4 pril 29 975

8 M ethano}
the decay of
the e.p.s.ps
> abdominal
right viscero- -
rain of 100
est pulses at
}s. Cell RIS
" by injecting
barrel of a
rode. Repeti-
s resulted in
f the e.p.s.p.
by a gradual
oafacilitated
. When the
p. amplitude
ter a control
egun and a
e of ethanol
effect on the
the train but
ion of PTP.
. of the test
vards the size
p.S.p.y) with
se. The rate
(the slope of
data points
ion analyses)
n of ethanol.
asure of the
| significantly
 preparation.
hanol.

= ethanol was
the PTP was
ce of ethanol
the tempera-

before®. The i

es membrane
verature, sup-
rature reflects
2l presynaptic

rate of decay
, further sup-
of the series
1 accelerating
tency of the
ficient in an

fecay of PTP,
ure transition
. is limited by
[ component.
n PTP decay
indirect. For
tivate a mem-
the decay of
f transmitter
y itself be @

SURIENROREEIE el

constant of
of PTP (s™

138 +0.0006

45 1-0.0064
<0.005

—

vy of 1 s~L Fre- *

e amplitude of

in were plott

PTP amplitude

RRTE R —

waturé”Vol."260 April 29 1976

S0 4 ° . P
- ;
35
b
< 40
2
=730
o w
g7
2220
2 =
cv
3
0 10
1%
&%
0 4
0 105 10-% 10-3 10-* 10! 1
Molarity
U . b /e
55 8 /‘/
ElE B /7
< A
U'Q‘ 6 /
2 e . /
g&: N 0//
22 4t Y
5 e
2 < R /
0 @ = 4
9 &
128 of /
[ Ve
e L J/
£ g A
0 L 1 t |
-1 0 1 2 3

In (n-octanol-water partition coefficient)

Fig. 2 a, Potency of aliphatic alcohols in increasing the rate
constant of PTP decay. @, Cs; M, C:; 4, Cs; O, C,; O, Cs;
A, C,. The size of the carbon chain is indicated by the number
(C, is ethanol; Cy is n-octanol). An aliphatic alcohol (in fortified
artificial seawater) was perfused for 30 min, beginning 30 min
after a control train; and then a train was given in the presence
of the alcohol. In contrast with ethanol, the higher alcohols
reduced the amplitudes of all e.p.s.p.s. PTP still decayed, however,
with a single exponential time course with a rate constant which
was readily determined. Each data point represents the average
“ value obtained from three different preparations, except for
- ethanol where the number of preparations at each data point is
-.indicated. Note that the effect of each alcohol increases markedly
- over a narrow range of concentration. b, The potency of the effect
, of the different alcohols (measured as the concentration, C,
needed to increase the rate of decay of PTP fourfold) correlates
- with the lipophilicity of the alcohol (as measured by the n-octanol:
water partition coefficient, P). The data points were obtained
- from (a) by interpolating the concentration of each alcohol
. which would give a rate constant of PTP decay of 20 x 103 g1,
“ A plot of In(1/C) against InP gives a straight line with the equation
L In(l/C) = 2.71 InP+1.66. Other biological systems susceptible
to alcohols similarly give straight lines in these coordinates®.
Symbols as in (a).

thange in presynaptic membrane organisation (for example,
2 change in the number or effectiveness of *‘vesicle attach-
ment sites”). In this latter case, the relaxation of this
State of organisation would correspond to the decay of

{PTP, and would be directly affected by the fluidity of com-

Ponents of the presynaptic membrane. Evidence that this
possibility is consistent with other known properties of PTP
will be presented later. Regardless of the steps connecting
imembrane fluidity to the rate of PTP decay, our findings
jSuggest that nerve terminal membrane fluidity is a potential
jphysiological regulation point for the duration of PTP.
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Single-channel currents recorded from
membrane of denervated frog muscle fibres

THE ionic channel associated with the acetylcholine (ACh)
receptor at the neuromuscular junction of skeletal muscle
fibres is probably the best described channel in biological
membranes. Nevertheless, the properties of individual
channels are still unknown, as previous studies were con-
cerned with average population properties. Macroscopic
conductance fluctuations occurring in the presence of ACh
were analysed to provide estimates for single channel con-
ductance and mean open times', The values obtained,
however, depended on assumptions about the shape of the
elementary conductance contribution—for example, that
the elementary contribution is a square pulse-like event?.
Clearly, it would be of great interest to refine techniques of
conductance measurement in order to resolve discrete’
changes in conductance which are expected to occur when
single channels open or close. This has not been possible
so far because of excessive extraneous background noise.
We report on a more sensitive method of conductance
measurement, which, in appropriate conditions, reveals dis-

.crete changes in conductance that show many of the

features that have been postulated for single ionic channels.

The key to the high resolution in the present experiments
lies in limiting the membrane area from which current is
measured to a small patch, and thereby decreasing back-
ground membrane noise. This is achieved by applying
closely the tip of a glass pipette, 3-5 um in diameter, on to
the muscle surface, thus isolating electrically a small patch
of membrane (Fig. 1). This method has been applied pre-
viously in various modifications and mostly with larger
pipette tips to muscle’, molluscan neurones®*, and squid
axon’. The pipette, which has fire-polished edges, is filled
with Ringer’s solution and contains the cholinergic agonist
at micromolar concentrations. Its interior is connected to
the input of a virtual-ground circuit, which clamps the
potential inside the pipette to ground and at the same
time measures current flowing through the pipette, that is,
through the patch of membrane covered by the pipette
opening. The interior of the muscle fibre is clamped locally
to a fixed value -by a conventional two-microelectrode
clamp®. Thus, voltage-clamp conditions are secured across
the patch of membrane under investigation. Since current



Fig. 1 Schematic circuit diagram for current recording from a ~
patch of membrane with an extracellular pipette. VC, Standard
two-microelectrode voltage clamp circuit to set locailly the
membrane potential of the fibre to a fixed value. P, Pipette, fire
polished, with 3-5 um diameter opening, containing Ringer’s
solution and agonist at concentrations between 2x10~7 and
6x107° M. d ¢ resistance of the pipette: 2-5 MQ. The pipette
tip applied closely on to the muscle fibre within 200 pum of the
intracellular clamp electrodes. VG, Virtual ground circuit, using
a Function Modules Model 380K operational amplifier and a
500 MQ feedback resistor to measure membrane current. The
amplifier is mounted together with a shielded pipette holder on a
motor-driven micromanipulator. V, Bucking potential and test
signal for balancing of pipette leakage and measuring pipette .
o resistance. . i

densities involved are very small, a simple virtual ground
inside the pipette is preferable to more complicated arrange-
ments for stabilising potential described previously®.

The dominant source of background noise - in these
measurements was the leakage shunt under the pipette rim
between membrane and glass. It was constantly monitored
by measuring the electrical conductance between pipette
interior and bath. Discrete conductance changes could be
resolved only when the conductance between pipette interior
and bath decreased by a factor of four or more after
contact between pipette and membrane. To minimise the
leakage conductance, the muscle was treated with col-
lagenase and protease’. This enzyme treatment digested

connective. tissue and the basement membrane, thereby
enabling closer contact between glass and membrane. At the
same time, however, it made the membrane fragile and
more sensitive to damage by the approaching pipette. It

250 ms
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did not, however, change the ACh sensitivity of the fibre
or alter the properties of ACh-induced conductance
fluctuations (E.N. and B.S., unpublished). :
All experiments were carried out on the extrasynaptic’
region of denervated hypersensitive muscle fibres. The
uniform ACh sensitivity Tound over most of the surface of
these fibres greatly enhanced the probability of the’
occurrence of agonist-induced conductance changes at the
membrane patch under investigation. Extrasynaptic ACh
channels of denervated muscle fibres have mean open times
which are about three to five times longer than those of
endplate channels****", The longer duration facilitated the
detection of conductance changes. Additional measures
were taken which are known to either increase the size of
the elementary current pulse or prolong its duration: the
membrane was hyperpolarised up to —120 mV; suberyldi-
choline (SubCh) was used as an agonist in most of the
experiments; the preparation was cooled to 6-8 °C.
Figure 2 shows a current recording taken in the condi-
tions outlined above. Current can be seen to switch
repeatedly between different levels. The discrete changes
are interpreted as the result of opening and closing of
individual channels. This interpretation is based on the very
close similarity to single-channel- recordings obtained in
artificial membrane systems, The preparation under study
is, however, subject to a number of additional sources of
artefact. Therefore it is necessary to prove that the
recorded events do show the properties which are assigned
to ionic channels of the cholinergic system. These are: a
correlation with the degree of hypersensitivity of the muscle
membrane; an amplitude dependent on membrane poten-
tial as predicted by _noise analysis; a mean length of
channel open time, which should depend on voltage in a

characteristic manner’; pharmacological specificity with .

different mean open times for different cholinergic
agonists'™. The experiments bore out all of the above-
mentioned points as outlined below.

The frequency of occurrence of single blips depended on

the  sensitivity of the patch under investigation. A plot of.
the number of current pulses per sécond against the ionto-
phoretically measured sensitivity of the membrane region,
determined either immediately before or after the pipette
experiment, revealed a distinct correlation between- both
quantities with a correlation coefficient of 0.91 for a linear.
regression (Fig. 35). Student’s - test assigned a-significance.
better than 0.1% to the relationship. .. - . - X

To estimate the size of the current pulses ‘amplitude
histograms were calculated from’ the current recordings
(Fig. . 3¢). .The histograms show a prominent - peak ::of
gaussian shape around zero deviation, the width of ‘which
is a measure of the high frequency background noise Jof
the current trace. Multiple, equally spaced peaks at larger.
deviations represent the probabilities that either one, two,
or three channels are open simultaneously. The peak sepa-
ration gives the amplitude of the single-channel contribu-
tion, which was 3.4 pA for the histogram shown in Fig. 3c.

Fig. 2 Oscilloscope recording of current
through a patch of membrane of approxi-
mately 10 um®. Downward deflection of the .,
trace represents inward current. The pipette .
contained 2x10~" M SubCh in Ringer’s
solution. The experiment was carried out with .
. a denervated hypersensitive frog cutaneus -
pectoris (Rana pipiens) muscle in normal frog
Ringer’s solution. The record was filtered at -
a  bandwidth of 200 Hz. Membrane -
potential: —120 mV. Temperature: § °C.
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L a

SubCh

Fig. 3 Characterisation of single-channel
currents. a, Comparison of current recordings
obtained with different cholinergic agonists at
concentrations of 2,10~ M(SubCh), 2.10-*
M(ACh), and 6.10~* M(carbachol). Down-
ward deflection of the trace represents inward
current. Three different experiments. Pen
records replayed from analogue tape at a
bandwidth of 100 Hz. All experiments at
—120 mV membrane potential; 8°C. b,
Number of current blips per second is plotted
against iontophoretic sensitivity of the mem-
brane region under investigation. Sensitivity
was determined by 100-ms iontophoretic
pulses delivered from a pipette filled with 1 M
SubCh . (40 MQ pipette resistance, 10 nA
bucking current, sensitivity measured at
resting potential). Pooled data from eight
experiments. Broken line represents linear
regression. ¢, Amplitude histogram of mem-
brane current. Current traces were digitalised
and baselines fitted by eye to data records,
each 4 s in length. Frequency of occurrence of
deviatians from the baseline is shown in
arbitrary units. Histograms were calculated PR
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averaged to obtain curves like the one shown. )
8 °C; —120 mV membrane potential,

This was obtained from an experiment at —120 mV
membrane potential. A similar histogram from the same
muscle fibre obtained at —80mV yields a current pulse
amplitude of 2.2 pA. These two values extrapolate to an
equilibrium potential of —7 mV. Channel conductance is
Jestimated as 28 pmhos in this case. It scattered from fibre
to fibre with a mean value of 22.4+0.3 pmhos (mean +s.e.;

Jumber of determinations=27). This value is somewhat
bwer than the one derived from noise analysis at normal
tndplates, which is 28.6 pmhos for SubCh®. Higher order
peaks in the histograms are not merely scaled images of the
wro ‘order peak. They tend to be smeared out due to
ton-uniformity of current puise amplitudes. We cannot
decide at present whether this is a real feature of the
thannels or a measurement artefact. Such an effect could
wrise if not .all of the channels are located ideally in the
tentral region of the pipette opening. Current contributions
from-peripherally located channels would only partially be
ticked up by the pipette. This source of error is also likely
lo lead to an underestimate of channel size if the pipette
®al is not optimal.
Temporal analysis of the current records was carried
t partly by measurement of individual channel length and
yeraging 40-50 measurements, and partly by calculation
of the power spectrum of the current recordings. In the
htter case, the cutoff frequency fi» of the Lorentzian
Pectrum yielded an estimate of mean channel open time T
or pulse duration) through the relationship 7=1/(2 = f,).
alues of mean open times obtained by the two methods
Yere consistent within + 309%. For SubCh as an agonist and
a temperature of 8 °C it was 45+3ms (n=11) at
~120mV and 28+3 ms (n=14) at —80 mV. These values
tre approximately three times longer than the correspond-
1% mean open times of endplate channels derived from
{0ise analysis’. Note, however, that lengthening of channel
rations by factors of three to five at extrajunctional sites
ith respect to endplate values has been measured in-
pendently by conventional noise analysis’®. The voltage

23 5 7.5 0 10 20
SubCh sensitivity (mV nC-!)

Current amplitude (pA)

Channel open times  were different when different
cholinergic agonists were used (Fig. 3@). For —120 mV and
8 °C, mean channel open time was 45+3ms (n=11) for
SubCh, 26+5ms (n=4) for Ach, and 11+2ms (n=3) for
carbachol. This sequence reflects the well known relation-
ship between the open times of channels induced by these
drugs at normal endplates’’® and at extrasynaptic mem-
brane of hypersensitive fibres. -

The results obtained so far, especially the pharmacological
specificity, lead us to conclude that the observed con-
ductance changes are indeed recordings of single-channel
currents. They are consistent with the conclusions drawn
from statistical analysis -of endplate current fluctuations,

and show that current-contributions of individual channels -

are of the form of square pulses. In addition, analysis of
areas under the peaks of histograms like Fig. 3¢ indicates
that in our experimental conditions opening of individual
channels is statistically independent, since the probabilities
of zero, one, or two channels being open simultaneously
follow—within the limits of experimental resolution—a
Poisson distribution.

Recordings of single-channel currents finally resolves the
third level of quantification-in the process of neuromuscular
transmission after the discovery of endplate currents and
miniature endplate currents. It should facilitate discrimina-
tion between factors influencing the properties of single
channels and agents creating or modifying different popula-
tions of channels.
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Selective inhibition of potassium conductance
in node of Ranvier with a photoaffinity
label derived from tetraethylammonium

BiocHEMICAL investigation of membrane components in-
volved in ijon-specific conductance changes is difficult
because of the lack of a functional assay for the com-
ponents after membrane solubilisation. Proteins thought to
participate in conductivity changes during synaptic trans-
mission' have been isolated using a binding assay and
affinity chromatography®*, because of their high affinity for
a variety of ligands; but the connection between such re-
ceptor proteins and postulated ion channels remains to be
shown. To isolate molecules forming sodium channels of
the axon membrane*”’, tetrodotoxin was used as ligand
(binding assay Ks=3 nM). The most efficient known block-
ing agent of the change in potassium conductance in nerve
and muscle known is tetraethylammonium (TEA) but its
affinity is too low (Ks=0.4 mM (ref. 8)) for either of the
above techniques. We have attempted to label radioactively
those molecules associated with the voltage-dependent
potassium conductance changes covalently in situ with the
aim of recovering that radioactivity after solubilisation
using classical fractionation procedures. We suggest that it
is possible to block selectively and irreversibly potassium
conductance in myelinated nerve fibres using a photoaffinity
lable. This method may open the way for the isolation of
the TEA receptor of excitable membranes, proposed as
part of the potassium channel (if not the channel itself).

We applied 4-azido-2-nitrobenzyltriethylammonium fizoro-
borate,

NO,  CH:-CHy
N, -@-CHZ - 1;1 € cH,-cH,
CH,-CH,

which belongs to a class of photoaffinity labels developed by
H.K.* and which was first used in the investigation of the
structure of the acetylcholine receptor (F.H., P. Layer,
H.K. and G. Bandini, unpublished) and the acetylcholine
esterase (P. Layer, HK. and F.H,, unpublished). The label
was synthesised using the same procedure described for the
corresponding trimethylammonium derivative (P. Layer,
HK. and F.H., unpublished). Voltage clamp experiments
were carried out with sensory and motor fibres of the sciatic
nerve of the frog Rana esculenta®*. The Ranvier node was
continuously superfused with Ringer or the test solution as
indicated in Figs 1-4. Photoaffinity labelling was induced
by irradiation with an ultraviolet lamp Typ TL-900 (Camag,
Switzerland; emission maximum 254 nm; lamp distance
from fibre 5 cm). Without irradiation the photoaflinity label
reversibly inhibited the potassium conductance (Fig. 10),
whereas the sodium conductance was not affected.
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Fig. 1 Potassium current records during 140 mV depolarising
pulses from a holding potential of —100 mV. Capacity and
leakage currents were compensated analogically, Test node
superfused with Ringer’s solution (117 mM NaCl, 2.5 mM K(],
1.8 mM CaCly) plus tetrodotoxin (300 nM). Control, First record
in each row. In each experiment photoaffinity label (1 mM) was
added either to Ringer’s solution (e, ¢ and d) or to isosmotic
KCl solution in contact with the cut ends of the fibre (b). aand b,
Effects of photoaffinity label applied either externally (a) or
internally (), before(second records)or after (third records)
application of ultraviolet light for 3 min. ¢ and 4, Reversibility
for the experiment without (c) or with irradiation (d). Third
record in ¢ and d was taken 40 min after removal of photoaffinity
label from Ringer’s solution. Vertical and horizontal calibrations:
10 nA and 10 ms, respectively. -
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50% inhibition of the potassium current was obtained
with 4 mM photoaffinity label (Fig. 2), indicating a much
lower affinity than that for TEA (K:=0.4mM (ref. 8)).
During irradiation in the presence of the label the potassium
current decreased markedly and rapidly (Figs 1a and 3),
whereas the sodium current decreased only slightly (Fig. 3).
In a typical experiment, we obtained after about 2 min irra-
diation an 80% decrease in potassium current and a less
than 109% decrease in sodium current. After removal of the

Fig. 2 Dose-response curve for 4-azido-2-nitrobenzyltriethyl-

ammonium fluoroborate (without irradiation). Photoaffinity label

was added to Ringer’s solution used to superfuse test node.
Temperature: 11 °C.
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