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control (Fig. 2a) and is associated with a smaller Ca2+ transient. 
(Differences in the Ca2+ transients are exaggerated by the non
linear relationship between [Ca2+] and light output for 
aequorin.) 

Possible explanations for this shortening of the action poten
tial include: (1) indirect actions of caffeine, through inhibition 
of phosphodiesterase22, either to reduce the number of activat
able calcium channels or to increase the calcium sensitivity of 
Ca2+ -activated K+ channels23 ; (2) a direct action of the elevated 
[Ca2+]i to inactivate calcium channels24,25. Although we have 
not directly tested any of these possibilities, in most experiments 
following the caffeine-induced rise, [Ca2+1 fell to below the 
limit of detection (= 5 x 10-7 M) well before the action potential 
regained its control duration. Furthermore, in another series of 
experiments 0.1 mM isobutylmethyl xanthine (IBMX), a phos
phodiesterase inhibitor22 , caused a shortening of the action 
potential of DRG neurones without apparently increasing 
[Ca2+]i' Interestingly, in an unidentified neurone from the 
abdominal ganglion of Aplysia, IBMX prolongs the action 
potential26• Since there is no evidence that IBMX releases Ca2+ 

from microsomes it seems that an inhibition of phos
phodiesterase might underlie the effect of caffeine on action 
potential duration in these conditions. Figure 2d shows that the 
caffeine effect is reversible. 

Figure 3 shows how the caffeine-sensitive intracellular store, 
once discharged, can be reprimed following electrical activation 
of the cell. The top traces show that, after an initial prolonged 
exposure of a neurone to 10 mM caffeine, a subsequent exposure 
causes negligible Ca2+ release from the store. Note also that 
when there is no release of calcium, there is no membrane 
depolarization or decrease in input resistance as previously 
observed. The next traces, contiguous with the last, show that 
following three action potentials, each associated with significant 
Ca2+ infiux, caffeine once more causes an elevation of [Ca2+]i 

and associated changes in membrane potential and input resist
ance. We suggest that caffeine releases Ca2+ from an intracellular 
store which can be replenished by Ca2+ moving into the cell 
during an action potential. That this repriming phenomenon is 
related to inwardly-moving Ca2+ associated with voltage activa
tion and is not simply a function of time to allow equilibration 
of intracellular calcium stores or influx of Ca2+ through a 'leak', 
is shown in the next contiguous record. The preparation 
remained quiescent for a period of time similar to that over 
which the three previous action potentials had been elicited. 
Quite clearly, following this protocol, caffeine was unable to 
elicit any response. Caffeine was again tested after a single action 
potential had been elicited. There was a small but detectable 
increase in the output of light, indicating that a significant 
contribution of calcium to the intracellular store is made during 
a single action potential in these conditions. A further three 
action potentials once more returned the level of intracellular 
Ca2+ release by caffeine to around control levels. 

The results described here indicate that there is rapid buffering 
of intracellular Ca2+ in rat DRG neurones. The calcium transient 
associated with an action potential declined with a time constant 
of 100-200 ms from a peak concentration considerably lower 
than that predicted from previouslr' reported voltage-clamp 
experiments in chick DRG neurones l . While the relative contri
butions of intracellular Ca2+ buffering, active pumping and 
sodium-calcium exchange to the maintenance of a low [Ca2+]; 
remain unclear, there can be little doubt that these mechanisms 
could all playa part in the regulation of [Ca2+]; (ref. 27). From 
the observation that caffeine causes a release of Ca2+ from 
intracellular stores and that these stores are refilled during 
electrical activity of the neurone, we suggest that the endoplas
mic reticulum in mammalian neurones can have an important 
role in the control of [Ca2+]i similar to the role of the sarcoplas
mic reticulum in muscle. 
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Conductances of single ion channels 
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Hypotheses concerning the mechanism by which acetylcholine
like agonists cause ion channels to open often suppose that the 

. receptor-ionophore complex can exist in either of two discrete 
conformations, open and shutl-3• On the basis of noise analysis 
it has been reported that certain agonists open ion channels of 
lower conductance than usual4-ll, though many potent agonists 
give similar conductances9-l3, and hence that differences in the 
conductance of ion channels opened by different agonists may 
contribute to differences in efficacyl4. Here we have reinvesti
gated this question by recording single ion channel currentsl5 
evoked by acetylcholine-like agonists on embryonic rat muscle 
in tissue culture and on adult frog muscle endplate. Ten different 
agonists (Fig. 1) were tested, including several that noise analy
sis has suggested have a low conductance4,5. 'The single-channel 
conductance was found to be the same, within a few per cent, 
for all 10 agonists. It seems that noise analysis has given 
erroneously low conductances in some cases. 'Therefore efficacy 
differences do not depend on differences in single-channel con
ductances evoked by various agonists but presumably on the 
position of the open-shut eqUilibrium of the agonist-channel 
complexesl6• 

The first set of experiments was carried out on dissociated 
embryonic rat muscle cells in primary tissue culture. Single ion 
channel currents were recorded by the patch-clamp method 
from cellCfree patches in the 'outside-out' recording configur
ation, that is, with their external surface facing the bath sol
ution 15. Several agonists were applied to each outside-out patch. 
Records of single-channel currents for one outside-out patch, 
which had been sequentially activated by six agonists, are shown 
in Fig. 2a. The amplitudes of 30-50 unit currents were measured 
for each agonist at each of four or five membrane potentials, 
and histograms of amplitudes were plotted (Fig. 2b). In most 
cases the distributions were unimodal at each potential and 
could be fitted with a simple gaussian curve. However, some 
patches revealed a bimodal distribution of current amplitudes 
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Fig. 1 Structures of the agonists tested. 

at each potential; in one case where both conductances were 
measured, all six agonists tested elicited channels with the same 
two conductance values as those elicited by acetycholine on the 
same patch. There was no evidence for preference by any agonist 
for one or the other channel type. Conductance sublevels of the 
sort reported in cultured embryonic rat muscle at 5-10 °C (ref. 
17) and in cultures of chick myotubesl8 were rarely seen in the 
present conditions. The current-voltage relationships for the 
agonists were determined by plotting the mean single-channel 
current amplitude as a function of patch potential. Figure 2c 
illustrates the current-voltage characteristics obtained for six 
different agonists applied to the same patch. The relationship 
is linear over the potential range tested and is very similar for 
each agonist. The slope conductance and reversal potential for 
each agonist were obtained from such plots. Extrapolated 
reversal potentials were close to 0 m V in all cases (mean ± s.e. = 
2.78± 1.80 mY, n = 26). Single-channel slope conductance was 
quite variable; values of 30-55 pS were seen in different rat 
myotube patches, and sometimes more than one value was 
observed in the same patch. Because of this variability, 
acetylcholine was applied to every patch, and the results were 
expressed as the ratio of the conductance for each agonist to 
that for acetylcholine on the same patch (Table 1). The observed 
conductance ratios for nine agonists relative to acetylcholine 
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Fig.:z Conductance properties of single acetylcholine-receptor 
channels activated by different cholinomimetic agonists. a, Single
channel current steps recorded from a cell-free, 'outside-out' patch 
isolated from rat myotubes. Membrane potential was -80 mY; 
temperature 20-23 °C. The recording pipette contained the follow
ing solution (in mM): KCl 150.0; Na2EGTA 5.0; CaCl2 0.5; 
HEPES 10.0, pH 7.0. The bath solution was Eagle's minimal 
essential medium with HEPES buffer, at pH 7.2 (this contains 
135 mM Na+ and 5.4 mM K+). Six different agonists were sequen
tially bath-applied as indicated under the individual recordings 
(ACh, Ij.LM; CCh, 5 j.LM; SubCh, Ij.LM; HPTMA, 10 j.LM; 
PPTMA, 10 j.LM; Deca, 10 j.LM). Application of each agonist was 
followed by washout during which disappearance of the single
channel currents was confirmed. A downward deflection denotes 
an inward current. All records are filtered with 2.0-3.0 kHz 
(-3 dB) low-pass Bessel filter. b, Distribution of current ampli
tudes at membrane patch potentials of -60, -80, -100 and 
-120 mY, during activation by Ij.LM acetylcholine. The distribu
tion at each potential is singly peaked with mean step sizes of 
-2.1 ±0.1 pAat -60 mY, -2.9±0.1 pAat -80 mY, -3.6±0.2 pA 
at -100mV, and -4.3±0.2pA at -120mV. c, Current-voltage 
relation of single-channel currents from one outside-out patch that 
had been sequentially activated by ACh, CCh, SubCh, Deca, 
HPTMA and PPTMA. The mean amplitudes obtained from his
tograms as shown in b are plotted as a function of patch potential. 
The line represents the current-voltage curve obtained from least 
squares linear regression analysis of the mean current amplitudes 
and patch potentials obtained with acetylcholine. Similar curves 
were drawn for each agonist. The slope conductance was close to 

34 pS for each agonist tested on this patch. 

pA 

differ from unity by no more than 3%. These results provide 
no evidence to support the view that conductance of an ion 
channel depends on the nature of the agonist that causes it to 
open. 

A second series of experiments was made at end plates of 
adult frog (Rana temporaria) cutaneus pectoris muscle fibres, 
after enzyme treatmentl9

• Single-channel membrane currents 
were recorded with a patch pipette in the cell-attached configur
ation1S

, with the agonist in the pipette solution. Current-voltage 
relationships were constructed from unit current measurements 
at four or five membrane potentials over a 120-mV range, and 
slope conductances were determined, as described above. The 
slope conductances obtained with 10 different agonists for adult 
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Table 1 Single-channel slope conductance ratios for agonists relative 
to acetylcholine on rat myotubes 

CCh (n=3) 1.00±0.03 SucCh (n = 2) 1.01 ±0.04 
SubCh (n =3) 1.02±O.05 HPTMA(n=3) 1.00±0.03 
Nicotine (n = 2) 0.98±0.02 PPTMA(n=3) 1.01±0.05 
DMPP (n=2) 1.00±0.02 PETEA(n=2) 0.98±0.10 
Deca (n = 3) 1.03 ±0.05 

Values of the ratio of the single-channel conductance of the indicated 
agonist to that of acetylcholine on the same 'outside-out' membrane 
patch. Values represent mean± s.e. (pS) with the number of determina
tions in parentheses. CCh, Carbachol; SubCh, suberyldicholine; DMPP, 
I, I-dimethyl-4-phenylpiperazinium; Deca, decamethonium; SucCh, 
succinylcholine; HPTMA, 3-( m- hydroxyphenyl)propyltrimethylam
monium; PPTMA, 3-phenylpropyltrimethylammonium; PETE A, 3-
phenylethyltriethylammonium. 

frog muscle endplate at 9-12 °C are given in Table 2. The actual 
conductances, rather than the values relative to acetylcholine, 
are given because conductance values were much less variable 
from one membrane patch to another on adult frog muscle 
end plate than on cultured embryonic rat muscle. The values 
obtained for each agonist fell within 5% of the weighted mean 
of all 10, 30.2±0.09 pS (mean±s.e., n = 10), a value similar to 
that found by Anderson and Stevens2, but rather higher than 
most other estimates from noise analysis. Reversal potential was 
approximately 0 m V for all 10 agonists tested (mean ± s.e. = 
-0.2± 1.1 mY, n = 10). Note that each value given was obtained 
from a different muscle patch and that several muscles were 
used in this study. 

We conclude that the single-channel conductances are the 
same, within a few per cent, for all 10 agonists tested. In 
particular this was observed to be the case for 3-(m
hydroxyphenyl)propyltrimethylammonium (HPTMA), 3-
phenylpropyltrimethylammonium (PPTMA), nicotine and 
decamethonium, which had been reported on the basis of noise 
analysis4.5 to produce lower conductance channels than 
acetylcholine. The reversal potentials were also closely similar. 
This suggests that the open ion channel has essentially the same 
conformation whichever agonist opens it. Thus, it seems that 
agonist-receptor complexes formed by different agonists show 
differences in those regions of the macromolecules concerned 
with opening and shutting probabilities, but not in those regions 
concerned with ion permeation. 

Recent observations have shown that the conventional con
cept of channel openings of fixed amplitude may be an oversim
plification. It has been found that a single channel type may 
adopt unusual open states (sublevels), which have lower than 
normal conductance, in cultured rat l7 and chick l8 muscle, and 
occasionally in adult frog endplates20. These discoveries suggest 
that differences in agonist efficacy could result from different 
degrees of preference for open-state sublevels of low conduct
ance. This is unlikely, however, since conductance sublevels 
were rarely seen in this study with any of the 10 agonists. 

It seems improbable that errors could cause apparent identity 
of single-channel currents that are in fact different, though it is 
possible that the absolute values from single-channel analysis 
could be erroneously high. Therefore, it appears that noise 
analysis has given erroneously low relative conductances for 
some agonists4.5 • Indeed a survey of the literature shows that 
noise analysis almost invariably gives lower estimates of the 
absolute single-channel conductance than those found from 
single-channel recording, though the size of the discrepancy 
varies from trivial to quite substantial. For example, acetylcho
line-activated ion channels in rat endplate (diaphragm) have 
been reported to have conductances of about 30 pS (refs 21, 22) 
from noise studies, while channels of the rat endplate (omohy
oid) have been reported to have conductances of approximately 
58 pS (ref. 23) by single-channel recording techniques. Similarly 
it has been found that ion-channel blocking drugs appear to 
reduce single-channel conductance when tested by noise analy
sis24.25, but no reduction is seen in single channel records (ref. 

Table 2 Single-channel slope conductance on the adult frog muscle 
endplate 

Y (pS) y (pS) 
ACh 30.0± 1.0 Deca 30.2±0.1 
CCh 29.8±0.4 SucCh 30.0±0.4 
SubCh 29.9± 1.4 HPTMA 29.0±0.4 
Nicotine 31.4±1.2 PPTMA 30.0±0.3 
DMPP 30.6± 1.2 PETEA 31.9±0.4 

Values of the slope conductance (y) of channels activated by the 
indicated agonists on the frog muscle endplate. Values are expressed 
as slope conductance±s.d. (pS). The recordings were made in the 
cell-attached configuration on frog muscle endplate at 9-12°C. The 
bath and pipette solution contained the following (in mM): NaCI116.5; 
KCI2.5; CaCl2 1.5; HEPES buffer 10.0; tetrodotoxin 50 nM, at pH 7.2. 
Agonists were added to the pipette solution in the following concentra
tions: ACh, 100 nM; SubCh, 100 nM; CCh, 500 nM; nicotine, 500 nM; 
DMPP, l..,.M; Deca, l..,.M; SucCh, 500 nM; HPTMA, 500 nM; 
PPTMA, 1 ..,.M; PETEA, lO..,.M. 

26 and D.C., D.c.a. and S. A. Siegelbaum, in preparation). 
This suggests that one or more of the assumptions that are used 
in noise analysis may be invalid. If all channels pass the same 
elementary current, i, then the channel conductance 'Y = 
ij( V - V rev) is given by 'Y = s2j[m( V - Vrev)(l- p)] where m 
and S2 are mean and variance of the agonist-induced current, 
V is the membrane potential, Vrev is the reversal potential, and 
p is the fraction of time for which a single channel is open. This 
expression is usually simplified by assuming that p« 1. It is valid 
regardless of whether or not channel block is occurring (as long 
as blockages are complete)24,25,27. Thus the estimate of 'Y 
obtained from noise analysis would be too low (1) if the variance 
were underestimated (for example, by failing to extrapolate 
correctly the observed spectral components or by missing a 
spectral component altogether), (2) if the mean current, m, or 
the driving potential, (V - Vrev>, were overestimated (for 
example, by imperfect voltage clamp of the active membrane), 
or (3) if the fraction of channels, p, opened by the agonist were 
too large to be neglected, 

Thus, we have found closely similar single-channel con
ductances for 10 agonists. It appears that noise analysis may 
have underestimated the relative single-channel conductance in 
some circumstances, but it is not clear which assumptions of the 
noise analysis were breached. 
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