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20. ABSTRACT (continued)

is measured as a function of frequency between 500 kHz and 5. 7 MHz. By plot-
ting the measured impedance dat a on the complex Z plane and extrapolating the
data to infinite frequency , the substantial effects of electrode polarization can be
overcome. For ~plysla giant neurons and muscle fibers of the giant barnacle , the
extrapolated cytoplasmic specific resistivities are 40 and 74 ohm-cm , respec-
tively , at infinite frequency . e barnacle data are in excellent agreement with
sarcoplasmic resistivity va es ye rom the measured cable pro~ërties of--- - 

-

other mar ine organisms, and from high frequency conductivity cell measurements
in intact barnacle muscle tissue. The imaginary component of the polarization
impedance can be directly measured, both when the electrode is in a known elec-
trolyte solution and when it is in a cell. In the Aplysia neurons , the frequency-
dependent part of the electrode impedance is larger when the electrode is in a
cell than when it is in an electrolyte solution with the same specific resistivity
as the aqueous cytoplasm; however , the phase angle of the frequency-dependent
component of the electrode impedance is the same in both cases. The high ap-
parent values of cytoplasmic resistivity found using the single microelectrode
technique at lower frequencies probably result from interaction of intracellular
membranes with the microe[ectrode surface , and probably reflect an artifact
caused by a reduction of the effective surface area of the electrode , with a cor-
responding increase in its polarization impedance. These results indicate that
although intracellular membranes may offer considerable resistance to current
flow, ions and water are not structured or bound to a marked degree . This re-

• suit is of particular importance to an understanding of the mechanism of effect of
• ionizing radiation. One possible explanation for a mechanism of radiation damage

has been that intracellular water was freed from binding site or subjected to a
fundamental change in its degree of organization. The results of this study,
indicating relatively little bound water , suggest but do not prove that radiation
does not act via effects on bound water in the central nervous system. However ,
since the nervous system is relatively radiation resistant , the state of water in
other tissues must be investigated before excluding this possible mechanism to
explain rad iation effects.
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INTRODUCTION

Many previous studies have shown that the electrical resistivity of the aque—

ous cytoplasn~ of mos t cells is two to three times that of the extracellular fluid.

These estimates have resulted primarily from cable studies on nerve axons5 or

muscle fibers , 6 8 , 11,13 or from dielectric measurements on suspensions of

cells. 10 Although nerve cell bodies cannot be studied using these techniques,

their cytoplasmic resistivities are normally assumed to be equal to that of axo-

plasm. The chief motivation for thi s study has been to find the underlying rea-

sons for the extraordinarily high apparent intracellular resistivity in the nerve

cell bodies of the sea slug Aplysia californica, found to be about one-twentieth

that of the surrounding seawater in previous studies by this laboratory. 1, 2 It

was suggested that this high resistivity might result from unusually low ionic

inobilities in these cells , perhaps indicating an unusual degree of ion binding or

water structure in these cells. In this study, we reexamine those findings.

As in the previous studies, we have used a single metal electrode , which

is well insulated except for a small area near its tip, to measure the cytoplasmic

resistivity. The AC impedance of this electrode is assumed to be a function of

the resistivity of the electrolyte in the immediate vicinity of its tip, and that the

measurement frequency (>500 kHz) is sufficiently great that cell membranes are

effectively shorted out . Even at these high frequencies, the electrodes we used

all polarized significantly, complicating the interpretation of the impedance data .

One approach (used in the previous studies) is to ignore these effects , assuming

that the polarization impedance of the electrode is a function only of the reals-

t ivity of the electrolyte, regardless of its ionic composition. A recent study of •

polarization effects in gold electrodes, 18 and control experiments using platinum

electrodes in various electrolyte and concentrated protein solutions , 2 support

this assumption . Using the microelectrode technique , the resistivity of squid

axoplasm was found to be 31 ohm-cm, 3 in good agreement with more conven-

tional measurements, ~~~ further justifying this assumption. On the other hand,

Schwan’9 has shown that the polarization impedance of large platinum electrodes

5
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increases in the presence of cell membranes, perhaps because their effective

area is reduce d by membrane s adjacent to the metal surfaces. This observation,

If correct , would predict serious artifacts in the previous intracellular imped-

ance measurements. 1,2 The previous studies, which employed relatively low

frequencies (~ 100 kfl z), have been expanded here to include measurements of

the complex niicroelectrode impedance over the frequency range 500 kHz to 5. 7

MHz. We attempt to distinguish the (frequency-dependent) polarization imped-

ance from the (frequency-independent) electrode spreading resistance due to

electrolyte resistance to current flow from the electrode tip. To test our tech-

nique, we have also measured the apparent cytoplasmic resistivity of single

muscle fibers of the barnacle Balanus nubilus. While cable constants for these

fibers are apparently not available in the literature, cytoplasmic resistivities

of the large muscle fibers of the marine crabs Carcinus maenas and Portunus

depurator are known to be about 69 ohm-cm. 8 In addition, the resistivity of the

barnacle muscle tissue can be measured using conventional dielectric techniques
at a sufficiently high frequency (10—100 MHz) that effects of the cellular mem-

branes should be negligible in these measurements as well , providing an inde-
pendent means of estimating the resistivity of the sarcoplasm.

We will show that, for both tissues studied, the cytoplasmic resistivity,

obtained by extrapolating the electrode impedance data to infinite frequency to

overcome electrode polarization effects is within the range of values re-

ported, 5 8 , 10,11, 13 and does not differ from that of the external seawater by

more than a factor of four.

METHODS

All impedance measurements reported here were performed using an

active RF vector impedance meter (Hewlett—Packard , Model 48 15A). Thi s in— :~
strument injects a constant RF current of 2 ~A into a probe located a few centi-

meters from the metal electrode ; from the measured RF voltage at the probe ,

It then calculates the complex impedance Z between the probe terminal and

6 
•1 
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ground. Of particular importance for this study, the measurement frequency
can be continually varied, allowing rapid measurements on an undisturbed

preparation.

The approximate electrical equivalent of the circuit consisting of the metal

microelectrode, electrolyte bath, and grounded extracellular reference electrode

is shown in Figure 1. The ground electrode was a well-platinized platinum

plate of 5. 0 cm2 surface area , whose polarization impedance was negligible at

all frequencies used in this study ; it consequent ly does not appear in Figure 1.

Cp~~~~ R
\/A,~~~~HA4~~J

Figure 1. An equivalent circuit for the polarizable microelectrode, bath , and
the (nonpolarizable) indifferent electrode . The polarization imped-
ance of the metal electrode is represented by a capacitance Cpol in
series with a resistance Rpol~ where both of these parameters de-
pend upon the frequency and other variables. A small capacitance
C5b between the insulated electrode shaft and the bath can be sepa-
rately measured and subtracted from the data ; the 8preading resist-
ance Rspr to the current flow through the electrolyte solution near

.‘ 
the tip of the electrode Is proportional to the solution resistivity, and
(we assume) to the cytoplasmic resistivity as well.

Possible effects of lead Inductance are not considered in this circuit. Be— Jcause of the short leads (<10 cm total length), low residual inductance of the 
SL. . ,

.5 . .
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probe (-.. 8 nH), and high electrode impedance (>1 ku) , such effecté were appar-
ently negligible over the entire frequency range of the instrument, 0.5 to 108
MHz.

The electrode spreading resistance (Rspr) due to the electrolyte resistiv-
ity is the quantity we wish to determine. For a hypothetical spherical electrode
of radius r immersed in an infinite electrolyte solution of specifi c resistivity
p ohm-cm,

Rspr = p/41T r . (1)

Simple calculations show that in this case 75 percent of the total electrode
spreading resistance occur s within a distance 4 r from the electrode center. The
observed proportionality between Rspr and the solution resistivity is a useful
check on the accuracy of our analysis.

Because it cannot be nulled out as with a conventional impedance bridge ,
the shunt capacitanc e C5h between the active probe terminal and ground becomes
the chief limitation to the resolution of the electrode impedance measurements at
high frequencies. Much of this capacitance (.~ 1. 0 pF) occurs within the probe

itself, and is constant. The leads and microelectrode shaft contribute an addi-
tional pF or so, which is also constant provided the position of the leads is not
changed during a measurement and provided the electrode is immersed to the
same depth each time in the seawater or in the KC1 solutions used to calibrate
the electrode . The total stray capacitance can be measured in two ways. Dur-
ing the calibration procedure C5h can be accurately measured by replacing the
electrolyte calibrating sciution with deionized water; the electrode then behaves
as a pure capacitance whose value is Csh. When the electrode tip is inside a
cell , tissue near the electrode shaft increases the effective dielectric constant
of the electrolyte, increasing Csh by about 0. 7 pF. In this case, C5h can be
better estimated by raising the measurement frequency until the (frequency-
dependent) polarization impedance becomes negligible. We have found that the
electrode capacitance is generally constant above 50 MHz , and that in the cali-
brating solutions these two techniques give values of C9h which agree to within

8
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0.2 pF. Above 5 MHz, the admittance of C5h becomes significant compared to

the electrode admittance, making estimates of the remaining circuit parameters
increasingly uncertain.

Unlike the previous studies in this series , we consider the electrode polar-
ization impedance 4oi to be an artifact which must be excluded from the meas-
urements. This impedance can be described as a resistance, R~01~ in series
with a capacitance , Cr01, both of which vary with frequency (f), solution resis-
tivity, electrode surface area , and perhaps other variables. Robinson’7 de-
scribes the polarization effects found with metal microelectrodes similar to those

- - 
employed here. While the detailed molecular mechanisms of this polarization
impedance are unknown, the variation of with frequency has been well stud-
ied. ~ Given:

~pol R~01 - i /21T I Cpol

the phase angle of 4ol is usually observed to be constant , independent of

• frequency:

tan 1 (1/2w fC~0iR~01) = o!Tr/2 . (2)

Further , the magnitude of Z~pol can be empirically described by a simple power
function of f which is valid over many decades of frequency:

~ f _a

and

~~f °  . (3)

Note that the parameter a is the same as that defined in equation (2). Agree-
ment between our calculated electrode impedance data and the empirical equa-
tions (2) and (3) is an additional check on our results. After correction for C8h,
the total impedance of the electrode is thus Rspr + .~poI’ plus (presumably negli-
gible) contributions from the cell membrane. If the imaginary part of this u n -
pedance is plotted versus its real part , the data (from equation (2)) will be

i -p. 9
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described by a straight line which intersects the real axi s at R spr at an angle

air/2 (radians).

The glass-insulated platinum microelectrodes were similar in construction ,

but considerably larger , than those used in the previous studies. 1,2 Their ex-

posed tips had been electrolytically sharpened into cones , 5-10 ~&m tip diameter

increasing to about 20 ~m in diameter at the start of the insulation , and gener-

ally 40— 50 ~m in length. The effective diameter of the electrodes , determined

from the calibration data and equation (1), was about 40 ~m. They were plati-
- 

S nized by dipping them into a 3 percent platinum chloride solution containing

0. 025 percent lead acetate , and passing a constant current of 1 ~A for 15 sec-
• onds , with two changes of polarity. The size of acceptable electrodes is nar-

rowly limited by the size of the cell to be penetrated (— 500 am for the large

Aplysia neurons) and by the need to maximize the exposed electrode surface area

to reduce polarization effects. Electrode s much smaller than those employed

here polarized so badly that the high frequency data could not be extrapolated to

determine Rspr.
During each experiment the electrode was clamped firmly in a plastic j ig

— 
I 

and held by a conventional micromanipulator above the calibration solutions or

tissue preparation. The Lucite sample chamber and all of the leads were kept

well away from the metal table surface , to prevent eddy currents which lead

to stray inductance. Before penetration of each cell , the elect rode was cali-

brated using KC1 solutions of known resistivity. The reference and microelec—

trodes were then washed with distilled water and the specimen chamber placed

before the micromanipulator. The cells had been dissected from the animals ,

freed of connective tissue , and pinned to a layer of Sylgard (Dow-Corning) in the

chamber. Cell membrane potentials were measured using a conventional glass

microelectrode . Cells were not studied if they had electrical parameters m di-

cating injury (resting potentials less than -40 or -60 mV for Aplysia neurons or

barnacle muscle fibers , respectively). Each Aplysia neuron (most often the R2

cell from the abdominal ganglion) was 500-1000 ~m across; the fibers from the

10
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ba rnacle adductor muscle averaged 1000 ~m in diameter. The cells were pene-

trated by the metal microelectrode with the help of a dissecting microscope. As

the electrode penetrated the cell , its i mpedance abruptl y i ncreased and remained

constant upon deeper penetration. Within 5 minutes after penetration , electrode

impedance measurements had been performed at eight frequencies between 0. 5

and 5. 7 MHz , and at five frequencies between 32 and 100 MHz. As explained

above , these latter measurements were used to estimate the total stray capaci-

tance of the circuit. There was no evident drift in the electrode impedance dur-

ing this interval. The membrane potential of the cell was measured after re-

moval of the metal electrode , and the electrode was recalibrated. A significant

change in the electrode calibration data usuall y indicated mechanical injury to

the electrode ; these experiments were discarded. Upon withdrawal of the metal

electrode , the Aplysia membrane potentials had often fallen by about 20 mV ,

indicating membrane damage; the barnacle muscle fibers were more resistant

to damage. During the measurements, the cells were barely covered with arti-

f icial  seawater (Tnstant Ocean). All measurements were performed at room

temperature (20° ± 1°C).

As an additiona l check on the barnacle data , blotted muscle tissue was

packed into a standard conductivity cell whose resistance was measured using

the vector impedance meter. The specific resistance of the tissue was calcu-

lated after correcting these measurements for the residual series inductance of

the cell (-... 80 nH~ using the standard formula. 19

RESULTS

S 
l’he data from a typical experiment on a barnacle muscle fiber are shown

in Figure 2. In each of the four sets of data ( i . e . ,  the three calibration runs in

KC I and the experiment in the cell), the f requencies range from 0. 5 to 5. 7 Ml-J z ,

increasing by a factor of 1. 4 for each step. In this experiment , the stray capaci-

tance C5h is 2. 0 pF and 2. 8 pF for the electrode immersed to the same depth in

the calibrating solutions and in the cell , respectively. Si nce the stray

1_ I

-



T ’ ~~~~~~~~~~r T T ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

100 — ,,/
°

7’

- O CELL
• • ELECTROLYTE

0 (KCI )
0 1 2 3 

/R spr~
KQ 0

1 

0.15 N 
~~~ 0.10 N/ /

~~~~ cr’ BARNACL E MUS CL E
• 0.20N I R/ ~1( / FBE

/1 “i I/ I  / I

Rspr + R~01, KQ

Figure 2. A typical set of experimental data from a single muscle fiber of the
barnacle. The complex electrode impedance is shown as a function
of frequency, when it is in calibrating solutions of KC1 and after it
has penetrated the cell. The measurement frequencies range from
0. 5 to 5. 7 MHz , in equal logarithmic steps. The frequency-dependent
part of the measured impedance arises from electrode polarization,
both when the electrode is in the electrolyte and (apparently) when it
is in the cell. The frequency-independent component of the electrode

5 
impedance R spr is proportional to the solution resistivity P (inset).
This cell has an apparent sarcoplasmic resistivity of 110 ohm—cm , at
20°C.

capacitance with the electrode just above the electrolyte bath is 1. 2 pF, the ap-
parent dielectric constant of this barnacle fiber is —.160 in the range 10-100 MHz ,
in agreement with literature values 19 for (mammalian) muscle tissue. Both in

the fiber and in the calibration solutions, the electrode impedance is complex and

frequency-dependent, evidently due to polarization effects in both cases. The ex-

trapolated spreading resistance is proportional to the solution resistivity (Figure
2, inset), as expected. The cell in Figure 2 has an apparent resistivity of 110

ohm-cm, with the other barnacle cells ranging between 20 and 95 ohm-cm

12
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(Table 1). Excluding experiment 3 (where possibly the electrode tip was acci-

dent ly pushed through the cell and into the seawater below), the average re-
sistivity of these fibers is 82 ± 21 ohm-cm. The observed polarization phase

angle air/2 is 10-20 percent larger than that calculated from the frequency de-

pendence of 
~~~~~~~~~~~ 

possibly indicating a minor systematic error in the measure-

ment s (see Discussion). The conductivity cell measurements on one tissue sam-
plc at 23°—25°C are presented in Figure 3, with literature values for the speci-

fic resistivity of lysed, packed bovine erythrocytes (25°C)’6 shown for coin-

- -
~ parison. Both samples had the same average ~~ ter content (65-70 percent by

weight). The 2. 5-fold higher resistivity of the erythrocyte cytoplasm is pri-

marily due to the lower ionic strength of mammalian plasma (300 mosmol ver-

sus 1000 mosmol for seawater). The average resistivity of two barnacle muscle

samples at several frequencies between 30 and 100 MHz is 82. 6 ± 7.6 ohm-cm,

in good agreement with the microelectrode results. Resistivity values obtained

Table 1. Impedance Data from Giant Barnacle Muscle Fibers (20°C)

Experiment p ohm-cm a (from phase a (from
angle of Z oi~ 

frequency
dependence

= 
o f R ~01)

1 110 0.460 0.407

2 95 0.369 0.300

3 25 0.277 0 . 3 0 0

4 86 0.355 0,274

5 55 0.401 0.308

6 88 0.323 0.245

7 60 0.216 0.170

Average p = 74.1 + 29.0 ohm—cm

Excluding Exp . 3, p = 82.3 + 21.0 ohm—cm

13
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0.5 1.0 5.0 10.0 50.0 100.0
f,MHz

Figure 3. The resistivity of intact barnacle depressor muscle tissue, measured
using a conventional conductivity cell with platinum electrodes, at 23°-
25°C. The tissue had been blotted on filter paper after removal from
the animal, and sample of about 1 cm3 volume packed into the cell .
At frequencies above 10 M h z , the resistivity of this tissue is approx-
imately constant , 85 ohm—cm for thi s sample. Also shown is the spe-
cific resistivity of lysed, packed bovine erythrocytes at 25°C (from
reference 16), a preparation which contains roughly the same protein
concentration as the barnacle fibers. The 2. 5-fold higher resistivity
of the lysed erythrocytes primarily results from the lower ionic
strength of mammalian plasma.

from cable studies on barnacle fiber~ are apparently not available in the litera-
ture , but Fatt and Katz 8 found the sarcoplasmic resistivity of muscle fibers
from the marine crabs Carcinus maenas and Portunus depurator to be 69 ± 33
ohm— cm. We expect that cable studies on the barnacle muscle fibers would pro-
duce similar values for this parameter.

As evident in Figure 2 , the electrode polarization impedance in the barna-
• cle muscle fiber is not greatly different from that in a KC1 solution of similar

resistivity. When an electrode penetrates an Aplysia neuron, in contrast , the
frequency-dependent part of its impedance increases tenfold in magnitude (Fig-
ure 4), in agreement with the previous observations. 1,2 However , the phase

¶
angle of this impedance is the same with the electrode in the cell or in the cali-
bration solution s of the same resistivity. This suggests that the same polariza-
tion effects determine the frequency-dependent part of the electrode impedance

14 •



S 

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - : - 

- 
- 

- - 1_g._______ ~_._____ ___ 5 - 
~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~S S~~~~ 5 S~~S 95 ~

100 — /

0 CELL

/ • ELECTROLYTE
(KCI)

0 I
0 1 2 3

Rspr a KQ

a 
1 

~,-~
“
° APLYSIA NEURON

-

. ,0~~

0.20 N 
7

0

0~ 
‘,

‘

Rspr + R~01~ KQ

Figure 4. A typical set of experimental data from an Aplysia neuron (cell R2,
right abdominal ganglion). In thi s preparation (as in the other ex-
periments on Aplysia neurons), the electrode polarization impedance
apparently increases tenfold after penetration of the cell. By ex-

S trapolating the complex electrode impedance to the real axis, the
apparent intracellular resistivity of this cell is 61 ± 3 ohm-cm, at
20°C.

when its tip is in the cell as well as in the KCI calibrating solutions. From the
electrode spreading resistance , the cell in Figure 4 has an apparent somato-
plasii~ic resistivity of 61 ohm-cm. From twelve experiments, the average re—
sistivity of the Aplysia cytoplasm is 40 ± 14 ohm-cm, somewhat greater than

tha t of squid axoplasm (27 to 31 ohm-cm)3 5  and of seawater (20 ohm-cm).

DISCUSSION

The precision of our results is determined by the 25-35 percent variance
.
. .-

~~ -~ in the measured cytoplasmic resistivities (Tables 1 and 2). The major probable

15
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Table 2. Impedance Data from Aplysia Giant Neurons (200C)

Experiment p ohm—cm a (from a (from
phase angle frequency
of ~~~~~ dependence

° pOl

1 48 0.354 0.351

2 11 0.281 0.200

3 35 0.341 0.319

4 43 0.363 6.331

5 47 0.335 0.368

6 50 0.433 0.359

7 26 0.231 0.178

8 61 0.409 0.401

9 46 0.453 0.424

10 26 0.265 0.234

11 37 0.378 0.360

12 59 0.261 0.274

Average p = 40.3 + 13.9 ohm-cm

source of systematic error is in the estimation of C5h, and this l imits  the ac-

curacy of our results. As discussed above , when the electrode is fri a cell or

in a KC1 calibrating solution , this parameter is determined from the electrode

impedance at several frequencies in the range 30-100 MHz , where the electrode

polarization impedance is generally negligible , and the electrode capacitance

approaches a constant value. This parameter can also be determined by dipping

the electrode to the same depth in deionized water , where it behave s as a pure

capacitor whose value Is Cgh. When the electrode is immersed to a constant . 

S

depth in KC1 solutions, these two techniques give values of C5h which agree to
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within ± 0.2 pF. When the electrode penetrates an Aplysia neuron, its polariza-
tion Impedance increases, and the data require considerable extrapolation to
determine Rspr . A small systematic error in C5h, therefore , can result in a

S 
much greater systematic error in the final calculated cytoplasmic resistivities.
To explore this possibility, we calculated the spreading resistance from a typ-
ical experiment with Aplysia (Figure 4), assuming various values of Csh (Table
3). The measured Csh in this experiment was 2 .7 pF , which led to the calcu-
lated resistivity of 61 ohm—cm. In all cases the data , after correction for Csh,
could be well fit by equations (2) and (3); the correlation coefficients of the lin-
ear regressions of Re (~~) versus Tm (

~ ), and log (Rpoi) versus log f were typ-
ically 0.995-0. 999. Decreasing Csh from 2. 7-pF to 2.3 pF resulted in a 15 per-
cent decrease in the calculated value of p, and caused a, calculated from the
phase angle of 4oi’ to become greater than a, from the frequency dependence
of Rpol. From Table 2 we note that these values of a differ from each other by
an average of 11 percent , suggesting (from Table 3) the possibility of a system-
atic underestimate of the Aplysia somatoplasmic resistivity of 15-20 percent.

Table 3. Effect of the Stray Capacitance Csh on the Calculated Cytoplasmic
- 

Resistivity *

C h ’~~
’ ci (from a (from r Calculated

S phase angle frequency 
K~ 

‘ p, a—cm
of Z 

1 dependence—p0 
ofR901) 

—

2.3 .376 + .015 .346 ± .006 1.45 + .08 51

• 2.5 .391 ± .015 .369 + .008 1.58 + .07 56

2.7 .409 + .016 .401 + .010 1.71 + .07 61

2.9 .414 ± .016 .412 ± .011 1.77 + .07 63

3.1 .431 + .017 .441 + .012 1.87 + .07 66

• From Exp . 8, Table 2. The data are also shown in Fig. 4.
The uncertainties quoted in this table are the standard
errors from a linear regression of Re(Z) vs Im (Z), and

S from log (R~01) vs log f.
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Alternately, the empirical equations (2) and (3) might not be totally accurate.

This systematic error, if present at all , should affect the barnacle results to a

lesser extent , because of the relatively lower electrode polarization in these

cells. We conclude that the most probable systematic errors in the calculated
resistivity of Aplysia somatoplasm are within the variance in the data.

Evidently, the high frequency resistivity of Aplysia cytoplasm is roughly

twice that of the seawater surrounding the cells. Given the relatively large var-

iance of our results and the unknown conductances of the organic anions in this
tissue, we cannot meaningfully compare our results to theoretical values of the
cytoplasmic resistivity, and so cannot speculate about possible physical mecha-

nisms for thi s increase in resistivity. However , the high frequency resistivities

which we observe are within the range reported in other tissues.

In the previous studies using a single metal microelectrode, the magnitude

Z I of the electrode impedance was measured at a frequency (100 kllz) such that

electrode polarization effects should dominate the measurements. The present

experiments employed much larger electrodes (with correspondingly smaller
S 

polarization impedances), and higher frequencies than the previous work. We

have found that the frequency-dependent part of the electrode impedance in-

creases tenfold after an Aplysia neuron (but not a barnacle muscle fiber) is pene-

trated; its phase angle is unchanged. If this increase reflected the series im-

pedance of membranes interposed between the microelectrode and the external

ground electrode, we would expect a large change in the phase of the impedance

as well as in its magnitude. Evidently, the physical effects which produce a

complex electrode impedance in the KCI solutions also determine the electrode
impedance when it is inside a cell. A plausible explanation for this impedance

increase is that intracellular membranes adhere to the exposed metal tip, de-
creasing the effective electrode area and correspondingly increasing the total
polarization impedance. This would account for the previous measurements at

100 kHz. Paradoxically, this effect apparently does not occur when the

18
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electrode penetrates a squi d giant axon,3 which also contains many membrane-

bound organelles, as shown by electron micrographs. 14, 15

An alternate measurement of intracellular impedance employs a linear

array of metal microelectrodes. 12 Current pulses (LI) are passed between the 
—

outer two electrodes , and the voltage pulses (t~V) across the central electrodes

measured using a high input impedance amplifier. Although the current pulses

contain most of their energy in the audio frequency region (therefore , the elec-
trode polarization impedances are large), the strict proportionality12 between

the electrolyte resistivity and the transfer impedance of the array, ~V/Ai , sug-

gests that the cellular impedance data are probably not affected by electrode S

polarization artifacts. Since the ionic mobilities in these cells are (from the

present study) within a factor of two equal to those in seawater , the intracellular

impedance values (~~ 400 ohms) measured using th~ elect rode array almost cer-

tainly result from intracellular membranes interposed between the electrodes

in these cells. These membranes, of course, determine the effective resistiv-

ity of the cell body at the audio frequencies at which the cell normally functions. -

The earlier work suggests that this low frequency resistivity can be quite high ,
in spite of high conductivity of the aqueous phase in the cytoplasm. -

-

These results indicate that there is a sign i ficant resistance of some intra- -

cellular membranes . However , by extrapolation to infinite frequency and thus
avoiding the effects of both membranes and polarization impedance , the data -

S 

show that neither water nor ions are bound to an extent greater than most other

tissues. -
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