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SUMMARY

1. Post-synaptic currents and responses to ionophoretically applied acetylcholine
(ACh) were recorded at 34-37 'C from rabbit superior cervical ganglion neurones
clamped at -80 mV membrane potential. Atropine (1 #mU) was used to block
muscarinic receptors.

2. The fast excitatory post-synaptic current (e.p.s.c.) reversed at -9-6+ 17 mV
and decayed with a single exponential time course. The e.p.s.c. decay time constant,
Td, was 4 5+0 3 msec and increased as the membrane was hyperpolarized (e-fold
increase in Td corresponded to 140 mV hyperpolarization). Miniature e.p.s.c.s
(m.e.p.s.c.s) decayed with time constants similar to those of the e.p.s.c.

3. The decay of the e.p.s.c. was slowed by lowering temperature but remained a
single exponential; the changes Of Td with temperature followed the Arrhenius
equation (Q10 = 3 7).

4. In most of the neurones studied the analysis of ACh noise spectra revealed two
kinetic components with mean time constants TN, = 11+04 msec and
TN, = 5 0+ 0-Q msec. In a few neurones only the TN1 component was found. Similar
two-component ACh noise spectra were observed in the neurones not treated with
atropine. TN1 and TN, components revealed temperature dependences similar to each
other and close to that of Td.

5. The values of TN, and TN1 and the ratio between the contributions of the TN, and
TN, components to the ACh noise spectrum did not depend on the dose of ACh.

6. The single channel conductance is 36+ 3 pS. A single ACh quantum opens about
150 ionic channels and the e.p.s.c. consists of 4-243 quanta.

7. It is suggested that in mammalian sympathetic ganglion neurones there are two
types of nicotinic ACh receptor channels, with short and long lifetimes, and that the
kinetics of e.p.s.c. and m.e.p.s.c. are determined by the activity of the longer lifetime
channel type.

INTRODUCTION

The fast excitatory post-synaptic current (e.p.s.c.) in sympathetic ganglion
neurones shows a single exponential decay with a time constant, Td, ofabout 4-5 msec
(Kuba & Nishi, 1979; Selyanko, Derkach & Skok, 1979; MacDermott, Connor, Dionne
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& Parsons, 1980). This time constant is much longer than that of the end-plate current
decay (cf. Takeuchi & Takeuchi, 1959; Kordas, 1972; Katz & Miledi, 1972; Magleby
& Stevens, 1972a, b). The time constant of the end-plate current decay is equal to
the mean lifetime ofthe ionic channels opened by synaptic transmitter (Katz & Miledi,
1972; Anderson & Stevens, 1973). If this is true for the sympathetic neurones, then
the ionic channels must stay open for a much longer time than at the end-plate.
To test this, the channel lifetime in rabbit sympathetic neurones was estimated

by analysing the membrane current fluctuations produced by exogenous acetylcholine
(ACh noise). The results obtained suggest that there are two types of nicotinic ACh
receptor channels in sympathetic ganglion neurones, one type with a mean lifetime
corresponding to Td of the e.p.s.c. and miniature e.p.s.c. (m.e.p.s.c.), and another type
with a markedly shorter mean single channel lifetime. In contrast to the ACh receptor
channels recently studied in parasympathetic ganglion neurones (Rang, 1981), the
channels with the shorter lifetime are probably not involved in synaptic transmission.
Some of the present results have previously been reported (Derkach, Selyanko &
Skok, 1981; Skok, Selyanko & Derkach, 1981).

METHODS

The experiments were performed on superior cervical ganglia rapidly isolated from rabbits killed
by an air embolism during light ether anaesthesia. The ganglion was denuded of connective tissue
and pinned out upon Sylgard transparent plastic in the bottom of the chamber. The chamber was
perfused with a solution warmed to 34-37 TC and equilibrated with 02 (95 %) and CO2 (5 %). This
solution had the following composition (mM): NaCl, 137-9; KCI, 4 0; CaCl2, 2-0; MgCl2, 0 5; KH2PO4,
1-0; NaHCO3, 12-0; glucose, 11-0 (pH 7-4).
The impalement of a cell with two micropipettes for voltage clamping and the placement of the

micro-ionophoretic pipette were observed under Nomarski differential interference optics at a total
magnification of 400 x using a 40 x water immersion objective with a 1-6 mm working distance.
Large cells (50-70 #zm in diameter) were selected for impalement. For orthodromic stimulation,
single current pulses were applied to the cervical sympathetic nerve close to the ganglion through
a suction electrode. ACh was applied ionophoretically through a micropipette filled with acetyl-
choline chloride (2-5 M), with a resistance of no more that 50 MQ and using current pulses not
exceeding 20 nA in amplitude and 6-9 s in duration. Leakage was prevented with backing currents
of about 5 nA. Both stimulating and ionophoretic currents were supplied through electro-optical
isolation units. The tip of the ionophoretic micropipette was placed outside the connective tissue
capsule of the cell, approximately 20 1m away from the surface of the cell, to minimize the
possibility of local ACh concentration fluctuations near the cell surface that may influence the ACh
noise spectrum. To avoid saturation and desensitization of ACh receptors, only weak ionophoretic
currents producing membrane current fluctuations with variance linearly related to the amplitude
of steady ACh-induced current were used.

Atropine (1 uM) was added to the perfusion solution to block muscarinic receptors, unless
otherwise stated; no acetylcholinesterase inhibitors were used.
The cell was voltage clamped with two intracellular micropipettes filled with 3 M-KC1, with

resistances of 20-50 MCI. The voltage-clamp technique used was essentially the same as that
described by Selyanko et al. (1979). The residual voltage change during e.p.s.c. usually was less than
5% of the driving potential. The current pulse following a testing command hyperpolarizing step
of 10 mV decayed within 0-3-1-0 msec. E.p.s.c.s and m.e.p.s.c.s were recorded within the frequency
ranges 0 to 900-1500 Hz and from 1 to 430 Hz, respectively. The spontaneously appearing
m.e.p.s.c.s were recorded on the tape recorder and then captured by triggering the sweep with their
rising phases. The results were obtained at a membrane potential of -80 mV unless otherwise
indicated.
For noise analysis, the membrane current was recorded on a tape recorder with a low gain d.c.

amplifier and a high gain a.c. amplifier within the frequency range 1-430 Hz. Four records, each
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1 sec long, were taken before and four records during the ionophoretic application of ACh. For each
record digitalized at 1 kHz sampling rate a power spectrum was obtained within the frequency range
from 4 to 512 Hz using fast Fourier transform by SM-3 computer. The net ACh noise spectrum
was obtained by subtracting an averaged control spectrum from an averaged ACh noise spectrum.
Then the net ACh noise spectrum was smoothed by averaging in groups of six points. In most of
the neurones studied control spectra were U-shaped with minimum at 100-150 Hz; in the
remaining few neurones the spectral density decayed smoothly and did not increase within the
frequency band used (up to 430 Hz). The net spectrum was fitted by one or, if necessary, two
Lorentzian curves using a non-linear least squares fit computer program, within the frequency range
from 4 to 350 Hz.
Because of the relatively high resistance of the voltage recording electrode, Re, the main source

of clamping current background noise is apparently the Re thermal noise. Assuming the neurone
soma is a sphere and modelling the membrane as a parallel RC network, the spectral density of
this noise, S(f) as a function of frequency, f, and its variance, o2, can be represented by

S(f) = 4 kTRe R+ '7
and~~~~~~~~~~~~~~~~iand ~~~~~~~~~~~~~~f2

aa2 = S(f) df,

where Rin and Cin are the input resistance and input capacitance of the cell; k, the Boltzmann con-
stant; T, the temperature and fi and f2 are the lower and upper limits of the frequency range ana-
lysed. With T = 310 K, Re = 40 MO, Rin = 10 MKI (mean value of Rin measured in four neurones
was equal to 11-8 Mil), Cin assumed to be equal to 10-i F (Skok, 1973),f1 = 1 Hz andf2 = 430 Hz,
0.2 should be equal to 7 x 10-22 A2, which was close to o.2 of background noise observed in our
experiment (0 9-2 x 10-21 A2). This value of u2 for background noise usually was much lower than
0.2 for membrane current noise observed during the ACh effect (7-30 x 10-21 A2). However, the
subtraction procedure described above was always used, which was especially needed in depolarized
cells and at low doses of ACh. An additional noise component, produced by the ACh-induced
decrease in Rin (which was in our experiments equal to approximately 50% of resting Rin) could
not be removed by the subtraction procedure. Its spectral density, AS, and variance, Au2, are

AS 4 kTRe(R2 19
and Au2 = AS(f2-fi),
where Rin is membrane resistance during the action of ACh. AS and Au2 values would be equal
to AS = 2 x 10-26 A2/Hz

and Au2 = 9 x 10-24 A2.
The minimal values of S(f) at 430 Hz obtained in our experiments were equal to 2 x 10-24 A2/Hz,
which exceeded AS by about two orders of magnitude. The corresponding values of the variances
differ by about three orders of magnitude. Thus, in practice, the subtraction procedure should
provide complete removal of extraneous noise contribution into the ACh noise spectrum. Another
extraneous noise component, originating in the input stage of the amplifier, had the r.m.s. value
of 5 1sV in the frequency range 1-500 Hz, which was equivalent to a 3 MC resistance added to Re
and thus was negligible compared with Re.

RESULTS

Characteristics of the e.p.s.c.
Voltage dependence of e.p.s.c. Supramaximal stimuli applied to the cervical sympa-

thetic nerve usually evoke a multicomponent e.p.s.c. which is due to the innervation
ofeach cell by several preganglionic fibres differing in their thresholds and conduction
velocities. Only one-component e.p.s.c.s of simple shape, usually evoked by just-
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threshold stimuli, were used for further analysis in this work. Their amplitudes at
-80 mV ranged from 4 to 80 nA. An example of such an e.p.s.c. is shown in Fig. 1A.
The relation between the amplitude of the e.p.s.c. and the membrane potential level
was linear at the negative levels and non-linear at the positive levels of membrane
potential (Fig. 1 B). The mean value of the reversal potential was -96+ 1-7 mV (S.D.,
n = 7).
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Fig. 1. Characteristics of e.p.s.c. A, e.p.s.c.s recorded in the same cell at different levels
of membrane potential (indicated in mV near each record). B, peak amplitude of e.p.s.c.
as a function of membrane potential (Vm). The reversal potential (arrow) is -3 mV. C,
semilogarithmic plots of decay of three e.p.s.c.s recorded at different levels of membrane
poential (indicated in mV near each plot). D, semilogarithmic plot of e.p.s.c. decay time
constant (rd) as a function ofmembrane potential. The least-squares line fitted to the data
for this cell is Td = 5-8 exp (-0-0072 Vm) msec. The data for the plots shown in B, C and
D were obtained from the records some of which are shown in A.

The decay of the e.p.s.c. was a single-exponential as indicated by a straight-line
relationship in the semilogarithmic plot of the e.p.s.c. amplitude against time
(Fig. 1 C). The mean value of the e.p.s.c. decay time constant Td measured in ten cells
was 4-6+ 04 msec. The value Of Td increased as the membrane was hyperpolarized,
an e-fold increase corresponding to about 140 mV hyperpolarization (Fig. 1 D).
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The characteristics of the e.p.s.c. described above were very close to those found
in earlier experiments performed on non-atropinized neurones (Selyanko et al. 1979).
This indicates that atropine in the concentration used (1 /SM) did not affect the
activity of nicotinic ACh receptor channels.

Effect of temperature on e.p.s.c. In rat parasympathetic ganglion neurones Rang
(1981) has found that at room temperature (20 'C) e.p.s.c.s decay with a bi-exponential
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Fig. 2. Effect of temperature on e.p.s.c. The e.p.s.c.s recorded in the same neurone at 36 0C
(A) and at 23 0 (B). Time calibration is 10 msec for A and 50 msec for B; current
calibrations for A and B are the same. C, semilogarithmic plot oftime courses of the e.p.s.c.
decays shown in A (@) and in B (0).

time course. This contrasts with the observations reported above. One possible
explanation for this discrepancy could be a masking of a fast kinetic component in
the broad peak of the e.p.s.c. in our experiments at 36 'C. In order to test this
possibility, the effect of low temperature on the e.p.s.c. decay was studied in five
neurones. It was found that in all neurones the decay of e.p.s.c. slowed down but
remained a single exponential when the temperature was reduced from 36 to 21 °C.
Fig. 2 shows examples of the e.p.s.c.s recorded in the same neurone at 36 'C (A) and
at 23 'C (B) and semilogarithmic plots of their decays against time (C). It is clearly
seen that although the decay of e.p.s.c. is slowed down by a factor of 3-4 times, its
time course remains a single-exponential. This indicates that the e.p.s.c. in mammalian
sympathetic ganglion really differs from that in parasympathetic ganglion in its decay
time course.
The temperature dependence of Td could be described by a linear Arrhenius plot

(Fig. 3). Thus, a one-step reaction determines the duration of the e.p.s.c. decay. The
high mean value of Q10 for Td (3 7 + 0-3, n = 5) suggests that diffusion of transmitter
from the synaptic cleft is not a limiting factor for the rate of e.p.s.c.s decay. Similar
values of Q10 for Td were found at the neuromuscular junction (Kordas, 1972; Magleby
& Stevens, 1972b; Gage & McBurney, 1975) and in amphibian sympathetic ganglion
neurones (MacDermott et al. 1980). However, Kuba & Nishi (1979) obtained a higher

17-2
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temperature dependence ofTd in amphibian sympathetic ganglion neurones (Q10 = 6).
Additional effects of low temperature on the e.p.s.c. were an increased rise time and
a decreased amplitude (see Fig. 2). The Q10 values for the rise time and for the
amplitude of e.p.s.c. were much lower than those for Td (2-3+0O6 and 1-4 +0O2
respectively).

1-0

01 _ *0

- 360C 260C 210C
0-05 - |

0-00325 0.00335
1IT (K-1)

Fig. 3. Arrhenius plot of the e.p.s.c. decay rate constant (T-j). Data were obtained from
five neurones. In each case the data were normalized about the values obtained at 36 'C.

The characteristics of the m.e.p.s.c. The decay of the e.p.s.c. might be somewhat
prolonged by a time dispersion in transmitter release from the different preganglionic
nerve terminals that converge upon the same neurone as well as from the terminals
of a single axon. In order to evaluate the effect of this factor on the time course of
the e.p.s.c., we analysed the decays of spontaneously arising m.e.p.s.c.s, assuming
that synaptic inputs from different preganglionic fibres have equal probabilities to
evoke m.e.p.s.c.s. At the normal K+ concentration m.e.p.s.c.s appeared with a
frequency of one m.e.p.s.c. per several seconds and their mean amplitude, measured
in thirteen cells, was 039+ 0-05 nA. The quantal content of the e.p.s.c., calculated
from the ratio of the evoked e.p.s.c. peak amplitude to the mean peak amplitude of
the m.e.p.s.c. recorded from the same cell, ranged from 4 to 243. As illustrated by
Fig. 4, both the e.p.s.c. and m.e.p.s.c. showed single-exponential decays, with very
similar time-constants, Td and Tm, d. Mean values for Td and Tm, d as measured in the
same cells were 4-8 +0-4 ms and 4-1 +03 ms respectively (pooled results obtained
from nine cells); the difference was statistically non-significant. Fig. 5 shows a
histogram ofthe values for 513 m.e.p.s.c.s recorded from twelve cells. The distribution
of Td values appears unimodal, suggesting that the e.p.s.c.s produced by different
synapses do not essentially differ in their kinetics, and that the decay of e.p.s.c. is
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Fig. 4. Comparison of time courses of the e.p.s.c. and miniature e.p.s.c. decays. E.p.s.c.
(A) and m.e.p.s.c. (B) recorded from the same cell. C, semilogarithmic plot of decays of
e.p.s.c. (0) and m.e.p.s.c. (0) shown in A and B. The decay time constants (arrows) are

4-4 msec and 4 0 msec for e.p.s.c. and m.e.p.s.c. respectively.
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twelve neurones. The mean value of Tm, d (arrow) is 4'0 msec.

A

B

I



V. A. DERKACH, A. A. SEL YANKO AND V. I. SKOK

not influenced in an appreciable way by the temporal dispersion of preganglionic
nerve impulses or transmitter quanta release.

ACh noise.analy8i8 - -

Single channel lifetime. The application of ACh produced an inward current
accompanied by the appearance of ACh noise (Fig. 6A, B). The net power spectrum
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Fig. 6. Power spectrum of ACh noise fitted by Lorentzian curve. Digitalized records of
current fluctuations before (A) and during (B) application of ACh. C, the ACh noise
spectrum was obtained by subtracting the averaged spectrum of four records similar to
that shown in A from the averaged spectrum of four records similar to that shown in B.
The line is drawn from a least-squares fit of the points to a single Lorentzian curve. Arrow
indicates the cut-offfrequency (106 Hz) giving an average channel lifetime TN, = 1-5 msec.
The ACh-induced steady current was 1-4 nA.

of ACh noise shown in Fig. 6C was satisfactorily described by a single Lorentzian
curve according to the equation (Anderson & Stevens, 1973):

S(f) = S(0)1(1 + (f/fi)2),

where S(f) is spectral density at frequency f and f1 is a cut-off frequency that
corresponds to a S(f) value half the asymptotic value S(O). The mean channel lifetime

TN1, given by the equation TN, = 1/2 irf1, was, for the cell illustrated by Fig. 6,
1X5 msec. In one more neurone TN1 appeared to be close to the above value and was

equal to 1 1 msec.
'In the remaining fifteen neurones a much better fit to the experimental data was

yielded by the sum of two Lorentzian curves, according to the equation (Dreyer,
Walther & Peper, 1976; Gardner & Stevens, 1980):

S(f) = {8l(0)/(I + (f/fl)2)}+{2(0)/(1 + (f/f2)2)}
where f1 and f2 are the cut-off frequencies corresponding to half the asymptotic
spectral densities S8(0) and S2(0). In these neurones fitting the ACh noise spectra by
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a sum of two Lorentzian curves showed a statistically significant improvement over
a fit using a single Lorentzian curve: the variance of the spectrum relatively to the
fitted curve was 6'7 + 1 1 times less in the former case than in the latter. The simplest
explanation for this observation is a contribution of two distinct types of channels
with mean lifetimes TN, (short-living channels) and TN2 (long-living channels) equal
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Fig. 7. Power spectrum of ACh noise fitted by the sum of two Lorentzian curves.
Digitalized records of current fluctuations before (A) and during (B) application of ACh.
C, ACh noise spectrum obtained by subtracting the averaged spectrum of four records
similar to that shown in A from averaged spectrum of four records similar to that shown
in B. The line was drawn from least-squares fit of the points to the sum of two Lorentzian
curves. Arrows indicate the cut-off frequencies 145 Hz and 33 Hz giving average channel
lifetimes TN1 = 1 1 msec and TN, = 4-9 msec respectively. S(O)/S2(0) ratio is 03. The
ACh-induced steady current was 3-8 nA.

to 1/27Tf1 and 1/27rf2 respectively. For the double Lorentzian spectrum illustrated
by Fig. 7 TN1 was l Imsec, TN2 was 4-9 msec and the ratio $1(°)/52(0) was 0-3. The
mean values obtained from fifteen neurones were TN, = 11 +0A msec, and

TN, = 5-0 +0-5 msec; the ratio 51(0)/52(0) ranged from 0 1 to 1 0. The mean value of

TN, in the double Lorentzian spectra corresponded to the mean value of TN, in the
single-Lorentzian spectra. Similar two-Lorentzian spectra were observed in five
neurones in the absence ofatropine (TN = 1.0 + 0-2 msec; TN2 = 54+±1 ims) indicating
that they were not due to the effect of atropine.
To know what type of the ionic channels is involved in generating the e.p.s.c., the

values ofTN, and TN2 were compared with the Td values measured in the same neurones.
The pooled results obtained from eleven neurones were as following: Td = 4*5 + 0-3 ms,
TN, = 1 2 + 0-2 ms and TN, = 5-2 + 0-6 ms. The difference between Td and TN2 values
was statistically non-significant. Thus the decay of the e.p.s.c. was determined by
the kinetics of the longer lifetime channels.
The effect of increasing doses of ACh on channel lifetimes was studied in five cells

with two-component ACh noise spectra and in two cells with single-component ACh
noise spectra. No regular changes either in the absolute values of TN, and TN2 or in
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the 81(0)IS2(0) ratio were observed. In one cell with a single-component spectrum
the TN, component appeared as the dose of ACh was increased. Fig. 8B shows the
values of TN, and rN, calculated at various doses of ACh. Both values remained
constant as the amplitude of ACh-induced current increased from 0-6 nA to 22 nA.
It can be concluded that rn, and TN. values are dose-insensitive.

A B
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_ , 0-6 nA E 5 0

E

0
5-4nA o

f,"W 5*4 ° 0 8 16 24

I~~~%. ~~~C10-nA 6

22 nA ° 3

0-5 sec 0
|1 nA 0 8 16 24

/(nA)
Fig. 8. Effects of increasing doses of ACh on ACh-induced current fluctuations. A,
digitalized recordsofcurrentfluctuations induced by variousdosesofACh (the ACh-induced
steady currents are indicated near each record). All records were obtained from the same
cell. Each record i8 one of four similar records, from which the averaged ACh noise spectra
and variances were obtained. Mean channel lifetimes TN, (@) and TN, (0) (B) and variance
ao of current fluctuations (C) are plotted as functions of mean ACh-induced current (I).
The 51(°)/52(°) ratio was 0-3 at all values of 1. o' was linearly related to 1 at values of
I not exceeding 10 nA. The slope of the regression line gives the single channel current
of 3-7 pA.

Single channel conductance. From the mean ACh-induced steady membrane current,
I, and the ACh noise variance, CJ2, the elementary current pulse flowing through a
single channel, i, was calculated using the equation (Anderson & Stevens, 1973)
i =-2/l

Fig. 8C shows that the o.2 value increases linearly as I increases up to 10 nA; the
i value estimated from the slope of this relationship is 3-7 pA. The mean i value was
27 +0-2 pA (n = 17). The a2 to I ratio remained constant in the same range of
membrane currents (up to 10 nA) in six other neurones tested. This indicates that
the concentration of ACh applied did not exceed the low concentration limit (Katz
& Miledi, 1972; Anderson & Stevens, 1973). The o2 values of ACh noise usually were
eight to twenty times higher than those of the background noise recorded in the
absence of ACh.
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Fig. 9. Voltage dependence of ACh-induced steady-state and single channel currents. A,
membrane currents induced by ionophoretic application of ACh as recorded at differrent
levels ofmembrane potential (indicated in mV near each record) in the same cell. The lower
trace in each record is the ACh-induced current recorded in frequency range 0-430 Hz at
low gain. The upper trace is the same current recorded in frequency range of 1-430 Hz
at high gain. B, ACh-induced steady current (I) and single channel current (i) plotted
against the membrane potential. Extrapolated values of the reversal potential are
-13 mV and -2 mV for I and i respectively. The graph data was obtained from analysis
of the records shown in A.

The single channel conductance, y, was calculated from the equation
y = i/(Vm- Vr), where Vm is holding membrane potential, and Vr is the reversal
potential. In some of the neurones studied the amplitude of the ACh-induced steady
current I was almost linearly related to the membrane potential, and Vr for both
I and i values could be estimated using an extrapolation method. In the example
shown in Fig. 9, I(V) and i(V) relationships slightly differ in their slopes yielding
extrapolated Vr values of -13 and -2 mV respectively. A difference in the same
direction in the Vr values was observed in all neurones studied. However, this
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difference was higher in the cells with obviously non-linear I-V relationships. The
mean extrapolated Vr value for i was + .1 + 52 mV (n = 7).

It seems likely that a difference between the Vr values for I and for i is due to
the error introduced by the extrapolation method. The slope of I-V relationship is
apparently affected by two factors: (i) voltage dependence of channel lifetime (see
Dionne & Stevens, 1975; Mallart, Dreyer & Peper, 1976) and (ii) development of a
K+ current induced by entry ofCa2+ into the cell during the ACh response (see Meech,
1974; Ascher, Marty & Neild, 1978a). The voltage dependence of channel lifetime
should be given by the voltage dependence Of Td. The development of a K+ current
during ACh response is suggested by the facts that Ca2+ is involved in the ACh
response in sympathetic neurones (Pappano & Volle, 1966; Koketsu, Nishi & Soeda,
1968) and that the entry of Ca2+ into the cell augments K+ conductance in these
neurones (McAfee & Yarowsky, 1979). The first factor should lead to an increase of
I with membrane hyperpolarization and the second one should result in a decrease
ofinward I with membrane depolarization; thus both factors should increase the slope
of I-V relationship. The real values of Vr for I are apparently less negative and close
to Vr values for e.p.s.c.. Ascher et al. (1978a) observed in Aplysia neurones that the
K+ current was not accompanied by noise and so i values at less negative membrane
potentials were overestimated due to underestimation of ACh-induced steady
current. If this is so in sympathetic neurones, the real Vr value for i should be more
negative than that found by extrapolation and thus it apparently approaches the
above value of Vr for e.p.s.c.
Assuming Vr for i is -10 mV and the short- and long-living channels have similar

single-channel conductances, the y value obtained was equal to 36+ 3 pS. The values
of y estimated in two neurones with single-Lorentzian spectra (35 pS and 44 pS)
were not very different from those obtained for total population of neurones
indicating that the second assumption was true. This means that the contributions
of the two components in the total variance are equal to their contributions to total
steady current. The contribution of the TN1-component to the total variance

2 S1(O)1 47-N,
varied in different neurones from 32 to 91 % with the mean value of65-7 + 6-1 %. Thus,
in two-component spectra the contribution to the ACh response of short- was higher
than that of long-living channels.

Effect of temperature on single channel lifetime and conductance. The effect of low
temperature on 7N1, TN2 and y was studied in four neurones. In these experiments
the ACh-induced current fluctuations were recorded within extended frequency range
(0-25 Hz to 430 Hz), and the net ACh noise spectrum was obtained from an increased
number of records (eight records) and was fitted by Lorentizian curves within the
extended frequency range (1 to 350 Hz).

Fig. 10 shows power spectra ofACh noise recorded in the same neurones at 36 and
24 'C. It is seen that at room temperature the power spectrum remains double
Lorentzian and both 7N1 and 1N2 are slowed down. The mean values of TN1 and TN2
were I1 +0 1 msec (n = 4) and 7-1 +0 9 msec (n = 4) at 36 'C and they were slowed
by lowering the temperature in the range between 36 and 20 'C according to the
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Arrhenius equation with the Q10 equal to 2-8 + 0-4 and 2-9 + 0-4 for TNi and TN,
respectively. Thus, the temperature dependences of TN, and TN, are similar, and are
close to that of Td (see above). The differences between TN, TN, and Td are not
statistically significant. The values ofy were almost unchanged in the range between
36 and 21 'C, but dropped suddenly as the temperature was lowered below 21 0C, as
observed in other nicotinic ACh receptors (Fischbach & Lass, 1978).
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Fig. 10. Effect of temperature on power spectrum of ACh noise. Power spectra of ACh
noise were recorded in the same neurone at 36 OC (0) and at 240C (0). Each line was
drawn from least-squares fit of the points to the sum of two Lorentzian curves. Arrows
indicate the cut-off frequencies 198 Hz and 19-5 Hz giving average channel lifetimes
TN, = 0-8 msec and TN, = 8-2 msec (at 3600) and 35-1 Hz and 3-7 Hz giving average
channel lifetimes TN, = 4-5 msec and TN, = 43-5 msec (at 24 0).

The effect of a-bungarotoxin
The fact that the slow kinetic component of ACh noise spectra is the only one con-

trolling the e.p.s.c. decay, suggests that the transmitter liberated by the presynaptic
terminal does not activate short-living channels, and that these channels are probably
extrasynaptic. Recently Dun & Karczmar (1980) reported that a-bungarotoxin
selectively blocked the ACh potential without affecting the e.p.s.p. in sympathetic
neurones, thus suggesting that only extrasynaptic ACh receptors were sensitive to

a-bungarotoxin. One thus could expect that the ACh-induced current (but not the
e.p.s.c.) and the contribution of fast kinetic component to ACh noise spectra both
should be selectively depressed by a-bungarotoxin. In order to test this assumption,
we studied the effect of oc-bungarotoxin (1 M) on the e.p.s.c., the ACh-induced
current and the ACh noise spectra. It was found that a-bungarotoxin depressed both
the ACh response (by 79 %, as an average in six neurones, from six different
preparations) and the e.p.s.c. (by 44 %, as an average in four neurones, from four
different preparations). Therefore, a-bungarotoxin is not a selective antagonist for
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extrasynaptic ACh receptors. In addition, a-bungarotoxin caused no regular changes
in the contribution of fast kinetic component to ACh noise spectra.

DISCUSSION

The results presented in this work show that there are two distinct kinetics - fast
and slow - in the nicotinic ACh receptor channels of mammalian sympathetic
ganglion neurones. Similar observations were made in some other cells possessing
nicotinic ACh receptors: in skeletal muscle fibres (Dreyer et al. 1976; Neher &
Sakmann, 1976; Dionne & Parsons, 1981), in Aplysia neurones (Gardner & Stevens,
1980) and in rat parasympathetic ganglion neurones (Rang, 1981). The origin of two
channel kinetics in sympathetic ganglion neurones could be explained in two different
ways: (i) there are channels with multiple states, and (ii) there are two distinct
populations of channels, with short and long lifetimes respectively.
Some examples of multiple channel kinetics were shown by Neher & Steinbach

(1978), Nelson & Sachs (1979), Sakmann, Patlak & Neher (1980), and Dionne (1981).
The models of multiple channel kinetics predict that the contribution of the fast
kinetic component to ACh noise spectra should be dependent on the dose of ACh and
that the slow kinetic component should be present in all ACh noise spectra. In as
much as this is not consistent with our observations, the explanation (ii) about two
populations of channels with short and long lifetimes of their opened states is more
likely.

In the present study the slow kinetic component in ACh noise spectrum was equal
in its duration to the e.p.s.c. decay time-constant. This indicates that the open
channel lifetime is the main factor determining the duration ofe.p.s.c. decay, as found
earlier in other nicotinic synapses (Katz & Miledi, 1972; Anderson & Stevens, 1973;
Gardner & Stevens, 1980; Dionne & Parsons, 1981; Rang, 1981). This conclusion is
supported by some previous indirect observations: the voltage dependence of the
e.p.s.c. decay (Selyanko et al. 1979) and the voltage-dependent shortening of the
e.p.s.c. decay in the presence of hexamethonium and tubocurarine (Selyanko,
Derkach & Skok, 1981) which are commonly considered as channel-blocking agents
(Ascher, Marty & Neild, 1978b; Ascher, Large & Rang, 1979; Colquhoun, Dreyer &
Sheridan, 1979). At room temperature the lifetime of ionic channels in mammalian
sympathetic ganglion neurones is a few times longer than in amphibian sympathetic
ganglion neurones (cf. Kuba & Nishi, 1979; MacDermott et al. 1980), about thirty
times longer than at the neuromuscular junction (see Colquhoun, 1979), and close
to the lifetime of channels in molluscan neurones (Ascher et al. 1978a) and rat
parasympathetic ganglion neurones (Rang, 1981).

In contrast to rat parasympathetic ganglion neurones where two kinetic components
of ACh-induced spectrum were found in e.p.s.c. decay (Rang, 1981), only the slow
kinetic component was found in e.p.s.c. decay in the pesent study. There are two
possible explanations for this discrepancy: (i) the fast kinetic component in ACh noise
spectrum corresponds to a fast decaying component of the e.p.s.c. which was not
evoked by threshold stimuli used in this work; and (ii) the receptors which operate
the fast channels are extrasynaptic. The first explanation is not supported by the
results of the analysis of the m.e.p.s.c. decay, which was similar to that in e.p.s.c.
It thus seems likely that fast channels are operated by extrasynaptic ACh receptors.
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The mean amplitude of m.e.p.s.c. in sympathetic ganglion neurones measured in
the present study was about one order of magnitude lower than in neuromuscular
junction (Gage & McBurney, 1975; Colquhoun, Large & Rang, 1977). This correlates
with a difference in the conductance change produced by a single ACh quantum
obtained by the indirect method (Hunt & Nelson, 1965; Nishi, Soeda & Koketsu,
1967). Assuming that ganglionic and neuromuscular synapses do not differ in quantal
ACh content (cf. Nishi et al. 1967) and in single channel conductance (present data;
for comparison see Colquhoun, 1979), the lower effectiveness of the ACh quantum
in ganglionic synapses can be explained by a smaller number of ionic channels opened
at the peak of m.e.p.s.c. Relations between m.e.p.s.c. and single channel current
similar to those observed in this work were found in rat parasympathetic ganglion
neurones (Rang, 1981). Using another criterion for the effectiveness of transmitter
action, the amount of charge transferred across the open channels (Gardner, 1980),
a much smaller difference in the effectiveness of an ACh quantum between the
ganglionic and neuromuscular synapses can be predicted because of the longer
channel lifetime and m.e.p.s.c. decay in sympathetic ganglion neurones.

We are grateful to Professors D. A. Brown and H. P. Rang for helpful advice and discussions.
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