the whole range of
membrane potentials used (- 140 to 60 mV) as demonstrated by the data
in Fig. 9B). The same end-plate gave the data for Fig. 9A and B; the least
squares line fit in Fig. 9A is drawn on Fig. 9B for comparison. Because of
the somewhat less favourable signal to noise ratio for m.e.p.c.s, the values
of aZm scatter somewhat more around least squares line than those of cXe.
A composite plot of rate constants Xa, Xe, and am determined from

e.p.c. fluctuations, nerve-evoked e.p.c.s and spontaneous m.e.p.c.s measured
at the same end-plate under the same conditions is given in Fig. 9C. The
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least squares lines for each set of estimates do not differ significantly from
the collective regression line by a Student's t test (P < 0.05). This line may
be used to predict the closing rate of open ACh controlled ionic channels at
any membrane potential (eqn. (5)). It should be emphasized that the
estimates of a. from ACh produced fluctuations are completely inde-
pendent of ae and aCm calculated from e.p.c.s and m.e.p.c.s, and all a esti-
mates are made without the use of free parameters.

Temperature dependence of S(f)
Increasing temperature shifts the e.p.c. spectrum toward higher fre-

quencies without otherwise altering its shape (Katz & Miledi, 1972). We
have confirmed these observations as shown in Fig. 10 for 8 and 180 C
taken at the same end-plate at -70 mV. The model presented earlier
predicts this temperature dependence of the rate constants based upon the
temperature sensitivity of the transition energy for the conformation
change associated with the ionic gating mechanism. Curves calculated from
eqn. (4) using a Q10 for Ma of 2-77 are shown in Fig. 10 as continuous lines.
The logarithm of Ma continues to depend linearly on membrane potential

at higher temperatures (Fig. 11) but exhibits a decreased slope similar to
that reported for e.p.c. tails (Magleby & Stevens, 1972b). The Q10 is there-
fore membrane potential dependent and varied in Fig. 11 from 2-4 at
-50 mV 3-6 at -100 mV.

Conductance of a single channel
In order to minimize the minor influences of variability in Ma estimates

on the measurement of single channel conductance y, e.p.c. spectra were
refitted by eqn. (4) using regression values for aCe from the same end-plate.
This procedure, performed with the aid of the computer, involved varying
the single free parameter y by vertically shifting the theoretical curve
(eqn. (4); see Fig. 3) until good visual agreement between the curve and
spectral estimates was attained. The conductance of a single channel, y,
was then calculated from eqn. (4) at f = 0:

= S(O)Vz (6)

A histogram of twenty y estimates taken at a single end-plate is shown
in Fig. 12. The mean conductance y = 0-32 + 0 009 (s.E.) x 10-10 mhos is
somewhat higher than the grand mean of estimates from eight experiments
which gave 7 = 0-205 + 0-0063 x 10-10 mhos (n = 84). This experiment
was chosen for presentation because the voltage clamp of the end-plate
was unusually good (see Methods for criteria) and produced large y esti-
mates. In an imperfectly voltage clamped cable-like structure, the space
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Fig. 9A and B. For legend see facing page.
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A

0'

IlI I I I I

50 0 -50.
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Fig. 9. A, semilogarithmic plot of end-plate current decay rate constant
ae (msec-1) v@. membrane potential V. Data taken from a voltage clamped
end-plate in an ethylene glycol treated muscle at 80 C. Continuous line is
the least squares fit ofthe form a = BeAl (eqn. (5)) whereA = 0-0059 mV-1
and B= 0-17 msec-1. B, semilogarithmic plot of the rate constants aCm of the
decays of spontaneous m.e.p.c.s recorded from the end-plate of A. The
continuous line is reproduced from A. C, semilogarithmic plot of rate
constants for ACh channel closing v8. membrane potential. Data is super-
imposed from Figs. 6 and 9A, B. E.p.c. fluctuations, evoked e.p.c.s and
spontaneous m.e.p.c.s were recorded at each membrane potential before
changing V. Data were taken first from 0 to - 140 mV at steps of -20 mV
then back to 0 at odd multiples of 10. Finally the points from 0 to + 60 MV
were recorded. The complete run required 20 min. The equilibriumpotentials
of e.p.c.s and m.e.p.c.s were repeatedly checked during the run to insure
stability. The least square line is drawn from the form a = Aell (eqn. (5))
where A = 0-0059 mV'L and B = 0-17 msec-L. The least squares lines for
the individual sets of points do not differ significantly from the mean
according to a t test (P < 0-05).

constant is a function of frequency (A(f)) and will appear longer for d.c.
than for fluctuating currents, an effect which tends to produce under-
estimates of S(O)/g1 as well as low pass ifitering S(f), thereby reducing the
apparent ca. In addition, more positive estimates of the equilibrium
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potential would result if voltage control were less than ideal. Altogether
then, if some portions of the end-plate are electrically remote from the
clamping electrodes, y will be underestimated. We emphasize, however,
that the possibility of genuine differences between the open single channel
conductances of different muscles must be considered.
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10-23m'
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Frequency (Hz)

Fig. 10. Effect oftemperature on the e.p.c. fluctuation spectrum at constant
membrane potential V = -70 mV. Records for 8 and 180 C are shown.
Ordinate applies to 80C curve and should be multiplied by 0-36 for the
18° C spectrum. The continuous curves are predicted from eqn. (4) with the
cut-off frequencies f shown by arrows. (fc(-70 mV, 80 C) = 17-9 Hz,
fc(-70 mV, 180 C) = 49-2 Hz), giving a Q10 of 2-77. The error bar shows
+ Ioe for the spectral estimates. ice = 100 x 10-9 A at both temperatures.
Recorded from voltage clamped end-plate after treatment with ethylene
glycol. Multiply ordinate values by (1/0.07)2 to convert conductance
spectral densities (n-ho2 sec).

The spread ofy values about the mean seems attributable entirely to the
variances associated with measurements of HI, S(0), Zaa and (V-Veq). The
largest error was associated with estimates of the mean current /11 (10%)
and S(O) (± 10%). Rate constants predicted from e.p.c.s showed very
little variance (< 1 %) as did (V-Veq) which was subject primarily to
systematic errors through inaccuracy in VIq (± 5 mV).
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Integration of the ACh noise spectrum over frequency gives the total

fluctuation variance

0I2= f 's(f) df.

Substitution from eqn. (4) into this expression yields

O'J2 = Y#lI (VF-VeQ)
which provides another means of estimating y that does not require com-
puting e.p.c. spectra. An R.M.S. meter was used for this measurement and
produced results in excellent agreement with data presented in Fig. 12.
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Fig. 11. Semilogarithmic plot of the rate constants at. calculated from the
cut-off frequencies of e.p.c. spectra v8. membrane potential at two tempera-
tures 8 and 180 C. Solid lines are least squares fits using xx = Be4v (eqn. (5)):
A810 = 0-015 mV-1, B8.0 = 0-26 msec-1. A.., = 0-0057 mV'1, B==Io =
0-42 msec-L. The slopes are significantly different (t test: P < 0.05).

Estimates ofthe single channel open conductance were not demonstrably
dependent upon membrane potential, mean end-plate current or rate
constant OXa. Least squares lines fitted to these relations had slopes which
did not significantly differ from zero (t test, P < 0-001). The variance
about these least squares lines was large enough, however, to obscure
possible weak relationship between single channel conductance and V,
I# or ,a.
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The effect of temperature on y is shown in Fig. 13. The mean and + 1t-
are depicted for all experiments pooled at each temperature. No statistic-
ally significant (P < 0.01) dependence of y on temperature was observed
in these experiments, although scatter in y estimates was sufficient to
obscure a Q1o = 1-2 or 1-3 such as has been observed for PK and PNa in
frog node (Frankenhaeuser & Moore, 1963).
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Fig. 12. Histogram of the conductance of individual open ACh channels
from one end-plate. Single channel conductance y is calculated from the
low frequency asymptotes of the e.p.c. fluctuation spectra fit using the
cut-off frequency predicted from the continuous line in Fig. 90 according
to eqn. (6). Mean y = 0-32 ± 0-009 (s.E.) x 10-10 mhos and bar depicting
+ tcr is shown. The grand mean == 0-205 + 0-0063 (s.E.) x 10-10 mhos is
shown above with a bar over + to-. The grand mean is based on eighty-four
estimates from eight end-plates each, of which were analysed over a wide
range of membrane potentials.

DISCUSSION

Inferences about mechanisms from fluctuation phenomena depend upon
assumptions about a system's physical properties, and we have analysed
our data within a particular theoretical framework. The most general
statement that we can make about our results, however, without recourse
to any particular theory of end-plate function, is that a fluctuation-
dissipation theorem (Kubo, 1957) applies to the post-junctional membrane
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response to ACh. More specifically, the spectrum of end-plate conductance
fluctuations may be calculated from the decay of end-plate currents by
a Fourier transform. What this means in physiological terms is that the
same mechanisms, whatever they are, underlie both the decay of end-plate
currents and the ACh produced conductance fluctuations. Thus the
kinetics of the end-plate response to ACh may, indeed, be studied by in-
vestigating the statistical structure of fluctuations around equilibrium.
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Fig. 13. Dependence of single channel conductance estimates y on tempera-
ture. Data are pooled for all experiments at each temperature. The y values
are from eighty-four estimates in eight end-plates. The bars represent
+ 1 S.D. A least squares line fit to these data gave a Q10 which was not signifi-
cantly different than 1 0 (t test: P < 0.001).

The theory we have used is certainly adequate for the data, but is not
unique, and indeed, any theory for which the fluctuation-dissipation
theorem holds would be equally good at the formal level. If the state of
end-plate channels is completely specified by only a single variable con-
ductance for example, all that is required for the fluctuation-dissipation
theorem to hold is that the system be macroscopically memoryless (Stevens,
1972). Thus, our results, taken by themselves, are consistent with a rather
general class of possible theories. Although we have not been able to
formulate a plausible alternative to the theoretical scheme used, we must
emphasize that the rather striking agreement between theory and experi-
ment presented here cannot be taken as final proof of our theory; it
merely shows that the theory is consistent.
As indicated earlier, the interpretation one places on the conductance

spectra we have studied depends upon the precise assumptions made about
the system. For example, we have assumed that the binding ofACh to the
receptor is rapid and voltage independent, whereas the subsequent con-
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formational change is slower and field-dependent; in terms of this model,
the physical significance of the cut-off frequency fc of our conductance
fluctuation spectra is intimately related to the dipole moment of the
hypothetical gating molecule. Guided by the rapid kinetic studies of
enzyme-substrate interactions (Eigen & Hammes, 1963; Hammes, 1968b),
we have chosen to make the binding step rapid and the conformational
change rate limiting, but the same formal theory would result from the
opposite assumption, that is, a slow and voltage dependent binding of
ACh to its receptor and very rapid conformational change. This second
interpretation would be entirely consistent, but the rate constant a would
no longer be related to the gating molecule's dipole moment.
We have assumed that the end-plate channels have only two states,

open and closed. Although a large number of models can be constructed
consistent with the e.p.c. spectra, they would not in general yield a
fluctuation-dissipation theorem. The two-state model we have used is not,
however, unique in giving such a theorem. For example, if it were assumed
that a channel opened instantaneously and then decreased its conductance
exponentially, all of our data would be equally well explained, at least at
the formal level. With this model, however, the quantity y, that is, the
conductance of a single open channel, might well be different. For example,
if y is taken as the channel conductance immediately after opening, the
exponential model would yield a value of y twice that of the theory we
have used here.

Support for the use of a two-state model to represent the single-channel
gating mechanism is available from rapid kinetics studies of enzyme
systems as well as from studies of artificial membranes. Protein conforma-
tion changes have been adequately described by schemes in which the
molecule rapidly switches between stable states (Eigen & Hammes, 1963;
Hammes 1968a, b; Chock, 1971; Gutfreund, 1971). This, coupled with the
suggestive evidence from artificial membrane work in which the individual
channel conductance time courses can be observed and always appear as
square pulses, lead us to support the discrete conductance hypothesis
(Hladky & Haydon, 1970; Bean, 1972; Ehrenstein et al. 1970; Gordon &
Haydon, 1972; LaTorre, Ehrenstein & Lecar, 1972). Rang (1971) has also
suggested that a discrete model would better satisfy work on dose-response
characteristics of the receptor.
Katz and Miledi have previously estimated the conductance of a single

channel to be approximately 10-10 mhos, a value 3-5 times larger than we
obtained. Although the precise assumptions (e.g. two-state channel vs.
exponential decay of conductance) used by Katz and Miledi in making
their calculation of y are not clear to us, differences in experimental
technique and methods of data analysis alone are probably adequate to
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account for a discrepancy of this magnitude. Our estimate of y, however,
is considerably different from the value reported by Kasai & Changeux
(1971); Katz & Miledi (1972) have already discussed reasons for this rather
large discrepancy. We feel that our estimate of y is the most reliable
currently available, but must emphasize that this quantity is accurate
only insofar as the theory used to calculate it is satisfactory, so that a more
precise evaluation of this parameter must await the acceptance of a
physical model for end-plate response.

The low conc'entration limit
In our development of the equations used to interpret the observed

fluctuation spectra, we have supposed (see p. 669), as was assumed earlier
(Magleby & Stevens, 1972b), that the post-junctional membrane was sub-
jected only to low concentrations of ACh in the sense that only a very
small fraction of the receptors were, at any moment, combined with ACh.
In this low concentration limit, the number of receptors not bound to ACh
is effectively constant, and the random process which describes ACh-
receptor interaction may be assumed to be Poisson. Unfortunately, no
information independent of the results obtained here is available to permit
evaluation of this assumption. We can, however, check the consistency of
the assumption with our data. For the low concentration limit, because
the underlying process is then Poisson, the variance of conductance
fluctuations should be proportional to the mean conductance, whereas if
appreciable number of receptors were combined with ACh at higher ACh
concentrations, the slope of the variance vs. mean conductance should
decrease for the higher mean conductances. Over the range of mean end-
plate conductances investigated in our experiments, variance was indeed
proportional to mean conductance as required by our assumption of low
ACh concentrations (see Fig. 3).

It should be stressed that 'low concentrations' does not in this context
imply unphysiological ACh doses: our iontophoretically applied ACh pro-
duced end-plate conductance increases up to 4 or 5 /zmhos, values that
are comparable to the peak conductance of normally evoked end-plate
currents under the conditions of our experiments.

If it is assumed that 108-109 channels are present at a frog end-plate
(Miledi & Potter, 1971), our estimated single-channel conductance of
3 x 10-11 mho and peak end-plate conductance of 4 x 0I mho would
imply that only 0-01-041 % of the total channels normally are open at the
time of peak end-plate conductances. This calculation indicates that our
results are internally consistent in that the value of y obtained with the
assumption of low ACh concentrations yields, in turn, appropriate esti-
mates for the fraction of channels which open during an e.p.c.
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Sources of errors
Errors in our analysis could arise through serious contamination ofACh

induced fluctuations with noise from other sources, in which case our
spectra would reflect properties of the system other than those we wish to
investigate, or from a failure of the voltage clamp system to measure
accurately fluctuations in end-plate conductance. The following arguments
suggest that our spectra are not of artificial origin and further that they
are not appreciably distorted by the measurement system we have used.
A variety of observations indicate that the e.p.c. fluctuation spectra

reported here do in fact reflect properties of the ACh receptor controlled
ionic channels. The fluctuations are only observed during ACh application
and axe highly localized to the end-plate region as defined by the presence
of large, fast rising e.p.c.s and m.e.p.c.s. Movement of the voltage clamping
micro-electrodes even a few hundred microns away from this region causes
a large decrease in ao, and the ACh noise is unobservable in non end-plate
regions of the muscle fibre. The ACh induced noise variance is proportional
to the mean end-plate current and increases directly with increased ionto-
phoresis current (Fig. 3). A well-defined equilibrium potential can be
measured for the ACh spectrum (where o, is at a minimum), and this is
the same as that found for e.p.c.s and spontaneous m.e.p.c.s, suggesting
identical ionic mechanisms.
One possible source of contaminating noise is the spontaneous occurrence

of m.e.p.c.s; we feel, however, that this source did not make a significant
contribution to our spectra. Contamination of the spectral estimates by
spontaneous m.e.p.c.s was minimized by selecting end-plates with un-
damaged presynaptic terminals (as judged by m.e.p.c. rate) and by working
at relatively low temperature. Often m.e.p.c.s could be detected above the
ACh noise and records were screened before spectral analysis to avoid their
presence. We have calculated the effect of m.e.p.c.s on the spectral esti-
mates by calculation ofthe added spectrum 9(f) from the Fourier transform
of the covariance, C(t), of m.e.p.c.s. If m(t) represents a single m.e.p.c.
and v the rate of random occurrence then

coC(t) =fm('r)m(t +rT) dt,

9(f) = ReY{C(t)} = 2v f m(T)e-i2rTfd| 2.

If m(t) rises instantaneously to a value M and decays exponentially with
rate a: m(t) = Me-t, t > 0 then,

V(f)=2v 2 + (2TfA)2
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We estimate that after screening the records v.. = 0*2/sec at 80 C. For
M = 1 x 10-9 A (see Fig. 2 and Gage & McBurney (1972)) and a = 0'14
(msec-1) at V =-50 mV (see Fig. 9), R(O) = 2 0 x 10-23 A2 see for the
m.e.p.c. contribution. Thus, since S(O) t 10-21 A2 sec for the ACh noise
(see Fig. 4), the maximum contamination of the e.p.c. spectrum by unde-
tected m.e.p.c.s is less than 1 0%. Further evidence that ACh fluctuations
are not a result of spontaneous m.e.p.c.s is given by the presence of ACh
noise in denervated end-plates (Katz & Miledi, 1972).
Nor does it seem likely that ACh fluctuations are due to the ionto-

phoresis technique since bath application gave equivalent results (Katz &
Miledi, 1972). Further, we monitored the iontophoresis current and replaced
electrodes showing appreciable drift or noise above that expected from
thermal properties of the micro-electrode impedance. Positioning the
electrode relatively far (approximately 50#m) from the end-plate effectively
inserted a low pass diffusion filter on the end-plate ACh concentration.
Results were identical for close and far iontophoresis electrodes.
The adequacy of the voltage clamp system used in these experiments

has been considered elsewhere (Magleby & Stevens, 1972a); several
observations reported here provide additional evidence that our apparatus
has in fact accurately reflected the end-plate conductance changes.
The estimates of single channel conductance y did not vary signifi-

cantly with mean end-plate current HI (see p. 679). If voltage control were
not well maintained, however, y would decrease as the mean current
increased because errors in voltage control vary in proportion to the
magnitude of the conductance change; in fact, we have observed such
non-constancy of y on occasions when the feed-back amplifier gain was not
set to sufficiently large values. The fact that y generally did not depend
on mean current indicates, then, that voltage control was adequate over
the range of conductance increases encountered in our preparations.

Since end-plate regions can occupy a significant fraction of a space
constant, and particularly since the effective space constant is shorter for
more rapidly varying signals, it is possible for errors to arise from the
failure to control adequately voltage over the entire region of end-plate
conductance increase (see p. 659). Gage & McBurney (1972) have noted a
difference between the decay constant for the m.e.p.c.s they studied and the
decay constants published in the literature for e.p.c.s, and they conjecture
that this difference might be due to just such failure to achieve uniform
control over the whole end-plate region. We have not observed such a
discrepancy in the instances where the e.p.c.s and m.e.p.c.s were studied
at the same end-plate. Thus, the fact that presumably localized and wide-
spread conductance increases at the end-plate behaved in the same
manner is further evidence for the adequacy of our voltage clamp.
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Effects of pre-treatment with hypertonic solutions
Hypertonic pretreatment ofthe muscle to disrupt excitation-contraction

coupling affected some membrane properties while leaving others intact.
Resting potentials were below normal (-40 to -70 mV) and the equi-
librium potential, as determined from e.p.c. reversals, shifted to near
0 mV. We have ascribed this effect to a loss of internal K+ during hyper-
tonic tubule disruption. Evidence for this hypothesis is based upon the
suggestion that membrane 1/f noise is due to K+ ion flow (Verveen &
Derksen, 1968; Poussart, 1971). We have observed that the magnitude of
1/f noise has a minimum which occurs at higher membrane potentials in
glycerol fibres than in normal ones indicating a positive displacement of
the K+ equilibrium potential. The input resistance of the muscle fibres,
however, recovered to approximately normal values after osmotic shock.
ACh receptor function appeared to be unaffected by glycerol or ethylene

glycol pre-treatment. This conclusion is supported by the fact that ACh
fluctuation spectra taken in untreated fibres, over a limited range of V,
exhibited the same characteristics as pretreated muscles. In addition,
e.p.c. decay kinetics were the same in glycerol fibres and in untreated
muscle where contraction was blocked by curare (Magleby & Stevens,
1972b). Thus, we have seen no evidence that subjecting muscles to the
hypertonic solutions alters the properties we wish to investigate, although
we cannot of course be confident that gating mechanisms are entirely
unaffected by this procedure.

Summary of the proposed physical gating mechanism
In this work we have characterized the end-plate conductance fluctua-

tions which result from constant applications of ACh: the form of the
spectra is accurately summarized by eqn. (4), a description containing two
parameters. The first of these parameters, the cut-off frequency fc, varies
exponentially with voltage, whereas the second parameter y, which reflects
an appropriately normalized amplitude of the spectrum (see eqn. (6)),
shows no significant dependence on voltage. The declining phase of both
e.p.c.s and m.e.p.c.s is exponential, and the rate constant a which specifies
the form of this exponential also depends exponentially on voltage. Our
results show that the cut-off frequency of e.p.c. spectra and the decay
constant for m.e.p.c.s are related by fc = ace/27.
The physical model we have adopted will account quantitatively for

these observations. According to our picture, a gating macromolecule
guards an ion selective channel with an open conductance of about
3 x 10-11 mho which permits the passage of Na and K ions. This gating
molecule can be in either of two principal conformations, one of which
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permits ion flow through the channel and the other of which prevents it.
When ACh binds to its receptor, the energy barrier between the open and
closed conformations is reduced so that the channel opens and closes
according to a random process. At 80 C and 0 mV the channel, once open,
remains open for 6*5 msec on the average; at - 100 mV the energy barrier
for a conformational transition from open to closed is increased by about
0 3 kcal/mole, because of the coupling of the membrane electric field to
the gating molecule's dipole moment, and the channel remains open for
an average of 11 msec. During this open time an average of 2 x 105 ions
pass through the channel at a rate of about 2 x 107 ions/sec. A single
quantum of transmitter opens approximately 1700 channels and, under
the conditions of our experiments, with a quantal content of approxi-
mately 80, about 135,000 are open at the peak of a normal e.p.c.

Experiments reported here then support a very specific model of gating
behaviour in that we are able to account quantitatively for a rather wide
range of observations of end-plate behaviour. A final evaluation of the
physical reality of this picture must, however, await further and more
direct experimental investigations.

APPENDIX

This appendix contains brief derivations of relations used in the text;
some of this material has been presented partially, or in a different form,
by Magleby & Stevens (1972b) and Stevens (1972).

Probabilistic behaviour of an end-plate channel
Suppose that an end-plate channel may have only two conductance

states with an open conductance y and a zero closed conductance, that the
transition of transmitter-receptor complexes occur according to a Poisson
process with an opening rate fi and a closing rate a, and that channels
operate independently. We restrict attention to the low ACh concentra-
tion case in which the probability of an open channel is small and the
fraction of channels with n AChs bound to their receptors (n is the number
of AChs required for a channel to open) may be assumed to be Kcn (t);
K is the ACh-receptor binding constant and c(t) is the cleft ACh concentra-
tion at time t. Let p(k, t) be the probability that a channel is open at time t,
given an initial state k (k may be either o = open or c = closed) at time
t = 0. The conditional probability p(k, t) then is governed by the equation

d(ik, = -(a+/3Kcn(t)) p(k, t) +/,Kcn(t).
Since we have assumed that only a small fraction of the channels are open
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at any time, flKcn (t) must always be small compared to a so that this
equation becomes

dp(k, t) = _ap(kt) +fiKcn(t). (Al)
dt

We now derive equations first for the mean end-plate conductance and
then for the e.p.c. spectrum.

Average end-plate conductance
The mean end-plate conductance g(t) is given by the fraction of channels

that are open times the maximum possible conductance:

g(t) = P(t) yN.
Here P(t) is the probability that a channel is open (irrespective of its state
at time zero) and N is the total number of end-plate channels. If, for
convenience, the initial conductance g(O) is assumed to be zero so that
initially all channels are closed, then,

P(t) = p(c, t).
Multiplication of both sides of eqn. (A 1) with k = c by yN thus yields an
expression for mean end-plate conductance,

dg(t) -ag(t) +±INyKcm(t) (A 2)
dt

which has the solution:

g(t) = flNyKj c(T)e-a(t-T)dr. (A 3)
According to this last result, e.p.c.s decay exponentially with a decay
constant a after c(t) has declined essentially to zero; Magleby & Stevens
(1972a) have maintained c(t) is negligible for the entire declining phase of
e.p.c.s and that e.p.c. decays therefore provide an estimate of ox.

Spectrum of e.p.c. ftuctuation8
The spectral density S(f) of e.p.c. fluctuations is most conveniently

calculated by Fourier transforming N times the covariance function
C1(t) for the behaviour of a single channel. Covariance is defined to be

C, (t) = E{1l (O)I1 (t)} - E{11(oo)}2
= E{( V-Veq)2 g1(O) 1 (t)}-E( V- q) l(O)}2,

when E{ } indicates expectation, g(t) is the conductance of the channel at
t, I,(t) is the single channel current at t, V is the membrane potential and
Vec the equilibrium potential. C1 (t) thus becomes, for steady-state fluctua-
tions with constant ACh concentration c,

Cl(t) = y2(V-Veq )2p(o, oo) p(o, t) _y2(V-Veq )p2(o, cc).
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By solving eqn. (Al) for p(c, t), the covariance function is found to be

Cl1(t) = y2(V-Vej)2iKcn e-at, (t > 0).
The spectral density, obtained from the real part of the Fourier transform
of NC, (t), is thus

S(f) 2Ny2(V-VeJ)2/JKcnfa
1+ (2nflIc)2

Since the mean e.p.c. It, is N(V-Veq) Kcn, eqn. (4) of the text results:

SWf = 2#t y( V - Veq)/mZ
Integrationof 1+(27Tf/c)2 (A4)

Integration of (A 4) over all frequencies yields the variance of e.p.c.
fluctuations and relates this variance to the mean e.p.c. If the variance
and mean of current fluctuations are converted into a variance and mean
of conductance fluctuations (through Ohm's law), (A4) implies that the
conductance variance is proportional to the mean conductance with the
proportionality constant y(eqn. (2)); thus y may be estimated either from
S(f) directly or from its integrated form.
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