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Summary. Spectral analysis (1-1000 Hz) of spontaneous fluctuations of potential and
current in small areas of squid ( Loligo pealei ) axon shows two forms of noise: /= noise occurs
in both excitable and inexcitable axons with an intensity which depends upon the driving
force for potassium ions. The other noise has a spectral form corresponding to a relaxation
process, i.¢., its asymptotic behavior at low frequencies is constant, and at high frequencies it
declines with a slope of — 2. This latter noise occurs only in excitable axons and was identified
in spectra by (1) its disappearance after reduction of K* current by internal perfusion with
solutions containing tetraethylammonium (TEA ), Cs* or reduced[K;* Jand(2) its insensitiv-
ity to block of Na* conduction and active transport. The transition frequency of relaxation
spectra are also voltage and temperature dependent and relate to the kinetics of K* conduc-
tion in the Hodgkin-Huxley formulation. These data strongly suggest that the relaxation
noise component arises from the kinetic properties of K* channels. The /! noise is attributed
to restricted diffusion in conducting K+ channels and/or leakage pathways. In addition, an
induced K *-conduction noise associated with the binding of TEA™ and triethyldecyl-
ammonium ion to membrane sites is described. Measurement of the induced noise may provide
an alternative means of characterizing the kinetics of interaction of these molecules with the
membrane and also suggests that these and other pharmacological agents may not be useful
in identifying noise components related to the sodium conduction mechanism which, in these
experiments, appears to be much lower in intensity than either the normal K conduction or
induced noise components.

In the initial phase of studies of spontaneous fluctuations in three
different axon membranes, the predominant noise evident in power-
density spectra (PDS) of both voltage and current fluctuations was f~!
in form, with an intensity which depended upon K * current flow (Derksen,
1965; Derksen & Verveen, 1966; Poussart, 1969; Poussart, 1971; Fishman,
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1972). However, it was apparent from a substantial existing physical
literature (see Kittel, 1958, part 2; Lax, 1960) on fluctuations arising from
conduction processes that the ion-conduction “channels” implicit in the
Hodgkin-Huxley equations ought to produce noise characteristic of a
relaxation process, viz PDS of the form [14(f/£)?]~*. In 1972 Hill and
Chen and Stevens independently published derivations of PDS of conduc-
tance fluctuation based upon the assumption of discrete two-state K*
channels in the HH formulation, which produced only relaxation spectra.
With the foregoing insight as well as improvements in methods and in-
strumentation, relaxation noise was observed in addition to f~! noise
(Siebenga & Verveen, 1971; Fishman, 1971, unpublished data) and appears
to be related to K* conduction (Fishman, 1973; Siebenga, Meyer &
Verveen, 1973).

The present paper describes squid axon K* conduction fluctuations
which have been reported previously in preliminary accounts (Fishman,
1972; Fishman, 1973; Fishman, 1975q; Fishman, Moore & Poussart,
1975a). f~! noise occurs in both excitable and inexcitable axons with an
intensity which depends upon the driving force for K*. Relaxation noise
dominates f~! in excitable axons and has properties which suggest that
it is produced by the kinetic behavior of conducting K* channels. Obser-
vation of relaxation noise further suggests that f~! noise arises from
membrane leakage conduction or perhaps restricted diffusion through
conducting K* channels. An induced K *conduction noise by tetraethyl-
ammonium and a quaternary-ammonium ion derivative within axons
may reflect the “gating” properties imposed upon K* channels by the
interaction of these molecules with membrane sites.

Materials and Methods

A detailed account of the preparation, isolation of a patch of membrane, and noise
analysis instrumentation was presented previously (Fishman, 1975b; Fishman, Poussart &
Moore, 1975b). In this paper, the power-density spectra (log|4X|*/Afvs. f, where AX is
either a fluctuation about the mean potential or current and f is frequency) were produced
from FM tape recordings of the original data. The spectral analysis of each noise record was
done in three of several overlapping frequency bands (0.125-50 Hz, 0.5-200 Hz, 1.25-500 Hz,
2.5-1000 Hz, 5-2000 Hz and 12.5-5000 Hz) with the lowest frequency in each band corre-
sponding to the resolution in each 400 point band. A number of real-time spectra produced
during each noise record on tape were averaged digitally to obtain an averaged PDS. The
number of real-time spectra averaged depended upon the frequency band. Generally, in the
lowest band 16 nonredundant real-time spectra were averaged with a record length (sample
length) of 129 sec, whereas in the highest frequency band 128 real-time spectra were averaged
with a sample length of 21 sec. The spectra in each frequency band were plotted by an X-Y
recorder and in Fig. 1, they were assembled and redrawn as continuous spectra. The “ noisiness”
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Fig. 1. f~* power-density spectrum (PDS) of voltage noise from a patch of axon at “rest”
potential which gave a low (50 mV) spike amplitude upon stimulation. f ! noise is predominant
only in inexcitable or poorly excitable axons. (Inset) Short time-segment of fluctuation wave-
form reproduced from tape (effective noise bandwidth of 1.25 kHz). The curves are composite
reproductions of X-Y plots produced by spectral analysis (400 points/band) in three over-
lapping frequency bands indicated by arrows on the abscissa. Na*-free ASW is ASW with
isosmotic sucrose substituted for Na*. Z, is the effective isolation of the patch from the bath
solution. Extraneous components at 60 and 180 Hz are power-line related. Dashed line is the
calculated thermal power-density from the Nyquist relation

of the spectra is greatest in the lowest portion of the frequency spectrum because relatively
fewer real-time spectra were averaged. In all other PDS the same procedure applied; however,
smooth curves, which were drawn by eye through the averaged spectra, are presented.

The standard external solutions were filtered Woods Hole seawater (SW) and artificial
seawater (ASW) composed of 430 mm NaCl, 10mM KCl, 10mm CaCl,, 50 mm MgCl,,
SmuM Tris-HCl, pH 74 at 25°C. All other externa! solutions were made from the ASW
recipe with the substitutions indicated in the text or figure legends. The standard internal
perfusate was 0.5 M KF and 5 mm Tris-HC, pH 7.4 at 25 °C. Dilution of the K* concentration
was made with isosmotic sucrose solution (0.8M). Two quaternary ammonium compounds
were used as additions to the standard perfusate. Tetracthylammonium, TEA *, was prepared
as a salt from triethylamine and 1-bromoethane. Triethyldecylammonium, TEDAY, was
kindly supplied by Dr. Clay Armstrong.

The conventions in this paper follow those of the preceding papers (Fishman, 1975b;
Fishman et al., 1975b). “Rest” potential (indicated as 0 mV) corresponds to the potential
(usually +20 to +30 mV) recorded from within the patch electrode (during sucrose solution
flow) to the bath ground electrode for zero-mean membrane current. The potentials indicated
in the text and figures are the measured changes of patch potential from “rest”. Positive
changes in potential indicate depolarization of the “rest” potential and negative changes
indicate hyperpolarization.
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Results

Electrically excitable as well as inexcitable membrane patches produce
voltage and current noise with a power-density spectrum which is approxi-
mately f~!. Spontaneous voltage and current fluctuations in both excitable
and inexcitable squid axon membrane are relatively large. Fig. 1 (insert)
shows a very short time-segment of voltage fluctuations at the patch
“rest”-potential from a patch which gave less (50 mV) than normal
(>90 mV) spike amplitude. Spectral analysis of the voltage fluctuations
Sy (f), Fig. 1 (lower spectrum), shows (1) frequency components between 1
and 300 Hz which are in excess of the thermal noise expected from the
measured patch isolation (1 MQ) and computed from the Nyquist relation
and (2) a spectral distribution in power density which declines as f~*
where o~ 1 from 1-160 Hz, and a further decline from f~! at frequencies
beyond 160 Hz. In general, spontaneous voltage and current-fluctuations
in squid axon are so large that thermal noise levels cannot be measured in
the frequency analysis band (1-1000 Hz). The spectral power-density
between 1-50 Hz is an order of magnitude or more greater than the noise
produced by the patch isolation process (Fishman et al., 1975 b), which was
measured in test membranes. The value of o, which characterizes the low-
frequency spectral decline, was not always unity. Instead, « ranged from
0.5 to 1.5. Thus this noise falls into the class of f~! noises. The high-fre-
quency decline, which is noticeable as a distinct break in the spectra of
Fig. 1, apparently reflects-“filtering” of the spontaneous voltage-fluctua-
tions by the membrane impedance (Fishman, 1975q; Fishman et al.,
1975b), since a resting membrane resistance of 1000 Qcm? and capacitance
of 1 uF/em? should produce a corner at about 160 Hz.

The f~* portion of the voltage spectrum was insensitive to modifica-
tions in the Na*-conduction process as indicated by data in Fig. 1 (upper
spectrum), in which another patch in the same axon was isolated with
Na*- free ASW in contact with the external patch surface. The f~!
spectrum was also unaitered by applications of 10~ tetrodotoxin (TTX)
(Narahashi, Moore & Scott, 1964). In contrast to Na™-concentration
changes, alteration of external K * concentration did affect f=* spectra
asindicated in Fig. 2. In this axon a control spectrum was obtained (patch 1)
in ASW. Another patch (2) was isolated with the inner pipette filled with
K*-ASW [all of the Na* (430 mM) was replaced with K*] and with
K *-ASW flowing externally across the nonisolated portion of the axon.
To assure “equilibration” in ion concentrations at the patch, fluctuations
were recorded and analyzed 10 min after the change of external solution.
The resulting spectrum (Fig. 2) shows significant reduction in the magnitude



K * Conduction Noise in Axon Membrane 309

7i-39
10°C
o + + +
Sylf) ——poren | (2.JMD.)> Asw
Potch 3 (1.4MAQ)
1012 *
V& Hz ‘
o713 +
Paich 2 (2.2M0)
K¥- ASW
j0-14] (NoNa*) 4

10° 10f 102 103
f,Hz

Fig. 2. PDS of voltage noise for a low spiking patch (1) with ASW externally, followed by

another patch (2) in the same axon in K*-ASW (all Na* replaced by K *), and return to patch

(3)in ASW. Solutions indicated were those in chamber bath as well as in patch pipette. Numbers

in parentheses indicate patch isolation. In these and subsequent spectra smooth curves were
drawn by eye through the X-Y plots of spectra to emphasize form

of all spectral components, with the spectrum tending toward a “white”
noise character. In most experiments of this kind an /= spectrum remained,
but its intensity was altered. Steady-state polarization of the patch by
application of constant current also produced f~! spectra which changed
only in intensity. However, a minimum intensity at all frequencies always
occurred for patch polarizations to the potassium equilibrium-potential
Ex. Fig. 3 illustrates this point. The intensity of the noise component at

Sy (10Hz)
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Fig. 3. Relation of voltage noise power density at 10 Hz from a patch exhibiting f~! noise in

ASW and for changes in potential from patch “rest” and the same for a patch in another
axon in K*-ASW (no Na). E, estimated potassium equilibrium potential (see text )
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10 Hz is plotted for polarization of a patch in ASW and K*-ASW. E,
was calculated from the ratio of K* concentration in the external ASW
to an assumed internal value of 400 mm (Keynes & Lewis, 1951). These
results on f~! noise are thus in agreement with noise measurements on
nodes of Ranvier in single frog fibers (Derksen, 1965; Derksen & Verveen,
1966) and on artificial nodes of lobster axon in the double sucrose-gap
(Poussart, 1969, 1971). Also, the presence of a minimum in f~! noise near
Ey was recently reported by Conti, DeFelice and Wanke (1975) who
erroneously stated that this was in contrast to the findings of Poussart
(1971). Thus, the suggestion by Conti et al. (1975), that sucrose isolation
methods produce excess f~* noise which does not show a minimum at
Ex should be rejected.

Relaxation Noise

Another noise component which is most pronounced in measurements
from excitable patches has a form which is characteristic of a relaxation
process. Fig. 4 shows short time-segments of voltage fluctuations from an
excitable patch for changes in patch potential (@) and changes in chamber-
solution temperature at the patch “rest” potential (b). It is apparent from

72-130, Omy

72-139, 4.2°C

50uv]

(a) Sr)n-szzc (b)

Fig.4. Voltage fluctuation waveforms, reproduced from tape (effective noise bandwidth

1.25 kHz) of noise from excitable patches (spike amplitude >90 mV). (@) Changes of potential

from patch “rest” (OmV) at fixed temperature. (b) Another axon patch at “rest” at eight

different temperatures. These very short time-segments were taken randomly from 1-min
lengths of recorded data
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these data that the fluctuations change amplitude and spectral character
with potential and temperature changes. Fig.5 shows power-density
spectra of the sample records shown in Fig.4a and spectra of voltage
fluctuations from the same patch for potential changes at two higher
temperatures. These voltage spectra are about two orders of magnitude
in excess of thermal levels. In this respect, the fluctuations which produce
this type noise are of the same magnitude as the fluctuations which produce
f~! noise (compare Fig. 1, insert). In contrast to the f~! noise, the spectra
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Fig. 5. PDS of the voltage fluctuations represented in Fig. 4a and noise from the same patch
at two higher temperatures. “Humps” are evident in spectra which decline generally. Arrows
indicate corner frequencies determined by intersection of lines drawn tangent to the low and
high frequency portions of spectra. Positive potentials are depolarized changes from “rest”
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in Fig. 5 show a pronounced hump which, at depolarized potentials, is
relatively flat at low frequencies, contains a transition region, and declines
approximately as f~2 at high frequencies. In the course of an experiment,
the humps become less pronounced and eventually disappear leaving only
the f~! spectrum. Qualitatively, it appears that these spectra contain a
dominant noise component which is first-order in form, i.e., [1+(f/£.)*17%,
superposed on a lesser /~! component. By extrapolation of the low and
high-frequency asymptotes of each spectrum, an intersection point, which
is indicated by arrows in Fig. 5, defines a transition or corner frequency f,
in each spectrum. It is apparent that the corner frequencies indicated in the
spectra change with potential and temperature.

In previous reports it has been noted that voltage fluctuations reflect
both membrane current fluctuations and impedance (Poussart, 1971;
Stevens, 1972; Anderson & Stevens, 1973; Fishman, 1973; Wanke,
DeFelice & Conti, 1974; Fishman, 19754a; Fishman et al., 1975b). Since a
description of conductance fluctuations is desired, membrane impedance
must be taken into account in the use of voltage noise data. By virtue of the
constancy of patch impedance from low frequencies to a few hundred Hz,
it was shown previously (Fishman, 1975a; Fishman et al., 1975b) that
patch voltage-noise PDS are equivalent in form to current-noise PDS,
which reflect conductance PDS directly. Thus the humps which appear
in Sy(f) in Fig. 5 are an indication of humps in conductance spectra.
The use of patch S, (f) data as a reflection of conductance PDS was a
convenient first step in. the analysis of spontaneous fluctuations in squid
axon membrane (Fishman, 1973). Subsequently, voltage noise measure-
ments were discontinued in favor of measurements of current fluctuations
during potential control, which reflect conductance fluctuations directly
and extend observation to 1 kHz. Thus Fig. 6 shows power-density spectra
of current noise from a voltage-clamped patch (Fishman et al., 1975b)
at polarized potentials from “rest” (0 mV) and at two different tempera-
tures. The pronounced humps at depolarized potentials are again apparent
and the arrows indicate changes in transition frequency with both potential
and temperature.

The transition frequency data obtained from Figs. 5 and 6 are summa-
rized in Fig.7. Some of these data, which were derived from the voltage
PDS of Fig. 5, were presented previously (Fishman, 1973). In addition, the
transition frequencies from current-noise PDS (Fig. 6) are included for
comparison. The data from current noise substantiate the earlier report,
and indicate that the behavior of the corner frequency of patch noise
spectra relates to the Hodgkin-Huxley potassium conduction relaxation
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Fig. 6. PDS of current fluctuations, recorded during constant voltage conditions, in the same

patch at two different temperatures. The spectral component which occurs as a hump on

top of the f~! spectrum (at hyperpolarized potential) becomes, with substantial depolariza-

tion, dominant and recognizable as a relaxation spectrum (i.e., asymptotic behavior which is

constant at low frequencies and declines with a slope of —2 at high frequencies). (Inset)

Clamp-current records in the patch (isolation leakage removed) for step voltages of 20 to
200 mV in increments of 20 mV from “rest” at 7°C

time t, according to f,=(2r t,) ~*. Implications for some conduction models
of an inverse first power relationship between f, and 7, have been discussed
previously (Chen & Hill, 1973; Fishman, 1973).

Dependence of Relaxation Noise on K™ Current

Since the noise which gave characteristic humps in spectra of current
fluctuations appeared to relate to the kinetics of K* conduction, the
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Fig. 7. Comparison of corner-frequency data from Fig. 5 (solid symbols) and Fig.6 (open
symbols) with voltage (a) and temperature at “rest” potential (b) with the relation (curve)
f.=Qmz,)"!, where , is the HH relaxation time for K* conductance and a Q, , of 3 is assumed.
In (a) the curve is drawn for 12.5 °C and data have been scaled to this temperature. It should
be noted that the curve calculated from the HH ,(V) values uses the convention V=0 for
normal rest potential, whereas the experimental condition of V=0 corresponds to a patch of
axon slightly hyperpolarized from rest (see Materials and Methods, Fishman et al., 1975b)

association was explored further in experiments in which K* current was
blocked with agents or reduced by lowering the internal K* concentration
by perfusion. Fig. 8 shows current PDS obtained during internal perfusion
with standard perfusate at “rest” and at a 30 mV depolarization from
“rest” (solid curves). Generally, noise spectra from perfused axons were
indistinguishable from spectra of noise from unperfused axons. After
perfusion with 10 mm (or greater concentrations) of TEA™ the humps
disappeared at all potentials for which they were present prior to introduc-
tion of TEA™. The effect of TEA™ within squid axon is known to block
outward K* current flow (Armstrong & Binstock, 1965). The loss of the
current-noise component which produced humps thus suggests a depen-
dence upon K ™ conduction. An additional important and consistent feature
in the comparison of current-noise PDS before and after TEA™ was the
crossing of control spectra at high frequencies, as shown in Fig. 8. In other
words, although the gross feature of the hump was removed in the presence
of 10 mm TEA™, the noise power at high frequencies actually increased.
This point will be discussed in the next section.
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Fig. 8. PDS of current noise from a patch of internally perfused axon. Solid curves are controls

obtained with standard perfusate. Dashed curves are the resulting spectra in the same axon

and patch after 10 mM tetracthylammonium (TEA™) is added to the standard perfusate.

Note disappearance of relaxation spectrum with TEA™ present, and the increase in noise
power (crossing of dashed and solid curves) at high frequencies

When the internal K* concentration was reduced to 50 mm or less while
maintaining the osmolarity of the internal perfusate constant with sucrose
(0.8 mm), the humps in current-noise PDS again disappeared. Fig. 9 shows
an example of these experiments. In the particular experiment shown, the
internal concentration was lowered to 50mm, and the resulting spectra,
which were obtained during polarizations from “rest”, show only a general
decline with a slope slightly greater than unity. The axon, under these
conditions, responded to current stimulation with good spikes (>90 mV)
and also gave substantial inward current during voltage clamp. The
absence of any interesting spectral features again suggests that the re-
laxation spectra, under standard conditions, relate to K* current flow.
Furthermore, since the Na* conduction system was evident in step-clamp
current but not evident in current-noise spectra, it would appear that
Na* conduction noise is not a substantial part of the spectral feature
normally observed in squid axon membrane. An indication of Na™ noise
can be seen in these experiments if difference spectra between depolarized
and hyperpolarized runs are calculated. This procedure assumes that Na™
current noise, in the hyperpolarized state, is nearly zero since, according
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Fig. 9. PDS of current noise from the same patch of an axon internally perfused with three
concentrations of K* (dilution of standard perfusate with isosmotic sucrose solution) in the
perfusate. Relaxation spectra were not observed at concentrations of 0.05M or below. The
filled circles represent a difference spectrum between 500mm [K,] at V=20mV and
50 mM [K;] at ¥=35 mV. The relaxation component becomes apparent at 0.1 M and is obvious
at control concentration (0.5M). The sequence of concentration changes was (1) 0.05M,
(2) 0.1Mm, (3) 0.5M. This axon gave a spike amplitude of 90mV or greater at all concentrations
of K™, and thus Na™ conduction was operative. The open circles represent a difference spec-
trum in 50 mM [K,] between ¥V'=35mV and V= —20 mV. The appearance of a curvature in
addition to the f~! noise suggests the presence of a Na noise component
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to the Hodgkin-Huxley description, the steady-state Na* current is
insignificant. The curve described by the open circles of Fig. 9 is such a
spectrum for 50 mm K; which shows a Lorentzian-like curve in com-
bination with approximately f~! noise. The observation of Na* noise is,
perhaps, possible in high [K;*] (Conti et al, 1975); however, in our ex-
perience it is marginal since the background K™ noise is relatively high.
Because of the small magnitude of this apparent Na' noise and other
complicating factors related to the use of pharmacological agents (discussed
later), we have deferred a fuller presentation of these results until an ade-
quate statistical analysis of the data is completed.

Returning to Fig. 9, as the internal K* concentration was raised to
0.1 M the hump became more evident in spectra and upon return to 0.5 M
the spectrum showed a dominant relaxation component. The appearance
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Fig. 10. PDS of current noise from the same patch of an axon internally perfused with a buffered

solution containing 100 mM Cs* and 400 mm K* (solid curves). Again, relaxation spectra,

which were present in control spectra during standard perfusion, disappear when K* current

is reduced. (Inset) Clamp-current records in the patch for step voltages of 50 to 170 mV in

increments of 20 mV. Steady-state currents are about half of normal (compare inset of Fig. 6).

Dashed curves, spectra after perfusion with the same Cs* perfusate with 10mM TEA™
added. Note increase in high frequency noise power at all potentials
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and obvious increase in intensity of the noise component which produced
a relaxation spectrum thus followed the increase in K* current observed
in steady-state step-clamp current records. At internal concentrations of
1 MK ™, without correction for osmolarity, the relaxation spectrum was of
the same form as with 0.5M K™ but displaced vertically; i.e., the noise
power at all frequencies increased.

One further example of the sensitivity of the relaxation spectrum to
K* current is shown in Fig. 10. Internal perfusion with a solution of buf-
fered 400 mv KF and 100 mm CsF produced spectra (Fig. 10, solid curves)
which resembled those obtained when K* concentration was lowered
to 50 mm (Fig.9). The spectra in Fig. 10, however, indicate higher noise
power compared to those in Fig. 9. Cs* does block K* current (Bezanilla
& Armstrong, 1972); however, in the presence of 400 mm K *, the steady-
state step-clamp currents were only reduced to half (compare steady-state
clamp currents in Figs. 6 and 10) of their control values (without Cs™).
Thus, although the humps disappeared from spectra with only a factor of
2 reduction in K* current, the power at all frequency components in the
residual noise increased or decreased according to corresponding changes
in K* current.

K™ Channel Noise Induced by TEA™
and a Quaternary Ammonium Derivative

It was noted previously that, although the relaxation noise portion
of spectra is eliminated by concentrations of TEA™ =10 mm inside the
axon, there was an increased noise power at high frequencies relative to the
noise power measured in control spectra (Fig. 8). This observation was
pursued in experiments with TEA™ for large polarizations of membrane
potential. Fig. 11 shows a set of spectra which are representative of results
from 15 axons. In the presence of TEA ™, the steady-state patch currents
were reduced substantially, as indicated by the step-clamp current records
in the inset of Fig. 11 (compare Fig. 6, inset). As a consequence of these
reduced currents, it was possible to clamp the membrane potential to
100 mV or more from “rest” without patch destruction, and to observe
the high-frequency behavior of patch current noise. Fig. 11 shows the
appearance of a new hump (relaxation) at high frequency (1000 Hz).
The new hump has several features. (1) It occurred at frequencies about a
decade higher than the hump which was attributed to K* conduction
relaxation (without TEA ™). (2) The hump became more pronounced and
the noise power increased with increasing depolarization. (3) The transition
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Fig. 11. PDS of current noise from a patch of axon internally perfused with standard perfusate

containing 10 mM TEA * in addition. Note the appearance of a new hump (at higher frequencies

than relaxation spectra without TEA*-compare Fig 6) with increasing depolarization.

(Inset) Step-clamp currents on the axon patch in the presence of 10 mmM TEA ™. Steps of 30
to 150 mV from “rest” in increments of 10 mV at 8 °C

from low to high frequency behavior of the hump appeared to shift to
higher frequencies with increased depolarization. Point (3) is not obvious
since the transition region occurred at the limit of the frequency response
of the low-noise clamp system (Fig. 5b, Fishman et al.,, 1975b). Despite
corrections for the system response, there is still uncertainty in the spectral
behavior above 1000 Hz. Nevertheless, these data clearly indicate a new
conductance noise feature in the presence of TEA*. The induced noise is
not associated with Na™ conduction since it was not present in spectra
under conditions in which K* conduction was drastically reduced and
Na™ conduction persisted. Instead, it appears to relate specifically to the
effect of TEA™ on K™ conduction. In particular, the humps did not occur
in the presence of TEA™ if internal K concentration was reduced to
50 mm or less; i.e., the observation of the humps required sufficient internal
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K™* concentration in the same way that the normal K* conduction relaxa-
tion did. In addition, the spectra produced by TEA™ are specific to TEA™
as demonstrated by the data in Fig. 10. Internal perfusion with Cs* at
high internal K* concentrations produced spectra which resembled those
obtained during perfusion with low internal K* (Fig. 9). However, after
addition of 10 mm TEA™ to the Cs™* perfusate in the same axon, the noise
spectra (Fig. 10, dashed curves) showed high-frequency behavior which was
similar to that observed with the addition of TEA™ alone. These data
therefore suggested that the induced noise is associated with K* channels,
but that its spectral behavior reflects the effect of TEA* on K* conduction.

In order to establish that the TEA* induced K *-channel noise is spe-
cifically associated with the interaction of TEA* on the membrane, it
seemed necessary to demonstrate that the spectral character of the noise
produced by TEA™ could be altered by a slight change in the structure of
the TEA* molecule, which would alter the degree of interaction with
membrane sites affecting K* conduction. Fortunately, Armstrong (1971)
has studied, in detail, the effect of various quaternary ammonium com-
pounds on K* conduction. He has shown that substitution of a long
hydrocarbon chain, for one of the ethyl groups in TEA*, produces altered
kinetics in the blockage of K* channels. One such compound is triethyl-
decylammonium (TEDA ™) which has a 10 carbon chain substituted for
one ethyl group in the TEA™ molecule. Internal perfusion with TEDA*
produced the current-noise PDS shown in Fig. 12. The inset shows a
set of step-clamp currents, from which it is obvious that the “inactivation”
of K* conductance has been slowed considerably compared to the in-
activation produced by TEA™ (Fig. 11, inset). The corresponding noise
spectra (Fig. 12) show a pronounced hump which increases in noise power
with increasing depolarized potential. The transition-frequency region,
however, for the TEDA™ data occurs about a decade below that for TEA*
(compare spectra of Figs. 11 and 12) and well within the frequency response
of the low-noise clamp system. Consequently, the initial premise has been
confirmed, viz a change in the structure of the TEA™ molecule which
produces slower kinetics (longer relaxation time) in the inactivation of
K™ conductance also produces a corresponding decrease in the transition-
frequency region of noise spectra. Therefore, these data provide additional
support for the view that TEA™ and another quaternary ammonium
derivative interact with membrane sites to induce noise in K* channels.
Furthermore, the spectral behavior of the noise may reflect the “gating”
properties imposed upon K* channels by the interaction of these mole-
cules with the membrane. It would appear from the substantial increase
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Fig. 12. PDS of current noise from a patch of axon internally perfused with standard perfusate
containing 0.1 mM triethyldecylammonium (TEDA ) ion in addition. Note spectral behavior
with depolarization similar to TEA* (Fig. 11) but transition frequency is a decade lower
corresponding to slower kinetics associated with K *-current inactivation in step clamp
currents (inset). Step clamps of 40 to 140 mV from “rest” in increments of 20 mV at 12.3°C

in noise power with depolarization that the current noise arises from the
large transient current in K* channels during brief intervals when TEA*
or its derivative become unbound from sites which control K* current
flow.

Discussion

f~1 Noise

In these experiments, noise of the f~! type occurred under all axon
conditions as a background or residual noise. It appears to be unrelated
to ion conduction relaxation processes despite its apparent dependence on
K* movements. Hill and Chen (1972) conclude that there is no way of
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obtaining f~' spectra from the channel kinetics expressed in the HH
formulation. In most axons, f~! noise is overshadowed by other noise
which has the proper qualifications for ion-channel noise. Observation
of the other noise is probably the best available argument against an
f~' channel “gating” noise. What phenomenon produces f~' noise?
The obvious possibility is restricted diffusion in “open” K channels
with some contribution from nonspecific leakage pathways (Poussart,
1971). In this connection reports of f ~! noise in synthetic porous membranes
(Hooge & Gaal, 1971; DeFelice & Michalides, 1972; Fishman & Dorset,
1973) have led to the suggestion that f~' type noises occur whenever
there is a physical constraint on current flow (Dorset & Fishman, 1972,
1975).

f72 Noise

In contrast to f~! noise, fluctuations which appear to be first-order in
form, ie., [1+(f/f)*]7, satisfy criteria for K*-channel noise (Fishman,
1973), as follows: (1) The form of conductance spectra corresponds to a
relaxation process with corner frequencies which change with potential and
temperature and which relate to the HH relaxation time for macroscopic
K* conductance behavior; (2) the relaxation spectra are insensitive to
blockage of Na*t current, but disappear after blockage or substantial
reduction in K* current; and (3) inhibition of active transport does not
affect these spectra. Although these points were initially apparent from
voltage fluctuation spectra (Fishman, 1973), these results have been
confirmed here in current spectra obtained during voltage clamp.

The predominant noise sources identified in the PDS of fluctuations
presented here are associated with potassium ion conduction. The contri-
bution of the sodium ion conduction mechanism to the PDS is of low
amplitude and not easily measurable. Although it is attractive to use
blocking agents to attenuate the potassium noise and thus facilitate the
observation of sodium noise, the finding of a significant TEA™ induced
noise indicates caution must be exercised in the use of pharmacological
approaches to separate ionic processes. In the case of TEA™, the induced
noise (1) is nearly an order of magnitude larger than the presumed sodium
noise component (Fig.9), (2) is of larger amplitude at high frequencies
than both the potassium and sodium noise sources (Fig.8), and (3)
disappears when the internal potassium ion concentration is 50 mMm or less,
despite the presence of an active sodium conduction system. In view of
these propertiesassociated with the TEA ™ induced excess noise, the identifi-
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cation by Conti et al. (1975) of a Lorentzian component related to sodium
noise in the presence of 70 mM TEA and high [K,] is questionable. More
likely, the high frequency Lorentzian component is a TEA induced noise
similar to that observed in the experiments reported here. Although
quaternary ammonium ions are not very useful for observing sodium
noise, the spectra of their induced noise provide an alternative means of
comparing kinetic schemes (Armstrong, 1971).

Model Discrimination

A widely assumed class of models for ion-channel kinetics (*gating”)
is the two-state (open-closed) conductance. Use of these models affords,
perhaps, the simplest way to explain macroscopic voltage-dependent
conductances. Two-state models have great appeal because of their
simplicity, unit channel implication, and because they follow quite natu-
rally from the macroscopic HH equations. Furthermore, the appearance
of open-close conductances in lipid films (Ehrenstein, Lecar & Nossal,
1970; Hladky & Haydon, 1972) has nurtured the two-state concept. With
the measurement of Kt channel relaxation noise in axons, it is tempting
to assume a two-state model for conduction which permits calculation of
important conduction parameters. This has already been done by Katz
and Miledi (1970, 1971, 1972) and Anderson and Stevens (1973) in studies of
the noise produced by acetylcholine (ACh) interaction with receptors at the:
frog neuromuscular junction. The model used assumes that ACh rapidly
binds to a receptor site and forms a complex. A subsequent slower, voltage-
dependent conformational change produces an “open” ion-channel
which can then fluctuate between open and closed conformations. As a
consequence of two-state simplicity, several ion-channel parameters can
be calculated and interpreted from their noise spectra (Stevens, 1972;
Anderson & Stevens, 1973).

Implicit in a two-state model is a single value of open-channel con-
ductance irrespective of membrane parameters such as potential, mean
current and temperature. Anderson and Stevens (1973) have shown that
their data are consistent with a two-state conductance for ACh-receptor
noise for their model of the rate process and within the accuracy of their
measurements. However, the use of two-state models to interpret ion
conduction data in axon membranes is, presently, questionable. The
possibility of multi-state conduction is, at this point, equally probable.
There is recent evidence of multi-state conduction in lipid films (Eisen-
berg, Hall & Mead, 1973). Axon noise data appear to provide the kind of
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information which may lead to resolution of this and equally important
issues.

One of the major problems in the use of axon spontaneous noise data
is the presence of significant f~* noise, which prevents accurate determina-
tion of relaxation spectra over a wide frequency range. We are exploring
ways of unfolding the f~! noise from relaxation noise. Presently, however,
we rely upon the dominance of the relaxation noise component over
f~! noise in the transition-frequency region of spectra. As noted previously
(Hill & Chen, 1972; Stevens, 1972; Fishman, 1973), the spectral form and
corner frequency behavior with voltage and temperature in the transition-
frequency region alone can be used to compare and relate conduction
models. In this respect, the HH formulation is the foremost kinetic scheme
from which initial test models can be considered. Hill and Chen (1972)
and Stevens (1972) have begun on this course with calculations of PDS
based upon two-state channels. The spectra of conductance fluctuations
for these models produce a sum of first-order terms, each with slightly
different corner frequency (Fig. 13).

The experimental behavior of corner frequency f. with potential and
temperature (Fig. 7) suggests an inverse relation to the Hodgkin-Huxley
relaxation time t, whereas the two-state models, calculated by Hill and
Chen and Stevens, produce spectra with generally larger f, (Fishman, 1973).
However, there are several aspects which must be considered before the
data in Fig. 7 may be used to compare models. First, determination of the
corner frequencies was made from spectra which contained f~! noise.
Consequently, the corner frequencies, which were derived from the inter-
section of tangents to the low and high-frequency portions of each spectrum,
may not be accurate. The amount of error depends upon the relative inten-
sity of /~! noise and its coherence with the relaxation noise. Evaluation
of these errors requires a reliable method for unfolding the noises from one
another. If, instead, we rely upon difference spectra between 500 mM [K]
and 50 mMm [K,], ie., subtraction of the residual noise still present after
removal of most of the internal potassium ions, an additional estimate
of the corner frequency can be obtained. Fig. 9 shows a difference spectrum
(filled circles) taken for the depolarized case. This difference spectrum
indicates a near Lorentzian shape and demonstrates that the corner
frequencies for both uncorrected and corrected spectra are similar. Differ-
ence spectra could also be calculated using TEA ™ instead of the low [K]
spectra; however, as discussed previously, this procedure leads to substan-
tial error in the derived shape of the spectra due to the induced TEA™ noise.
A further correction to consider in calculating difference spectra is the
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Fig. 13. Power spectrum for two-state channel conductance in the HH formulation at rest
potential (0 mV) derived by Stevens [1972, M, (/), Eq. 16]. G(f)=M,(f)/Ny* x 1073, At rest
1, (0)=0318 and
G(N=98[1+(f/12n7 )1 + 158 [1+(f/1/mt,)* ] + 151 [1+(f/3/2xm 7, )]
+6.1[1+(f/2/m)*] 1.

Each of the four terms is graphed separately (thin solid curves) with arrows indicating corner
frequencies at k(2zt,)™" where k=1 to 4. The thick solid curve is G(f) and the arrow () is
the frequency at which the low and high frequency asymptotes of G(f) intersect. Dashed

curve is a first-order spectrum K [1+(f/f,)*]~* drawn for comparison. Note that the “roll-
off” of G(f) in the transition-frequency region is not as sharp as a single first-order spectrum

subtraction of the generally observed f~! component. Since this process
is dependent on both the membrane potential and the potassium ion
concentration, or more directly, the membrane current, it would, in
principle, still be present in the above difference spectrum. However, in
this particular case the f~! amplitude was insignificant and it was not
subtracted.

An additional problem arises from the form of spectra in the transition-
frequency region. The corner frequency, as determined from the inter-
section of low and high-frequency asymptotes, only denotes the half-power
point in a spectrum which is first order. Furthermore, the corner frequency
from the HH power spectrum for two-state channels can only be compared
with spectra which are consistent with first-order rate processes (Fig. 13),
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Fig. 14. Current-noise PDS (solid curves) redrawn from Fig. 6 for 40 mV depolarization from

“rest” at two temperatures (7.7° and 12.2 °C). Dashed curves are the first order functions

1.85x 107 2#/14+(f/57)* and 2 x 10~24/1 +(f/105)%. Arrows are corner frequencies from inter-

section of low and high frequency asymptotes. Note experimental spectra have sharper transi-
tion regions than first order

i.e., spectra which show a transition-frequency “roll-off” no sharper than a
single first-order process. As indicated in Fig. 13 (compare thick solid and
dashed curves), the superposition of two or more first-order spectra with
relatively close corner frequencies always yields a spectrum transition
region which is not as sharp as a single first-order process, whereas the
low and high-frequency portion of the spectrum remains first order. Fig. 14
shows two current-noise PDS taken from Fig. 6 in which the relaxation
noise component was clearly dominant over /! noise. First order spectra
(dashed curves) have been computed and graphed based upon a fit of the
low and high-frequency asymptote of the experimental spectra. The
comparison indicates that the transition region is significantly sharper
than a first-order relaxation process. Since the kinetics expressed in the
HH formulation are first order, it is clear that this behavior cannot be
obtained from the HH description. Thus the use of the data of Fig. 7 to
test kinetic schemes of the HH type appears to be premature.

We have not found anyaberrations in our methods or technique which
could produce transitions sharper than first-order (Fishman et al., 1975b).
The sharp spectral feature has appeared in both current noise PDS
during voltage-clamp conditions as well as in voltage noise PDS divided
by the measured square of the magnitude of patch impedance, which is
obtained without a voltage clamp. A spectrum characterized by low and
high-frequency behavior that is first order with transition behavior that is
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not first order implies that a circuit description of the kinetics of the n
process contains, in addition to an RL branch, an RLC branch in parallel
(see Fishman, 1975¢). Measurements of the “small signal” complex-
impedance of squid axon membrane should aid in determining whether
an additional circuit branch is necessary.

Note Added in Proof: We have confirmed the existence of a low-frequency feature (1-30 Hz)
in both the complex impedance, Z(f), and admittance, Y(f), of squid axon by axial-wire
technique. This feature is 1) voltage and temperature dependent, 2) disappears after block of
K™ conduction, and 3) is unaffected by a block of Na* conduction or active transport. With
respect to a description of K* conduction kinetics, the magnitude and phase functions of Z
and Y are consistent with an additional RLC branch (non first order) suggested by peaking
in patch power spectra of K™ current noise. Details will be reported at the 1976 meeting of the
Biophysical Society and in a future publication.
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