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Summary 

The use of white noise techniques for system identification 
is illustrated by the following characterization of the subthreshold 
membrane impedance of the squid giant axon, space-clamped in a 
double sucrose gap. Power spectra were also computed. Depolariza- 
tion increases the resonance, shifts the resonant frequently upward 
and decreases the membrane's inductive reactance. Reduced external 
Ca++ increases the resonance, shifts the resonant frequency 
downward and increases the inductive reactance. 

Engineers have found the input-output relationship or 

transfer function to be very useful. The transfer function of a 

system can be readily found when pseudo-random white noise is 

applied to the system, as all frequencies are thereby simultaneously 

applied: Recently this method has been used to analyze biological 

systems, Halpern and Alpert (11, Marmarelis and Naka (2,3), and 

Fishman (4,5). 

White noise measurements permit a rapid and accurate 

determination of the impulse response without the undesirable 

effects upon the biological preparation of actual impulse testing. 

It is preferable to bridge measurements because of the great speed 

implicit in applying a waveform with uniform probability of power 

at all frequencies and because it circumvents the problem of 

electrode polarization common to bridge measurements. From the 

impulse response it is possible to obtain the impedance function 

by the application of the appropriate Fourier transform. 
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In the present work, the cross-correlation of white noise 

current input and membrane voltage response is used to characterize 

the subthreshold membrane impedance, in terms of magnitude and 

phase functions, of the squid giant axon, space-clamped by means of 

a double sucrose gap. Cole's pioneering efforts, Cole (6), in 

measuring membrane impedance have demonstrated that impedance 

measurements are a significant and important way in which to 

characterize the state of the living membrane. 

Methods 

The method of mounting the axon in the chamber, the input 
and recording circuits and the analysis circuits are described in 
a previous paper, Guttman, Feldman and Lecar (7). The input 
consisted of fifteen second applications of subthreshold white 
noise current with a bandwidth of 7 Hz to 10 Khz. Spectral 
analysis of the data was carried out using a Saicor Model 52 
spectrum analyzer. Correlation functions were calculated using a 
Saicor Model 43A correlation function and probability analyzer. 
Impedance functions were produced with a Hewlett Packard 5451B 
Fourier analyzer system. 

Specifically the data were analyzed as follows. The 
recorded data were played back and processed by a low pass filter, 
in order to eliminate aliasing error. The data were then digitized 
and multiplied by a special weighting function (called the Hanning 
function). This was done in order to reduce spurious frequency 
components introduced into the Fourier transform and power spectra, 
by taking a sample of finite length. These spurious frequencies 
are seen as side lobes in the power spectra. Following this, a 
discrete fast Fourier transform was calcula.ted. Then the auto and 
cross power spectra were computed as was the cross-correlation 
function. Finally the coherence and transfer functionswere found. 
For our data the transfer function reduces to the impedance 
function. The calculated functions were then variously displayed 
and recorded by means of an X-Y plotter, oscilloscope and a digital 
memory driven color television monitor. 

Results 

In Figs. 1, 2 and 3, the effects of a) polarization and 

b) variation of Ca concentration in the outer environment are 

illustrated. 

Fig. 1 shows the effect of polarization on the membrane. 

In all cases subthreshold inputs were used. In Fig. la, the power 

spectra are displayed. It is seen that the resonance increases 
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(lo) 
INPUT 

Power spectra of squid axon membrane voltage response to 
white noise current input for various membrane polarizations. 
A- hyperpolarized by 20 mv; B- resting potential; C- depolarized by 
20 mv; D- white noise input. In these and the following power 
spectra, the traces have been slightly displaced vertically for 
clarity and the power units are arbitrary. 

b) Complex plane impedance function (Z(f)) of the squid axon 
membrane for various membrane polarizations. A-hyperpolarized by 
20 mv; B- resting potential; C- depolarized by 20 mv. Frequencies 
of interest are indicated on the impedance function by arrows. 

Membrane area for a) and b) equals 1.08 mm2; temperature is 220 C. 

when the membrane is depolarized and decreases when the membrane is 

hyperpolarized. In addition there is an upward shift in the 

resonant frequency when the membrane is depolarized. This implies 

that there is a decrease in the membrane's inductive reactance 

with depolarization. Similar effects of polarization were found 

previously when sinusoidal currents were applied, Guttman and 

Hachmeister (8). In Fig. lb, it is seen from the complex impedance 

function that there is an increase in the size of the inductive lobe 

with depolarization. This implies a decrease in the damping 

coefficient, i.e. an increase in the sodium conductance. 

In Figs. 2 and 3, the effects of external Ca++ concentration 
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Power snectra of squid axon membrane voltage response to 
white noise current input for two levels of external Ca++ concentra- 
tion. A- normal Ca++ concentration (9.27 mM); B- low Ca++ 
concentration (lO-6 mM)i C- white noise input. 

b) Complex plane impedance function (Z(f)) of the squid axon 
membrane for two levels of external Ca++ concentration. A- normal 
Ca++ concentration (9.27 mM); B- low Ca++ concentration (lo-6 mM). 

Membrane area for a) and b) equals 0.96 mm2; temperature is 220 C. 

on the membrane are shown. In Fig. 2a, we see from the spectrum 

analysis that low Ca++ increases the sharpness of the tuning. Also 

the resonant frequency is shifted downward slightly. This implies 

an increase in the inductive reactance of the membrane with reduced 

external Ca++ concentration. This effect is also shown in Fig. 2b, 

where the inductive lobe of the impedance function is greatly 

increased when external Ca++ concentration is decreased. Neuro- 

physiologists have long known that decreasing the Ca++ concentration 

will increase the oscillatoriness of the axon membrane and cause 

repetitive firing. High Ca++ produces no such effect and indeed 

seems to eliminate the inductive reactance (Fig. 3). The use of 

noise measurements, then, confirms the results of Cole (6) which 

have shown that the inductive reactance of the membrane can account 

for its oscillatory nature and the phenomenom of repetitive 

firing. 
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Power spectra of squid axon membrane voltage response to 
white noise current input for two levels of external Ca++ concentra- 
tion. A- high Ca++ concentration (100 mM); B- normal Ca++ 
concentration (9.27 mM); C- white noise input. 

b) Complex plane impedance function (Z(f)) of the squid axon 
membrane for two levels of external Ca++ concentration. A- normal 
Ca++ concentration (9.27 mM); B- high Ca++ concentration (100 mM). 

Membrane area for a) and b) equals 1.02 mm2; temperature is 200 C. 

It is obvious that these impedance loci are at least approxi- 

mations to the pedal curves of ellipses produced by the biquadratic 

impedances of circuits with two reactances, Cole (6), which are in 

turn approximations to the Hodgkin-Huxley (HH) (9) equations for 

the squid axon membrane. However, convenient methods for locating 

frequencies on the complex impedance locus or for deriving equiva- 

lent circuits for comparison with the HH equations have not been 

developed. One complication is that the dielectric loss 

characteristic of the plasma membrane, Curtis and Cole (lo), and 

often confirmed, is not obvious on the loci presented. It seems 

probable that a more complete representation of the impedance data, 

such as by the Bode plots of log }Z/ and $ vs log frequency, may -- 
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be necessary for detailed presentation and analysis.. 

In conclusion, noise measurements yield a wide variety of 

significant information about the living membrane (i.e. power 

spectra, impulse response and impedance function), without sub- 

stantially disturbing its physiological condition. This is 

especially important in view of the direct relationship between 

the membrane's electrical impedance and its ion permeability. 
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