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Abstract. Neurons from the giant fiber lobe (GFL) of
squidLoligo bleekeriwere dissociated and cultured. The
ionic currents were recorded using whole-cell patch
clamp methods. The sodium current and the noninacti-
vating potassium current like those elicited by the giant
axon were among the currents expressed in axonal bulbs
and bulblike structures upon dissociation. Meanwhile
axonless cell bodies did not elicit such currents. Axon-
less cell bodies and some bulblike structures elicited two
kinds of inactivating potassium currents, the slow- and
the fast-inactivating current, which differed in their in-
activation kinetics and pharmacology. Within 24 hr of
plating, the current composition remained the same.
While the noninactivating current was not sensitive to
4-aminopyridine, the two inactivating currents were sen-
sitive, the slow-inactivating current being more sensitive.
Selective combinations of the sodium current and the
three potassium currents expressed in different structures
of the acutely dissociated GFL could have resulted from
cellular control of synthesis and transportation of the
channel proteins to the somatic and the axonal mem-
brane. The sodium current and the noninactivating po-
tassium current could be recorded from some axonless
cell bodies maintained in culture for over three days,
indicating that the separation of the giant axon from its
somata could result in the transportation of the channels
normally expressed on the giant axon membrane to the
somatic membrane.
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Introduction

Potassium channels have the greatest degree of diversity
among ion channels. Different types of potassium chan-
nels can be found in the same cell, and different cells can
exhibit similar types of potassium channels. Therefore,
this diversity can not be accounted for simply by cell
type (for review,see[28]). Different potassium channels
could stem from different genes, while alternative splic-
ing of the genes also contributes to the diversity (for
review,see[27]). In addition to what is provided by the
potassium channels encoded in the genome, other factors
have also been proposed as enhancing this diversity such
as different levels of expression of a single mRNA [16]
and heteromultimeric assembly of the subunits [4, 17, 18,
24, 29]. Cytoskeleton-destructing agents have also been
found to affect the inactivation characteristics of the po-
tassium currents [20, 21, 22, 23]. The diverse functions
that neurons serve require the availability of channels
with diverse properties as well as the regulation of syn-
thesis, transport and distribution of these channels.

The giant axon of squid is formed by fusion of axons
from hundreds of cell bodies residing in the giant fiber
lobe (GFL) of the stellate ganglion. It is generally be-
lieved that cell bodies in the giant fiber lobe of squid are
the sites where proteins including ion channels are syn-
thesized and packaged. It is also believed that the giant
axon serves as a destination for a subset of these chan-
nels.

Upon dissociation of the GFL cells, structures with
different morphology can be observed as shown in Fig.
1. Axonless cell bodies (cell bodies without processes,
marked as CB) had diameters of 25–50mm which did
not change obviously in culture. Some cells retained part
of their axons (marked as AX). The length of the axons
varied from cell to cell and remained the same in culture.
Lengths from 10 to 200mm have been observed. ThePresent address:Department of Physiology, School of Medicine, Johns

Hopkins University, Baltimore, MD 21205.

Correspondence to:Y. Hanyu

J. Membrane Biol. 152, 25–37 (1996) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1996



end of the axon sealed to form an axonal bulb (marked as
AB) [9]. The axonal bulbs were usually round with di-
ameters about 10mm and grew in size in culture. Iso-
lated bulblike structures (marked as BLS) were also pre-
sent particularly on day 0 and day 1. These structures
usually had diameters of 10–15mm. They were prob-
ably dissociated axonal bulbs or were formed from frag-
ments of axons during preparation. The membrane of
axonal bulbs and that of bulblike structures represents
the membrane in between the giant axon and its cell
bodies.

We report here characterization of the ionic currents
in GFL of L. bleekeri. In contrast to the case of giant
axon where a delayed rectifying current is the only po-
tassium current elicited, three kinds of potassium cur-
rents were recorded from GFL. These three potassium

currents, namely, noninactivating, slow- and fast-
inactivating potassium currents, were distinct in their
biophysical and pharmacological characteristics. These
potassium currents, together with the sodium current,
were present in different combinations in different struc-
tures of the GFL. The currents form a gradient along the
transportation pathway from soma to axon, with slow-
inactivating potassium current elicited in both the so-
matic and proximal axonal membrane, and sodium and
noninactivating potassium current elicited in all the axo-
nal membrane. The current components elicited by the
axonless cell bodies could vary after the cells had been
maintained in primary culture for a few days.

Some of the results reported here have been pre-
sented in abstract form [10].

Materials and Methods

CELL CULTURE

GFL of the stellate ganglion of squid (L. bleekeri) was dissected and the
cell bodies were dissociated and cultured in a manner similar to [9, 19].
The dissection was carried out in circulating oxygenated artificial sea
water (8°C). After dissection, GFLs were treated with nonspecific pro-
tease (5–10 mg/ml, type XIV, Sigma) for 1–1.5 hours at room tem-
perature. The protease was dissolved in ASW, which consisted of (in
mM): 440 NaCl, 5 KCl, 10 CaCl2, 50 MgCl2, 10 HEPES (pH 7.8), and
supplemented with 50 U/ml penicillin G and 0.5 mg/ml streptomycin.
After being rinsed in ASW three times, GFLs were transferred to petri
dishes containing culture medium. The culture medium was consisted
of Leibovitz’s L-15 tissue culture medium (Gibco) and the following
salts to match those in the sea water (in mM): 263 NaCl, 4.64 KCl, 9.05
CaCl2, 49.54 MgCl2 [2, 8, 9]. The culture medium was also supple-
mented by 2 mM L-glutamine, 2 mM HEPES (pH 7.8), 50 U/ml peni-
cillin G, 0.5 mg/ml streptomycin and 6% fetal bovine serum (Gibco).
When only the part of GFL which gave rise to the last giant axon was
dissected, the results obtained were not different from those obtained
when a larger portion of GFL was dissected.

The glass coverslips were washed in acetone and ethanol for 20
min each with sonication. After being coated with 10% Concanavalin
A (Sigma) in distilled water for 20–40 min, the coverslips were washed
four times with distilled water and were then left to dry under UV light
for 20 min.

Cells were dissociated by pipetting 30–50 times in 400ml culture
medium per GFL in an Eppendorf tube, with a pasteur pipette coated
with silicon (Sigmacote, Sigma). Then the medium containing the dis-
sociated cells was transferred onto glass coverslips placed in 35 mm
petri dishes. The dishes were left undisturbed under room temperature
for 1 hr before 2 ml medium was added and the dishes were then placed
in incubator set at 15.5°C. The medium was changed every three days.
Cells could be kept in culture for at least two weeks.

ELECTROPHYSIOLOGICALMEASUREMENTS

Whole-cell patch-clamp techniques were employed to record the ionic
currents from the axonless cell bodies, the axonal bulbs and the
bulblike structures (seeResults). Prior to recording from the axonal
bulb, the axon connecting the axonal bulb and its soma was cut with a
tungsten wire [9]. All experiments were performed at 17°C. The ex-

Fig. 1. GFL, axonless cell bodies, axonal bulbs and bulblike structures.
The picture was taken a few hours after plating. The axonless cell
bodies (marked CB) had diameters ranging between 25 and 50mm.
Some cells retained their axons (marked AX) whose lengths ranged 10
to 200mm. The axonal bulbs (marked AB) at the end of the axons had
diameters about 10mm. The bulblike structures (marked BLS) had
diameters about 10–15mm.
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Fig. 2. The slow-inactivating current. (A) currents were recorded at 17°C from an axonless cell body a few hours after plating. Pulse protocol is
as shown. (B) the inactivating phase of the currentI could be fitted by the formI 4 I0 + I1 e

−t/t, wheret is the inactivation time constant.
Representative points of (I − I 0)/I1 are plotted for traces inA corresponding to 0 (s), 20 (D) and 40 mV (+) in logarithmic scale together with their
corresponding exponential fit shown in solid lines. The inactivation time constants are 73.3, 64.1 and 55.6 msec for 0, 20, and 40 mV respectively.

Fig. 3. Time to reach half maximum current vs. voltage. Plotted are
mean values ±SD, obtained by averaging overN cells. Data shown are
for the slow-inactivating current recorded from axonless cell bodies (s,
N 4 8), the noninactivating current comprising the only outward cur-
rent recorded from some bulblike structures (l, N 4 10), the fast-
inactivating current recorded from some bulblike structures (D,N4 3).
Currents were recorded from GFL within 24 hr of plating at 17°C. The
membrane potential was stepped from holding potential of −80 mV to
the indicated voltages.

Fig. 4. Inactivation time constantsvs. voltage. The currents were re-
corded in the same manner as that in Fig. 3. The inactivating phases of
the currents were then fitted with one or two exponential functions. The
time constants of these exponential functions are plotted. The mean
values of the inactivation time constants, averaged overN cells, to-
gether withSD, are shown for the slow-inactivating current recorded
from axonless cell bodies (s, N 4 8), the fast-inactivating current
recorded from some bulblike structures (D,N4 3) and the components
that inactivated faster (m) and more slowly (d) recorded from some
axonless cell bodies that elicited two inactivating components (N4 3).

27W.-S.D. Griggs et al.: Cultured Giant Fiber Lobe of Squid



ternal solution, unless otherwise noted, consisted of (in mM): 435 NaCl,
10 KCl, 10 CaCl2, 50 MgCl2, 5 glucose, 10 HEPES (pH 7.8). When a
different external K+ concentration was used, NaCl was used as an
equimolar substitute to maintain the ionic strength.

The internal solution in all the experiments contained (in mM):
250 K-glutamate, 25 KF, 20 KCl, 400 sucrose, 10 Na2-EGTA and 10
HEPES (pH 7.8). Patch pipettes used for recording from the axonless
cell bodies had resistance 0.6–0.7MV when filled with the internal
solution. Patch pipettes with resistance of 0.8–0.9MV were used when
recording from the axonal bulbs and the bulblike structures.

Currents were recorded using Axopatch 200A (Axon Instru-
ments). Through TL-1 DMA interface (Axon Instruments), stimula-
tion, data acquisition and analysis were performed using pCLAMP
software (Version 5.1, Axon Instruments). Liquid junction potential
was compensated for prior to seal formation. Series resistance com-
pensation was adjusted to 70–80%. Linear leakage was subtracted us-

ing the -P/4 procedure. Currents were filtered at 1 KHz. The holding
potential was −80 mV in all the experiments.

ABBREVIATIONS

GFL, giant fiber lobe; 4-AP, 4-aminopyridine; 3,4-DAP, 3,4-
diaminopyridine; TEA, tetraethylammonium; ASW, artificial sea wa-
ter; DTX, dendrotoxin; CTX, charybdotoxin; TTX, tetrodotoxin

Fig. 5. Activation and inactivation of the potassium currents. Currents
were recorded from different structures of GFL within 24 hr of plating
at 17°C. The smooth curves are fit to the mean values by Boltzmann
function of the formG/Gmax 4 1/(1 + e(V−V1/2)/k), whereV is the
membrane potential,V1/2 is the voltage at which the conductance
reaches half maximum andk is the slope factor. The conductance was
calculated usingG 4 Ipeak/(V − Ek), whereIpeak is the peak current
corresponding to membrane potentialV andEk is the reversal potential.
Ek are −54 and −50 mV for the slow-inactivating current and the
noninactivating current respectively (seeFig. 6). Conductance as a
function of voltage obtained for each cell was first fit to the Boltzmann
function, normalized with the maximum conductance and finally av-
eraged overN cells. The activation curve of the slow-inactivating cur-
rent (D, N 4 11) has a midpoint of −8.2 mV and a slope of −9.7 mV.
The activation characteristics did not change when no calcium was
included in the external solution (×). The activation curve of the non-
inactivating current (l, N 4 3) is slightly shifted to more positive
voltages, with a midpoint of −5.5 mV and a slope of −10.7 mV. The
steady-state inactivation was examined by stepping the potential to +20
mV after prepulses that last 1 sec with voltages ranging from −80 to
+20 mV. About 20% of the maximum of the peak current was not
inactivated and this amount was subsequently subtracted from the data.
The steady-state inactivation of the slow-inactivating current (m, N 4

5) has a half-inactivation point of −26.9 mV and a slope of 8.1 mV. The
inactivation of the current which inactivated with a faster and a slower
component (s), recorded from an axonless cell body (seeFig. 11A),
deviated from that of the slow-inactivating current at more negative
voltages. The inactivation of the fast-inactivating component (h) could
be fitted by a Boltzmann function with a midpoint of −60.2 mV and a
slope of 4.6 mV.

Fig. 6. Reversal potential as a function of the logarithm of the external
potassium concentration ([K]0). The reversal potential was measured as
the potential corresponding to the zero tail current after the membrane
was first depolarized from holding potential of −80 to +20 mV for 100
msec, followed by pulses of voltages between −90 and −20 mV. The
values of the reversal potentials for the slow-inactivating current (D),
and the noninactivating current that comprised the only outward current
in some bulblike structures (s) are shown. The continuous line is a
straight line fit with slope 25.0 mV, corresponding to 18°C following
Nernst Equation. The dotted curve is a fit Goldman-Hodgkin-Katz
equation withPK:PNa 4 100.

Fig. 7. Dose response to externally applied 4-AP. Currents were re-
corded from axonless cell bodies within 24 hr of plating at 17°C. The
inactivating phases of the currents were comprised mainly of one ex-
ponential component (the slow-inactivating current). The dose response
was measured as the percentage of peak current left after the applica-
tion of 4-AP, at a membrane potential of +10 mV. Four-AP was added
with bath application method. The number by each point indicates the
number of cells over which the mean ± SD was obtained. The 4-AP
concentration is in logarithmic scale.
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Results

IONIC CURRENTS INACUTELY DISSOCIATEDSTRUCTURES
OFGFL

Slow-inactivating Potassium Current

The currents recorded from the acutely dissociated axon-
less cell bodies were comprised mainly of outward cur-
rents and the current composition did not change within
24 hr of plating. No detectable sodium currents were
recorded, as was the case in acutely dissociated GFL
cells ofLoligo opalescensandLolliguncula brevis[2, 8,
9]. Typical current traces are shown in Fig. 2A. The
currents started to activate between −40 and −30 mV and
rose rapidly, reaching half-maximum at 4.6 ± 0.1 msec
(+30 mV) to 6.5 ± 0.4 msec (−20 mV) (N4 8, circles in
Fig. 3), weakly depending on the voltage. The currents
inactivated strongly, leaving 20∼30% of their peak val-
ues at the end of 250 msec depolarization. In Fig. 2B,
representative points from the traces corresponding to 0,
20 and 40 mV in Fig. 2A are plotted in logarithmic scale
together with their corresponding exponential fit shown
in straight lines. As shown in Fig. 2B, the falling phases
could be fitted well by single exponential forms with
offset of the size of 20–30% of the peak values. The
inactivation time constants, ranged from 56.4 ± 2.9 msec
(+30 mV) to 96.7 ± 26.0 msec (−20 mV) (N 4 8, open
circles in Fig. 4), increasing with more negative voltages.

Peak conductance (marked as open triangles) and
steady-state inactivation (marked as filled triangles) as
functions of voltage are shown in Fig. 5. The peak con-
ductance curve could be fitted by a Boltzmann distribu-
tion with half-activation at −8.2 mV and a slope of −9.7
mV. The steady-state inactivation curve could also be
approximated by a Boltzmann distribution having a mid-
point of −26.9 mV and a slope of 8.1 mV.

The reversal potential increased as the external K+

concentration was increased, following Nernst equation
as plotted in Fig. 6 (triangles). The reversal potential
was determined as the potential corresponding to zero

tail current when pulses with voltages between −90 and
−20 mV were applied, after the membrane was first de-
polarized from holding potential of −80 to +20 mV for
100 msec.

The outward current was sensitive to blockage by
externally applied 4-AP. A dose-sensitive curve is
shown in Fig. 7. 4-AP (2 mM) totally blocked the out-
ward current, leaving a small inward current having char-
acteristics similar to the calcium currents found by Llano
and Bookman inLoligo pealei[19]. The selective per-
meability to potassium ions and the sensitivity to 4-AP
established the outward current to be potassium current.

External application of CTX (Alomone Labs, Israel)
up to 300 nM did not block the currents significantly.
Removal of the external calcium ions did not change the
outward current characteristics. Normalized peak con-
ductancevs. voltage, when the calcium ion was not in-
cluded in the external solution, is shown in Fig. 5
(marked as ‘‘x’’). These results show that the outward
potassium current was not calcium-dependent. External
application ofaDTX (Alomone Labs, Israel) up to 300
nM did not block the currents significantly either.

The potassium current elicited by the axonless cell
bodies resembled that found in the cell bodies of the GFL
of L. pealei[19] in its activation and inactivation kinet-
ics, but differed in its 4-AP sensitivity. Compared with
another kind of inactivating potassium current that will
be described later, this current had slower inactivation
time constants and is referred to as the slow-inactivating
potassium current.

This slow-inactivating potassium current also was
elicited in all the axonal bulbs and about 27% of the
bulblike structures, as illustrated in Table 1.

Noninactivating Potassium Current and
Sodium Current

Obvious sodium currents were present in the acutely dis-
sociated bulblike structures, in contrast to the case in the
cell bodies. The sodium currents were totally blocked by
100 nM TTX (Molecular Probes). Current traces re-

Table 1. Currents elicited in different structures of the GFL within 24 hr of plating and the currents elicited by axonless cell bodies after being
maintained in culture for over three days

Potassium currents Sodium current

Slow-inactivating Fast-inactivating Noninactivating

Within 24 hours of plating Axonless cell body all some (∼22%) none none
Axonal bulb all some (∼30%) all all
Bulblike structure some (∼27%) some (∼18%) all all

In culture Axonless cell body all some (∼14%) some (∼86%) some (∼50%)

‘‘all’’ at ‘‘slow-inactivating current’’ and ‘‘axonless cell body’’ means that the slow-inactivating current was present in all the axonless cell bodies
tested.
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corded from a bulblike structure before and after appli-
cation of 100 nM TTX are shown in Fig. 8A andB re-
spectively. The current-voltage relation of the sodium
current is shown in Fig. 8C. The sodium current is simi-
lar to that normally elicited by the giant axon. Axonal
bulbs also elicited sodium current with similar charac-
teristics (data not shown, seeTable 1).

The currents shown in Fig. 9Awere recorded from a
bulblike structure with 100 nM TTX included in the bath
solution to block the sodium currents. The outward cur-

rent started to activate between −30 and −20 mV. It rose
more slowly than the slow-inactivating currents. The
time to reach half maximum current for this current is
shown in Fig. 3 (marked as diamonds). Little inactiva-
tion was observed over 250 msec. To distinguish it from
the transient potassium current, we will refer to it as the
nonactivating current.

Normalized peak conductance of the noninactivating
current as a function of voltage is shown in Fig. 5
(marked as diamonds). It can be fitted with a Boltzmann

Fig. 8. Currents recorded from a bulblike structure. The pulse protocol
for A andB is as shown. (A) Control currents were recorded at 17°C
from a bulblike structure a few hours after plating. (B) Bath application
of 100 nM TTX completely inhibited the sodium currents. (C) Current
vs. voltage for the sodium current resembles that of the sodium current
elicited by the giant axon.
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function with midpoint at −5.5 mV and a slope of −10.7
mV. The activation curve is slightly shifted to more
positive voltages compared with that of the slow-
inactivating current.

The reversal potential, shown in Fig. 6 (circles) was
determined in the same manner as that used for the slow-
inactivating current. It is more positive than that pre-
dicted by the Nernst equation especially at low external
potassium concentration (seeFig. 6), indicating that the
channels are also slightly permeable to the sodium ions,
with PK:PNa 4 100.

Two millimeters of 3,4-DAP (seeFig. 9B) or 4-AP
(data not shown) applied externally did not affect the
noninactivating current. Externally applied 50 mM TEA
inhibited 85% of this noninactivating current (seeFig.
9C). The dependence of the reversal potential on the
external potassium concentration and the sensitivity to
TEA established this noninactivating current to be po-
tassium currents. Similar currents could also be ob-
served from axonal bulbs, after the inhibition of the so-
dium current by 100 nM TTX and the inhibition by 1 mM
4-AP of the current component that resembled the slow-
inactivating current (seeTable 1).

Fast-inactivating Potassium Current

Fast-inactivating Potassium Current in Some Acutely
Dissociated Bulblike Structures.Some bulblike struc-
tures elicited a combination of the sodium current and
the noninactivating potassium current as shown before.
In addition to these currents, a current component that
resembled the slow-inactivating current was coelicited
by some bulblike structures, as is the case for the axonal
bulbs. In other bulblike structures, aside from the so-
dium current and the 4-AP insensitive noninactivating
outward current, there was also a fast-inactivating out-
ward current. Such a case is shown in Fig. 10A. The
external solution contained 100 nM TTX to inhibit the
sodium current. External application of 1 mM 4-AP did
not affect the currents (Fig. 10B), while 5 mM 4-AP
inhibited all the fast-inactivating component, leaving
only the noninactivating component (Fig. 10C). Sub-
traction of the traces in Fig. 10C from those in Fig. 10A,

Fig. 9. The noninactivating current comprising the only outward cur-
rent in a bulblike structure. The currents were recorded from a bulblike
structure a few hours after plating at 17°C. The bath solution contained
100 nM TTX to inhibit the sodium current. The pulse protocol is as
shown. (A) The outward current hardly inactivated over 250 msec. (B)
Bath application of 2 mM 3,4-DAP did not affect the currents. (C) Bath
application of 50 mM TEA inhibited about 85% of the current. When
applied alone, 50 mM TEA had the same effect (data not shown).

Fig. 10. The fast-inactivating current coexisting with the noninactivat-
ing current in a bulblike structure a few hours after plating at 17°C. The
pulse protocol forA–D is as shown. TTX (100 nM) was included in the
bath solution to eliminate the sodium current. (A) total outward cur-
rents. (B) Bath application of 1 mM 4-AP left the currents unaffected.
(C) Bath application of 5 mM 4-AP completely inhibited the fast-
inactivating component, leaving only the noninactivating component.
(D) Subtraction of the corresponding traces ofC from A gives fast-
inactivating, totally inactivating current traces.
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Fig. 11. Current traces eliciting outward currents with inactivating phases fitted by two exponential functions. (A) Currents were recorded at 17°C
from an axonless cell body a few hours after plating. The pulse protocol is as shown. (B) Representative points from traces inA corresponding to
0 (s) and 20 mV (D) are shown together with their corresponding fit by two exponential functions shown in solid curves. Fit to the late time
inactivating phase by one exponential function in also shown in dotted curve. The inactivation time constants, in msec, of the faster and the slower
components are 6.5 and 68.3; 9.8 and 65.0 respectively for 0 mV, 20 mV.

Fig. 12. Total currents recorded at 17°C from an
axonless cell body maintained in culture for 9 days.
The pulse protocol is as shown. (A) control currents.
(B) bath application of 3 mM 4-AP left a component
that did not inactivate. While all the outward current
that was recorded from axonless cell bodies within
24 hr of plating could be totally inhibited by 3 mM
4-AP, the 4-AP insensitive, noninactivating current
could develop in soma kept in culture.
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as shown in Fig. 10D, gives fast-inactivating, totally in-
activating currents. The time to reach half maximum of
these fast-inactivating current was close to that of the
slow-inactivating current, being 5.3 ± 0.2 msec (+30
mV) to 7.1 ± 0.8 msec (−10 mV) (N 4 2, triangles in
Fig. 3). The inactivation time constants of these fast-
inactivating components were in the range of 9.4 ± 3.5
msec (+30 mV) to 19.4 ± 6.9 msec (−10 mV) (N 4 4,
open triangles in Fig. 4). Compared with the slow-
inactivating current elicited by the axonless cell bodies,
the fast-inactivating current has smaller inactivation time
constants and was less sensitive to inhibition by 4-AP.

Fast-inactivating Potassium Current in Some Acutely
Dissociated Axonless Cell Bodies.In some axonless cell
bodies, current traces like those shown in Fig. 11A were
recorded. The dominant component of the falling phase
was like the slow-inactivating current. There was an ad-
ditional inactivating phase that inactivated faster with
time constants in the range of 10.4 ± 1.5 (−10 mV) to
12.9 ± 3.1 msec (+30 mV) (N4 3, filled triangles in Fig.
4). Figure 11B shows representative points from traces
corresponding to 0, and 20 mV in Fig. 11A together with
fit by superposition of two exponential functions shown
in solid curves. Fit of the slower component by one ex-
ponential function is shown in dotted curve. While the
long-time behavior could be well approximated by one
exponential function, the short-time behavior needs an
additional exponential function with faster inactivation
time constant. The inactivation time constants of the
component that inactivated more slowly were 54.1 ± 0.5
msec (+30 mV) to 105.9 ± 15.9 msec (−10 mV) (N4 3,
filled circles in Fig. 4), larger for more negative voltages.
These values agreed with those of the slow-inactivating

current that was elicited as the only outward current
component in the axonless cell bodies described previ-
ously (seeFig. 4). The inactivation time constants of the
component that inactivated faster did not depend on the
voltage significantly and their values agreed with those
of the fast-inactivating current elicited by the bulblike
structures (seeFig. 4).

The component that inactivated more slowly could
be mostly inhibited by 1 mM 4-AP like the slow-
inactivating current (data not shown). The component
that inactivated faster was less sensitive to 4-AP, similar
to the fast-inactivating current in some bulblike struc-
tures. The slower and the faster components will also be
referred to respectively as the slow- and the fast-
inactivating current.

The steady-state inactivation curve is shown in Fig.
5 (open circles) for the same cell that exhibited current
traces in Fig. 11A. The curve deviates from that of the
slow-inactivating current at lower voltages, indicating
that the inactivation curve of the fast-inactivating current
is shifted to more negative voltages. The inactivation of
the fast-inactivating component can be obtained by sub-
tracting the inactivation of the slow-inactivating compo-
nent (which is about 72.1% in this case) from the total
inactivation. The result is shown as empty squares. It
can be fitted well by a Boltzmann distribution with half
inactivation at −60.2 mV and a slope factor of 4.6 mV.

DEVELOPMENT OF IONIC CURRENTS INAXONLESSCELL
BODIES MAINTAINED IN CULTURE

The current composition did not vary in some cells up to
day 9 in culture, while other cells exhibited a range of

Table 2. Comparison of the kinetic properties and 4-AP sensitivity of the three potassium currents from GFL and the delayed rectifying potassium
current from the giant axon

Kinetic properties 4-AP needed
for total
current
blockage

Time to reach half
maximum current
(msec)

Inactivation
time constants
(msec)

Half
activation
(mV)

Half
inactivation
(mV)

Potassium Slow-inactivating current 4.6 ± 0.1 (30 mV)/ 56.4 ± 2.9 (30 mV)/ −8.2 −26.9 2 mM

currents 5.7 ± 0.3 (−10 mV) 96.7 ± 26 (20 mV)
from GFL (N 4 8) (N 4 8)

Fast inactivating current 5.3 ± 0.2 (30 mV)/ 9.4 ± 3.5 (30 mV)/ ND −60.2 5 mM
7.1 ± 0.8 (−10 mV) 19.4 ± 6.9 (−20 mV)
(N 4 3) (N 4 3)

Noninactivating current 8.9 ± 1.2 (30 mV)/ −5.5 not sensitive
24.6 ± 6.5 (−10 mV) up to 5 mM
(N 4 10)

Delayed rectifying potassium submillisecondsb 770 msec and 0b −55 [3] 100mMb

current from giant axona 4.15 sec [3]

ND, not determined.
a Kinetic numbers were corrected for temperature at 17°C.
b These numbers were obtained from the giant axon ofLoligo bleekeriby M. Ichikawa (personal communication).
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behaviors. The difference did not seem to stem from the
preparation since cells in the same culture dish could
exhibit different behaviors.

In some axonless cell bodies, sodium currents were
recorded after day 3 in culture (data not shown) as re-
ported in cultured GFL cell bodies ofL. opalescensand
L. brevis[2, 8, 9]. In the case of the outward potassium
current, the 4-AP insensitive, noninactivating current
also developed in some axonless cell bodies (seeFig.
12A andB).

The appearance of the sodium current and the non-
inactivating potassium current in the axonless cell bodies
does not seem to be caused by contamination from pos-
sible retraction of the axonal bulbs into the soma which
could happen in the first few days in culture [9]. These
new currents in soma in later days have larger amplitudes
than those in bulbs in the first 0 to 2 days. Brismar and
Gilly [2] cultured the dissociated cells from GFL ofL.
opalescensandL. brevisin actinomycin, an mRNA syn-
thesis inhibitor, and found that the sodium currents,
which first appeared from probable insertion of the al-
ready synthesized channels, disappeared on the time
scale of 1.2 days. The lifetime of the sodium channels
was estimated to be at most 1.2 days, taking into account
that the mRNA also has a lifetime. If this is also the case
for the sodium currents and the potassium currents in the
GFL of L. bleekeri,then the new currents recorded in

cells kept in culture for over 8 days are more likely to
have come from insertion of the channels newly synthe-
sized by the cells maintained in culture.

Conclusions and Discussion

Ionic currents through the voltage-dependent ion chan-
nels were recognized by Hodgkin and Huxley to play a
central role in the electrical excitability of the membrane
of squid giant axon [13, 14, 15]. These currents in squid
giant axon have since been extensively characterized
(see[12]). The sodium current functions to generate the
rapid rising phase of the action potential. The potassium
current which is activated with a delay upon membrane
depolarization flows through so-named delayed rectify-
ing potassium channels. This delayed rectifying current
has been found to be ubiquitously distributed and respon-
sible for repolarizing the membrane (see[12]). Although
the potassium current in Hodgkin and Huxley’s descrip-
tion does not inactivate, later studies with prolonged de-
polarizing pulses revealed slow inactivation with two
time constants on the order of seconds and tens of sec-
onds respectively (see[3]). This current is sensitive to
the blockage by external 4-AP and 3,4-DAP and internal
TEA, but not sensitive to blockage by up to 100 mM TEA
applied externally (for review,see[28]).

Table 3. Kinetic and pharmacological properties of the D current (ID) and theA current (IA) that coexist in rat hippocampal neurons [30], embryonic
rat hippocampal neurons [7], embryonic mouse hippocampal neurons [31] and GFL

Kinetic properties

Rising
kinetics

Half
activation
voltage(mV)

Half
inactivation
voltage(mV)

Inactivation
time constants

Voltage dependence of
inactivation time
constants

ID IA ID IA ID IA ID IA ID IA

Rat hippocampal neurons rapid rapidNA NA -88 -60 <seconds <50msecNA NA

Embryonic rat
hippocampal neurons

fast fast ∼5b -19 -61 -81 500msec and
3.5sec

∼10msec not
dependent

slightly more
rapid at more
positive
voltages

Embryonic mouse
hippocampal neurons

fasta fasta 0 -17 -22 -81 200msec(+40mV)∼
7sec(-40mV)
and slower
component

20∼25
msec

more rapid at
more positive
voltages

not
dependent

GFL 4.6∼
6.5
msec

5.3∼
7.1
msec

-8.2 NA -27 -60 56.4(+30mV)∼
96.7msec(-20mV)
and slower
component

9∼19
msec

more rapid at
more positive
voltages

not
dependent

The slow transient current in embryonic rat hippocampal neurons categorized asID here is denoted asIT,slow in [7]. The slow- and fast-decaying
currents in GFL are denoted asID and IA respectively in this table.
a determined from the current traces in [31].
b determined from Fig. 3 in [7]. The activation curve forID was not described by the Boltzmann function. The half activation voltage is determined
as the voltage at which the conductance reaches half of that at +30 mV.
c NA not available.
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GFL of L. pealeiwas cultured successfully by Llano
and Bookman [19]. The currents recorded from acutely
dissociated cells were comprised mostly of outward po-
tassium current. When a few tens of milliseconds of de-
polarization pulses were applied, this potassium current
resembled that in the giant axon in its voltage depen-
dence of the activation and the time to reach half maxi-
mum current. Longer depolarization pulses lasting 250
msec revealed strong inactivation, leaving 35–40% of the
peak values at the end of the pulses. The inactivation
time constants at 10–12°C were 80–100 msec. These
potassium currents were insensitive to 4-AP or TEA ap-
plied externally and could be blocked by internally ap-
plied TEA. The inward current, sometimes a small frac-
tion of which was sodium current, was mainly carried by
calcium ions.

It has been known that while the giant axon mem-
brane has a high density of voltage-dependent sodium
channels which contributes to its electrical excitability,
the cell bodies of the giant axon in GFL, where probably
most of the functional sodium channels of the giant axon
are synthesized, is not excitablein vivo [25]. Ionic cur-
rents, in particular the sodium currents have been studied
in cultured GFL ofL. opalescensandL. brevis[2, 8, 9].
The synthesis and transportation of the sodium channels
have been examined. These studies showed that while
sodium channels were preferentially expressed in the
axonal membrane in culture, sodium currents indistin-
guishable from those in giant axon did develop in somata
that were kept in culture. Cytoskeleton seems to be in-
volved in the transportation of the newly synthesized
sodium channels to the somatic membrane [2]. These
results indicate that GFL neurons maintained in primary

culture are capable of synthesizing and inserting func-
tional sodium channels into the somatic and the axonal
membrane, with a preference for the axonal membrane.

We reported here the identification and isolation of
three kinds of biophysically and pharmacologically dis-
tinct voltage-dependent potassium currents from acutely
dissociated GFL. The main kinetic and pharmacological
properties of these three potassium currents are com-
pared with the delayed rectifying potassium current from
the giant axon in Table 2.

The two inactivating potassium currents identified
here had characteristics that are usually associated with
A currents [5, 11, 26]. These two currents activated and
inactivated faster and were more sensitive to 4-AP, com-
pared with the noninactivating potassium current which
resembled the delayed rectifying potassium current in
squid giant axon [13, 14, 15]. The currents that have
been generally categorized as A currents show a wide
range of diversity in their inactivation time constants and
their 4-AP sensitivity (for review,see[1, 6, 28]). Re-
cently, currents with slower inactivation and enhanced
4-AP sensitivity, which had been previously categorized
as A-current variants, have been identified in several
types of cells to coexist with A currents. These currents
are sometimes called D currents (see,[7, 30, 31]). The
voltage dependence of the inactivation time constants of
the slow- and the fast-inactivating current in GFL is re-
spectively similar to that of the D and A current in cul-
tured embryonic mouse hippocampal neurons [31], while
different from that of the slower and the faster compo-
nent in cultured embryonic rat hippocampal neurons [7].
In GFL, the inactivation curve of the A current is shifted
to more negative voltage compared with that of the D
current, as is also the case in cultured embryonic mouse
hippocampal neurons [31] and cultured embryonic rat
neurons [7]. By comparison, in rat hippocampal neurons
the half-inactivation of the A current was about 20 mV
more positive than that of the D current [30]. The dif-
ferential sensitivity to 4-AP of the slow- and the fast-
inactivating currents in GFL was comparable to that in
the rat [30] and the embryonic mouse [31] hippocampal
neurons. While the D current in embryonic mouse hip-
pocampal neurons was preferentially blocked by 1 mM

DTX [31], up to 300 nM aDTX did not have significant
effect on the slow-inactivating component in GFL, nor
did DTX up to 600 nM on the slower component in
embryonic rat hippocampal neurons [7]. The slow- and
the fast-inactivating currents have distinct properties and
are D- and A-currentlike respectively. A detailed com-
parison of these properties is presented in Table 3.

Although the noninactivating current resembled the
delayed rectifying potassium current in squid giant axon
[13, 14, 15] in terms of its inactivation properties, their
detailed kinetic and pharmacological properties were dif-
ferent. Both currents rise upon membrane depolarization
in a voltage-dependent manner, more slowly with more

Table 3. (Continued)

Pharmacological properties

Amount of 4-AP for
complete blockage

DTX sensitivity

ID IA ID IA

30mM 1∼5mM NA NA

depressed by
50mM, cannot be
totally blocked
by 2mM

>10mM NA insensitive
(600 nM)

100mM 2∼3mM 1mM >1∼2mM

2mM 5 mM insensitive
(300 nM)

NAc
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negative voltages. The noninactivating current here is in
general slower, reaching half-maximum at 8.9 ± 1.2
msec (+30 mV) to 24.6 ± 6.5 msec (−10 mV) (N 4 10,
diamonds in Fig. 3) instead of submilliseconds in the
case of the delayed rectifying current in the giant axon.
Externally applied 2 mM 3,4-DAP (seeFig. 9B) or 4-AP
(data not shown) left the noninactivating current in GFL
unaffected, while the delayed rectifying current in the
giant axon can be completely inhibited under the same
conditions. While up to 100 mM TEA applied externally
does not block the delayed rectifying current in the giant
axon, about 85% of this noninactivating current in GFL
could be inhibited with 50 mM TEA when applied ex-
ternally.

The offset in the exponential function to fit the in-
activating phase of the slow-inactivating current does not
seem to come from a noninactivating current, at least not
the kind that is similar to that elicited by the axonal bulbs
or the bulblike structures. This is because the external
application of 2 mM 4-AP totally inhibited the slow-
inactivating current, including this offset component,
while the noninactivating current was not sensitive to
external application of up to 5 mM 4-AP. Examination of
the currents recorded with longer depolarization (data
not shown) shows that the offset at the end of 1 sec
further decreases 20–35% compared with that at 250
msec, indicating the probable presence of another slower
component with time constants on the order of seconds.
D currents in embryonic rat hippocampal neurons also
inactivate with two time constants, in the order of 500
msec and 3.4 sec respectively [7]. Such an additional
slower component in the D current was also suggested in
the embryonic mouse hippocampal neurons [31].

The three potassium currents together with the so-
dium current appeared in different combinations in the
axonless cell bodies, the axonal bulbs and the bulblike
structures upon their dissociation. The current composi-
tion, as illustrated in Table 1, did not change within 24 hr
of plating. In axonless cell bodies, the dominant current
was a slow-inactivating potassium current. Aside from
the sodium current, a noninactivating outward current
was found to be the only potassium current in some
bulblike structures. Some bulblike structures elicited a
fast-inactivating potassium current in addition to the
noninactivating potassium current and the sodium cur-
rent. Similar fast-inactivating current could also be re-
corded, together with the dominant slow-inactivating
current, from some axonless cell bodies, some axonal
bulbs and some bulblike structures.

The axonless cell bodies maintained in culture for
over three days could elicit currents that were not elicited
upon dissociation, specifically, the sodium current and
the noninactivating, 4-AP insensitive potassium current.
The current composition in axonless cell bodies main-
tained in culture for over 3 days is also illustrated in
Table 1.

Our results show that a selective combination of
different channel functions was expressed in each of the
axonless cell body, axonal bulb and bulblike structure in
GFL and that this selectivity could vary in time. The
potassium currents of the types that were recorded upon
dissociation were also present in cells maintained in cul-
ture for up to 9 days. Moreover, the types of currents
that were present in axonal membrane and not present in
soma upon dissociation could develop in soma main-
tained in culture. These facts suggest that the cells main-
tained in culture are capable of synthesizing all types of
currents observed in GFL and are probably the main
source of the corresponding channels on the membrane
of the axonal bulbs, the bulblike structures and the giant
axon. While a combination of all the currents can be
recorded from membrane of the axonal bulbs which re-
side in between the soma and the giant axon, the giant
axon and its soma elicit different currents. Currents
similar to the sodium and delayed rectifying potassium
current of the giant axon are also elicited by the axonal
membrane of the axonal bulbs and bulblike structures,
while the somatic membrane does not elicit these cur-
rents. The slow-inactivating potassium current, which is
the main current expressed on the somatic membrane, is
also elicited in the proximal axonal membrane (axonal
bulbs), while not in giant axon.

When GFL is maintained in culture, the giant axon,
which servesin vivo as the destination of the newly
synthesized proteins, is absent. As a result, while main-
tained in culture, the somata start to express some of the
channel functions that are not expressed immediately
upon dissociation. A similar situation has been reported
for the sodium channels in cultured GFL ofL. opalescens
[9]. The axonal bulb has well-defined morphology and
can be separated from its soma without disrupting its
functions. Its properties can be recorded separately
along with those of its soma [9]. GFL together with the
giant axon provide an advantageous system for studying
channel synthesis and distribution in the somatic, the
proximal (the axonal bulb) and the distal (the giant axon)
axonal membrane.
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