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ABSTRACT Intracellular potassium activity, (aK)i, and axoplasmic K+ concentration, [K+]i, were measured by means
of K+-selective microelectrodes and atomic absorption spectroscopy, respectively, in squid giant axons dialyzed with
K+-free dialysis solution and bathed in K+-free artificial sea water. (aK)i measurements indicated that axoplasmic free
K+ could be depleted by dialysis, whereas [K+]i measurements on axoplasm extruded from these axons suggest
substantial retention ofK+ (1 5.5 1.7 mmol/kg axoplasm K+; n = 9). In comparison, [K+]i in axoplasm extruded from
freshly dissected axons was 330 + 16 mmol/kg axoplasm (n = 6). These data suggest that -5% of the axoplasmic K+
ions are not easily removed by dialysis and that these ions are either bound to macromolecular sites or sequestered into
membrane-enclosed organelles.

INTRODUCTION

The possible existence of intracellularly bound or seques-
tered ions is a question that may have a strong bearing on
the understanding of membrane excitability and cellular
transport. With the exception of Ca2", it is generally
assumed that ions are free in the cytoplasm. This assump-
tion may not always hold. For example, Hinke (1961) and
Hinke et al. (1973) have shown by Na+-selective micro-
electrodes, whole cell chemical analysis, and radioisotope
diffusion analyses that about one-third of the Na+ ions are
not free in the cytoplasm of the squid giant axon and the
barnacle giant muscle fiber. Current evidence in nerve cells
does not provide clear arguments for intracellularly bound
or sequestered K+ ions. Isotope diffusion measurements by
Hodgkin and Keynes (1953) in Sepia giant axons indicate
that at least 90% of the intracellular K+ ions exist as free
ions. This has been supported by Hinke (1961) in squid
giant axons and by Gilbert (1975) in Myxicola giant
axons.

These studies suggest that only a small fraction of
cytoplasmic K+ may not be free in nerve cells (either
bound to macromolecules or sequestered into membrane-
enclosed organelles). Nevertheless, a small fraction may
play an important role in membrane excitability and ion
transport. For example, Chang (1983) has suggested that
bound K+ may significantly alter the ionic environment at
the internal surface of the plasmalemma. Bound K+ at the
internal surface of the plasmalemma has been suggested
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by Landowne and Scruggs (1979) to account for the
persistence of a K+ current in voltage-clamped squid giant
axons internally perfused with low K+ solutions. The
suggestion of bound K+ in neurons is not unreasonable
because nonhomogeneous distributions of K+ have been
found in other cellular systems (Armstrong and Lee, 1971;
Hinke et al., 1973; Ling and Ochsenfeld, 1973; and
Horowitz et al., 1979).
To determine if a small fraction of K+ was bound or

sequestered in the squid giant axon, internal dialysis was
combined with K+-selective microelectrodes and atomic
absorption spectroscopy. Dialysis with K+-free internal
dialysis solution and continuous superfusion with K+-free
artificial sea water were used to deplete the axoplasm of
free K+. Free K+ depletion was monitored continuously
with K+-selective microelectrodes. Bound K+ was deter-
mined by atomic absorption measurements of total K+ in
axoplasmic samples extruded after the depletion of free
K+.
The results of these experiments suggest that most of the

axoplasmic K+ ions can be rapidly removed but there exists
a small fraction (-5%) of axoplasmic K+ ions that are
either bound to macromolecules or sequestered by mem-
brane-enclosed organelles.

METHODS AND MATERIALS

Materials

Hindmost stellar giant axons were dissected from live squids (Loligo
pealei) obtained from the Marine Biological Laboratory, Woods Hole,
MA, and cleaned of connective tissue under a dissecting microscope.
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Internal Dialysis

The principles and methods of internal dialysis have been described by
Brinley and Mullins (1967). Briefly, the cellulose acetate tubing (a gift
from Dr. J. M. Russell) was made porous over a defined 2.5-cm length by
exposure to a 100-mM KOH solution for -22 h. The porosity of the
dialysis tubing was checked by visually examining its ability to pass

chlorophenol red. The axons were cannulated with the porous dialysis
tubing according to the method of Baker and Carruthers (1981).

K+-Activity Measurements

Calculation of Free Axoplasmic
K+ Concentration

The free axoplasmic K+ concentration, (K+)i, at the termination of
dialysis with K+-free internal dialysis solution and superfusion with
K+-free artificial sea water was calculated according to the relation

(aK)i =YK(K )i (2)

(Robinson and Stokes, 1955) using a value of 0.65 for YK, the activity
coefficient of K+ in the K+-free internal dialysis solution. The value of YK
was calculated from the extended Debye-Hueckel equation (Robinson
and Stokes, 1955)

The axoplasmic K+ activity was measured by means of K'-selective
microelectrodes. The K+-selective microelectrodes were prepared by
silanizing micropipettes pulled from nonfilamented Kwik Fill capillary
tubings (World Precision Instruments, New Haven, CN) to a typical
resistance of 2 M ohms when filled with 3 M KCI. These micropipettes
were placed on a Teflon block and oven dried for at least 1 h at 200°C then
silanized with N-trimethylsilydimethyamine (TMSDMA) (Fluka Chem-
ical Co., Hauppauge, NY) for at least 1 h at 2000C.

Silanized micropipettes were stored for up to 1 wk before use.
K+-selective microelectrodes were made by pressure injection of a 100
mM KCI solution into the lumen of the silanized micropipettes until the
tips were filled. A column of K+ liquid ion-exchanger (Fluka Chemical
Co.) was introduced into the tip by suction.

K+-selective microelectrodes were calibrated before and after an
experiment in 500 mM, 50 mM, 5 mM, and 0.5 mM KCI solutions, in 200
mM KCI + 200 mM NaCl, and in K+-free dialysis solution, and standard
dialysis solution. These microelectrodes were used only if their response
was at least 56 mV for a 10-fold change in K+ activity from 0.5 mM KCI
to 500 mM KCI. The typical selectivity of these microelectrodes for K+
over Na+ determined by the separate solution method (i.e., response to
pure KCI solutions was compared with response in 200 mM KCI + 200
mM NaCl) was 80-100:1. Calibration with standard and K+-free dialysis
solutions was used to compare (aK)i measurements in dialyzed axons with
(aK) values of the dialysis solutions.
A K+-selective microelectrode inserted into an axon measures the sum

of the membrane potential, Em, and the potential due to the intra-axonal
K+ activity, (EK)i, i.e.,

E = (EK)i + Em, (1)

where E is the total intracellular potential measured by the K+-selective
microelectrode. (EK)i, was determined from E by subtracting Em mea-
sured by microelectrodes pulled from filamented Kwik Fill capillary
tubing (World Precision Instruments, Inc.) filled with a 4 M Na for-
mate + 100 mM NaCl solution.
The tip potential of the membrane potential-measuring microelec-

trodes was determined in 500 mM KCI solution, normal artificial sea
water, and K+-free dialysis solution before and after an experiment.
These microelectrodes were used only if their tip potentials did not vary by
>3 mV in the solutions just described. The typical resistance of the
membrane potential-measuring microelectrodes was 2 M ohms.

(aK)i values were calculated from (EK)i values according to the method
of Hinke and McLaughlin (1967) by assuming negligible Na+ interfer-
ence on the K+-selective microelectrode.

For microelectrode calibrations and intra-axonal recordings, both the
K+-selective microelectrode and the membrane potential microelectrode
were referred to a Ag/AgCI pellet (E. W. Wright, Guilford, CN)
connected to the bath solution via a 3 M KCI agar bridge contained in a
piece of PE 50 tubing. The microelectrode potentials were measured with
a FD-223 electrometer (World Precision Instruments, Inc.). The experi-
ments were accepted only if the calibration of both microelectrodes before
and after an experiment were within 3 mV.

log YK = 1 (I) 1/2 + bI
1 + B

(3)

where the values at 200C from Robinson and Stokes (1955) for A, B, and
a are 0.5046, 0.3276, and 3.04, respectively, the value for b at 20°C from
Parsons (1959) is 0.0187, and I is the ionic strength of the K+-free
internal dialysis.

Solutions
The composition of normal artificial sea water was 420 mM NaCl, 10
mM KCI, 20 mM CaCl2, 50 mM MgCl2, 2 mM NaOH, and 2.5 mM
Hepes buffer. The composition of K+-free artificial sea water was 420
mM NaCl, 20 mM CaCl2, 50 mM MgCl2, 4 mM NaOH, and 5 mM
Hepes buffer. The composition of the standard dialysis solution was 380
mM KF, 30mM NaF, 40mM K-phosphate buffer, and 200mM sucrose.
The composition of K+-free dialysis solution was 432 mM NaF, 20 mM
Na-phosphate buffer and 200 mM sucrose. The pH of the artificial sea
waters and the internal dialysis solutions were 7.9 and 7.2, respectively.

Experimental Protocol
All experiments were carried out at room temperature (19-220C). Axons
were cannulated with the dialysis tubing in a Plexiglass chamber such
that the length of axon dialyzed corresponded with the length of axon
superfused with artificial sea water (Fig. 1). The axons were first dialyzed
with standard dialysis solution and superfused with the normal artificial
sea water for at least 30 min before microelectrode recordings were
attempted. When both the K+-selective microelectrode and the mem-

Dialysis
Solution
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6

FIGURE 1 Schematic drawing of a dialyzed squid giant axon superfused
with artificial sea water (ASW) in the experimental chamber. The axon is
ligated at the ends, stretched gently across the experimental chamber, and
cannulated axially with the dialysis tubing. The portion of the axon
dialyzed corresponds with the portion of the axons superfused with
artificial sea water. Microelectrodes used to record (aK)i and Em were
inserted transversely through the axolemma into the axoplasm just
beneath the axolemma. The microelectrodes were separated typically by
-5 mm.
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brane potential measuring microelectrode had recorded stable potentials
for at least 10 min and (EK)i was within 3 mV of EK in the standard
dialysis solution the standard dialysis solution and normal artificial sea
water were replaced simultaneously with K+-free dialysis solution and
K+-free artificial sea water, respectively. The axon was considered to be
depleted of free K+ when (EK)i approached an asymptotic value within 3
mV of EK measured in K+-free dialysis solution. Dialysis was terminated
and the dialysis tubing withdrawn from the axon. The remaining
axoplasm was extruded onto parafilm and transferred to a preweighed
Eppendorf vial for weight determination. The axoplasm was then digested
in 25 ul of concentrated HCI, neutralized with 20 ;1 of concentrated
NH40H and diluted to 5 ml with ultrapure water for total K+ analysis by
means of atomic absorption analysis on a Perkin-Elmer Model 2380
atomic absorption spectrophotometer.

RESULTS

Fig. 2 is a sample of a continuous (EK)i recording in a squid
giant axon. The axon was first dialyzed with standard
dialysis solution and superfused with normal artificial sea
water. At point A the internal dialysis solution was
changed to K+-free dialysis solution and the external
medium was changed to K+-free artificial sea water. The
rapid fall in (EK); illustrates that free K+ was rapidly
removed by internal dialysis and superfusion with K+-free
solutions. The mean (aK)i value when axons were dialyzed
with standard dialysis and superfused with normal artifi-
cial sea water was 278 ± 4.5 mM (mean ± SE; n = 11).
This value is close to the value of (aK) measured in the
standard dialysis solution (271 mM). It should be noted
that interference on the K+-selective microelectrode from
the Na+ in the internal dialysis solution should only cause
an overestimation in (aK)i of -0.2 mM (calculated from
selectivity determined by the separate solutions method).
Thus it was reasonable to assume negligible Na+ interfer-
ence on the K+-selective microelectrode when the axons
are dialyzed with standard dialysis solution and superfused

A

30 mV

15 MIN

FIGURE 2 The intracellular K+ potential, (EK)i, measured by the
K+-selective microelectrode is plotted vs. time. At the start of the
experiment the axon was superfused with normal artificial sea water and
dialyzed with standard internal dialysis solution. A downward change in
(EK)i corresponds to a decrease in (aK)V. At point A the superfusate was
changed to K+-free artificial sea water and the dialysate was changed to
K+-free dialysis solution. At point B dialysis was stopped and the dialysis
tubing was withdrawn.

with normal artificial sea water. The good agreement
between the K+ activity values suggests that internal
dialysis can control the free axoplasmic K+. When the
axon was depleted of free K+ (see Methods for criteria) the
final value of (aK)i was 0.474 ± 0.05 mM (mean ± SE;
n = 1 1). This value of (aK)i is similar to the measured error
in K+ activity produced by the Na+ interference of the
K+-free dialysis solution on the K+-selective microelec-
trode. Thus it seems safe to assume that internal dialysis
and superfusion with K+-free solutions had depleted the
axon of free K+.

TABLE I
VALUES OF (aK)i IN AXONS DIALYZED WITH STANDARD DIALYSIS SOLUTION AND SUPERFUSED WITH NORMAL
ARTIFICIAL SEA WATER, AND VALUES OF (aK), (K+)i, AND [K+]i IN THE SAME AXONS AFTER DLALYSIS WITH

K+-FREE DIALYSIS SOLUTION AND SUPERFUSION WITH K+-FREE ARTIFICIAL SEA WATER

Axon No. (aK)? (aK)i' (K+)!? [K+]s

mM mmol/kg axoplasm
7-2-1 292 0.46 0.71 16.7
7-2-2 279 0.48 0.74
7-14-1 252 0.49 0.75 12.0
7-23-1 294 0.46 0.71 16.3
7-29-1 275 0.47 0.72
7-30-1 283 0.46 0.71 12.2
7-31-1 256 0.48 0.74 24.5
7-31-2 292 0.47 0.72 10.7
8-6-1 291 0.45 0.69 9.4
8-7-1 263 0.50 0.77 20.1
8-8-1 284 0.49 0.75 17.9
mean' 278 ± 4.5 0.474 ± 0.05 0.728 ± 0.007 15.7 ± 1.7

*Values from axons dialyzed with standard dialysis solution and superfused with normal artificial sea water. 5Values at the end of dialysis with K+-free
dialysis solution and superfusion with K+-free artificial sea water. 1Calculated from (aK)i values after dialysis with K+-free dialysis solution and
superfusion with K+-free artificial sea water as described in Methods. IValues are mean ± 1 SE.
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The individual (aK)i values measured during dialysis
with standard dialysis solution and superfusion with nor-
mal artificial sea water and the corresponding individual
(aK)i and [K1]i values measured at the termination of
dialysis with K+-free dialysis solution and superfusion with
K+-free artificial sea water along with the calculated
individual (K+)i values are summarized in Table I. The
mean calculated free K+ concentration, (K+ )i, at the
termination of dialysis, the corresponding mean [K+]i
value measured in axoplasmic samples extruded from these
axons, and the mean measured [K+]i in axoplasmic sam-
ples extruded from freshly dissected axons using atomic
absorption spectroscopy are summarized in Table II for
comparison. The mean calculated (K+ )i at the termination
of dialysis was 0.728 ± 0.007 mM (mean ± SE, n = 11).
In comparison, the mean measured [K+]i for axoplasmic
samples extruded from these axons was 15.7 ± 1.7 mmol/
kg axoplasm (mean ± SE, n = 9). The measured mean
[K+ ]i value for axoplasmic samples extruded from freshly
dissected axons was 330 ± 16 mmol/kg axoplasm
(mean ± SE, n = 6). Comparison of the mean [K+]jvalues
(Table II, columns 2 and 3) suggests that _5% of the
axoplasmic K+ was not removed easily when free K+ was
depleted by dialysis and superfusion with K+-free solu-
tions.

DISCUSSION

This study shows that most of the axoplasmic K+ was
rapidly exchangeable. This study also provides evidence
that -5% of the K+ in the squid giant axon may be bound
and not easily removed by internal dialysis with a K+-free
solution. This is illustrated by comparing the (K+)i and
[K+]i values (Table I) after dialysis with K+-free dialysis
solution and superfusion with K+-free artificial sea water.
The difference between the (K+)i and [K+]i values shows
that the axoplasm can retain bound K+ (almost 16 mmol/
kg axoplasm) even when free K+ had been depleted.
Comparison of the values for [K+]i in axoplasmic samples
extruded from K+-depleted axons and in axoplasmic sam-
ples extruded from freshly dissected axons shows that -5%
of the K+ in the squid axon exists in a bound state. This

TABLE II
COMPARISON OF MEAN VALUES OF (K+)i AND [K+]i
FROM AXONS AFTER DIALYSIS WITH K+-FREE

DIALYSIS SOLUTION AND SUPERFUSION WITH K+-FREE
ARTIFICIAL SEA WATER WITH MEAN VALUES OF [K+]i

FROM FRESHLY DISSECTED AXONS

(K+)!* [K+],* [K+];

mM mmoil/kg axoplasm
0.728 ± 4.5 (11) 15.7 ± 1.7 (9) 330 ± 16 (6)

*Values from axons after dialysis with K+-free dialysis solution and
superfusion with K+-free artificial sea water. 4Values from freshly
dissected axons. All values are mean ± 1 SE. Values in brackets are the
number of determinations.

finding is consistent with the conclusion of Hodgkin and
Keynes (1953) that only a small fraction of the internal K+
may be bound. However, the experiments presented here
provide more direct evidence for the existence of a small
fraction of bound K+. The term "bound" is used very
loosely here because we do not know if this K+ is seques-
tered into membrane-enclosed organelles or bound to
axoplasmic macromolecules by chelation or by binding to
charged sites.
The observation that (aK)i fell rapidly when the axon

was exposed to internal and external K+-free solutions
confirms the [K+]i measurements that most of the internal
K+ must be relatively mobile and easily removed by
dialysis. Evidence that most of the K+ removed was by
diffusion across the dialysis tubing and not across the
axolemma is derived from the recordings ofEm (not shown)
which invariably showed a rapid depolarization when the
normal artificial sea water and standard internal dialysis
solution were replaced simultaneously with K+-free artifi-
cial sea water and K+-free internal dialysis solution,
respectively. In contrast, experiments in which the normal
artificial sea water was replaced by K+-free artificial sea
water without a similar replacement of the internal dialysis
solution invariably showed a hyperpolarization. We calcu-
late that (aK)i fell with a half time of 2-5 min. This is in
good agreement with Brinley and Mullins (1967) for free
exchange of small molecules across a dialysis tubing. It
should be noted that the easy removal of free K+ does not
prove that all of the K+ easily removed by dialysis (95%)
must be thermodynamically free or that our K+ fractions
are directly comparable with K+ fractions measured by
other means such as nuclear magnetic resonance or radio-
isotope diffusion. The results presented can only tell us that
-5% of the K+ in the squid axoplasm has restricted
exchange with the bulk free axoplasmic K+.
The present data cannot determine precisely the site or

the nature of the K+ binding, but we believe that this K+ is
most likely bound to axoplasmic macromolecules. Only
two major membrane-enclosed organelles exist in the squid
giant axon: the endoplasmic reticulum and the mitochon-
dria. Somlyo et al. (1981) have shown by x-ray microana-
lysis that mitochondria do not sequester K+. We are not
aware of any comparable data for the endoplasmic reticu-
lum. However, internal dialysis removes both ATP and
arginine-phosphate from the axon (Baker, 1984), thereby
eliminating K+ sequestration by energy-dependent pro-
cesses (presumably membrane-enclosed organelles) in the
dialyzed squid giant axon.

In conclusion our data show that most of the intra-
axonal K+ ions must be relatively mobile because depletion
of K+ can occur rapidly by diffusion across a dialysis
membrane. Our estimate that 5% of the total intra-axonal
K+ is bound must be regarded as a minimum value because
the depletion of free K+ by dialysis can be expected to
remove a fraction of the bound K+ ions. Further work will
be required to determine the site and nature of the K+
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binding and to establish its possible role in membrane
excitability and ion transport.
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