
Brain (1999),122,2057–2066

Potassium current suppression in patients with
peripheral nerve hyperexcitability
Tatsui Nagado,1 Kimiyoshi Arimura,1 Yoshito Sonoda,1 Asutsugu Kurono,1 Yasushi Horikiri,2

Asako Kameyama,3 Masaki Kameyama,3 Olaf Pongs4 and Mitsuhiro Osame1

1Third Department of Internal Medicine,2Department of Correspondence to: Dr Tatsui Nagado, Third Department
Neuropsychiatry and3Second Department of Physiology, of Internal Medicine, Kagoshima University School of
Kagoshima University School of Medicine, Kagoshima, Medicine, 8-35-1 Sakuragaoka, Kagoshima 890-8520,
Japan and4Zentrum fu¨r Molekulare Neurobiologie, Japan
Universität Hamburg, Germany

Summary
Acquired neuromyotonia (Isaac’s syndrome) is considered excitability, also occur in various neurological disorders

such as Guillain–Barré syndrome and idiopathicto be an autoimmune disease, and the pathomechanism
of nerve hyperexcitability in this syndrome is correlated generalized myokymia without pseudomyotonia. Immuno-

globulins from patients with these diseases suppressedwith anti-voltage-gated KF channel (VGKC) antibodies.
The patch-clamp technique was used to investigate the KF but not NaF currents. In addition, in hKv 1.1- and

1.6-transfected CHO (Chinese hamster ovary)-K1 cells,effects of immunoglobulins from acquired neuromyotonia
patients on VGKCs and voltage-gated NaF channels in a the expressed VGKCs were suppressed by sera from

acquired neuromyotonia patients without a change inhuman neuroblastoma cell line (NB-1). KF currents were
suppressed in cells that had been co-cultured with gating kinetics. Our findings indicate that nerve

hyperexcitability is mainly associated with the suppressionacquired neuromyotonia patients’ immunoglobulin for 3
days but not for 1 day. The activation and inactivation of voltage-gated KF currents with no change in gating

kinetics, and that this suppression occurs not only inkinetics of the outward KF currents were not altered by
these immunoglobulins, nor did the immunoglobulins acquired neuromyotonia but also in Guillain–Barre´

syndrome and idiopathic generalized myokymia withoutsignificantly affect the NaF currents. Myokymia or
myokymic discharges, with peripheral nerve hyper- pseudomyotonia.

Keywords: acquired neuromyotonia; voltage-gated K1 channel; hKv 1.1 and 1.6; K1 current suppression; whole-cell
patch-clamp

Abbreviations: CIDP 5 chronic inflammatory demyelinating polyradicuroneuropathy; IGM5 idiopathic generalized
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Introduction
Acquired neuromyotonia (Isaacs’ syndrome) is characterized described as an autoimmune disorder because anti-voltage-

gated K1 channel (VGKC) antibodies, which are closelyby the presence of spontaneous and continuous muscle fibre
activity (Isaacset al., 1961). Patients have characteristic associated with the pathomechanism of this disorder, are

present in sera from acquired neuromyotonia patients whosesymptoms of nerve hyperexcitability such as (i) pseudomy-
otonia (slow relaxation) induced by muscle contraction, (ii) symptoms respond to immunotherapy (Newsom-Daviset al.,

1993; Shillito et al., 1995; Watanabeet al., 1995; Arimuraincreased cramping and (iii) excessive sweating (Kimura
et al., 1983). The abnormal activity in acquired neuromy- et al., 1997; Hartet al., 1997). Results of previous electro-

physiological studies suggest that sera from these patientsotonia is characterized electromyographically by doublet,
triplet or single motor unit discharges that have a high suppress voltage-gated outward K1 currents in PC-12 cells

(Sonodaet al., 1996) and induce repetitive firing of actionintraburst frequency (40–200/s) (Newsom-Daviset al., 1993).
These discharges are thought to originate from terminal potentials in rat dorsal root ganglion cells (Shillitoet al.,

1995). In terms of electrophysiology, the spontaneous firingarborizations of the motor axons (Newsom-Daviset al.,
1993). In recent reports, acquired neuromyotonia has been that originates in the peripheral nerves may be caused by
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VGKC inhibition and the stimulation of voltage-gated Na1 patient 2, a 44-year-old woman; patient 3, a 35-year-old man;
channels; e.g. prolongation of the open time of the voltage-patient 4, an 18-year-old girl), two patients with Guillain–
gated Na1 channels in ciguatera intoxication (Cameronet al., Barré syndrome (patient 5, a 13-year-old girl; patient 6,
1991a, b; Gutmannet al., 1996). We have studied previously a 31-year-old man) and two patients with IGM without
the involvement of voltage-gated K1 currents in acquired pseudomyotonia (all IGM with the exception of acquired
neuromyotonia patients (Sonodaet al., 1996), but that of neuromyotonia: patient 7, a 43-year-old man; patient 8, a
voltage-gated Na1 currents has not been investigated. 71-year-old man). The diagnosis of acquired neuromyotonia

Symptoms of peripheral nerve hyperexcitability, such aswas based on the clinical criteria reported by Kimura (1983)
muscle cramp with spontaneous motor unit activities and[(i) pseudomyotonia (slow relaxation), (ii) increased cramping
myokymic discharges, are characteristic not only of acquiredand (iii) excessive sweating] and on the EMG criterion of
neuromyotonia but of a wide range of peripheral neuropathiesNewsom-Davis that it is characterized by doublet, triplet or
(Auger et al., 1984; Jamiesonet al., 1994). Jamieson and multiplet single motor unit discharges that have a high
colleagues defined idiopathic generalized myokymia (IGM) as(40–200/s) intraburst frequency (Newsom-Davis, 1993).
a clinical syndrome accompanied by generalized continuousThese abnormal discharges include myokymic and neuro-
motor unit activities or myokymia and having no apparentmyotonic discharges defined by the AAEE (American Associ-
aetiology (Jamiesonet al., 1994). IGM has been proposed ation of Electromyography and Electrodiagnosis) Glossary
as the generic name for all disorders with continuous motorof terms in Clinical Electromyography. The diagnosis of
unit activity, including acquired neuromyotonia and thoseIGM was based on the criteria of Jamieson (1994): clinical
with muscle cramp and myokymia without the charac-syndromes accompanied by generalized continuous motor
teristic symptoms of acquired neuromyotonia (abnormalunit activities or myokymia and having no apparent aetiology.
sweating, pseudomyotonia), e.g. myokymia–cramp syndromeThe patients’ clinical features are given in Table 1. Control
(Jamiesonet al., 1994). Transient myokymic discharges alsoimmunoglobulins were obtained from four healthy volunteers
occur during the early stage of Guillain–Barre´ syndrome (a 27- and a 30-year-old woman and a 32- and a 55-year-
(Mateeret al., 1983). We found that serum from a Guillain– old man), a patient with myasthenia gravis (a 70-year-old
Barré syndrome patient suppressed the K1 currents in woman), a patient with Lambert–Eaton myasthenic syndrome
PC-12 cells (Kuronoet al., 1995). (LEMS) (a 61-year-old man) and a patient with chronic

In the study reported here, we used the patch-clamp methodinflammatory demyelinating polyradicuroneuropathy (CIDP)
to answer the following questions. (i) Do immunoglobulins (a 48-year-old man). Informed consent was obtained from
from acquired neuromyotonia patients affect K1 currents in all the patients and participants.
a human neuroblastoma cell line (NB-1) which needs no Immunoglobulins were isolated from the sera of patients
neurotrophic factor for the expression of ion channels? Ourand healthy participants by the 2-ethoxy-6,9 diaminoacridine-
previous findings for the PC-12 cell line, which needs nervelactate (acrinol) method. Each sample was mixed with 0.4%
growth factor (NGF) for the expression of ion channels, didacrinol 1 : 5 then centrifuged at 20 000g for 60 min at 4°C.
not exclude possible effects of the patients’ sera on the actionThe supernatant was applied to a desalting column (HiTrapTM

of NGF, which affects the expression of VGKCs. (ii) Do desalting column, Pharmacia Biotech, Uppsala, Sweden) pre-
immunoglobulins from patients with acquired neuromyotoniaequilibrated with buffer (0.015 M sodium borate and 0.15 M
affect Na1 currents? (iii) Do immunoglobulins from acquired NaCl, pH 8.5). The eluted solution was monitored in a
neuromyotonia patients alter the kinetics of K1 currents? spectrophotometer at 280 nm, and the peak fractions were
(iv) Do immunoglobulins from IGM without pseudomyotonia

collected for further study.
(all IGM with the exception of acquired neuromyotonia) and
Guillain–Barré syndrome patients suppress K1 currents?
(v) Do sera from acquired neuromyotonia patients affect thePreparation of cells for recording
hKv (human voltage-gated K1 channel) 1 family expressed in

NB-1 cells (Miyakeet al., 1975) obtained from the HealthCHO (Chinese hamster ovary)-K1 cells? Hart and colleagues
Science Research Resources Bank (HSRRB, Osaka, Japan)detected autoantibodies to the hKv 1 family expressed in
were cultured at 37°C in 95% air and 5% CO2 in standardXenopusoocytes in acquired neuromyotonia patients (Hart
medium containing 80% MEM (Pharmacia Biotech, Uppsala,et al., 1997). We therefore examined the electrophysiological
Sweden), 10% FBS (foetal bovine serum), 10% horse serum,effects of patients’ sera on hKv 1.1 and 1.6 expressed in
100 U/ml penicillin, 50 µg/ml streptomycin and 25 mMCHO-K1 cells. The answers to these questions should help
HEPES (N-[2-hydroxyethyl]piperazine-N9-2-ethanesulphonicto clarify the pathomechanisms of disorders characterized by
acid) (all from Gibco BRL, Rockville, Md, USA) on poly-peripheral nerve hyperexcitability.
L-lysine-coated 100 mm culture dishes (Iwaki, Funabashi,
Japan). The medium was adjusted to pH 7.4 with NaOH and

Material and methods changed every 2 or 3 days, and cells were passaged weekly.
To study the effect of the patients’ immunoglobulins on thePatients
electrical properties of NB-1, we cultured the cells withImmunoglobulins were obtained from four patients with

acquired neuromyotonia (patient 1, an 82-year-old man; 5µg/ml of the immunoglobulins from the patients or healthy



K1 currents in nerve hyperexcitability 2059

Table 1 Clinical features and electromyographic findings

Case Diagnosis Age, sex Visible Cramp Pseudo- Hyper- Weakness Sensory Needle EMG
myokymia myotonia hydrosis disturbance

1 ANM 82, M 2 1 1 2 2 1 Neuromyotonic
discharges,
myokymic
discharges

2 ANM 44, F 1 1 1 1 2 2 Neuromyotonic
discharges,
myokymic
discharges

3 ANM 35 M 2 2 1 1 2 1 Myokymic
discharges

4 ANM 18, F 1 1 1 2 2 2 Myokymic
discharges

5 GBS 13 F 2 2 2 2 1 1 Not examined
6 GBS 31 M 2 1 2 2 1 2 Not examined
7 IGM 43 M 2 1 2 2 2 2 Neuromyotonic

discharges,
myokymic
discharges

8 IGM 71 M 1 2 2 2 2 1 Neuromyotonic
discharges

ANM 5 acquired neuromyotonia; GBS5 Guillain–Barrésyndrome; IGM5 idiopathic generalized myokymia. The characteristic
features of the neuromyotonic and myokymic discharges were defined according to the definition by American Association of
Electromyography and Electrodiagnosis (AAEE) Glossary of Terms in Clinical Electromyography.

controls for 1 or 3 days. At concentrationsù5 µg/ml square pulses (300 ms duration) between –140 and160 mV
(20 mV step) were applied at 15 s intervals. Because thethere were frequent signs of cell damage; therefore, this

concentration was used in all experiments. All the experiments waveform of the elicited current in most NB-1 cells showed
decay (Fig. 2A), the peak current and the steady-state currentwere performed at 326 2°C.

CHO-K1 cells from HSRRB were cultured at 37°C in (current at the end of the pulse) during the command pulse
were both evaluated. Because the waveform of the elicited95% air and 5% CO2 in MEM Alpha medium (Nikken

BioMedical Laboratory, Kyoto, Japan) supplemented with K1 current in transfected CHO-K1 cells showed scarcely
any decay, only the peak current was evaluated. For Na15% FBS, 5% horse serum, 100 U/ml penicillin and 25 mM

HEPES, on 100 mm polystyrene dishes (Iwaki, Funabashi, current recording, NB-1 cells were held at the same holding
potential, and square pulses (30 ms duration) between –100Japan). cDNA (complementary DNA) for the VGKCα-

subunit of human Kv 1.1 and 1.6 (KCNA1 and KCNA6) and 0 mV (20 mV steps) were applied at the intervals used
in the K1 current recording, after which the inward peakwere prepared as reported by O. Pongs (Universita¨t Hamburg)

(Grupeet al., 1990). Cells were split and plated at 23 105 currents were evaluated. The linear leak current fraction was
calculated by the least-squares method from currents obtainedcells in 35 mm culture dishes 24 h before transfection, and

transfected with plasmid DNA (2µg/ml) encoding hKv 1.1 at test potentials of –100, –80 and –60 mV. The membrane
capacitance (Cm) of each cell was calculated by measuringor 1.6 using DMRIE-C Reagent (Gibco BRL). Enhanced

green fluorescent protein was coexpressed with the channel the charge transfer during the initial capacitative surge (Q)
elicited by a 10 mV depolarizing pulse at theVhold of –80subunits in order to identify the cells for voltage-clamp

analysis. After 5–6 h of exposure, the cells were washed once mV, using the equationQ 5 Cm 3 V. Taking into account
that the membrane capacitance reflects the membrane area,then incubated for 3 days with growth medium containing 2%

serum from the patients or controls. Whole-cell recordings the ion current was normalized using the equation:
showed typical hKv 1.1 or 1.6 currents in 100% of the cells

ion current density (pA/pF)5expressing enhanced green fluorescent protein. Control cells
(measured current – leak current)/Cm(non-transfected or non-fluorescing cells) did not show

these currents.

Statistics
The F test was used to examine whether the data had aPatch-clamp recording

Ion current recordings were carried out as described previ- Gaussian distribution. If theP value in theF test was.0.05
the data were analysed using Student’st test, otherwise aously (Sonodaet al., 1996). In K1 current recording, cells

were held at the holding potential (Vhold) of –80 mV, and non-parametric test (the Mann–WhitneyU test) was used.
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al.Table 2 Electrical properties, K1 current and Na1 current in NB-1 cells

RPM (mV) Capacitance (pF) Measured K1 current (pA) Measured Na1 K1 current density (pA/pF) Na1 current density (pA/pF)

Steady State Peak Peak Steady state Peak Peak

Healthy controls
Total –52.7 6 0.9 47.3 6 0.9 934 6 81 1891 6 129 1549 6 160 20.0 6 1.9 40.1 6 2.8 (40) 32.3 6 3.1 (43)
1 –50.9 6 1.1 43.8 6 1.2 948 6 123 2163 6 243 1302 6 190 21.4 6 2.5 48.7 6 5.4 (11) 29.4 6 3.9 (11)
2 –51.6 6 2.3 43.7 6 1.2 1113 6 158 1675 6 263 1818 6 374 26.4 6 4.8 38.8 6 5.3 (9) 39.7 6 7.5 (12)
3 –54.4 6 2.1 49.2 6 1.7 943 6 262 1839 6 222 1650 6 406 19.1 6 5.4 37.1 6 6.2 (9) 32.9 6 7.8 (9)
4 –54.4 6 1.2 53.0 6 1.5 765 6 107 2037 6 228 1418 6 307 14.1 6 2.1 35.1 6 4.1 (11) 26.9 6 5.8 (11)

Patients
1 –54.1 6 2.1 45.5 6 0.7 312 6 74 713 6 131 1015 6 88 6.3 6 1.6** 15.0 6 2.8** (11) 22.4 6 1.8 (11)
2 –51.9 6 2.4 47.4 6 1.1 737 6 113 1265 6 191 988 6 171 14.6 6 2.1 25.6 6 3.7* (12) 20.8 6 3.3 (12)
3 –50.4 6 1.4 48.0 6 0.7 427 6 58 846 6 115 823 6 102 8.5 6 1.1** 17.1 6 2.2** (12) 17.2 6 2.1* (12)
4 –51.1 6 2.9 47.7 6 2.3 595 6 125 974 6 218 1067 6 230 11.9 6 2.2* 19.5 6 4.0** (10) 21.9 6 3.9 (10)
5 –49.6 6 2.1 45.8 6 1.2 542 6 117 741 6 126 1031 6 350 10.7 6 2.3* 15.1 6 2.6** (12) 27.3 6 6.8 (13)
6 –52.5 6 1.9 46.5 6 1.3 594 6 137 1099 6 239 1209 6 268 12.0 6 2.7 22.7 6 4.7** (10) 25.6 6 5.4 (10)
7 –46.4 6 2.1 52.4 6 5.4 665 6 158 1301 6 221 1129 6 208 12.1 6 3.0 18.9 6 4.0** (10) 22.0 6 4.0(11)
8 –55.0 6 1.8 46.5 6 1.1 574 6 140 938 6 243 1812 6 425 10.9 6 2.3* 18.6 6 4.4** (12) 34.6 6 8.2 (12)

Disease controls
MG –54.3 6 1.7 53.3 6 2.1 1248 6 247 2213 6 325 1696 6 478 22.1 6 4.1 39.9 6 5.5 (11) 31.9 6 9.1 (11)
LEMS –54.5 6 1.1 48.8 6 1.3 826 6 109 1641 6 126 1153 6 114 15.6 6 2.1 32.1 6 2.7 (11) 23.6 6 1.9 (11)
CIDP –51.3 6 1.7 48.0 6 1.3 1094 6 154 2024 6 282 1355 6 217 22.7 6 3.3 42.2 6 6.1 (12) 28.8 6 4.8 (12)

Cells were cultured for 3 days with immunoglobulins from the controls or patients. The test potential of the K1 current was 140 mV and that of the Na1 current –20 mV from
the holding potential of –80 mV. The numbers of cells are shown in parentheses. Ion current density (pA/pF) 5 (measured current – leak current)/Cm. MG 5 myasthenia gravis.
*P , 0.05, **P , 0.01.
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Fig. 1 Current–voltage relationship of Na1 (A) and K1 (B) currents in NB-1 cells. Cells were cultured for 3 days with 5µg/ml of the
control immunoglobulin. The continuous and broken lines are for a linear least-squares fit to the data. InB, the continuous line is one
fitted for the measured peak K1 currents, and the broken line is for the measured steady-state currents (currents at the end of the pulse).
Current traces were elicited by test pulses of –20 mV (A, insert) and140 mV (B, insert) from the holding potential of –80 mV.

Values are given as mean6 standard error unless otherwise reversal potential at140 mV. Figure 1B (insert) shows a
specified. typical example of the K1 current elicited by a 300 ms

depolarizing pulse of140 mV from the holding potential
of –80 mV in a cell cultured under the above conditions.

Results The outward current occurred with decay. No outward current
was detected when a K1-free internal solution was used,Effects of immunoglobulins from acquired
evidence that the outward current was a K1 current. Theneuromyotonia patients on KF currents and
current–voltage relationship for the K1 current is shown inNaF currents
Fig. 1B for test voltages from –140 to160 mV from theWhen NB-1 cells were cultured for 2–3 days, two types of
holding potential of –80 mV. The continuous line is fittedcells, blast and mature cells, were present. The shape of the
for the measured peak currents and the broken line for thetypical blast type cell is a teardrop with two short, thick
measured steady-state currents (currents at the end of theprocesses at each end, whereas the mature cell is round with
pulse). The current was activated at –30 mV and moreseveral long processes. We used the blast type for the
positive potentials. At 40 mV it was 2451 pA for the peakpatch-clamp experiments because it was better suited to
and 1309 pA for the steady state; therefore, 47% inactivationspace-clamping. To examine the effects of immunoglobulins
occurred within 300 ms at this test potential. Na1 and K1

from patients with acquired neuromyotonia on the electrical
currents were present in all the blast-type cells examinedproperties of NB-1 cells, the cells were cultured with the
(n 5 168).immunoglobulins for 3 days. Resting membrane potentials

The effects of immunoglobulins from the acquired neuro-were –46 to –55 mV, and they were not significantly different
myotonia patients on the K1 and Na1 currents were examined.from those of cells cultured with the control immunoglobulins
Figure 2A shows typical K1 currents elicited by 300 ms test(–53 mV). Cell capacitances were 46–52 pF, again not
pulses between –140 and160 mV from the holding potentialsignificantly different from the control cell value of 47 pF
of –80 mV in a cell cultured with immunoglobulin from a(Table 2).
healthy control. Outward rectifying currents with decay wereFigure 1A (insert) shows a typical example of the Na1

present at potentials more positive than –20 mV. With thecurrent elicited by a 30 ms depolarizing pulse of –20 mV
control immunoglobulin, the peak K1 current density at thefrom the holding potential of –80 mV in an NB-1 cell
140 mV test potential was 48.1 pA/pF and the steady-statecultured in medium containing 5µg/ml of the control
current density was 23.4 pA/pF. Figure 2C shows K1 currentsimmunoglobulin. A transient inward current, elicited just
in another cell cultured under the same conditions with theafter the positive capacitative current, was abolished when
immunoglobulin from patient 1. The respective peak andthe external solution was changed to Na1-free solution, and
steady-state current densities were 6.03 and 2.88 pA/pF atwas suppressed by 90% by 10µM tetrodotoxin, indicating
140 mV. Thus, the K1 currents in cells cultured with thethat the inward current was a Na1 current. The current–
patient’s immunoglobulin were considerably less than thosevoltage relationship of the Na1 current in the same cell
in cells cultured with the control immunoglobulin. Similarelicited by test voltages of –100 to160 mV is shown in
results were obtained for the immunoglobulins from the otherFig. 1A. The Na1 current appeared at about –50 mV, the

maximum peak current (–1716 pA) at –20 mV and the patients with acquired neuromyotonia (patients 2–4). Typical
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Fig. 2 The K1 current elicited in NB-1 cells by 300 ms test pulses from –140 to160 mV from the holding potential of –80 mV. Cells
were cultured for 3 days with 5µg/ml of immunoglobulins from a control (A) and patient 1 with acquired neuromyotonia (C). Na1

current was elicited by 30 ms test pulses from –100 to 0 mV from the holding potential of –80 mV under the same conditions from a
control (B) and patient 1 (D).

Na1 currents are shown in Fig. 2B (with 5µg/ml control immunoglobulins. In addition, the peak current densities were
suppressed more effectively than the steady-state currentimmunoglobulin) and Fig. 2D (with 5µg/ml immunoglobulin

from patient 1). Cells were held at –80 mV and test pulses densities. Figure 3C shows the average Na1 current densities
at the test potential of –20 mV (data shown as absolutefrom –100 to 0 mV were applied for 30 ms. At the test

potential of –20 mV, the inward peak Na1 current density values). The mean Na1 current density in cells cultured with
the control immunoglobulins was 32.36 3.1 pA/pFwas –39.9 pA/pF in the NB-1 cell cultured with the control

immunoglobulin and –36.8 pA/pF in the cell cultured with (n 5 43). The Na1 currents in cells cultured with the patients’
immunoglobulins did not differ significantly from those inthe patient’s immunoglobulin. There was no apparent change

in Na1 current in the NB-1 cells cultured with these two cells cultured with the control immunoglobulins, except in
the case of patient 3.immunoglobulins.

Figure 3A and B give the averages of the K1 current To exclude non-specific effects of the immunoglobulins,
we tested those from patients with myasthenia gravis, LEMSdensities measured at the test potential of140 mV in cells

cultured for 3 days with the immunoglobulins from the four and CIDP as the disease controls. The K1 and Na1 current
densities in NB-1 cells cultured with these immunoglobulinshealthy control subjects or immunoglobulins from patients

with acquired neuromyotonia (patients 1–4), Guillain–Barre´ did not differ from those for cells cultured with immuno-
globulins from the healthy controls (Fig. 3 and Table 2).syndrome (patients 5 and 6) and IGM without pseudomy-

otonia (patients 7 and 8) and patients with other neurological We also examined subacute effects on the K1 and
Na1 currents of NB-1 cells cultured for 1 day withdiseases (myasthenia gravis, LEMS and CIDP). The averages

of the K1 current densities for the control immunoglobulins immunoglobulins from the healthy controls and patient 1.
The calculated K1 current densities for the controls (n 5were 20.06 1.9 pA/pF (n 5 40) for the steady state and

40.16 2.8 pA/pF (n 5 40) for the peak (Table 2). Although 25) were 18.46 2.0 pA/pF for the steady state and
43.6 6 3.9 pA/pF for the peak current. In cells culturedthe K1 current amplitude had a large degree of variability

within the same treatment group, both the peak and steady- with immunoglobulin from patient 1, the steady–state
current density was 19.96 3.0 pA/pF and the peak currentstate K1 current densities were suppressed in NB-1 cells

cultured with immunoglobulins from the acquired neuromy- density 50.46 4.9 pA/pF (n 5 10). There was no
significant difference between the K1 current densities inotonia patients compared with cells cultured with the control
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Fig. 4 Voltage-dependence of the activation (A) and inactivation
(B) of the peak K1 current. InA, conductance–voltage relations
were determined by non-linear regression fitting to the Boltzmann
equationGK/GK(max) 5 1/{1 1 exp[(Vt – V1/2)/k]}, where Vt is
the test potential,V1/2 the midpotential,k the slope factor and
GK 5 IK/ (Vt – Ek) (see text). InB, voltage-dependent
inactivation was calculated from the Boltzmann equation
IK/IK(max) 5 1/{1 1 exp[(Vt – V1/2)/k]}. Numbers of cells are
shown in parentheses.

pA/pF (n 5 9, patient 1) indicated that there was no
significant change in the Na1 currents (data not shown).

Fig. 3 Chronic effects of immunoglobulins from patients with
Effects of immunoglobulins from acquiredacquired neuromyotonia (ANM; patients 1–4), Guillain–Barre´

syndrome (GBS; patients 5 and 6), IGM without pseudomyotonia neuromyotonia patients on the activation and
(patients 7 and 8) and other neurological diseases [myasthenia inactivation of KF currentgravis (MG), LEMS, CIDP] on K1 and Na1 currents. NB-1 cells

Activation of the peak K1 current was determined bywere cultured for 3 days with 5µg/ml of the immunoglobulins
calculating the peak K1 conductance from the linear conduct-from the patients and controls. Steady state K1 (A) and peak K1

(B) current densities were obtained at the test potential of140 ance equation:GK 5 IK/(Vt – EK), whereGK is the conduct-
mV from the holding potential of –80 mV, and Na1 current ance,IK the K1 current,Vt the test potential andEK the K1

densities (absolute values) at the test potential of –20 mV from equilibrium potential. TheEK value was assumed to be –84the same holding potential (C). Bars show the mean current
mV in this experimental condition. Figure 4A shows thedensity6 standard error. *P , 0.05, **P , 0.01, compared with
activation curves of the peak K1 currents in NB-1 cellsfour healthy controls.
cultured for 3 days with immunoglobulins from the controls
(n 5 11), patient 1 (n 5 5) and patient 2 (n 5 5). Thecells cultured with the immunoglobulins from patients and

those from controls. The respective Na1 current densities smooth curves are the least-squares fitted lines for the relative
K1 conductances. The average values of the potential atof 32.4 6 4.2 pA/pF (n 5 25, control) and 33.26 6.6
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which the relativeGK was 0.5 (V1/2) were 9.83 mV (control), patient 1, 28.46 7.7; patient 2, 32.76 6.1 pA/pF). In
Fig. 5C, theV1/2 values were –17.36 (control), –16.94 (patient6.73 mV (patient 1) and 7.43 mV (patient 2), showing very

little difference among them. The average values of the slope 1) and –19.31 mV (patient 2). The slope factors (k) were
–11.53 (control), –12.28 (patient 1) and –12.71 (patient 2).factor (k) were –12.49 (control), –15.22 (patient 1) and

–13.81 (patient 2), again showing very little difference. In Fig. 5D, theV1/2 values were –14.32 (control), –12.68
(patient 1) and –10.45 mV (patient 2), and the respectivekFigure 4B shows the inactivation of the peak K1 current at

the test potential of140 mV, which was examined by altering values were –10.37, –11.78 and –12.24. We conclude that
the K1 currents were suppressed significantly by the acquiredthe holding potential for the controls (n 5 15), patient 1

(n 5 5) and patient 2 (n 5 6). The V1/2 averages were neuromyotonia patients’ sera in CHO-K1 cells transfected
with hKv 1.1 or 1.6, whereas there was almost no difference–15.40 mV (control), –16.39 mV (patient 1) and –20.54 mV

(patient 2). The averagek values were 9.09 (patient 1), 7.88 in the activation curves.
(patient 2) and 7.85 (patient 2). In addition, the respective
V1/2 averages of the inactivation curves for cells cultured for
6 days with immunoglobulins from the control and patient 1Discussion

The pathomechanism of nerve hyperexcitability in acquiredwere –18.27 and –18.30 mV, and the averagek values were
5.81 and 4.75 (figure not shown). We therefore concluded neuromyotonia is closely correlated with anti-VGKC antibod-

ies (Sinhaet al., 1991; Shillitoet al., 1995; Sonodaet al.,that the voltage-dependence for activation and inactivation
did not differ significantly between cells cultured with the 1996; Arimuraet al., 1997; Hartet al., 1997). We showed

that sera from acquired neuromyotonia patients suppressedcontrol or patients’ immunoglobulins.
K1 currents in a PC-12 cell line (Kuronoet al., 1995; Sonoda
et al., 1996). Because this cell line requires NGF for the
expression of VGKCs (Sonodaet al., 1996), the involvementEffects of immunoglobulins from
of NGF in K1 current suppression could not be ruled out.Guillain–Barré syndrome and IGM patients on
In the study reported here, we used an NB-1 cell line (Miyake

KF currents and NaF currents et al., 1975) that does not require a neurotrophic factor such
Effects on K1 and Na1 currents in NB-1 cells co-cultured as NGF for the expression of ion channels. Furthermore,
for 3 days with immunoglobulins from patients with Guillain– our previous experimental findings using 4-aminopyridine,
Barré syndrome and IGM without pseudomyotonia weretetraethylammonium and tetrodotoxin confirmed the existence
studied. The resting membrane potential and cell capacitanceof voltage-gated K1 currents and voltage-gated Na1 currents
did not differ from the control values (Table 2). Figure 3A in NB-1 cells (Y. Horikiri, unpublished observation). The
and B shows the K1 current densities measured in cells present findings confirm the suppression of voltage-gated K1

cultured with 5µg/ml of the immunoglobulins from patients currents in NB-1 cells by immunoglobulins from acquired
5–8. The steady-state current and the peak K1 currents were neuromyotonia patients, indicating that NGF is not involved
both suppressed, but the suppression was greater for the peakin the inhibition of K1 currents.
K1 currents. The Na1 currents in cells cultured with the Our findings also showed that K1 currents were suppressed
patients’ immunoglobulins did not differ significantly from only in cells co-cultured with the immunoglobulins from
those of the controls (Fig. 3C). The effects of the immuno-acquired neuromyotonia patients for 3 days, but not in those
globulins from the patients with Guillain–Barre´ syndrome cultured for 1 day. A similar phenomenon was noted in our
and IGM without pseudomyotonia on both the K1 and Na1 previous study of a PC-12 cell line (Sonodaet al., 1996).
currents were similar to those of immunoglobulins from Moreover, the voltage-dependence of the activation and
patients with acquired neuromyotonia. inactivation of the K1 current did not differ between cells

cultured with the control and patients’ immunoglobulins,
indicating that antibodies to VGKC may not directly suppress

Effects of sera from acquired neuromyotonia its functions or change its kinetics. Interestingly, Meriney
and colleagues reported similar finding in the suppression ofpatients on expressed hKv 1.1 and 1.6

Figure 5A and B shows the averages of the peak K1 current Ca21 channels by a LEMS IgG (Merineyet al., 1996). They
found that the LEMS immunoglobulin required 24 h fordensities measured at the test potential of140 mV in each

transfected cell type cultured for 3 days with sera from two maximal effect and proposed that this is consistent with the
process of Ca21 channel removal reaching equilibrium withhealthy participants (controls 1 and 2) and two acquired

neuromyotonia patients (patients 1 and 2). Figure 5C and D the insertion of new Ca21 channels in the plasma membrane.
Taken together, these findings suggest that decreasing VGKCshows the activation curves of the K1 currents in these cells.

The cells in Fig. 5A and C were transfected with hKv 1.1, expression or increasing VGKC degradation through some
type of intracellular signalling pathway may be involved inand those in Fig. 5B and D with hKv 1.6. The K1 currents

were suppressed significantly by the patients’ sera, as shown the reduction of outward K1 current.
Nerve hyperexcitability, which is also seen in myokymia,in Fig. 5A (control, 23.36 2.0; patient 1, 12.26 1.7; patient

2, 10.9 6 2.6 pA/pF) and Fig. 5B (control, 72.06 8.7; is present in both VGKC downregulation and the prolonged
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Fig. 5 Effects of serum from patients with acquired neuromyotonia (patients 1 and 2) on hKv 1.1 (A andC) and 1.6
(B andD) expressed in CHO-K1 cells. Transfected CHO-K1 cells were cultured for 3 days with 2% serum from the patients and
controls.A andB show peak K1 current densities obtained at the test potential of140 mV from the holding potential of –80 mV.C and
D show conductance–voltage relationships by non-linear regression fitting to the Boltzmann equation. Cells inA andC were transfected
with hKv 1.1 and those inB andD with hKv 1.6. *P , 0.05, **P , 0.01, compared with two healthy controls. Numbers of cells are
shown in parentheses.

activation of voltage-gated Na1 channels (Cameronet al., currents is an important step in establishing the aetiology of
nerve hyperexcitability, and that acquired neuromyotonia1991a, b; Gutmannet al., 1996). We showed that immuno-

globulins from patients with acquired neuromyotonia do not and IGM without pseudomyotonia (IGM except acquired
neuromyotonia) may belong to the same disease spectrum,affect Na1 currents, which is evidence that these currents do

not function in the pathomechanism of this disease. the former being the more severe.
In our findings, immunoglobulins from patients with Guil-Myokymia and muscle cramp caused by nerve hyperexcit-

ability are found in a variety of diseases of unknown aetiology lain–Barre´ syndrome suppressed K1 currents but not Na1

currents in NB-1 cells. We did not perform an electromyo-(Auger et al., 1984; Jamiesonet al., 1994). Our patients 7
and 8 had IGM that was characterized by clinical myokymia graphic study on our Guillain–Barre´ syndrome patients, and

only one patient had muscle cramp. In the early stage ofor muscle cramp with myokymic discharges of unknown
aetiology (Augeret al., 1984; Jamiesonet al., 1994). Because Guillain–Barre´ syndrome, myokymic discharges are occa-

sionally and transiently detectable by electromyographythe pseudomyotonia and hypersweating that are characteristic
of acquired neuromyotonia were absent in these patients (Mateeret al., 1983), and suppression of K1 currents may

be the pathomechanism of these discharges in Guillain–Barre´(Table 1), we classified them as patients with IGM but
without pseudomyotonia (IGM with the exception of acquired syndrome.

Western blots showed that NB-1 cells, which we used,neuromyotonia). The immunoglobulins of these two patients
suppressed outward K1 currents but did not markedly affect have hKv 1.1 and 1.2 but not 1.6 (O. Pongs, unpublished data).

Hart and colleagues, in their molecular immunohistochemicalNa1 currents, as was also the case for the immunoglobulins
of patients with acquired neuromyotonia. These results sug- assay ofXenopusoocytes transfected with the cDNA of

human brain VGKCs (KCNA1, KCNA2 and KCNA6), con-gest that the suppression of K1 currents, which may induce
nerve hyperexcitability, is not specific to acquired neuromy- firmed that all these VGKCs are involved in the pathomechan-

ism of acquired neuromyotonia (Hartet al., 1997). They alsootonia, and that the underlying electrophysiological abnormal-
ities between myokymic discharges and neuromyotonic showed that acquired neuromyotonia sera vary widely in

immunoreactivity to the three VGKCs studied and suggesteddischarges may represent merely a continuum or spectrum
of the same phenomenon. that the anti-VGKC antibodies in acquired neuromyotonia

may be heterogeneous in their fine specificities, binding notWe believe that the investigation of the suppression of K1
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Autoantibodies detected to expressed K1 channels are implicated inonly to the determinants found on one particular VGKC
neuromyotonia. Ann Neurol 1997; 41: 238–46.subtype but perhaps to several determinants on the same

VGKC subtypes. We therefore examined the electrophysiolo-Isaacs H. A syndrome of continuous muscle-fibre activity. J Neurol
gical effects of sera from acquired neuromyotonia patientsNeurosurg Psychiatry 1961; 24: 319–25.
on the KCNA1 or KCNA6 expressed in CHO-K1 cells, and Jamieson PW, Katirji MB. Idiopathic generalized myokymia. Muscle
found that the K1 currents through both hKv 1.1 and 1.6 Nerve 1994; 17: 42–51.
were suppressed without change in the activation kinetics.

Kimura J. Neuromuscular diseases characterized by abnormal muscleOur findings confirm that nerve hyperexcitability is closely
activity. In: Kimura J. Electrodiagnosis in diseases of nerve and

related to the suppression of VGKCs without a change inmuscle: principles and practice. Philadelphia: F.A. Davis; 1983. p.
the kinetics. Patch-clamp and immunological studies using549–65.
cells transfected with other VGKC subtypes should provide

Kurono A, Sonoda Y, Watanabe O, Arimura K, Suehara M, Osameinformation essential for the further investigation of pathome-
M, et al. Isaacs’ syndrome as a channelopathy of voltage-dependent

chanisms that involve VGKCs.
potassium channel [abstract]. Electroencephalogr Clin Neurophysiol
1995; 97: S131.

Mateer JE, Gutmann L, McComas CF. Myokymia in Guillain–Barre´
Acknowledgements syndrome. Neurology 1983; 33: 374–6.
This study was supported by a Grant-in-Aid for Scientific

Meriney SD, Hulsizer SC, Lennon VA, Grinnell AD. Lambert–
Research from the Ministry of Education, Science, SportsEaton myasthenic syndrome immunoglobulins react with multiple
and Culture of Japan (grant 07670719, project leader,types of calcium channels in small-cell lung carcinoma. Ann Neurol
K. Arimura), and by the Neuroimmunological Disorders, 1996; 40: 739–49.
Research Committee from the Ministry of Health and Welfare

Miyake S, Shimo Y, Kitamura T. Morphological differentiationof Japan.
in vitro of human continuous and functional neuroblastoma cell line
NB-1 under treatment of (But)2cAMP. [Japanese]. No Shinkei Geka
1975; 3: 407–14.

References Newsom-Davis J, Mills KR. Immunological associations of acquired
Arimura K, Watanabe O, Kitajima I, Suehara M, Minato S, Higuchi neuromyotonia (Isaacs’ syndrome). Report of five cases and literature
I, et al. Antibodies to potassium channels of PC12 in serum ofreview. Brain 1993; 116: 453–69.
Isaacs’ syndrome: western blot and immunohistochemical studies.

Shillito P, Molenaar PC, Vincent A, Leys K, Zheng W, van denMuscle Nerve 1997; 20: 299–305.
Berg RJ, et al. Acquired neuromyotonia: evidence for autoantibodies

Auger RG, Daube JR, Gomez MR, Lambert EH. Hereditary formdirected against K1 channels of peripheral nerves [see comments].
of sustained muscle activity of peripheral nerve origin causingAnn Neurol 1995; 38: 714–722. Comment in: Ann Neurol 1995;
generalized myokymia and muscle stiffness. Ann Neurol 1984; 15:38: 701–2.
13–21.

Sinha S, Newsom-Davis J, Mills K, Byrne N, Lang B, Vincent
A. Autoimmune aetiology for acquired neuromyotonia (Isaacs’Cameron J, Flowers AE, Capra MF. Effects of ciguatoxin on nerve
syndrome). [see comments] Lancet 1991; 338: 75–77. Comment in:excitability in rats (Part 1). J Neurol Sci 1991a; 101: 87–92.
Lancet 1991; 338: 1330.

Cameron J, Flowers AE, Capra MF. Electrophysiological studies
Sonoda Y, Arimura K, Kurono A, Suehara M, Kameyama M,on ciguatera poisoning in man (Part II). J Neurol Sci 1991b; 101:
Minato S, et al. Serum of Isaacs’ syndrome suppresses potassium93–97.
channels in PC-12 cell lines. Muscle Nerve 1996; 19: 1439–46.

Grupe A, Schro¨ter KH, Ruppersberg JP, Stocker M, Drewes T, Beckh
Watanabe O, Suehara M, Kitajima I, Arimura K, Maruyama I,S, et al. Cloning and expression of a human voltage-gated potassium
Osame M. Antibodies to potassium channels in Isaacs’ syndromechannel. A novel member of the RCK potassium channel family.
and other neurological disorders [abstract]. Electroencephalogr ClinEMBO J 1990; 9: 1749–56.
Neurophysiol 1995; 97: s132.

Gutmann L, Gutmann L. Axonal channelopathies. Neurology 1996;
47: 18–21.

Received December 31 1998. Revised March 22, 1999.
Accepted May 17, 1999Hart IK, Waters C, Vincent A, Newland C, Beeson D, Pongs O, et al.


