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¢ 4. Nerve-evoked e.p.c.s and spontancous miniature e.p.c.s decay cx-
fponentially in time with a rate constant which depends exponentially on
£V, The magnitude and voltage dependence of this decay constant is
fexactly that found from e.p.c. spectra for the channel closing rate a.

E 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
fmembrane potential, temperature and mean end-plate current. y = 0-32 +
£0-0045 (S.E.) x 10~ mhos. Some variation in values for v occurs from
Imuscle to muscle.

6. It is concluded that the relaxation kinetics of open ACh sensitive
jonic 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,

f * Present address: Physiology Laboratory der Rijksuniversiteit te Leiden, Wasso-
paarseweg 62, Leiden, The Nethorlands.



656 C. R. ANDERSON AND C.F.STEVENS

0.p.C., m.e.p.c.), and is consistent with the hypothesis that individual
ionic channels open rapidly to a specifie 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.

END-PLATE CURRENT FLUCTUATIONS 657

f time into constituent sine and cosine components with Fourier analysis;
the sum of the squared amplitudes of the resulting sine and cosine émﬁwm
- give the spectral magnitude at the sinusoid frequencies. If the e.p.c
m:mgmao:m are very rapid, for example, relatively large values of m@mcﬁ.&
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-
g ponents, and is rather like the characterization of an amplifier’s per-
k 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
b, e.p.c. fluctuations. In the second part of the Results we have presented a
i theory of post-junctional events together with a number of predictions
about e.p.c. spectra based upon this theory, and have compared these
f 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
E' open conductance of approximately 2 to 3 x 10-1! ;mhos. The closing rate
i of these channels depends exponentially on membrane potential and is the
F same when measured by e.p.c. spectra or from the closing of channels after
L axonal release of transmitter quanta. Altogether, ACh produced e.p.c
e fluctuations seem to provide a satisfactory means for studying the E:mi.om.
mmom post-junctional conductance mechanisms under conditions of constant
g ACh concentration.

j Some of these results have appeared previously in abstract form (Ander-
g son & Stevens, 1972, 1973).

INTRODUCTION

The kinetics of frog end-plate response to acetylcholine (ACh) have
standardly been investigated using evoked and spontaneous release of §
transmitter. These studics arc 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 3
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 a@w&o@./_ !
out a voltage clamp analysis of the end-plate conductance fluctuations 4
produced by constant ACh concentrations. Since post-junctional mem
brane potential has been demonstrated to alter the time course of end- 3
plate currents (Gage & Armstrong, 1968; Kordas, 1969, 19724, b; Magleby
& Stevens, 1972a), and has been hypothesized to exert its effect through 3
the gating mechanism itself (Magleby & Stevens, 1972b), we have been
particularly concerned with using this variable as a tool to investigate §
gating behaviour. 4

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. 3

We have described e.p.c. fluctuations in terms of their spectra, a charac-}
terization which basically indicates the amplitude of each frequency com M
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;

METHODS

The Rana pipiens sartorius nerve-muselo i i
3 . orius preparation was dissected and maintai

in w:moa@ Z_Jmon solution adjusted to pH 7-20 (composition: 117 mm-Na+, 1-8 “Ma&
Ca?t, 2.5 mn-K+, 1211 mm-Cl-, 0-425 mMm-H, PO, 1-568 mmM-HPO?-), Mxv_migmwem
.,ws.oam performed on frogs that had boen kopt at room eoEwmgﬁ:w@ under runnin
.MMHE gmu MMWOE.QHE. 1 day to 3 weeks. Musclos wero pre-treated with oither m_%omaom_
k (Howe enden, 1967) or ethylene glycol (Seveik & Narahashi, 1972) i
E disrupt excitation—contraction eoupling, . ) order o

The following procedurcs were used for hypertoni
k. ) rertonte treat: .
£ at room tomporature (22° C): . He trentment. Steps (1) and (2
P (1) 50 min, 50 ml., 750-800 mu glyeorol i X L
, R M glycorol in buffored Ringor, pl 7-2; or, 50 mi

ucM_r..Hwooo mm ethyleno glycol in buffered Ringer, pH q.mw ! o
[ (2) Then 60 min, 250 ml., Gage & Eisonber i
; s . X g Ringoer: 117 Mm-Na+, 25 K+
a BS.O,m.Nﬁ 5 mm-Mg?+, all as ehlorides, unbuffored pH 6-8 R
(3) Finally, experiment, 6 ml., buffored Ringer[pH 7-2, cooled (< 4 hr).
. Although glycerol was used in the initial oxperiments, we came to prefer the
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ethylene glycol method because it meemed to yiold high resting potentials
(V = —170 mV vs. —40 mV) and larger input resistances. The high concentrations of
ethylense glycol and glycerol and particularly the higher temperatures (as compared
to those reported in the literature) were critical in produecing a muscle whose deep
fibres did not contract during nerve stimulation over the 2—4 hr duration of the
experiments. The high Ca**, Mg?+ Ringer (Eisenborg et al. 1971) geomed 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 situ length and mounted
on tho bottom of a glasa and wax frame which fitbod into a chamber with a standard
grlnss microscopo slide baso. ‘Tho resulting closo approximation of the musclo to the
bottomn of the dish providod firm mochunical support and pormitted Kohlor 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 messured with a thermistor positioned near the end-plate region and
maintained at the selected value ( + 0-25° C) by two peltier coolers {CAMBION, Inc.)
supplied from a storage battery.

The proparation was usually maintained at temperatures near 10°

induced current fluctuations. Secondly, the cut-off frequency of the ACh current

fluctuation spectrum was shifted at low tomporatures to tho frequencios at which 3
extraneous noise arising in the measuring apparatus (see p. 662) was at & 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
Low impedance voltage recording electrodes
were used to reduce the thermal noise contribution in the voltage clamp
The level of Ringer solution in |

soparation was less than 5O pm.
(1-5 MQ)
records and to improve clamp frequency response.
the chamber was lowered to near the muscle surface (~ 2 mrm) to minimize electrode
bath capacitive coupling, but other precautions in this regards (such as placing a
shield between electrodes) proved to be unnecessary for adequato response over the

frequeney range of interest (0 - 500

the end-plate region.

Because accurate estimation of end-plate conductance with the <o:.um.mm clamp

techniques require that voltage control over the end-plate be as uniform as possible,
care was taken to obtain optimal
Gage & McBurney,

membrane potential is not & faithful
changes, final positioning criteria were based upon

than about 0-5 msec (T’

V = — 170 mV were deemed acceptable. Likewise e.p.c. rise times of approximately}
nA at —70 mV and 10° C were taken to indicata
adequate positioning. End-plates with high m.e.p.c. rates (> 1fsec at 18° C) were}
rejected to minimize contamination of the ACh spectra. K

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 ]

1-5 msec and peak current > 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 j

Hz). A third micro-electrode, for iontophoresis,
filled with approximately 2-5M-ACh chloride was positioned extracellularly near

electrode placement (Takeuchi & Takeuchi, 1959;
1972). A successful penetration showed spontaneous miniatire$
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}
representation of the underlying conductance
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.) moasured under voltage clamp. M.e.p.c. rise times Jess§
= 10°C) and peak amplitudes greater than 1 nA at}
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w:.odm_E% varied somowhat from end-plate to ond-plate; for example, with end-plate
M:mrrw for 15-400 um and a muscle length constant of 2-5 mm Cﬂm.ew & Katz »@wu:
M_MHEEm would occupy from 0-01 to 018 space constants, and the BEWB:E
Mo@ m.mwm amawowm éw:_m rango .?o.ﬁ .m to 169 (d.c.). Without visual identification of
cmp ﬂ & %%wm:mno:m, electrical critoria were used exclusively to judge the adequacy
& clamp. These criteria included the m.e.p.c. and e.p.c. rise ti i
and the requirement that residual voltag . Toaing or ops e by e
o chango d
than 59, of tho driving potential. ¢ 80 Curing an op.c. ahwnys bo loss
The iontophoresis cloctrodo was iti i
positioned near the point of entry of the intra-
MM__EE. electrodes and test pulsos of ACh passod. Although it was voﬂm?_o MVE_“MG
vnm _o_ch.c._c ,_E:.% closo Lo the ond-plate, a8 judgod by tho briof rise timos :mﬁ>0r
3 dueod conductanen ) nHe, wo choso Lo MOVo tho oloctrodo
1 : ' | o, wway from th -
g plate to reduco E:.V poss lity of loeal ACh concontration n:oo:w\emo:m bom“.,acw__..uo
Ho%aﬂ?% m%mwrwnwo Wi:o_. might ariso from rapid changos in oloctrode proporties (Katz
iledi, - Iontophoretic current, supplied throu, ical i
L &1 gh an electro-optical isolati
. Hﬁ. oMmﬂmuooaom Mwu a m%vmam.oo bath electrode, was monitored by a &mm@u%bﬁm_ mBﬁ:mH“
i moun near the olectredo to insure electrical stabilit i
f y. For some iontophoreti
I &amauo&mm passage of current was associated with haphazard variations WBOMMOMM
g wam“.\ﬂ\m.s@ow such electrodes were not used. Iontophoretic electrodes had resistances
E_Hrc ugwmo of 10-20 M, and 8.&58; backing currents of approximately 10 nA
o e m&o tage .&Esm was as described earlier (Connor & Stevens, 1971) except SS._W
a4 60p cm%mb_m.on was _.u_@oag in parallel with the 1MQ feed-back resistor of the
p curront, moasuring ainplifier connocted to the bath.
, owMMoP:mo éo_ havo been concorned in this work with the quantitative comparison
4 eory and experiment, it has been important to und i
, erstand the rel i
. ﬁeﬂﬂmb wwo actual end-plato eurrents and the output of our Emmmﬁlumn MMMMMM%
i We therefore earried out an analysis of our volta, 1 i .
i the transfer function A(s) whicl e plate oy o o caloulate
E 1 relates actual end-plate current #(f) +
g current J(2). For this calculation we assum ) injocto st
p i ed that () was injected at a single poi
+ . . . O o
. HHM MB Emb;om ﬂﬁ_vﬂmmosoo:m, one-dimensional cable, that mombrane MOG%_MM._
rding was faithful, that the current passin i
 Fec g electrode behaved as an ideal
HM.MMAMM@MQ mmpa ez,_o Wo_m@mm clamp amplificr had ideal characteristics. This analysis
- 8 ut with standard mathematical tochniquos (see, for e i q
yielded the voltage clamp transfor function ! (e xnmplo, Aseltine, 1938),
H
o pos+2
(reer)]:

Is) _\_”:
ys]

; is)

‘,Mwmno mmv MSQ I(s) are the Laplace transforms of the fluctuating e.p.c. and the

e moasurod clamp current; (4-1) the voltage clam i i . th

: s ¢ e p amplifier gain; R, the current

fpassing micro-clectrode resistance (Q); R and O th osist .
i ; brane resistance {Q

& and capacitance (F em™1) per em of cablo | W p tin o

ength; and p the longitudinal resist

of the myoplasm (Q em~1). The magnitude squared of the nnm:mmmamwﬁ:oioa H_.M.me@“ww“%

i 8 quantity which specifies the over-all fr
muscle system, is given by requency responso of the voltago clamp-
1
+l|

R e (AT

ﬁsmo@anﬁ_mm%q gains 4 in tho range 103-10%, and our current passing electrodes
resistances I, betweon 108 and 107 ; theso 1ti i

| ; quantities, together with values f
»&M parametors, p, B and Q. (sco, for example, Dulhunty & Gage, 1973) ﬁmaumm
festimates of tho oxtent to which measured currents are an accurato H.omoxmo.z of the

‘ A(s) =

B
4

2R,
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W—E validity of ﬁrmv. method was tested by injecting
own spoctrum into a real muscle, thon :m:.m. tho v
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actual end-plate currents. Between f = 1 and f = 300 Hz, the range of frequencies
over which spoctral donsitios aro roported hero, the errors introduced by the voltage
clamping equipment (as calculated by the equation above) are at most & few per
cent. More detailed caleulations, in which properties of the input ecircuit and voltage
clamp amplifior are taken into account, have supported this conclusion.

E.p.c. fluctuations were rocorded on magnetic tape (Sanborn, 15 inches|[sec;
5 ke 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 & 1 kHz low pass filter was takon, and
finally tho curront fluctuations during ACh iontophorosis woro rocordocd.

Estimates of spoctral densities (Bendat & Piersol, 1971) were calculatod for all
fluctuation data from 8,192 digital samples usually taken at 1-02 kHz. A fast .

_hsoQE synaptie curront with
’ un oltage rospons LT 2
! nto u e u ponso and
edorivo the :c??&. current spoctrum. The rosults demonstrated cMccz_c:wmQ:. -
E%—m between the injected and calculated spectra. e
itk M?MOMMMME:OW spectra M:_e_:go& with this technique agreed quantitatively
ge clamp records presonted lator in this i i
pendent chock on the voltage sensitivi e e oy inde-
go sensitivity of thoe ACh noise rate
i . 1 const .
] kumwom. function method was discontinued in favour of the voltage o_EM_ M_Mnm Hr.o
gnﬁm..p w.oo:S.& of membrane potential over a larger range, and also ow og.mue.u.ﬂ:e
e division of speetra (see equation above) which severel . par.

ticularly nour the ACh curront oquilibrium potontial. Y limited aocurscy, par-

Frequently used symbols

Fourier transform routine was used after cosine tapering {Cooley & Tukey, 1965). Symbol Units Meanin
No filtering was applied to the spectral estimates so as not to obscure possible narrow T °Cc Tem 37 i ¢
band width properties of the fluctuations, All data are presented as current spectral v v peraturo of preparation
density S(f) (A?sec vs. frequency) and can be directly converted to conductance . v m Membrane potential
spectral density 8, (f) by .\B mV Equilibrium potential for end-plate processes
S = S ., Hz Frequeney
= : .
s {(V—-V)? g mho Mean increase in end-plate* conductance caused
¥ denotes membrane potential and V,, the e.p.c. equilibrium potential. : by ACh application
All esleulations including model prediction, rate constant determinations, least- | iy nA Moan increaso in ond-plate® curr.
squares regression of voltage dependence and statistical testing were performed on '’ ACh application nd-plate* current eaused by
a laboratory digital computer (PDP-11-Digital Equipment). . o2 mho? Varianee of iner .
The most straightforward way to study ACh noise is to record membrane potential fuctuati ease in end-plate* conductance
fuctuations as Katz & Miledi (1970, 1971, 1972, 1973) have done. The difficulty with § P A ctuations caused by ACh application
this approach is that one is interested in the underlying conductance fluctuations 3 ! Variance of increase in end-plate* current
characterized by the conductance spectrum S;(f), but the measured quantity is the fluctuations ceused by ACh applicati
y : pec [ 18 Ut R y pplication
voltage spectrum S,(f). S,(f) 1s not directly proportional to Sy(f) but rather is dis Qcm Muscle mombrane resistance x cm of cable
torted by the muscle current-to-voltage transfer function T'y(f) according to the rela- length
tionship (see Stevens, 1972) c #F emn-1 Musele
nombran: i
S = S .;\.v ] length & capacitance per cm of cable
T YV -Vt - -
o _ (1% _ e o P Qem-! Musele longitudinal resistance per cm of cable
The mean membrane potential is denoted by V and it is assumed that voltage length
fluctuations around this mean are small. R, MO Resist, ) i .
If the muscle transfer function were known, then, the desired quantity S(f) S A% soc < istanco of .~ ecording inicro-electrode
could be calculated from the observed S,{f) ; in earlier oxperiments, before the voltage pectral density at frequency f of membrane
clamp was employed, we adopted such an approach. ‘Unfortunately the simple cable curreut fluctuations
equation and lumped parameter models of muscle cell passive eloctrical properties Y mhos O.o:m:oggc of a single two-state ACh channel
are not a sufficiently accurate representation of actual behaviour to permit Ty(f) in its open state
to be calculated (Falk & Fatt, 1964; Adrian et al. 1970). We therefore measured th a msee ! Rato constant for closing of open ACh el 1
1 channels

musele transfor function in each fibre, at the desired V, by injecting a white noisa
(flat spectrum) current through a second electrode placed near the end-plate. If the}
injocted current noise spectrum is S,(f) and the resulting voltage noise spectrum
5,(f) then the muscle transfor function is given by
|Tulhl? = SIS
and the desired ACh conductance spectrum is obtained from
s = A5
D=5 h T-va

* Qo S ,
Strictly speaking, ‘end-plate’ should be replaced by ‘muscle’ because we hav
(5

notseparated currents flowing throug
iy & through end-plates from those through extrajunctional
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e o input impedance of the musele, Therefore the extrancous thermal contribution to
ESULTS the measurod current spoctrum S((f) is
R
i dETR (14 2RC,
Part I. Measurement of ACh produced e.p.c. fluctuations Sif) = Min N 0
Current noise in the absence of ACh

Added to this cloctrode noise is tho oxtrancous noise contributed by the input stage
of the electronics, tho principle eomponent being shot noise in the FET input
voltage amplifier. This additional amplifier noiso may be roprosontod by a thorinal
' Doise genorator (moasured r.LS. value of 5 £V for our amplifier) of 4 MQ added to
" B, above. The resulting theorotical lowor limnit for clamp noise resulting solely from

recording eloctrode and mnplifier contributions is shown as a continuous curve in

Fig. 1; above about 200 11 tho vultage clanmp system achiovos the minimum possible
value,

Our first objective in this study was to Eﬁw.mﬁmmam _omow.maossm semm,
that is, the extraneous noise arising in our m@:%Bo.be and in the Ec.MM 8
membrane in the absence of ACh ; this background noise must be o:@npn r-
ized in order to evaluate its contribution to the ACh produced mcogm&%bm
which are described in the next section. Briefly, we _Ea.d m.o:.:a that be cHs.
about 200 Hz the dominant source is ‘1/f’ noise arising in the muscle
membrane whereas above 200 Hz, essentially all of the o.ki@:oo:m :M_Mm
is of instrumental origin. Over the frequency n@dmm .om Eﬁnmme for em
e.p.c. fluctuations to be described later, both the ‘1/f’ and Emeﬁ:ﬁou N
noise were two to four orders of magnitude less than the ACh ?.M cnmw
fluctuations we wished to investigate. The H.mmmb.u not concerne MMd
details of our analysis of background noise may omit the remainder of this

i i loss of continuity. .
mowﬂonruﬂn”%%%m:m Emmosgaos‘%iﬂ shall o_osmaouvmumw equipment noise
‘1/f’ noise arising in the muscle membrane. o
PSMM“MMMMNEKMM the wOmmem sources for mx.s.psmwo:.m noise arising in MMM
measuring apparatus, we discovered that the only significant .moswomdﬂmmmnmﬁ
thermal noise in voltage recording micro-electrode and noise in the firs
stage of the FET input amplifier. This electrode and amplifier Mo_‘mm M
added to the actual membrane voltage and szwm acts as a comman wmscm
for the voltage clamp system. The ocﬂ.oi.u required to clamp the EMB SE.
to this noisy signal increases steeply with m.mp:@.:a% because aar..w WM.?
brane capacitance results in a decreased muscle impedance at hig

At low frequencies a membrane potential dependent, ‘1/f’ spectrum
I noise dominates. Such 1 /f noise in nerve membrane was discovered by
i Verveen & Derksen at the frog node (1968) and has been observed in
f lobster axon (Poussart, 1971) and squid axon (Fishman, 1972). Present
E 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 (V,; = —10mV in Fig. 1, Jrest = —50mV) which suggests a
combination of jonic components. Increases in external K+ concentration
shifted ¥, to more positive values im plicating this ion in the process, but
we have not ruled out the possibility that Na+ or even Cl- ions participate
b in the current which results in a 1/f spectrum. 1[f noise is not solely a
 property of the end-plate region but oceurs anywhere in frog muscle fibres
L with or without glycerol treatment. A lumped component model of the
f muscle studied with our voltage clamp apparatus gave spectra at low
k frequencies like that shown in Fig. 1 for —10mV.

In hyperpolarized cells, humps were detected superimposed on the low
. frequency 1/f spectrum. Scparation of these components gave a spectrum
f which seemed to behave as 1/(1 + 4n(f/f.)*) where f, depended on membrane
 potential. Such a case is shown in IFig. 1 (—80 and —120 mV). Records
¢ were sorted to ensure that no spontancous m.e.p.c.s were present. It is
possible that these humps are spectra of current fluctuations in Hodgkin-
f Huxley type K+ channels (Siebenga & Verveen, 1972; Stevens, 1972;
: Fishman, 1973).

j In summary, all the extrancous noise added by the electrodes, voltage

‘dlamp and associated electronics has been quantitatively accounted for

E and under the conditions of our experiments these sources limit the resolu-

f tion to about 1 x 10-12 A (sec)t at 100 Hz. ACh induced current fluctuations

reported below are generally three orders of magnitude above these

fextraneous background sources.

I Inorderto minimize contributions from background noise, control spectra,

pbtained in the absence of ACh) have always been subtracted from the

quencies. o . -
To analyse this effect, wo idealized the muscle cell as an infinite o:o.&:w.oMM%Mb
able (Fatt & Katz, 1951) with a thermal noise generator (spectrum _.mﬁ n Ir : )
i the voltage recording electrode resistance (I2.); the Emnrmsma_.n& tec En_m@w
on loyed in the analysis are those deseribed, for example, _uu.a ;Pmo:::o.ﬁwwmv. i Mo
MHHW muwwoos the spectral density of measured current fluctuations Si(f) is relate
b
sy Sdf) = SN TP
with _SQZN obtained from the idealized muscle transfer function which is found
with standard techniques (e.g. Aseltine, 1958), to be

2
1(0,5) = =~ (pCs+p|R}.
A2
t and:
, o the Laplace transforms of .Bogdawsm., curren and
H.Hmmo N%m..m Vam”mc WMQ.MW@ m.MwEo and p, C, B are longitudinal resistivity (£l em M. i
iy mm”.wpbo capacitance (#F cm~!) and membrane resistance ({2 cm), m.zn.w. the o_oos.nw o ;
“Wﬂmwemobmm at x = 0;if s is interpreted as imaginary frequency, T'(s) is the complex

T(s) =
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e.p.c. spectra presented in succeeding maoﬁnbm. mw:om the m.MeEboMMMmmemo
varies in magnitude with membrane potential (see Fig. H.v,wa éww poce mcmw.
to obtain a control spectrum for each membrane potential used. this sub-
traction procedure is justified because the m.MaE:mo:m mosnmom 8 M.. e

uncorrelated with the ACh fluctuations we wished to study. In pr. y
all cases the correction amounted to at most a few per cent.

-

»
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S(f) (A® sec)
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TTTTTT

1

1 1131181 | 1 1111811 | S Y]
10-2s L1 11 - 4os
1 10 .10
Frequency (Hz)

i ities from voltage clamped end-
fig. 1. Current fluctuation spectral densities f .
M“Memwb an ethylene glycol treated muscle at ucH.O without ﬂmwrwwmw”wmwﬂo
ial i ith each curve. Continuous line represen
B wwoal o i i (1)) ealeulated for the gbserved
tions from thermal and amplifier noise {eqn. ; bsorve
i i = 0:45 MQ, fibre radius = 50 gm and using
R, = 3 MQ, input resistance = 045 s and using
. istivi tt, 1964), Cy = 2uFlom
itudinal resistivity = 200 Q em (Falk & Fatt, 1 . .
~N~W®-M=Mpﬂwwmmmpdm~.m. -cvmw, Table 1). 1]f noise present in the input Esvrmmﬂ
Mﬁﬁmug included in this ealeulation ; addition of this ooBﬁM:awwa éo:rw mow_&.
imi bove for V = —~10mV.
i similar to the observed one mroswb 8
%oﬂmwﬂ”mew.wwouwwc:m:e visible at low frequencies and the humps apparent
in records taken at large hyperpolarizations.
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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.

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

50 msec

1 nA

.
.oanf
LT

200 ' *

100

#i{nA)

Rest
0

Fig. 2. Digitalized time sweep of membrane currents in voltage clamped
end-plate of ethylene glycol treated muselo at 8° C. High gain, records filter
below 1 Hz (40 db/decade) are presented above and low gain d.c. coupled
traces bolow. The control trace includos a spontancous miniature end-plate
current. lontophoretic application of ACh[eurrent = 10 nA] produced a
moan end-plate current of 120 nA and increase in ®.M.8. 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 V.

relation by measuring the mean (y;) and variance (o1®) of e.p.c.s. Because
, the various records were taken at a variety of driving potentials (mem-
g brane potential V minus equilibrium potential I7,,), we have expressed this
| relation between mean and variance in terms of membrane conductance
L by using the following equations which result directly from Ohm’s law:
Ay O
Mo =Ty T T T
b Fig. 3 presents a graph of conductance variance o,? as a function of mecan

. end-plate conductance #g for ACh noise obtained in three experiments. In
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666 C.R. ANDERSON AND C.F.STEVENS .
these and additional experiments oonmzmgboo variance was linearly
related to mean conductance by (eqn. (20) in Stevens, 1972)

o5’ = Vi (2)

-10
where the proportionality y has a value of 0-205 o.ooﬂw (s.B.) Vw _Hu ME@MMM%
According to the interpretation we wmﬂ.w placed on t % mmﬂ.m.ormbs@_

(see p. 668), ¥ is the conductance of a mEm_.a open end-pla » chan o.m e
The conductance fluctuations shown in m._mm. 2 WEQ 3 m_H.M weq M as
ACh voltage noise first studied by Katz & Miledi (1971, ).

10
09
08
07
06}
05

-4 [
0-4 .

% 10-1¢ mhos?)
°

~—
"o
o

03} L
02} .

o1
[ ] \ 1 1 1 1 1 [l .
Hg (X107¢ mhos)

i function of mean end-plate
ig. 3. Variance of conductance fluctuntions as a on 0
M“MQWQMSMQ increase produced by mcbaovwo_..m?o application of »Por”eu.wpwm.».
were pooled from three experiments, and @o:HoM\ Sm_mo em.rwﬁwm% ”ro N..MMM :Wrmw
i — 140 mV. Slope of th

brane potentials botween 60 and >
JMMM Mra o%:&coemnao of a single channel (see eqn. (2)) and has m.WM?%QMH
w.—w x 10~ mho for the three experiments shown here. ‘Ezw MM@M o
eighty-four estimations in eight experiments was 0-205 + E.

x 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 H.oom”.mm of m.wﬂm. taken MMMMHQ
i itizati All of the over e.p.c. 8
ignificant desensitization had occurred.
M%o&pgm for more than 40 voltage clamped mum..m._mgm had the mmuw.m H»,OMB
spectral densities were constant at low frequencies and mwwn@m%m eﬁm ..pu
high frequencies. Examples of typical e.p.c. spectra are illustrated i

Figs. 4, 5 and 10.
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The fast Fourier transform violds spoctral ostimatos S{f} that aro distributed
accordmg to y? distribution with standard deviation

WARSUPE = S(HIB.T = 02 5(f)

(Bendat & Picrsol, 197 1) ; our ealeulations used g resolution band width B,
and record length 7 = 8-192 soc or 3192 samples.
spoctrum indicate +1 s.b. (+ 1g).

g =

= Jeycles
The error bars on each power

Desensitization does not affect the Sform of S(f)

During a constant iontophoretic pulse of ACh the post-synaptic de-
polarization gradually diminishes (Katz & Thesleff, 1957). We have
standardly obscrved 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
f. noise samples taken before appreciable desensitization occurred and during
E the various levels of desensitization produced by continuous application of
b ACh. As desensitization progressed, the mean current 4; diminished, and
there was a concomitant decrease in the noise amplitude as measured by
8(0) or o; throughout, however, oy® was linearly related to z; 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 909, desensitization. We have also noticed that

desensitization occurred more rapidly in hyperpolarized cells (Magazanik
- & Vyskotil, 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 1 [f?in the high-frequency

imit, and that the form of this spectrum is not affected by desensitization.
:To interpret these observations in terms of end-plate conductance mechan-

ms, some theory about the source of the fluctuations is required. In this
section we first develop a theoretical framework which relates e.p.c.

pectra 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.
uctuations with experimental observations.
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(i) The spectrum S(f) of ACh produced e.p.c. fluctuations is given by
»WA.\.V — M.F:QA.—\| .“\.EV\R
e T+ @aflo @
¥ Here is the spectral densit \ i
. y at frequency f, th i
E the membrane potential, ¥, i re orilibrian oot b
; » Feq 1s the end-plate equilibri i i
Mﬂm M.m&m constant for channel closing (from maw. Awt_MM_Q@W&M:MWM. on
N ctance of one open .&Es:&. Note that this equation holds ex oM_b-
U,ﬁ oom\wmﬁoron. Smnzoe_o.:m in its derivation (sce Appendix), for the li @M b
m%ui oosg_;_.m.;_o:m. The meaning of ‘low ACh oonwoo:wgzouwzﬂw o%
,U.a accuracy of this assumption for our experiments is consid in th
Do sidered in the
.x wa\wwﬂoﬂ m..ﬁoM:m%Mw Je of the spectrum S(f) above is defined to be
[ fo = nd 18 that frequency at which S(f) has de
creased to half of i
zero frequency asymptote. Magleby & Stevens (1972b) have @wm&%cnuw

that & should depend ;
fitho relation P exponentially on membrane potential according to

Model for interpreting notse structure

On the basis of recent experiments (Magleby & Stevens, 1972a, b), & *
quantitative model for the kinetics of channel opening and closing has 3
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 3
model was developed for a situation in which the post-junctional membrane g
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 3
ACh concentration (see Magleby & Stevens, 1972b; Stevens, 1972).

With a constant ACh concentration and very rapid binding of ACh to
its receptors (cf. Bigen & Hammes, 1963), the ACh-receptor complexes are
viewed as continually fluctuating between the ‘open’ and ‘closed’ co
formations (see Magleby & Stevens, 19720 ; Katz & Miledi, 1972):

., a = BeAV (5)
: MH“&_SMM. shown ﬁ:.ma a, as estimated from nerve-evoked e.p.c.s, does i
,Aamoomo omz._ to this prediction. In terms of this analysis, ﬁ:.w .oo,:mgcmw
e MOM om%o_m M:umnm:e change associated with the conformational
e end-plate channel gating molecule from ° ’
: om ‘open’ to ‘cl ’
wﬂm M_rw MMMM.\E.H@ W r_m amwmgm to the free energy barrier wow this ooummum“.w%m.,
e 1n the absence of a perturbing memb i -
&w@om:mm ew.m cut-off frequency (that is, the Tm_%mb% o oo .
..a_w. Mmummaﬂ_ossux .Em@mznmm from the ACh spectra, these spectra provid
o o Mm AM H.&wﬁmww .\.M VH /27, a means of estimating «. As a oosmmasoshw
. an , (ii) estimates of a oblained
.waz\& m&.@o@m::.i@ on membrane polential. wJrom e specdra should
E.@mM”MMMHwM H,Mo %bro moa%wov?:o:e by Magleby & Stevens (1972b) and that
| prendix) & may be estimated in three w
ays: (a
,.“amm%oomoaowi Mm nerve-evoked e.p.c.s, (b) as the decay %oohmevmem” M”M
.e.p.c.s, and (c) from the cut-off frequency of ACh produced e.p.c. spectra

B Estimates of a by these three means will be distin

guished b bscri
8 e (from nerve-evoked e.p.c.s), am (from m.e.p.c.) and a VM%MEmMnWMm

MMMMNWMSHU %E. .S:.WE.% is correct, then, (iii) estimates of a by these three
ruams ¢ M b@no@:ai@. m_HHEm_ for a given end-plate semilogarithmic plots
{ , &m, a, as a function of membrane potentj

@%_rdm the same straight line (see eqn. (5)). potentisl should all chuster
sgaw MJHMHEQQ. e has a membrane potential dependent @,, of approxi-
Emm_wrum %\omwﬂ MWMMMmowme% ow> eqn. (5) increases with lower temperatures
( ns, . Accordingly, (iv) the

‘gci 3 and should vary with membrane &%&mﬁ:.i.v o 0f o should be

K ¢

Here T denotes ACh, R receptor, TR and TR* the ‘closed’ and ‘open’
conformations of the complexes, and 7 ACh molecules per channel are}
assumed necessary for a channel to open; K is the binding constant of :
ACh and its receptor, and & and f are the indicated rate constants. The
rapid opening and closing of end-plate channels, which we view as the4
source of the ACh produced e.p.c. fluctuations, are thus governed by theg
binding constant K, and the rate constants a and £.

The key to our analysis, then, is that these same rate constants
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
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 fivg
distinct categories to aid in the presentation of experimental results.

litude frequency) may

(in
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The parameter y in eqn. (4) is, in our analysis, the oobmcoﬁ%om omaﬂﬂm
open channel. Magelby & Stevens (1972b) have presented evi osMbsm_
end-plate channel conductance is independent ow EoB‘aSNM@ w.o HEM
that is, that end-plate channels do not show @@w..nmﬁp_o_m uoowuo on FMM. T
observation implies that (v) the parameier y i eqn. 4) shou. M  Ihe
same value when estimated from spectra obtained at various mem

otentials. . o
P The succeeding sections deal, in turn, with these predictions.
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Equation (4) accurately describes e.p.c. specira

k. 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 theorctical curves, the extont of this scatter is no larger than

10% 10°% =
= fe -
3 | :
— s 2y ply— Veq)/@ -
== + (2nfla)*
102 = 10731 |-
- \m C
FI ¢ [
< - S L
~ v
<
7 0= \ 102 |
= A [~
- . _
102 |- 10~ L1 P L igrtn L1 Q1311 | S
- 1 10 102
n_ Lt 13t I L L1t 1 1 11§ 1_._mn_:mnn< (Ho)
1 10 10

Fig. 5. Effect of membrano potential on the ACh inducod e.p.c. fluctuation
Frequency (Hz) spectrum. Ethylene glycol troated muscle at 8° ¢ for V = —140 and
+60 mV. Vortical axis as labellod applies to the — 140 mV curve. The

. ; tant ACh
Fig. 4. Spoectral density of e.p.c. fluctuations produced by a constan +60mV curvo has beon shiftl along the veetical

i icati - ethylene glycol treated
moc__\owwoﬂmw : HMMLSW».MEI@MO “«MVFM% mmmﬁw:wwm.o ecwnm::omm% line is the
MMMMMAMMMM mWaaS..ﬁB calculatod from the model m:.omozue&. n iw.ﬂ moxe
{eqn. (4)) using tho moasured mean current (g = 80 X 10~ >.v. o_mzm w a”ﬂ%
potential (V,, = 0), & = 0-132 msec~!, and assuming a m:MmI i
conductance y = 0-32x 10-* mhos. The ocm.oﬂ frequoncy le M@EE
21 HZ is indicated by an arrow. The error bar indicates * 1o o % Wﬁ otrum
e altor 1 B m@Ewwoﬂemeﬁ m%.@%m“mm Mwmmﬂmﬂwﬂom m:osecm.ﬁoﬂ

i n be conv
WWMQMH-M— ﬂhﬂ.ﬁ%ﬂﬂoﬂmw%ﬂ% multiplying ordinate values by 1/(0-06)2.

axis to facilitate com-
parison with tho — 140 mV curve; multiply ordinate values by 8 x 10-3 to

obtain spoctral densitios (A% see) for the + 60 mV curve. Error bar indi-
cates + lo. Continuous curvos aro predietod spoetra from the model in the
text (eq. (4)), using tho following paramoters: Va=0sfor V = +60mV
curve, a = 0-214 msec-1, = —8x10-?A, Y = 024 x 10— mhos; for
V= —-140 mVecurve,x = 0-075 msec™1, 4, = 90 nA,y = 0-30 x 10-9mho,
The cut-off frequencicsf, = a,/2x indicated by arrows are 12 Hz ( — 140 mYV)
and 34 Hz (+ 60 mV). Conversion to conductance speetra (units: mho? sec)
can be made by multiplying the appropriate ordinate values by (1/0-14)2,
Diroct comparison can be mado to Fig. 4 takon from the same ccll.
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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-off frequency 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-oll frequency. In
terms of our physical picture, hyperpolarization causes a slower relaxation
of the conformation change associated with channel closing.

04 |
ACh
03 |
o]
02 b /
= o<
g <o
w ~ 0
E o~
o UU
o1 dg
oo ln
A /DM,
005 |
1 1 1 1 1
50 0 —50 —100 —i50
v (mV)

Fig. 6. Semilogarithmic plot of rate constants (msec™) calculated from
cut-off frequencies (f, = a,/2m) of ACh induced fluctuation spectra at
various membrane potentials. Data is from a single end-plate at 8° C in an
ethylene glycol treated muscle. Solid line is a least squares fit corresponding
to & = Bo*Y (eqn. (5)) with 4 = 0-0059 mV-! and B = 0-17 msec—.

The rate constant a, = 27af. {msec™!) determined from these spectra

was found to depend exponentially on V¥ as shown on a semilogarithmio

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 a, determined ;

from the cut-off frequency f.. The least squares line shown in Ilig. 6 is

precisely the dependence predicted by eqn. (5). 4 and B of (5) exhibited i
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f some variation between different preparation; for thirteen end-plates mean

. N&:om éowoA%_oo?do:mhzi:.mo C) 4 = 0:0058+ 0-008 mV-! and
k. B = 0-24 4+ 0-015 msec-1,
All estimates of a coincide

Magleby & Stevens (1972q, b) studied the voltage dependence of nerve-
. evoked e.p.c. kinetics and Gage & McBurney (1972) have carried out a

RE: similar investigation of m.c.p.c.s; e.p.c. and m.c.p.c. properties have not

. however, been studicd simultancously so that a direct comparison could

LA

-}

S Y
Tepe
e 100 nA
l. | S |

5 msec

Log (i)

Fig. 7. Digitalizod norve-cvoked 0.p.¢. recorded in voltage elampod ond-plato
of an cthylone glycol treatod musclo at V = — 50 mV and 8° C. Base lino
n:.::.‘: as average of last 2 msce of tho record. Deeay phaso botween the
a\.o_.»,_o:._ cursors is plotied below on semilogarithmic co-ordinates. Con-
tinuous lino through these points is a loast squares fit.

§F be made. Since our model predicts that the decay constant a. for nerve-

evoked e.p.c.s and a,, for spontancous m.e.p.c.s should have the same
values, the following procedure was adopted to test this prediction and to
. compare &m and ae with the values of a, 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 « as free parameters. From this
graphs of @, vs. V were obtained ag in Fig. 6. Then e.p.c. and E.o.w.o”

decay rate constants ae and an were determined and their dependence
on ¥ compared to that of «,.
As expected from reeent work, e.p.c.s decay

cxponentially (Maglehy &
Stevens, 1972«; Kordas, 19724, b). Vig oy

- 7 shows a digitalized ¢.p.c. and
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' least squares lines for each set of estimates do not differ significantly from

e & the collective regression line by a Student’s ¢ test (P < 0-05). Thisline may
: : t of the model (Magleby & : : ).

squares line, conforming to Mrmm MH%MNMH The e.p.c. decay constants, 3k be used to predict the closing rate of open ACh controlled ionic channels at

mﬁnﬁmbm, 1972b), o‘cmosHHmm BOM %Hmmm mmﬂmomwnwewamo plots, are shown in f any membrane potential (eqn. (5)). It should be emphasized that the

mwgua_do& ?o:._ the o onm 0 ted the variance of « estimates increased i estimates of «, from ACh produced fluctuations are completely inde-

Fig. 9.4 for various V. ._.m“oo.xwmo otential, where the currents were small, 3 pendent of ce and am caleulated from c.p.c.s and m.e.p.c.s, and all a csti-

somewhat near ﬁﬂ@ maﬁ_mm on MBES_% mmwnom:o?_o & mates arc made without the use of free parameters.

but in all cases the results were : -
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semilogarithmic plot of the decaying phase; the superimposed least |

Temperaiure dependence of §( f)

F Increasing temperature shifts the ¢.p.c. spectrum toward higher fre-
3 quencies without otherwise altering its shape (Katz & Miledi, 1972). We
fhave confirmed these observations as shown in Fig. 10 for 8 and 18° C

~ B taken at the same end-plate at —70 mV. The model presented earlier
-1 S predicts this temperature dependence of the rate constants based upon the
- IS 1nA S lemperature sensitivity of the transition energy for the conformation
Imep.e. A . ‘S change associated with the ionic gating mechanism. Curves calculated from

teqn. (4) using a @, for «, of 2-77 are shown in Fig. 10 as continuous lines.

e VY veo~v< S The logarithm of &, continues to depend linearly on membrane potential
o s [ higher temperatures (Fig. 11) but exhibits a decreased slope similar to
[m msec that reported for e.p.c. tails (Magleby & Stevens, 1972b). The ()10 18 there-
tog O fore membrane potential dependent and varied in Fig. 11 from 24 at
> PR-50mV 3.6 at ~100 mV,
i igitali aneous m.e.p.c. recorded in a voltage ).
MWBN@% ﬁoﬂﬁ%ﬂ“Bmwﬂ“.w_o“”%ﬁmwuwusm&@ at W = —120mV and & C. Conductance of a single channel

. . : i hase of the m.e.p.c. between L. . . el . .
Below 1a a wa E;omﬁ.ﬁw”ws MMH.MWMM% mwwoﬁmwmwm% these points is fitted by the b In order to minimize the minor influences of variability in a, estimates
the vertical cursora. .

loast square method from the form I(¢) = I(0) e=**. The baselineis calculated i jon the measurement of single channel conductance ¥, e.p.c. spectra were
as the average of the final 2 msec of the current trace. Srefitted by eqn. (4) using regression values for oe from the same end-plate.
3B This procedure, performed with the aid of the computer, involved varying
fhe single free parameter y by vertically shifting the theoretical curve
eqn. (4); sec Fig. 3) until good visual agreement between the curve and
apectral estimates was attained. The conductance of a single channel, 7,
s then calculated from eqn. (4) at Jf=0:

ini ase of m.e.p.c.s follows the same exponential course ag]
gmﬁrwdwm oMMM.H.W@MW for m%.o.mw The low b.ommm levels of the <o._gm% &E&..
permitted relatively accurate determination of the omwo:gd&_ _momm. ... i
the m.e.p.c. tails as shown in Fig. 8. Similar observations have also ° .
made by Gage & McBurney (1972). Like the decay constant of e.p.c.s, the

. S(De
is clearly exponential over the whole range ofgi y = () . (6)
voltage dependence of am y exp g 2uy (V—V,,)
b otentials used (— 140 to 60 mV) as demonstrated by the dala . . q . .
R B d-plate gave the data for Fig. 94 and B; the least3ll A histogram of twenty vy estimates taken at a single end-plate is shown
in Fig. w%w W Mw MM. NMM Mbm M Q.Em.b on Fig. 9B for comparison. Because g Fig. 12. The mean conductance Y = 0:32 £ 0-009 (s.E.) x 10~ mhos ig
squares lin .

ewhat higher than the grand mean of estimates from eight experiments
which gave ¥ = 0-205+ 0-0063 x 10-1° mhos (n = 84). This experiment
byss chosen for presentation because the voltage clamp of the end-plate
A wnusually good (see Methods for criteria) and produced large y esti-

pates. In an imperfectly voltage clamped cable-like structure, the space

the somewhat less favourable signal to noise ratio mon.. m.e.p.c.s, the <W_ >
of am scatter somewhat more around least squares line than awmvmmmo %o..

A composite plot of rate constants a,, oe, and am determine o
e.p.c. fluctuations, nerve-evoked e.p.c.sand mwwbnmswoom_m E.w.@.w”m BMM_m
at the same end-plate under the same conditions is given in Fig. 9C.
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Fig. 9. 4, semilogarithmic plot of end-plate current decay rate constant
«, (msec~1) vs. membrane potential V. Data taken from a voltage clamped
end-plate in an ethylene glyeol treated muscle at 8° C. Continuous line is
the least squares fit of the forma = Bo4” (eqn. (5)) where 4 = 0-0059 V-1
and B = 0-17 msoc-1. B, somilogarithmic plot of tho rate constants a, of the
decays of spontaneous m.e.p.c.s recorded from the end-plate of A. The
continuous line is reproduced from 4. O, semilogarithmic plot of rate
constants for ACh channel closing »s. membrane potential. Data is super-
imposed from Figs. 6 and 94, 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 equilibrium potentials
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 @ = A4 e?” (eqn. (5))

where 4 = 0-0059 mV-1and B = 0-17 msec-'. Tho least squares lines for

the individual sets of points do not differ significantly from the mean
according to a ¢ test (P < 0-05).
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 constant is a function of frequency (A(f)) and will appear longer for d.c.
tthan for fluctuating currents, an effect which tends to produce under-
estimates of S(0)/y; as well as low pass filtering S(f), thereby reducing the
w,»wwmambe %,- 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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Fig. 10. Effect of temporature on the e.p.c. fluctuation speetrum at constant
mombrano potontial V = —70mV. Rocords for 8 and 18° C aro shown.
Ordinate applies to 8° C 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 froquencies f, shown by arrows. (f,(—70mV, 8°C) = 17-9 Hz,
f.(=70mV, 18°C) = 49-2 Hz), giving a ¢, of 277, The error bar shows
+ 1o for the spectral estimates. gy = 100 x 10-° A at both temperatures.
Recorded from voltage clamped end-plate after troatment with ethylene
glycol. Multiply ordinate values by (1/0-07)2 to convert conductance
spectral densities (mho? sec).

The spread of y values about the mean seems attributable entirely to the
variances associated with measurements of up, S(0), a, and (V —V,). The 4

largest error was associated with estimates of the mean current g;(109%) 3

and S(0) (+109,). Rate constants predicted from e.p.c.s showed very §

little variance (< 19%) as did (¥ —V,,) which was subject primarily to g

systematic errors through inaccuracy in ¥, (£ 56 mV).

END-PLATE CURRENT FLUCTUATIONS

679

Integration of the ACh noise spectrum over frequency gives the total

fluctuation variance
ot = [ suar
0
Substitution from eqn. (4) into this expression yields

o =y (V="V,)

which provides another means of estimating v that does not require com-
puting ¢.p.c. spectra. An r.a.s. meter was used for this measurement and
produced results in excellent agreement with data presented in Fig. 12,

05
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03 - e

l
02 18° C,

a(msec™)

01 |-
0-09
0-08
0-07
0-06
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8°C

0-04 1 1 1 | 1 1 ! J
0 —40 —80 —100 —120
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Fig. 11. Semilogarithmie plot of tho rate constants a, calculated from the

a

cutb-off frequencies of e.p.c. spoetra vs. membrane potontial at two tompera-
tures 8 and 18° C. Solid lines are least squares fits using & = Be4¥ (eqn. (5)):
Age = 0:015mV-1, By, = 0-26 mseec!. Az = 0-0057 mV-1, B '
0-42 msee~1. Tho slopes are significantly differont (¢ test: P < o,.omu.

18°C

Estimates of the single channel open conductance were not demonstrably

k dependent upon membrane potential, mean end-plate current or rate
E constant o, Least squares lines fitted to these relations had slopes which
b did not significantly differ from zero (¢ test, P < 0-001), The variance
¥ about these least squares lines was large enough, however, to obscure
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The effect of temperature on 7 is shown in Fig. 13. The B@ﬂ- mNMSMS_M.
i ture. No s -
i ts pooled at each tempera
are depicted for all experimen e, o e
igni . dence of y on temperature

1 nificant (P < 0-01) depen . : .
.w_ #MMQ experiments, although scatter in y estimates was sufficient _..ho
:Wmnzuo a @ 1-2 or 1-3 such as has been observed for Py and Py,in
o 10 )
frog node (Frankenhacuser & Moore, 1963).

Ye

—
-

No. of samples

=
01 02 03 04 05 06 07 08 09 1.0
7 (x107° mhos)

i ce of individual open ACh channels
Pt m_mMOmMMMM cmMMMW Mﬂﬂﬂ—wﬂmvwo:&“.ogzoo v is calculatod wﬁOE the
oo oo .wm.m -.b totes of the e.p.c. fluctuation wvooe.g. fit using mro
o o oy c . a%&oga from the continuous line in Fig. 9C sooo.nﬁ.:.m
b b.m&ﬂm% W=v = 0-32 +0-009 (s.E.) x 10~° mhos and bar Qom:oSb.m
i :w. P grand mean ¥ = 0-205  0-0063 (.E.) x 10~ mhos is
own s N oé“.wer o UNH over % 1¢. The grand mean is based on m_mwa%.mo.;a
MMMMW“”NME eight end-plates each, of which were analysed over a wide
range of membrane potentials.

DISCUSSION

Inferences about mechanisms from fluctuation wrobmambw depend WMMM
i i ve ana
i tem’s physical properties, and we ha
assumptions about a sys ] nd we harve analysed
ithi i theoretical framework. The g
our data within a particular . st Boners
ze about our results, however, witho
statement that we can make a ; . out recours
i d-plate function, is that a flu
any particular theory of end-p ; . .
Mwmmmmw”a%v: theorem (Kubo, 1957) applies to the post-junctional membran
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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. Dependonce of singlo channel conductance estimates ¥ on tempera-

ture. Data are pooled for all experiments at each temperature. Tho ¥ values
are from eighty-four ostimatos in cight end-plates. The bars ropresent

* 1s.0. A least squares line fit to these data gave a @, which was not signifi-
cantly different than 1-0 (2 test: I « 0-001).

The theory we have used is certainly adequ
. unique, and indeed, any theory
k theorem holds would be equally g

ate for the data, but is not
for whieh the fluctuation—dissipation

ood at the formal level. If the state of
- end-plate channcls is completely specified by only a single variable con-

F ductance for example, all that is required for the fluctuation-dissipation
j theorem to hold is that the system be macroscopically memoryless (Stevens,
1972). Thus, our results, taken by themselves, are consistent with a rather
g 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 interpr
spectra we have studied depends u
E the system. For example, w
 receptor is rapid and volta

etation one places on the conductance
pon the precise assumptions made about,
e have assumed that the binding of ACh to the
ge independent, whereas the subsequent con-
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formational change is slower and ficld-dependent; mww SMBm of M”M=MMMMMW
i igni t-off frequency fo of our ¢
the physical significance of the cu .
mzceﬂuw“mos spectra is intimately related to the %.wo_a. SM.BSMU %M meww
hypothetical gating molecule. Guided by the rapid kinetic s =5mw3
enzyme-substrate interactions (Eigen & HLH@BBWM, Hme mrmﬂﬂmwmz@aobpm
indi tep rapid an e
we have chosen to make the binding s e formatiofs
imiti he same formal theory would resu :
change rate limiting, but t " et ing of
i i hat is, a slow and voltage depen .
opposite assumption, t R : ; Do s
i d conformational change.
h to its receptor and very rapid
Wm.u”.cwonsﬁoz 5%919 be entirely congistent, Uc\m_ the rate constant a would
no longer be related to the gating molecuie’s dipole moment. ot
We have assumed that the end-plate channels have oHM% néo% @eam
dels can be construc
hough a large number of mo .
open and closed. Alt : o construsied
i i they would not in ge y
consistent with the e.p.c. spectra, Fele
issipati -state model we have used 18 not,
tion—dissipation theorem. The two-s >
WMM%MWQ :sEcmMVb giving such a theorem. For example, M HM were Mmmﬂwﬂw
. i ly and then decreased its conduc
that a channel opened instantaneous it conducianes
i data would be equally well explained, .
exponentially, all of our bl o Joast B2
i i 1, however, the quantity v, ,
the formal level. With this model, . : o ihat fs, L
i I, might well be different. For example,
conductance of a single open channel, : . xampe,
i tance immediately after opening,
if v is taken as the channel conduc .
Mx\wosguamp model would yield a value of y twice that of the theory we
S@MMMMM“ WMHM.Sm use of a two-state model to represent the mm:m_m-or@ﬁ:o_
ism i i id kinetics studies of enzyme
ing mechanism is available from rapi . .
MMM“M% as well as from studies of artificial membranes. Protein conforma
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account for a discrepancy of this magnitude. Our estimate of 7, 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 v 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 concentration 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 ACHh.
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

b decrease for the higher mean conductances. Over the range of mean end-

tion changes have been adequately described by mormMmHM in 2&5”@”\“%
i i table states (Eigen ammes, ;8
molecule rapidly switches between s en e,
; : Gutfreund, 1971). This, coupled wi :
Hammes 19684, b; Chock, 1971; Gu , . . 1wich ihe |
i i ifici brane work in which the individu
tive evidence from artificial mem
Mwmmpm& conductance time courses can be observed and always pwwwﬂa a8 |
ware pulses, lead us to support the discrete conductance hypot mmM
MWE&GW & mwwmoz. 1970; Bean, 1972; Ehrenstein et al. 1970; Qoaob_ ,
Havdon, 1972: LaTorre, Ehrenstein & Lecar, 1972). Rang (1971) has also
msmwomg_m that a discrete model would better satisfy work on dose-response
teristics of the receptor. .
ovwm.“ms and Miledi have previously estimated the oozmcoguoo of a single
channel to be approximately 1071° mhos, a value 3-5 times larger ﬁzs_,. we
obtained. Although the precise assumptions (e.g. ﬁém-wwﬂamu. aﬁﬁ“m FMM
i ductance) used by Katz and Miledi 1 1
OO i of o1 differences in experimental
ir calculation of y are not clear to us,
mewmﬂﬂm and methods of data analysis alone are probably adequate to

. Plate conductances investigated in our experiments, variance was indeed

proportional to mean conductance as required by our assumption of low
t ACh concentrations (see Fig. 3)

It should be stressed that ‘low concentrations’ does not in this context
b imply unphysiological ACh doses: our iontophoretically applied ACh pro-
duced end-plate conductance increases up to 4 or 5 gmhos, values that
are comparable to the peak conductance of normally evoked end-plate
currents under the conditions of our experiments.
f If it is assumed that 10%-10° channels are present at a frog end-plate
F (Miledi & Potter, 197 1}, our estimated single-channel conductance of
3% 1011 mho and peak end-plate conductance of 4 x 10~ mho would
imply that only 0-01-0-19, 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 v 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 aozgsmbwaob of ACh
induced fluctuations with noise from other sources, in which opmw our
spectra would reflect properties of the system other than those we wish to
investigate, or from a failure of the voltage clamp m%mnomb to measure
accurately fluctuations in end-plate conductance. Hrm following arguments
suggest that our spectra are not of artificial origin and further that they
are not appreciably distorted by the measurement system we TES used.

A variety of observations indicate that the e.p.c. fluctuation spectra
reported here do in fact reflect properties of the >Or.umoow.8~. oob.ﬁ.oﬂmm
jonic channels. The fluctuations are only observed during ACh application
and are highly localized to the end-plate region as defined by the presence
of large, fast rising e.p.c.s and m.e.p.o.s. Movement of the iw:_mmo” clamping
micro-electrodes even a few hundred microns away from this region causes
a large decrease in o;® and the ACh noise is dbovmogm.,c? ms. non mb&.@mao
regions of the muscle fibre. The ACh induced noise variance is wuowon.n_osmp
to the mean end-plate current and increases directly with Eoummmo& ionto-
phoresis current (Fig. 3). A well-defined equilibrium potential can v.o
measured for the ACh spectrum (where o2 is at & minimum), and $E.w 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 oceurrence ”_
of m.e.p.c.s; we feel, however, that this source did not make a w_mimombe :
contribution to our spectra. Contamination of the spectral mme:bmemm 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 moewaam@ m&.mém dr.o 0
ACh noise and records were screened before spectral analysis to avoid are..u ;
presence. We have calculated the effect of m.e.p.c.s on the spectral esti- 3

mates by calculation of the added spectrum 8(f) from the Fourier transform

of the covariance, O(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

QEn %wsqu?a &“
Nl

S(f) = ReF{CW)} = 2v % ”sﬁiméi%

If m(t) rises instantancously to a value M and decays exponentially with
rate «: m{t) = Me =, ¢ > O then,

M2
S(f) = 2v

a?+(2nf)*
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We estimate that after screening the records v,,, = 0-2/scc at 8° Q. For
M = 1x10° A (see Fig. 2 and Gage & McBurney (1972)) and & = 0-14
(msec™?) at V = —50mV (sce Fig. 9), §(0) = 2-0x 10~ A2 gec for the
m.e.p.c. contribution. Thus, since §(0) ~ 102! 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 9. FFurther evidence that ACh fluctuations
are not a result of spontaneous m.c.p.c.s is given by the presence of ACh
noise in denervated end-plates (Katz & Miledi, 1972).

Nor does it scom likely that ACh fluctuations are due to the ionto-
phoresis technique since bath application gave cquivalent 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-clectrode impedance. Positioning the
electrode relatively far (approximately 50 zm) 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 4, (see p. 679). If voltage control were
not well maintained, however, ¥ 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 soluiions

Hypertonic pretreatment of the muscle 8 &mgwe mxoma.mﬁoqmobdmmwgow
coupling affected some membrane properties while leaving oamme in @Mw“
Resting potentials were below normal (—40 to —70 mV) MM‘ A Mv m%om.—.
librium potential, as determined from e.p.c. woénmm._m, w M o. _ o
0 mV. We have ascribed this effect to a _A.umm of Eeonmp_.um uring d%aﬂ
tonic tubule disruption. Evidence for this ru%o\ormm.ﬂm is d@mw& upon M
suggestion that membrane 1/f noise is due to K+ ion flow ( mH..MoMb &
Derksen, 1968; Poussart, 1971). Wo have oc.mozoa that the BmmE% _o .
1/f noise has a minimum which occurs .@w me@n Eo.nmvgbw ﬂogs ia. M _Hw.
glycerol fibres than in normal ones mb&omeus.m a positive disp mawamﬂ o
the K+ equilibrium potential. The input resistance of the muscle . H.mm.
however, recovered to approximately normal values after OmBoEoeM Muo .

ACh receptor function appeared to ?.w unaffected by mﬂ%omwo_ oH.nM a% MMM
glycol pre-treatment. This conclusion is supported v%.%.m Moe a e
fluctuation spectra taken in untreated fibres, over a limite Edm%&ﬂ EV,
exhibited the same characteristics as pretreated muscles. .Hb a ! Hmcm
e.p.c. decay kinetics were the same in glycerol fibres and in cmm.@m e
muscle where contraction was blocked by curare Ag.smﬂov% @_ Mgmpm.
1972b). Thus, we have seen no evidence gme. md.Eo.erm muse mm_ ro M
hypertonic solutions alters the properties we .ﬁmr to Eﬁmmﬁmmg. alt wcm
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 wb&-ﬁmdo conductance m:MaMM-
tions which result from constant applications of »P.Ow.n the mow..S. o ! e
spectra is accurately summarized by eqn. (4), a description containing WO
parameters. The first of these parameters, the cut-off mnm@zmcwuw W, <%EM“
exponentially with voltage, whereas the second parameter y, which re m%:
an appropriately normalized amplitude of the mwmoe.E.B ?Mm m@cm.. ~Mo$“
shows no significant dependence on voltage. The declining wv.pm% o o
e.p.c.s and m.e.p.c.s is exponential, and the rate oobmm@be a whic mwmo_o es
the form of this exponential also depends exponentially on <o_aMmom ur
results show that the cut-off wam@ﬁowo% of Nw.o. spectra and the decay

.e.p.c.s are related by fo = cef27. o

oo%hM:M:WMm“HmMoQ& we have adopted will @ooozce.@gbsgsé_u% mm:.
these observations. According to our picture, a gating Bpﬁ.ozmo Mozm
guards an ion selective channel with an open oosm:.oguom of a %s
3 x 10-1! mho which permits the passage of Na and K ions. This gating

molecule can be in either of two principal conformations, one of which 3
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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 8° C and 0 mV the channel, once open,
remains open for 6-5 msee on the ave rage; abt — 100 mV the energy barrier
for a conformational transition from open o elosed is inereased by about
0-3 keal/mole, because of the coupling of the membrane electric ficld to
the gating molccule’s dipole moment, and the channel rem
an average of 11 msee. During this open time an aver
pass through the channel at a rate of about 2x 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 .43% specific model of gating
behaviour in that we are able to aceount quantitatively for a rather wide
range of observations of end-plate behaviour. A final evaluation of the
physical reality of this picture must, however,
direct experimental investigations,

ains open for
age of 2 x 105 jons

await further and more

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 (19725) 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 oceur according to a Poisson
process with an opening rate £ and a closing rate «, 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 » AChs hound to their receptors (» is the number
of AChs required for a channel to open) may be assumed to be Ken();
K is the ACh-receptor binding constant and c(t) is the cleft ACh concentra.-
tion at time ¢. Let p(k, ¢) be the probability that a channel is open at time ¢,
given an initial state & (k may be cither o = open or ¢ = closed) at time
b = 0. The conditional probability p(k, ¢ ) then is governed by the

%MW 2= - (a+flen (0) plk,t)+ fRcn(t).

Since we have assumed that only a sm

equation

all fraction of the channels are open
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at any time, Kc®(f) must always be small compared to « so that this
equation becomes

2D —ap(k, )+ pRen(0) (A9

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(¢) is given by the fraction of channcls
that are open times the maximum possible conductance:
g(t) = P{)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(0) is assumed to be zero so that
initially all channels are closed, then,

P(t) = p(c, t).

Multiplication of both sides of eqn. (A1) with & = ¢ by YN thus yields an
expression for mean end-plate conductance,
@mmls. = —ag(t)+BNyKc™() (A2)
which has the solution:
t
git) = E,SDN._, c*(r)e=tdr. (A3)
0

Aceording to this last result, e.p.c.s decay exponentially with a decay
constant a after c¢{f) has declined essentially to zero; Z;%o.:.& & Stevens
(1972a) have maintained c(f) is negligible »,ow the o:?ﬁo declining phase of
e.p.c.s and that e.p.c. decays therefore provide an estimate of «.

Spectrum of e.p.c. fluctuairons

The spectral density S(f) of e.p.c. fluctuations is most oosgims.e_w
calculated by Fourier transforming N times the covariance function
C, (t) for the behaviour of a single channel. Covariance is defined to be

Cy(t) = E{I,(O), (1)} - E{I,(0)}?
= E{(V —V)? 6:(0)9:1 (8} — E{(V = Voq) 72(0)%,
when E{ } indicates expectation, g(¢) is the conductance of the n:m.ﬁ.:a_ ab
¢, I, (t) is the single channel current at ¢, V is the membrane potential and

V.., the equilibrium potential. C (t) thus becomes, for steady-state fluctua-
€ -
Ewsm with constant ACh concentration ¢,

Cy(t) = v2(V —V,q)%plo, ) plo, 1) — ¥V —Vog) p¥(0, ).
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By solving eqn. (A1) for p(c, £), {he covariance function is found to be
1) = YAV =T PBKon o, (& 3 0).
The spectral density, obtained from the real part of the Fourier transform
of NC, (1), is thus
SUf) — w./JLA_\‘I_\A.,._vw\w.acs\a.
. L+ {27 ffa)?
Since the mean e.p.e. g is N(17=17,) Ken, equ. (4) of the text results:
] 7 ’
' ...\:.u\A V I—E V\Q
Sy = 2OV = Fea)i®
/) L+ (2nffa)® (A4)
Integration of (A4) 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), (A 4) 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) direetly or from its integrated form.
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