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Chapter 8

Analysis of whole cell currents to estimate the
Kinetics and amplitude of underlying unitary
events. relaxation and ‘noise’ analysis

PETERT. A. GRAY

1. Introduction

The membrane currents evoked in voltage-clamped cells by a voltage step or by a
pulse of neurotransmitter, released from nerve terminals or applied in vitro, are made
up of the sum of many small unitary currentsthat flow through ion channels, aqueous
pores in the cell membrane. Such summed, macroscopic, currents contain a
component of ‘noise’ that results from the addition of many independent, randomly
occurring unitary events. The time course of the evoked currents refl ects the kinetics
of the underlying channels and the channel kinetics determine the rate at which the
relaxation to a new equilibrium occurs after a perturbation, such as a step of
membrane potential.

Thefirst direct evidence that these whole cell currents resulted from the summation
of many smaller unit currents, flowing through ion channels, came from studies of the
membrane voltage noise evoked by acetylcholine (ACh) at the frog neuromuscul ar
junction, by Katz and Miledi (1970). Since that time more refined analysis of the
noise components of current signals has allowed the amplitude and mean lifetime of
the ACh activated channels at the frog neuromuscular junction (NMJ) to be measured
(Anderson & Stevens, 1973); in turn allowing estimation of an upper limit of the
lifetime of the pulse of ACh in the synaptic cleft (Magelby & Stevens, 1972). These
techniques and relaxation anaysis following a voltage step have also allowed
investigation of the mechanisms of blockade of ion channels (Adams, 1977,
Colquhoun et al. 1979).

More recently patch clamp techniques have alowed the kinetic analysis of both
voltage-gated and transmitter activated conductances to be carried much further, asis
described el sewherein thisbook (Chapters4to 7). Though patch clamp studiescanin
principle provide much greater detail about the mechanisms of a conductance change
voltage clamp techniques remain a valuable tool under many circumstances. Firstly,
by their nature, studies of macroscopic currents involve the investigation of the
averaged behaviour of al activeion channelsin the cell membrane. By comparing the
results of noise analysis with predictions obtained from single channel analysisit is
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possible to check that the observed single channel behaviour can indeed explain the
behaviour of the whole cell. This may not happen if, for example, more than one
population of channels is present but unevenly distributed so that a single type is
preferentially present in patches used for analysis, or as a second example, if a
channel population has too small an amplitude to be resolved in single channel
recordings but contributes appreciable current. Estimates of single channel amplitude
from noise analysis that are much smaller than those obtained from single channel
recording could be indicative of such problems, though they could also arise, for
example, if a high frequency component of channel *flicker’ were resolved in single
channel records, but was too fast to be resolved by whole cell noise recording. In
addition, there are situations in which analysis of macroscopic currents may reveal
details that single channel analysis cannot, for example, when the single channel
amplitude istoo small to beresolved (e.g. Gray & Attwell, 1985).

In general these forms of analysis of macroscopic signals provide information about
two aspects of the underlying unitary events, their amplitude and kinetics. Two forms
of analysiswill be considered herein detail, (1) ‘Noise', or fluctuation, analysisallows
determination of information about both amplitude and kinetics from analysis of the
fluctuations of asignal around the mean level. All electrical systemsgiveriseto noise,
for example ‘shot’ noise dueto flow of chargesin electronic components. The analysis
of noisy signals was originally developed in relation to noise sources in electrical
circuits and applied to biological systems by Katz & Miledi (1970). One of the
principal difficulties to be faced when performing ‘noise analysis' is the isolation of
the biological noise from unwanted noise signals, such as shot noise in the recording
circuitry and periodic interference such as 50 Hz mains and radio. (2) Whereas noise
anaysis gives information about the amplitude and time course of the underlying
unitary events relaxation analysis of the kinetics of re-equilibration after a voltage or
concentration step produces information solely about the kinetics of the events. In
either case the datais analysed by comparing the observed data with the predictions of
models of the unitary event, e.g. unitary current amplitude and channel kinetics.

While the signals analysed most frequently are membrane currentsthat result from the
combination of single channd currents flowing through a population of ion channels,
noise analysis can be applied to other forms of signal. For example the initial
dectrophysiological application of noise analysis by Katz & Miledi (1970) was a
determination of the pulse of membrane potential that resulted from the opening of a
single ACh activated channd at the frog NMJ. In general, however, meaningful kinetic
information is much harder to abtain from voltage recordings, as the kinetics of the
signalsare determined by the effects of cdll capacitanceif the cell isnot voltage clamped.

2. Using noise analysisto estimate unitary amplitudes

Sationary noise analysis

Noise analysisis based upon the fact that a steady state signal that is made up from a
population of randomly occurring identical unitary events, such as single channel
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currents, exhibits fluctuations, or noise, about its mean level. Analysis of these
fluctuations allows the properties of the underlying events to be investigated. Fig. 1
illustrates how the combination of alarge number of unitary current events produces
asignal that has both aDC component and fluctuates about that level.

Determination of the amplitude of the unitary events from the noise signal requires
calculation of the mean and variance of the signal. The variance of the signal is given

by:
LN
var () =— > (% —X)? 1)
N =1

and the mean (X) by:

LN
mean (X) =—— > X 2
N 3

where N isthe number of points sampled.

In practice the variance of a recorded signal consists of both the biological noise,
the required signal, and background noise, for example instrument noise. However,
the variance of two summed signalsis given by:

var (at+b) = var a+ var b + covariance (a,b) .

Therefore, provided that the biological noise is independent from other noise sources
(so that covariance (a,b) = 0) then the test variance is obtained simply by subtracting
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Fig. 1. An illustration of the way in which a large number of single channels opening
randomly produce anoisy signal in addition to aDC current component. The upper five traces
show computer generated current traces, modelled assuming a single channel current of 1 pA
and atwo-state model with 0=200 s and =50 s™L. The bottom trace is the sum of 100 such
stretches of modelled single channel activity.
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the background variance, which may be obtained from a control recording, from the
total variance.

The relationship between the variance and mean and the amplitude of the unitary
events depends upon the nature of those events. When studying the voltage noise
generated by ion channels at the frog NMJ Katz and Miledi (1970, 1972) applied
Cambell’ s theorem, which describes the noise generated by the summation of ‘ shot’
events, each described by afunction f(t). In this case the mean and variance are given by:

mean=n [ " f(t) €

var=n [ 12(t) ot @

where n = frequency of events.

In the particular case of membrane voltage noise, if the unitary events are assumed
to have the same amplitude then f(t) = ae™T; where a is the amplitude and 7 is the
membrane time constant (this describes an elementary voltage ‘blip’ similar in
waveform to the m.e.p.p., but of smaller amplitude). In this case the mean and
variance are given by:

mean (V) =nar 5)
_na?t _amean(V)
var (V)= > > (6)
and the unitary amplitudeis given by:
_, var (V)
=2 mean V) )

Alternative assumptions discussed by Katz and Miledi (1972) are when the unitary
events had random amplitude or that they had different waveforms, f(t).

Where the signal is current noise from a cell at constant voltage, i.e. data from
voltage clamp recordings, then, provided that a single type of channel contributes to
the noise, the mean current is given by:

mean (1)= NPoi (8)

where N is the number of channels, i the unit conductance and P the steady state
open probability (which will be a function of, for example, neurotransmitter
concentration and membrane potential). If the channel may be only in an open or a
closed state then, from binomial theory, the current varianceis:

var (1) = NiZPo(1-Po) 9)
where (1-Py) isthe probability of the channel being closed. Thus:
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var (1)

e (- i(1-Po). (10)

Theplot of variance against mean gives aparabolic relationship as Po variesfrom 0 to
1; however, for low values of Py (i.€. Po<<1) therelationship simplifiesto:

var (1)
mean (1)

(11)

Data preparation for noise analysis. The unit amplitude of an underlying unitary
signal ismost easily estimated by obtaining the mean and variance from a stretch of
signal recorded under steady state conditions, i.e. in which the mean amplitude is
constant, or at least changing slowly, over the duration of the recording. Once such a
record has been obtained it can be analysed using a hardwired variance meter, in
which case the mean and variance can be measured by hand from achart record of the
signal and itsvariance, and then plotted. Alternatively the signal may be sampled by a
computer and analysed using software to calculate the variance, display the plot and
fit aslope or parabola as needed (see Chapter 9). In practice the latter method isto be
preferred, and with laboratory computer equipment becoming ever cheaper there are
no longer any advantagesto using avariance meter. In either case the raw data should
be recorded on a DC tape recorder such asan FM or DAT recorder to allow gain and
filter settings to be selected after completion of the experiment.

On play-back for analysistwo signals must be prepared from the original recording
(Fig. 2A). Firstly, alow pass filtered, low gain signal is needed for the measurement
of mean current. Low pass filtering is essential to remove high frequency noise
components that may obscure the biological noise. Noise generated by channel
activity dropsoff at high frequencies, while, in contrast, el ectrical noise sourcesin the
recording set-up increase with frequency, so substantial benefits in signal to noise
ratio are obtainable by careful low passfiltering. Secondly, ahigh gain signal that has
been both low and high pass filtered is needed for the calculation of variance. The
high pass filtering of the second trace AC couplesit, so that the signal contains only
deviations from the mean level. This allows the signal from which the variance will
be calculated to be amplified to ahigh gain, ensuring full use of the input resol ution of
the laboratory interface (see Chapter 9). The amplified signal should be monitored on
an oscilloscope as it is sampled to ensure that it is sufficiently amplified to be well
resolved, but not so large that it overshoots the input range of the ADC.

The choice of filter and sample frequencies must be made to ensure that the filter
pass band used for the AC coupled trace encompasses all significant frequencies in
thesignal. Thiswill depend upon the kinetics of the channels. If, for example, the low
passfilter is set too low, then asignificant amount of high frequency signal noise may
be lost; this will result in an underestimate of the variance, and hence of i. The low
pass filter setting must also be selected to ensure that *aiasing’ of the data does not
occur. A set of data points sampled at frequency f points/sec cannot unambiguously
represent a signal that contains periodic frequencies greater than f/2. It isimpossible
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to distinguish, in the sampled record, between asignal with afrequency below /2 and
asignal with afrequency the same amount above /2. Thisisknown assignal aliasing,
and the frequency /2 is known as the Nyquist frequency (see Chapter 16). It is
essential that the signal isfiltered at £ the sample rate, or below, in order to prevent
distortion of both estimates of i and of any kinetic information that is obtained. For
this reason Butterworth filters which have avery sharp roll off, but which may distort
transient signal's (see Chapter 16), are generally used for noise analysis.

In general, where the kinetics of the underlying events are not already well
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Fig. 2. Analysis of stationary current fluctuations. (A) Preparation of the data. The bottom trace
shows data generated by amodel that mimics the application of agonist to a cell possessing 60
channels, each of which have one closed state and one open (agonist bound) state in which an
outward current of 10 pA passes under the experimental conditions. As the agonist washes on
channels open and a noisy signal, fluctuating about a steady state, is evoked. The upper trace
shows the same data AC coupled by high passfiltering at a higher gain. In both traces the zero
current level is shown by the horizontal dashed line. (B) Current variance plotted against mean
current for data generated by a model in which 3 identical channels are recorded from under a
range of conditions. The channels have two states, a closed state and an open state, which
carries a current of 10 pA under the experimental conditions. Data were generated for steady
state open probability values ranging from 0 to 1, by varying the values of the opening rate (o)
and the closing rate (3), used to generate the current records. The continuous line gives the
predicted relationship between variance and mean current, calculated by the equation:

il = 2N,
wherei =10pA and N =3.
Thethreeinset traces show samples of the generated data, linked to their corresponding points
on the variance/mean current plot by dashed lines. The mean current level is shown in each
case by a continuous horizontal line.
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described, it is better to perform both a kinetic and an amplitude analysis of the data,
evenif only theamplitudeisof interest. Thisis so for the reason given above, i.e. that
sample rates and filter frequencies must be chosen so that all significant frequency
components in the signal are included in the variance calculation. This is hard to
ensure unless the frequency characteristics of the signal are analysed. If a kinetic
analysisis also carried out then an additional check on the estimated single channel
current amplitude may be made from the parameters of the Lorentzian function fitted
to the power spectrum (see below).

An additional advantage obtained by using a computer for the analysisis that the
data may be readily edited. In general the long stretches of steady state data that are
needed for noise analysiswill contain anumber of artefacts, such as spikes caused by
neighbouring equipment turning on or off, or lower frequency artefacts caused by
vibration. If analysed unedited such artefacts will lead to an over-estimation of
variance and hence i. Once data has been sampled by the computer it may be
displayed and parts selected for omission from analysis.

One source of unwanted noise that is hard to eliminate is 50 Hz mains ‘hum’. In
genera this frequency falls within the frequency range of interest, so cannot be
filtered out. Low levels of mains noise that are not visible by inspection of the raw
data may dtill be sufficient to generate a peak at 50 Hz (and sometimes at the
harmonics 100 and 150 Hz) in a noise spectrum. For this reason particular care in
eliminating mains pickup is required when recording datafor noise analysis.

Data analysis. Once the variance has been calculated the unit current amplitude, i
can be calculated. The initial slope of the relationship between variance and mean
current described by equation 10 isi. Thus for currents that are small relative to the
maximum, i.e. under conditions where the steady state open probability (Po) of any
channel islow, then the relationship between variance and mean current is a straight
line with anintercept of 0. Under such circumstancesi isgiven by equation 11, i.e..

var (1)
mean (1)

and can be calculated directly from the data. Inset (i) in Fig. 2B illustrates such acase.

However, under conditions where the assumption that P, is small does not hold
then it is apparent that equation 11 will yield erroneous results. In such cases, or
whereit is not known if the assumption holds, it is necessary to obtain recordings at
different mean currents and to produce a plot of variance against mean current to
which a parabola can be fitted (Fig. 2B), or a straight line if it proves that the
assumption of low Po is accurate. Such data may be obtained by applying different
agonist concentrations, asismodelled in Fig. 2B, or by analysing therising or falling
phases of aresponse (e.g. Gray & Attwell, 1985). In the latter case it is important
that the rate of change in mean current should be sufficiently slow that the changein
mean current during the period over which each variance sample is calculated is
small.



196 P.T.A.GRAY

Non-stationary noise analysis

The analysis described above requires recordings to be made of noise signal's whose
characteristics remain steady over a period of time, or at |east where the changes are
slow relative to the length of the periods over which variance and mean current are
calculated (for example analysis of transmitter activated noise where the transmitter
isapplied at low concentration to the preparation by bath perfusion). However, some
events have properties that change too rapidly for such methods to be applied. Most
notably, many voltage activated conductances activate and inactivate rapidly after a
voltage step. This makes it impossible to use stationary noise analysis to estimate the
single channel current amplitude. An alternative approach is possible and was
described by Sigworth (1980). The method relies on recording a large number of
responses to an identical stimulus, in this case a voltage step, though the method has
also been applied to synaptic currents by Traynelis et al. (1993). The variance is
calculated at identical time points after the step by summing many consecutive
responses. Thus, the mean and variance are:

0= 290 (12)
() =577 2 OO - T (13)

where (t) isthe mean current at timet for all nrecords, o(t) the variance at timet and
yk(t) isthe signal amplitude of the k! record at timet after the stimulus or start of the
step. Thisprocessisillustrated in Figs 3 and 4. Fig. 3A shows three traces generated
by computer simulation to illustrate the inactivation phase of a voltage activated
conductance which has an outward single channel current of 10 pA. For simplicity it
is assumed that the activation by the voltage step at time 0 isinstantaneous, the open
probability Po=0.5 immediately after the step and that open channels only closeto an
inactivated state from which they do not reopen. The model for each channel can be
represented as:
t = 0: Open - Inactivated

with arate constant of 40 s1. The records are from a patch of membrane containing 3
such channels, though in practice such an analysis would generally be performed on
preparations containing many more channels. Fig. 3B shows the mean current
obtained by averaging 250 traces, and Fig. 3C illustrates the calculation of the
deviation, i.e.

yi(t) = Tk(t)

by subtracting the mean current averaged from all traces from the kth raw data trace.
In practice, to alow for slow changes with time during the course of a long
experiment, such records would be averaged in groups so that mean current and
variance were calculated repeatedly for several sets of data. This would reduce the
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likelihood of over-estimation of the variance due to slow drift in experimental
parameters.

Once the records have been averaged, and the deviations calculated then the
variance for each time point can be calculated. Fig. 4A shows the variance plotted
against time for the 250 simulated traces. By plotting variance for each time point
against the mean current for the same time point (Fig. 3B) a plot of variance against
mean current is obtained (Fig. 4B). In the case modelled, the initial value of Po was
0.5 so i cannot be estimated from the initial slope of the parabola, but must be
obtained by fitting equation 10 to the data. In practice, when fitting such data it is
often convenient to rearrange equation 10 by substituting

P = i
. Y
giving:
var | =il = (IgN)

(where N is the number of channels) to obtain estimates of parametersi and N. The
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Fig. 3. Non-stationary noise analysis - stage 1. Data were generated from the following model
assuming that after a voltage step channels have a P of 0.5 and that only one transition can
occur:
40s1
open - inactivated

i.e. the channels can only close to an inactivated state, from which they do not reopen. The
channel lifetimes are randomly distributed with a mean of 25 ms. 250 sets of data were
generated from this model, assuming a patch containing 3 such channels, and that the
experimental conditions gave an outward current of 10 pA through the open channel. Three of
these traces are shown in A(i)-A(iii). B shows the mean current in response to the step,
obtained by averaging all 250 sweeps. Trace C shows a sample trace in which the mean
current has been subtracted from one of the sweeps, the data shown isthat from trace A(iii).
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open probability at each current level can be obtained by subtitution (I=NiPy). In Fig.
4B this parabola has been superimposed on the data, with i=10x10712 A and N=3.

For the same reasons as are described above in relation to steady state analysisit
isimportant that the raw data can be edited prior to analysis to eliminate artefacts,
and that allowance is made for variance that originates from sources other than
those of interest. If the channels being studied can be blocked fully by an applied
drug then a control can be obtained by repeating the experiment in the presence of
that drug, for example when studying sodium channels they may be blocked with
TTX.

3. Kinetic analysis of macroscopic currents

Relaxation analysis

When apopulation of channelsis perturbed by an event such asapulse of agonist or a
step change in membrane potential, the current through those channels will change
(relax) to a new equilibrium level at a rate which reflects the underlying kinetics of
the channels. The relationship between the rate constants for the transitions of the
channels between states and the current through a large number of channels can be
derived from the law of mass action. In the ssimple case of a voltage gated channel
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Fig. 4. Non-stationary noise analysis - stage 2. After subtraction of the mean current from the
set of traces the variance at each time point is calculated, allowing a plot of variance against
time to be made (A). Finally, the values for variance are replotted against mean current (B). A
parabolic curve can befitted to this data. In this case the values used for the parameters of the
curve are unit current (i) = 10 pA, number of channels (N)=3.
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having only two states, closed (C) and open (O), the rate constants for the opening ()
and closing (a) being voltage dependent, the analysisis asfollows:

C ? 0. (Scheme A)

Following a step changein potential, which modifies the rate constants, the change
in probability of the channel being in the open state (Po) with time after the step is
given by the sum of the fluxesinto and out of the open state, i.e.:

dPo
dt

= BPC - GP() (14)

where a and 3 are the rate constants at the new potential. Since the probability of
being in the closed state Pc=1-P, this can be rearranged as the differential equation:

dPo _ , _
T_B (a+B)Po (15)

which integratesto give:
Po(t) = Po(%0) + [Po(0) — Po(e0)] €71 (16)

where 1 = 1/(a+f3) and Pg(e) = B/(a+p), the steady state probability of being in the
open state.

Thus relaxation to a new steady state after a perturbation follows an exponential
time course having a time constant of 1/(a+f3). Where Py islow (i.e. a > ) the rate
constant of the relaxation gives an estimate of the mean channel lifetime (La).

In the case of transmitter activated channels the simplest possible scheme is
slightly more complex, as both binding and opening must be modelled, i.e.:

kg B
A+R=ART=AR*. (Scheme B)
ko a
closed open

However, if binding is assumed to be much more rapid than opening, so
reequilibration is determined by the opening reaction alone, then this can be
simplified to:
BI
AR AR* (Scheme C)
a

where3' = .A/(A +K), with K=ka/k1 and A= concentration of agonist. It can be seenthat
with thisassumption ' = 3 times the steady state probahility of the A+R = R equilibrium
being inthe AR state, so the opening rate depends on the transmitter concentration. Inthis
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case eguation 16 sill holds, with B’ replacing 3. Similarly, for a transmitter activated
channel, where the transmitter concentrationislow (a>[3') the relaxation will till havea
time constant that approximeates to the mean channd lifetime (1/a).

This result is made use of in voltage-jump relaxation experiments and has been
applied to a number of preparations in which the channel opening and closing rate
constants are voltage dependent. It has been particularly useful in cases where the
opening and closing rate constants of a transmitter activated channel are voltage
dependent (such as the nicotinic ACh channd of the endplate, e.g. Adams, 1975;
Neher & Sakmann, 1975).

Though concentration jumps would in principle perturb the equilibrium proportion
of open transmitter activated channels, allowing kinetic information to be obtained in a
similar way, voltage-jump relaxation experiments have in general proved more useful
as voltage clamp circuits alow good control of membrane potential. In contrast, rapid
concentration jumps are difficult to produce on even a single cell because of the time
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Fig. 5. lllustrates the protocol of a voltage-jump experiment. The upper trace (V) representsthe
voltage step and Iy, (the total current) a hypothetical recording of the current evoked in response
from a preparation such as the frog neuromuscular junction in presence of ACh. Four
components to the response can be seen. Thefirst two of these components are indistinguishable
inthistrace. They are both step changesin the current level, dueto the increased driving force of
thevoltage step causing alarger current to flow both through those channel sthat were open at the
instant of the voltage step and through the leakage conductance. Thirdly, thereis afast transient
current superimposed on the step change, thisisthe current that flowsinto the cell capacitance as
aresult of the changein potentia gradient. Lastly, thereisaslow exponentia relaxation to anew
steady current level. Thisis due to the proportion of open channels changing to anew level with
atime constant of 1/(a+p"), where the values of a and ' are those corresponding to the new
potential. The effects of the leakage conductance and cell capacitance are often corrected for as
shown inthelower two traces. In the case of transmitter activated channel sthe jump protocol can
be repeated in the absence of agonist. In this case the recorded current (l¢) isin principle the sum
of the same leakage and capacitative components that are present when the agonist is. By
subtracting the currents in the presence and absence of agonist the current that is carried by the
transmitter activated channelsin response to the voltage step isfound (It—Ic). Similar corrections
are possible when studying voltage activated channels by comparing the response to voltage
stepsin opposite directions. If the channels studied are activated by voltage steps of one polarity
but not the other then again the leakage and capacitative components can be subtracted by adding
currents evoked by jumpsin both directions.
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taken to diffuse across ‘unstirred’ regions adjacent to the surface (10-20 mson single
neurones). Furthermore, the binding of the drug to the receptors being studied may
further dow diffusion in thick preparations (see Colquhoun & Ritchie, 1972). Rapid
concentration changes have proved possible using outside out patches, where the
ungtirred layer is small, and diffusion times can be reduced to about 1 ms. In
combination with fast perfusion systems this approach has alowed study of the
response of transmitter activated channels to step changesin concentration (Franke et
al. 1987; Lui & Dilger, 1991; Maconochie & Knight, 1989). A specia caseinwhicha
concentration jump can be said to occur is in the initiation of the endplate current,
when rapid release and hydrolysis of the pulse of ACh means that it is short lived
relative to the channel activated lifetime and so channels do not in general reopen once
closed (Magelby & Stevens, 1972). Thus the timecourse of the e.p.c. is determined by
the duration of individual activations of the receptor (see Chapter 7).

Fig. 5 shows the protocol of a voltage-jump experiment on nicotinic ACh receptors.
At the holding potential (VH) a steady current flows in the presence of a low and
constant agonist concentration. As shown in the upper trace, the voltage is stepped to a
test potentia (Vi) after adelay. This evokes a step change in the recorded current (1),
with a superimposed rapid capacity transient. Following these changes there is a slow
increase in the inward current to a new steady state level. The steady state change
consists of two components, the change in current flowing through the leak
conductance and the change in current flowing through that proportion of channels
open at equilibrium a VH. The dow change in the current signal represents the
relaxation of the population of channels towards a new equilibrium open probability,
different from that a VH as both the opening and closing rate constants are voltage
dependent. Thetime constant of therelaxationisl/(a + 3"), a Vt. In practice the capacity
transient and channel related relaxation are often not so clearly separated so it is
generally necessary to record the response to the voltage step in both the presence and
absence of the agonist. The difference of the two signals then, in principle, represents
only the current flowing through drug activated channels (lower traces). In practice
many such responses will be averaged to minimise the effects of noise sources.

Where data cannot be fitted by a ssmple model that has only two resolvable rate
constants, e.g. if thereisinactivation or desensitisation, the relaxation may need to be
fitted with the sum of two or more exponentials.

Noise analysis

Theoretical basis. Noise analysis can be used to investigate the kinetic properties of
unitary events. It is intuitively clear that the time or frequency characteristics of the
noise must reflect, in some way, those of the underlying events. This relationship is
most easily understood by considering the autocovariance of the signal. The

autocovariance measures the correl ation between values of anoisy signal measured at
timeintervals of At apart, and for asignal with amean value of zero it isgiven by

X(t).x(t+ At)
n-

cat) =3 .

(17)
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where Xx(t) is the signa value at any time t, x(t + At) is the value a given time
increment (At) later and n is the number of values of x sampled. For a current signal
the autocovariance would be measured as shown in Fig. 6. The current amplitudes are
measured relative to the mean current level. Thus if At is very large relative to the
cycle length of the major frequency components of the noise signal then the pairs of
current values will be uncorrelated and the value of C(At) will on average be very
small. In contrast, if At is very small the pairs of current values will be well
correlated, i.e. similar in value, as little change in the current signal would be
expected if the time increment is short (compared to the cycle lengths of the
predominate frequency componentsin the signal), and the value of C(At) will be high.
Thus C(At) will be high for small values of At and approach zero as At approaches
infinity. Clearly the way in which C(At) falls with increasing time increments (At)
will be determined by the frequency characteristics of the noise.

What is the relationship between C(At) and the single channel kinetics? Firstly, we
need only consider the behaviour of a single channel, if the N channels present have
the same properties and behave independently of each other the autocovariancefor all
N channelsissimply Nx the autocovariance of asingle channel. Thus

X(1).x(t+ At)

Caty =N = .

(18)
=N xmean of [i(t) . i(t + At)]

where x(t)=i(t) the current through asingle channel at timet and i (t+At) isthe current
in the same channel at t+At. Asthe single channel current is either i or zero, i(t).i(t +
At) hasavalue of either i2 or zero. Thevalueisi?if the channel isopen at both t and at

At, A, At

Il i1 4

t L 1) T
— At, — At

Fig. 6. The measurement of autocovariance. The autocovariance is calculated by taking the
product of the current value at timet and the value at timet + At. The sum of these productsfor
each value of tisthen found. It is apparent that when the time interval is small relative to the
major frequency components of the noise (Aty) then the autocovariance will be high (the
values within each pair will be highly correlated). However, if the interval is long (At2) then
the autocorrelation will below.



Analysis of whole cell currents 203

t + At. For asingle channel the mean value of i(t).i(t + At) is given by the probability
of the channel being open at both timest and t+At multiplied by i2. Thus

C(At) = Ni2P[open at t and open at t + At] . (19)

P[open at t and open at t + At] can be restated by the rule that the probability of both of
two events is the product of the probability of each of them. P[openatt and openat t +
At] isthe product of P[open at t] and P[open at t + At | open at t]. The second termisthe
conditional probability that the channel isopenatt + At given that it wasopen at t. Thus:

C(At) = Ni2P[open at t].P[open at t + At | open at t] (20)
= Ni2P,. P[open at t + At | open at t]

as P[open at t] is simply the open probability, Po. P[open at t + At | open at t] isthe
same as the praobability of the lifetime being =At provided that there is a negligible
probability of the channel closing and reopening during At. The statistical distribution
of random lifetimes At with amean valuet is:

P[lifetime =At] = e ~AUt (21)

(see Chapter 7). Thus T isthe mean open lifetime (=1/a in Scheme C) and equation 20
can berewritten as:

C(A) = Ni2Po et (22)
and sincei = NiPg:
C(A) =Tie vt

If the channel hasan Ohmic I/V relation so i = y(V-Veq) Where yisthe single channel
conductance and (V—-Vey) the electrochemical driving potential then

C(A) = Ny(V-Veg)e 2T (23)

Therefore the autocovariance of a current noise signal with gating described by
Scheme C, when plotted against At, decays exponentially with atime constant of 1/a
(Fig. 7A).

Most commonly such data is presented not in the form of an autocovariance plot
but as a power spectrum (Fig. 7B) in which the power carried by the signal at each
frequency is plotted against frequency, f. The ‘power’ is effectively the (current)?
flowing in a 1 Q resistor and the ordinate of the power spectrum has dimensions
A2Hz1=A2sThisisthe Fourier transform of the autocovariance plot, which gives us
an expression in terms of frequency instead of time. The reason for doing thisis that
the handling of the datais simplified asthe Fourier transform of the data can be easily
obtained by the use of one of the fast Fourier transform computer routines available
(see Chapter 9). The Fourier transform of e 2T s

2
1+ (2111)2



204 P.T.A.GRAY

thus
G(f) = 4l y(V-Veq) _r (24)
1+(2r1f1)2

where G(f) isthe spectral density function; this has been multiplied by two to obtain
the ‘single sided’ spectral density function (Bendat & Piersol, 1986). We can define
1=1/271fc, for convenience, thus

- 1
G(f) =4l y(V—Veg) ———— 25
=4V ~Ve) T (25)

This is a Lorentzian function and when plotted on log/log coordinates as a power
spectrum has a characteristic shape (Fig. 7B). The terminology applied to power
spectra is important (see Chapter 16); f¢ is the ‘cut-off’ or ‘half-power’ frequency,
which is the frequency at which the power carried has dropped to 1 of the zero
frequency value [G(0)]. G(0) is usually known as the ‘zero frequency asymptote’ as
the zero frequency point is not measured (measurement of the zero frequency point
would require infinite sample lengths). Beyond fc the curve falls away with a slope of
-2 which givesriseto theterm ‘ 1/f2 noise’ which is sometimes applied to signals that
fit the high frequency slope of the L orentzian function.

A simple Lorentzian spectrum is predicted by models of channel opening with
single open and closed states. More complex models predict the sum of 2 or more
Lorentzians, in general the number of Lorentzians = the total number of states (open
and closed) —1. However, one or more of these states may have very small amplitude
and be unresolvable. For afull treatment of the theoretical basis of fitting data with
the sum of multiple Lorentzians see Colquhoun and Hawkes (1977).

As discussed in the previous section, noise analysis can aso provide information
about the amplitude of the single channel currents that underlie the macroscopic
current, the single channel current being obtained by dividing the variance of the
signal by the mean current. The variance of a noise signal that follows a Lorentzian
relationship is given by the area under the spectral density function. Thus the single
channel conductance can be estimated from the integral of the fitted Lorentzian
between zero and infinity, which can be shown to be

TiG(0)f
ar = 1C0e (26)
2
where G(0) = 41 y(V-Vey), the zero frequency asymptote. Thus
TiG(0)f
L (27)
(V= Veq)

asy=i/(V-Veg) from Ohm’slaw, wherei isthe unit current and i=var/l (equation 11),
provided that Po islow. If yisto be estimated from the spectraiit is essential that the
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mean current is constant during the period over which al data used for calculation of
spectrawere collected.

In situations where the noise spectrum is fitted by the sum of more than one
Lorentzian the conductance can be estimated from the sum of a series of terms

relating to each of the Lorentzian terms, provided the assumption is made that all the

A
a
|©)]
1
Jd
0 T 25 ms
B

log G(f) A%s

log Hz
Fig. 7. The autocovariance of the noise signal produced by a 2 state model fals off
exponentially asthe time interval isincreased (A). Generally the results of noise analysis are
plotted in the form of a power spectrum on log/log coordinates (B). The form of the curveisa

Lorentzian, the half-power frequency (fc) = 1/2mt, where T is the time constant of the
autocovariance plot (in this case 3.18 ms, so fc = 50 Hz).
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open states (if more than one) have the same conductance, i.e. when the noise signal
can befitted by the sum of two L orentzian components then y can be estimated from

y= TG(0)1fca . TG(0)2fc2
2((V-Vey) 2M(V—Veq)

(28)

This approach to the estimation of y may be useful at times, particularly where a
significant fraction of the noise is outside the bandwidth of the recording equipment,
provided there is good reason to be confident about the fitted model. An aternative
approach to the problem of restricted bandwidth is to calculate the predicted
proportion of unresolved variance, after fitting a spectrum, and to adjust the value of
the directly measured current variance accordingly (Colquhoun et al. 1979).

For more complete treatments of the theoretical basis of noise analysis see Bendat
& Piersol (1986), Colquhoun & Hawkes (1977), Conti & Wanke (1975), Neher &
Stevens (1977) or DeFelice (1981).

Data preparation

Preparation of datafor kinetic analysis using noise analysis is essentially the same as
that described above when using noise analysis for investigating unit amplitudes.
However, two additionals factors must be considered. Firstly, the sampled noise
signal will contain, in addition to the biological noise of interest, noise from anumber
of other sources. All electrical recording equipment generates noise, significant
elements of which will depend upon the characteristics of the cell or other preparation
being recorded from, in particular the cell capacitance will determine the amplitude
of significant elements of noise. Furthermore, other channels or carriers in the cell
membrane may generate signals, which themselves contain fluctuations. For these
reasons, it is essential that allowance is made for those components of noise that are
not generated by the events of interest. This is generally done by determining the
spectrum of a control signal and subtracting this from the total spectrum prior to
fitting any model. Where the events being studied can be readily turned on by
application of some external factor, such as an agonist, then the net varianceisreadily
calculated by subtracting the variance in the absence of the agonist from that in the
presence of the agonist.

Secondly, the data must be split into records whose length depends upon the lower
and upper frequencies required in the power spectrum. The lowest frequency point
obtained is given by the inverse of the sample length, thus a 2 second long sampleis
needed if the minimum frequency point is to be at 0.5 Hz. This also determines the
frequency resolution of the power spectrum, power values will be obtained for
frequencies incrementing by the same value, every 0.5 Hz in the example. The high
pass filter setting used to prepare the AC coupled record should be chosen to allow
data at the lowest frequency point in the spectrum to pass unattenuated, but to
attenuate all frequencies below this. The high frequency limit of the spectrum is the
same as the Nyquist frequency, i.e. half the sasmple rate. In general, steady state
stretches of both experimental and control data would be obtained. These would be
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edited to remove artefacts, split into records and analysed. A number of spectra,
usually 10-20, would be obtained for both sets of conditions and all spectrain each
set averaged, to improve the signal to noiseratio of the final spectra. Finally the mean
control spectrum is subtracted from the mean experimental spectrum before any
curve fitting takes place.

Estimates of the parameters of a power spectrum are obtained by fitting L orentzian
curves to the data. In general this will be done using a least squares agorithm.
Procedures for curvefitting and the estimation of errors are discussed in Chapter 9.
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