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Summary

Acquired neuromyotonia (Isaac’s syndrome) is considered excitability, also occur in various neurological disorders
to be an autoimmune disease, and the pathomechanism such as Guillain—-Barre syndrome and idiopathic
of nerve hyperexcitability in this syndrome is correlated  generalized myokymia without pseudomyotonia. Immuno-
with anti-voltage-gated K* channel (VGKC) antibodies.  globulins from patients with these diseases suppressed
The patch-clamp technique was used to investigate the ~ Kbut not Na* currents. In addition, in hKv 1.1- and
effects of immunoglobulins from acquired neuromyotonia  1.6-transfected CHO (Chinese hamster ovary)-K1 cells,
patients on VGKCs and voltage-gated N& channelsina  the expressed VGKCs were suppressed by sera from
human neuroblastoma cell line (NB-1). K" currents were  acquired neuromyotonia patients without a change in
suppressed in cells that had been co-cultured with gating kinetics. Our findings indicate that nerve
acquired neuromyotonia patients’ immunoglobulin for 3 hyperexcitability is mainly associated with the suppression
days but not for 1 day. The activation and inactivation of voltage-gated K currents with no change in gating
kinetics of the outward K* currents were not altered by  kinetics, and that this suppression occurs not only in
these immunoglobulins, nor did the immunoglobulins  acquired neuromyotonia but also in Guillain—Barfe
significantly affect the Na* currents. Myokymia or syndrome and idiopathic generalized myokymia without
myokymic discharges, with peripheral nerve hyper- pseudomyotonia.

Keywords: acquired neuromyotonia; voltage-gated khannel; hKv 1.1 and 1.6; Kcurrent suppression; whole-cell
patch-clamp

Abbreviations: CIDP = chronic inflammatory demyelinating polyradicuroneuropathy; 1GM idiopathic generalized
myokymia; LEMS= Lambert—Eaton myasthenic syndrome; NB=lhuman neuroblastoma cell line 1; NGFnerve growth
factor; VGKC = voltage-gated K channel

Introduction

Acquired neuromyotonia (Isaacs’ syndrome) is characterized described as an autoimmune disorder because anti-voltage-
by the presence of spontaneous and continuous muscle fibgated K* channel (VGKC) antibodies, which are closely
activity (Isaacset al, 1961). Patients have characteristic associated with the pathomechanism of this disorder, are
symptoms of nerve hyperexcitability such as (i) pseudomyypresent in sera from acquired neuromyotonia patients whose
otonia (slow relaxation) induced by muscle contraction, (i)  symptoms respond to immunotherapy (Newsorat@hyvis
increased cramping and (iii) excessive sweating (Kimural993; Shillito et al, 1995; Watanabet al, 1995; Arimura

et al, 1983). The abnormal activity in acquired neuromy-et al., 1997; Hartet al, 1997). Results of previous electro-

otonia is characterized electromyographically by doubletphysiological studies suggest that sera from these patients
triplet or single motor unit discharges that have a high suppress voltage-gated outiaurknts in PC-12 cells
intraburst frequency (40—200/s) (Newsom-Daatigl., 1993).  (Sonodaet al, 1996) and induce repetitive firing of action

These discharges are thought to originate from terminal potentials in rat dorsal root ganglion cells (&héilito
arborizations of the motor axons (Newsom-Daes al., 1995). In terms of electrophysiology, the spontaneous firing
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 Na patient 2, a 44-year-old woman; patient 3, a 35-year-old man;
channels; e.g. prolongation of the open time of the voltagepatient 4, an 18-year-old girl), two patients with Guillain—
gated N& channels in ciguatera intoxication (Camedral., Barre syndrome (patient 5, a 13-year-old girl; patient 6,
19914, b; Gutmanret al., 1996). We have studied previously a 31-year-old man) and two patients with IGM without
the involvement of voltage-gated *Kcurrents in acquired pseudomyotonia (all IGM with the exception of acquired
neuromyotonia patients (Sonodd al, 1996), but that of neuromyotonia: patient 7, a 43-year-old man; patient 8, a
voltage-gated Na currents has not been investigated. 71-year-old man). The diagnosis of acquired neuromyotonia
Symptoms of peripheral nerve hyperexcitability, such asyas based on the clinical criteria reported by Kimura (1983)
muscle cramp with spontaneous motor unit activities and(i) pseudomyotonia (slow relaxation), (i) increased cramping
myokymic discharges, are characteristic not only of acquireénd (iii) excessive sweating] and on the EMG criterion of
neuromyotonia but of a wide range of peripheral neuropathiesiewsom-Davis that it is characterized by doublet, triplet or
(Auger et al, 1984; Jamiesort al, 1994). Jamieson and multiplet single motor unit discharges that have a high
colleagues defined idiopathic generalized myokymia (IGM) ag40-200/s) intraburst frequency (Newsom-Davis, 1993).
a clinical syndrome accompanied by generalized continuoushese abnormal discharges include myokymic and neuro-
motor unit activities or myokymia and having no apparentmyotonic discharges defined by the AAEE (American Associ-
aetiology (Jamiesomet al, 1994). IGM has been proposed ation of Electromyography and Electrodiagnosis) Glossary
as the generic name for all disorders with continuous motopf terms in Clinical Electromyography. The diagnosis of
unit activity, including acquired neuromyotonia and those|GM 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 (abnormajnit activities or myokymia and having no apparent aetiology.
sweating, pseudomyotonia), €.g. myokymia—cramp syndromehe patients’ clinical features are given in Table 1. Control
(Jamiesoret al, 1994). Transient myokymic discharges alsojmmunoglobulins were obtained from four healthy volunteers
occur during the early stage of Guillain—B’arsgndrqmg (a 27- and a 30-year-old woman and a 32- and a 55-year-
(Mat,eeret al, 1983). We found that serum from a Gunlgun— old man), a patient with myasthenia gravis (a 70-year-old
Barre syndrome patient suppressed the" Kurrents in\yoman), a patient with Lambert—Eaton myasthenic syndrome
PC-12 cells (Kuronet al, 1995). (LEMS) (a 61-year-old man) and a patient with chronic

In the study reported here, we used the patch-clamp methqgiammatory 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 Kurrents 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? OUug,q heajthy participants by the 2-ethoxy-6,9 diaminoacridine-
previous findings for the PC-12 cell line, which needs NeNVQsctate (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 0@Cfor 60 min at 4°C

not exclude possible effects of the patients’ sera on the actioqxhe supernatant was applied to a desalting column (HFftap

.Of NGF, which affects th? exprgssion (.)f VGKCs. (i) Dq desalting column, Pharmacia Biotech, Uppsala, Sweden) pre-
immunoglobulins from patients with acquired neuromyotonlaequ”ibrated with buffer (0.015 M sodium borate and 0.15 M

o (i ) . .
affect Na" currents? (iii) Do immunoglobulins from acquired NaCl, pH 8.5). The eluted solution was monitored in a

. . L 5 .
n_eurorqyotonla patle_nts alter the k_|net|cs of ICurrents._ 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—Barfe syndrome patients suppress’ Kcurrents?
(v) Do sera from acquired neuromyotonia patients affect th

hKv (human voltage-gated Kchannel) 1 family expressed in NB-1 cells (Miyakeet al., 1975) obtained from the Health

CHO (Chinese hamster ovary)-K1 cells? Hart and colleagues _.
detected autoantibodies to the hKv 1 family expressed in§C|ence Research Resources Bank (HSRRB, Osaka, Japan)

° i 0, i 0,
Xenopusoocytes in acquired neuromyotonia patients (HartgzrdeiuﬁIf:l:)r:tiir?itnz;& AinMgESh/f)(sga?;dé':l(g :)B%Eas;ar&dp?gala
et al, 1997). We therefore examined the electrophysiologica ) ’ '
) phy 9 eden), 10% FBS (foetal bovine serum), 10% horse serum,

effects of patients’ sera on hKv 1.1 and 1.6 expressed ir‘?‘W o .
P b 00 U/ml penicillin, 50 ug/ml streptomycin and 25 mM

CHO-K1 cells. The answers to these questions should hel hvd hviloi N h Iohoni
to clarify the pathomechanisms of disorders characterized by EPES N-[2-hydroxyethyl]piperaziney’-2-ethanesulphonic
cid) (all from Gibco BRL, Rockville, Md, USA) on poly-

peripheral nerve hyperexcitability. g . k )
L-lysine-coated 100 mm culture dishes (Ilwaki, 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.
Patients To study the effect of the patients’ immunoglobulins on the
Immunoglobulins were obtained from four patients with electrical properties of NB-1, we cultured the cells with
acquired neuromyotonia (patient 1, an 82-year-old man; pg/fl of the immunoglobulins from the patients or healthy

e‘Preparation of cells for recording
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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 — + + — — + Neuromyotonic
discharges,
myokymic
discharges

2 ANM 44, F + + + + — — Neuromyotonic
discharges,
myokymic
discharges

3 ANM 35 M - - + + - + Myokymic
discharges

4 ANM 18, F + + + - - - Myokymic

discharges

GBS 13 F - - - - + + Not examined

GBS 31 M - + - - + - Not examined

IGM 43 M - + - - - - Neuromyotonic

discharges,
myokymic
discharges

8 IGM 71 M + - - — - + Neuromyotonic
discharges

~N o o

ANM = acquired neuromyotonia; GBS Guillain—-Barfesyndrome; IGM= 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 concentrations5 ug/ml  square pulses (300 ms duration) between —140-a6@ mV
there were frequent signs of cell damage; therefore, thi$20 mV step) were applied at 15 s intervals. Because the
concentration was used in all experiments. All the experiments ~ waveform of the elicited current in most NB-1 cells showed
were performed at 3% 2°C. decay (Fig. 2A), the peak current and the steady-state current
CHO-K1 cells from HSRRB were cultured at 37°C in (current at the end of the pulse) during the command pulse
95% air and 5% C@in MEM Alpha medium (Nikken were both evaluated. Because the waveform of the elicited
BioMedical Laboratory, Kyoto, Japan) supplemented with * Burrent in transfected CHO-K1 cells showed scarcely
5% FBS, 5% horse serum, 100 U/ml penicillin and 25 mMany decay, only the peak current was evaluated. Fof Na
HEPES, on 100 mm polystyrene dishes (Iwaki, Funabashi, current recording, NB-1 cells were held at the same holding
Japan). cDNA (complementary DNA) for the VGK@- potential, and square pulses (30 ms duration) between —100
subunit of human Kv 1.1 and 1.6 (KCNA1 and KCNAG) and 0 mV (20 mV steps) were applied at the intervals used
were prepared as reported by O. Pongs (Univérsiéganburg)  in the K" current recording, after which the inward peak
(Grupeet al.,, 1990). Cells were split and plated at<210°  currents were evaluated. The linear leak current fraction was
cells in 35 mm culture dishes 24 h before transfection, andalculated by the least-squares method from currents obtained
transfected with plasmid DNA (fg/ml) encoding hKv 1.1 at test potentials of =100, —80 and —60 mV. The membrane
or 1.6 using DMRIE-C Reagent (Gibco BRL). Enhancedcapacitance(,,) of each cell was calculated by measuring
green fluorescent protein was coexpressed with the channel  the charge transfer during the initial capacitati@ surge (
subunits in order to identify the cells for voltage-clamp elicited by a 10 mV depolarizing pulse at tNggq of —80
analysis. After 5-6 h of exposure, the cells were washed once mV, using the eg@QatoiC,, X V. Taking into account
then incubated for 3 days with growth medium containing 2%that the membrane capacitance reflects the membrane area,
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
expressing enhanced green fluorescent protein. Control cells
(non-transfected or non-fluorescing cells) did not show
these currents.

ion current density (pA/pF¥
(measured current — leak curre@ty

_ Statistics
Patch-clamp recording The F test was used to examine whether the data had a
lon current recordings were carried out as described previ- Gaussian distributionPl¥/ttee in theF test was>0.05

ously (Sonodzet al., 1996). In K" current recording, cells the data were analysed using Student®st, otherwise a
were held at the holding potential//(;9) of —=80 mV, and  non-parametric test (the Mann-Whiti¢yest) was used.



Table 2 Electrical properties, K™ current and Na* current in NB-1 cells

RPM (mV) Capacitance (pF) Measured K™ current (pA) Measured Nat K™ current density (pA/pF) Na' current density (pA/pF)
Steady State  Peak Peak Steady state  Peak Peak
Healthy controls
Total 527+ 09 473+ 09 934 + 81 1891 * 129 1549 * 160 200 + 1.9 401 + 2.8 (40) 323 + 3.1 (43)
1 -509 = 1.1 438 = 1.2 948 + 123 2163 * 243 1302 = 190 214 + 25 48.7 = 54 (11) 294 + 3.9 (11)
2 -516 = 2.3 437 £ 1.2 1113 = 158 1675 = 263 1818 = 374 26.4 + 4.8 38.8 = 53 (9 39.7 = 75 (12
3 544+ 21 492+ 17 943 = 262 1839 = 222 1650 * 406 191 =54 371 *62(9) 32.9 + 7.8 (9)
4 544 + 1.2 530+ 15 765 = 107 2037 + 228 1418 + 307 141 + 21 351 + 4.1(11) 26.9 = 5.8 (11)
Patients
1 541+ 21 455 + 0.7 312 = 74 713 = 131 1015 + 88 6.3 = 1.6* 150 = 2.8** (11) 224 = 1.8(11)
2 -519 = 24 474 £ 11 737 £ 113 1265 + 191 988 £ 171 146 = 2.1 25.6 = 3.7* (12) 20.8 = 3.3 (12)
3 504 + 14 48.0 = 0.7 427 = 58 846 + 115 823 + 102 85 = 1.1** 17.1 = 2.2** (12) 172 = 2.1* (12)
4 511+29 477 +23 595 + 125 974 + 218 1067 *+ 230 119 = 2.2 195 + 4.0%* (10) 219 + 3.9 (10)
5 —496 = 2.1 458 = 1.2 542 + 117 741 = 126 1031 = 350 10.7 = 2.3* 151 = 2.6** (12) 27.3 = 6.8 (13)
6 525+ 19 465 + 1.3 594 + 137 1099 *+ 239 1209 = 268 12.0 = 2.7 227 = A7** (10) 25.6 = 5.4 (10)
7 464+ 21 524+54 665 = 158 1301 = 221 1129 + 208 121+ 30 189 + 4.0%* (10) 220 * 4.0(11)
8 550+ 1.8  465= 1.1 574 + 140 938 = 243 1812 + 425 109 = 2.3* 186 = 4.4** (12) 346 = 8.2 (12)
Disease controls
MG 543+ 17 533 =*21 1248 + 247 2213 + 325 1696 + 478 221+41 399+ 55(11) 319 = 9.1 (11)
LEMS 545+ 11 488 £ 1.3 826 + 109 1641 + 126 1153 + 114 156 = 21 3212711 236 = 1.9 (11)
CIDP 513+ 1.7 480 £ 1.3 1094 + 154 2024 *+ 282 1355 + 217 227 + 3.3 422 + 6.1 (12) 28.8 = 4.8 (12)

090¢

‘le 190pebeN ‘L

Cells were cultured for 3 days with immunoglobulins from the controls or patients. The test potential of the K* current was +40 mV and that of the Na current —20 mV from
the holding potential of —-80 mV. The numbers of cells are shown in parentheses. lon current density (pA/pF) = (measured current — leak current)/C,,,. MG = myasthenia gravis.
*P < 0.05, **P < 0.01.
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Fig. 1 Current-voltage relationship of Na(A) and K" (B) currents in NB-1 cells. Cells were cultured for 3 days withidgml of the

control immunoglobulin. The continuous and broken lines are for a linear least-squares fit to the @atthdrcontinuous line is one

fitted for the measured peak'Kcurrents, 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 rAYifisert) and+40 mV (B, insert) from the holding potential of —80 mV.

Values are given as meah standard error unless otherwise reversal potential-4® mV. Figure 1B (insert) shows a

specified. typical example of the K current elicited by a 300 ms
depolarizing pulse of+40 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
Effects of immunoglobulins from acquired was detected when a"Kfree internal solution was used,
neuromyotonia patients on K currents and evidence that the outward current was & Kurrent. The

: ) N . .
Na* currents current—voltage relationship for the*Kcurrent is shown in

When NB-1 cells were cultured for 2—-3 days, two types ofF'g' .1B for tes_t voltages from 140 te}.BO mv .”0”? the
cells, blast and mature cells, were present. The shape of t{/ding potential of 80 mV. The continuous line is fitted
typical blast type cell is a teardrop with two short, thick for the measured peak currents and the broken line for the
processes at each end, whereas the mature cell is round witi¢asured steady-state currents (currents at the end of the
several long processes. We used the blast type for thBUIS€). The current was activated at —30 mV and more
patch-clamp experiments because it was better suited #CSitive potentials. At 40 mV it was 2451 pA for the peak
space-clamping. To examine the effects of immunoglobulin@nd 1309 pA for the steady state; therefore, 47% inactivation
from patients with acquired neuromyotonia on the electricaPccurred within 300 ms at this test potential. Nand K"
properties of NB-1 cells, the cells were cultured with thecurrents were present in all the blast-type cells examined
immunoglobulins for 3 days. Resting membrane potential§n = 168). ) ) )
were —46 to =55 mV, and they were not significantly different The effects of immunoglobulins from the acquired neuro-
from those of cells cultured with the control immunoglobulins Myotonia patients on the'and Na currents were examined.
(-53 mV). Cell capacitances were 46-52 pF, again nofigure 2A shows typical K currents elicited by 300 ms test
significantly different from the control cell value of 47 pF Pulses between —140 are50 mV from the holding potential
(Table 2). of =80 mV in a cell cultured with immunoglobulin from a
Figure 1A (insert) shows a typical example of the ‘Na healthy control. Outward rectifying currents with decay were
current elicited by a 30 ms depolarizing pulse of —20 mvPpresent at potentials more positive than —20 mV. With the
from the holding potential of =80 mV in an NB-1 cell control immunoglobulin, the peak Kcurrent density at the
cultured in medium containing Jug/ml of the control ~+40 mV test potential was 48.1 pA/pF and the steady-state
immunoglobulin. A transient inward current, elicited just current density was 23.4 pA/pF. Figure 2C showsdGrrents
after the positive capacitative current, was abolished whefn another cell cultured under the same conditions with the
the external solution was changed to*Nimee solution, and immunoglobulin from patient 1. The respective peak and
was suppressed by 90% by 10/ tetrodotoxin, indicating steady-state current densities were 6.03 and 2.88 pA/pF at
that the inward current was a Nacurrent. The current— +40 mV. Thus, the K currents in cells cultured with the
voltage relationship of the Nacurrent in the same cell patient’s immunoglobulin were considerably less than those
elicited by test voltages of —100 t&60 mV is shown in in cells cultured with the control immunoglobulin. Similar
Fig. 1A. The Na current appeared at about —-50 mV, the results were obtained for the immunoglobulins from the other
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 K* current elicited in NB-1 cells by 300 ms test pulses from —146-&D mV from the holding potential of —-80 mV. Cells
were cultured for 3 days with fig/ml of immunoglobulins from a control) and patient 1 with acquired neuromyotoni@)(Na*

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).

Nat currents are shown in Fig. 2B (with gg/ml control immunoglobulins. In addition, the peak current densities were
immunoglobulin) and Fig. 2D (with fg/ml immunoglobulin  suppressed more effectively than the steady-state current
from patient 1). Cells were held at =80 mV and test pulses  densities. Figure 3C shows the avérageéd densities
from —100 to 0 mV were applied for 30 ms. At the testat the test potential of —20 mV (data shown as absolute
potential of =20 mV, the inward peak Necurrent density  values). The meanNeurrent density in cells cultured with
was —39.9 pA/pF in the NB-1 cell cultured with the control the control immunoglobulins was 32.3t 3.1 pA/pF
immunoglobulin and —36.8 pA/pF in the cell cultured with n = 43). The Nd& currents in cells cultured with the patients’
the patient’s immunoglobulin. There was no apparent changenmunoglobulins did not differ significantly from those in

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

Figure 3A and B give the averages of the" Kurrent To exclude non-specific effects of the immunoglobulins,
densities measured at the test potentiabh-@d0 mV in cells  we tested those from patients with myasthenia gravis, LEMS
cultured for 3 days with the immunoglobulins from the four and CIDP as the disease controls.*TéwedKN& current
healthy control subjects or immunoglobulins from patientsdensities in NB-1 cells cultured with these immunoglobulins
with acquired neuromyotonia (patients 1-4), Guillain—Barredid not differ from those for cells cultured with immuno-
syndrome (patients 5 and 6) and IGM without pseudomy-globulins from the healthy controls (Fig. 3 and Table 2).
otonia (patients 7 and 8) and patients with other neurological We also examined subacute effects oh #red K
diseases (myasthenia gravis, LEMS and CIDP). The averagdéé&a® currents of NB-1 cells cultured for 1 day with
of the K* current densities for the control immunoglobulins immunoglobulins from the healthy controls and patient 1.
were 20.0+ 1.9 pA/pF @ = 40) for the steady state and The calculated K current densities for the controls =
40.1+ 2.8 pA/pF f = 40) for the peak (Table 2). Although 25) were 184 2.0 pA/pF for the steady state and
the K* current amplitude had a large degree of variability43.6 = 3.9 pA/pF for the peak current. In cells cultured
within the same treatment group, both the peak and steady-  with immunoglobulin from patient 1, the steady—state
state K current densities were suppressed in NB-1 cellscurrent density was 19.& 3.0 pA/pF and the peak current
cultured with immunoglobulins from the acquired neuromy- density 5&.44.9 pA/pF fi = 10). There was no
otonia patients compared with cells cultured with the controlsignificant difference between the*Kcurrent densities in
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Fig. 4 Voltage-dependence of the activatioh) (and inactivation

(B) of the peak K current. InA, conductance-voltage relations
were determined by non-linear regression fitting to the Boltzmann
equationGy/Ggmax) = 1{1 + exp[(V; — V1,2)/K]}, where V, is

the test potentialyy;, the midpotentialk the slope factor and

Gk = Ik/ (V; — Ey) (see text). InB, voltage-dependent

inactivation was calculated from the Boltzmann equation
Ik/lkmax) = LH{L + exp[(V; — V1,2)/K]}. Numbers of cells are

shown in parentheses.

pA/pF

0 - ; pA/pF (n = 9, patient 1) indicated that there was no
Fe s £ELE S § § significant change in the Nacurrents (data not shown).
ANM GBS IGM < ©

£
§
S

Fig. 3 Chronic effects of immunoglobulins from patients with ff fi lobuli f ired
acquired neuromyotonia (ANM; patients 1-4), Guillain—Barre Effects o |mr_nunog obulins from af:qu_lre
syndrome (GBS; patients 5 and 6), IGM without pseudomyotonia neuromyotonia patients on the activation and
(patients 7 and 8) and other neurological diseases [myasthenia ; ; +

gravis (MG), LEMS, CIDP] on K and N& currents. NB-1 cells inactivation of K* current

were cultured for 3 days with fig/ml of the immunoglobulins ACtivatic_)n of the peak K current was de_termmEd by
from the patients and controls. Steady state (4) and peak K calculating the peak Kconductance from the linear conduct-
(B) current densit!es were qbtained at the test potentiat 40 ance equationGyx = I¢/(V; — Ex), whereGy is the conduct-
mV from the holding potential of =80 mV, and Neaurrent ance,l the K current,V, the test potential anf, the K+

densities (absolute values) at the test potential of —20 mV from fat . .
the same holding potentiaCj. Bars show the mean current equilibrium potential. Thée, value was assumed to be —84

density+ standard error. P < 0.05, **P < 0.01, compared with MV in this experimental condition. Figure 4A shows the

four healthy controls. activation curves of the peak *Kcurrents in NB-1 cells
cultured for 3 days with immunoglobulins from the controls

cells cultured with the immunoglobulins from patients and(n = 11), patient 1 f = 5) and patient 2r( = 5). The

those from controls. The respective Naurrent densities  smooth curves are the least-squares fitted lines for the relative

of 32.4 = 4.2 pAlpF q = 25, control) and 33.2- 6.6 K' conductances. The average values of the potential at
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which the relativeGx was 0.5 {/4,5) were 9.83 mV (control), patient 1, 28.4 7.7; patient 2, 32.7+ 6.1 pA/pF). In
6.73 mV (patient 1) and 7.43 mV (patient 2), showing veryFig. 5C, theV,,, values were —17.36 (control), —16.94 (patient
little difference among them. The average values of the slope 1) and -19.31 mV (patient 2). The slope Kpeters (
factor k) were —12.49 (control), —15.22 (patient 1) and-11.53 (control), —12.28 (patient 1) and —12.71 (patient 2).
—13.81 (patient 2), again showing very little difference. In Fig. 5D, Yhe values were —14.32 (control), —12.68
Figure 4B shows the inactivation of the peaK Kurrent at  (patient 1) and —10.45 mV (patient 2), and the respedtive
the test potential of-40 mV, which was examined by altering  values were —-10.37, —11.78 and -12.24. We conclude that
the holding potential for the controls (= 15), patient 1 the K* currents were suppressed significantly by the acquired
(n = 5) and patient 2 = 6). The V,,, averages were neuromyotonia patients’ sera in CHO-K1 cells transfected
—15.40 mV (control), —=16.39 mV (patient 1) and —20.54 mV with hKv 1.1 or 1.6, whereas there was almost no difference
(patient 2). The averagevalues were 9.09 (patient 1), 7.88 in the activation curves.
(patient 2) and 7.85 (patient 2). In addition, the respective
V4, averages of the inactivation curves for cells cultured for
6 days with immunoglobulins from the control and patient 1Discussion
were —18.27 and —18.30 mV, and the averkg@lues were The pathomechanism of nerve hyperexcitability in acquired
5.81 and 4.75 (figure not shown). We therefore concluded  neuromyotonia is closely correlated with anti-VGKC antibod-
that the voltage-dependence for activation and inactivatiomes (Sinhaet al, 1991; Shillitoet al., 1995; Sonodat al.,
did not differ significantly between cells cultured with the 1996; Arimetaal., 1997; Hartet al., 1997). We showed
control or patients’ immunoglobulins. that sera from acquired neuromyotonia patients suppressed
K™ currents in a PC-12 cell line (Kuroret al., 1995; Sonoda
et al, 1996). Because this cell line requires NGF for the
Effects of immunoglobulins from expression of VGKCs (Sonod al., 1996), the involvement

Guillain—Barré syndrome and IGM patients on of NGF in K* current suppression could not be ruled out.
K* currents and Na currents In the study reported here, we used an NB-1 cell line (Miyake

et al, 1975) that does not require a neurotrophic factor such
Effects on K" and Na currents in NB-1 cells co-cultured ) S qu . Pl u

o . i . 77 as NGF for the expression of ion channels. Furthermore,
for 3 days with immunoglobulins from patients with Guillain— P

Barri q d 1GM without q toni our previous experimental findings using 4-aminopyridine,
arre syndrome an without pseudomyotonia V\_'eretetraethylammonium and tetrodotoxin confirmed the existence
studied. The resting membrane potential and cell capacitan

. . i Gt voltage-gated K currents and voltage-gated Naurrents
d'ddn;t dr|1ffer fr?r:n tlze contr?ldvalu?[_s (Table 2). I(:jlg_ure ?’If‘ in NB-1 cells (Y. Horikiri, unpublished observation). The
an SNows the K current densities measured in cefis present findings confirm the suppression of voltage-gated K
cultured with 5pg/ml of the immunoglobulins from patients

currents in NB-1 cells by immunoglobulins from acquired
5-8. The steady-state current and the pealcirents were uromyotonia patients, indicating that NGF is not involved
both suppressed, but the suppression was greater for the PeRKihe inhibiti f K
K* currents. The Na currents in cells cultured with the . Ibition o currents.
. L . . . S Our findings also showed that'kcurrents were suppressed
patients’ immunoglobulins did not differ significantly from

) X only in cells co-cultured with the immunoglobulins from
those .Of the controls (I_:|g. SC).‘ The _eff?Cts (,)f the Immuno'acquired neuromyotonia patients for 3 days, but not in those
globulins from the patients with Guillain—Barrgyndrome

. . cultured for 1 day. A similar phenomenon was noted in our
and IGM W'thOUt. pseudomyotonla on both the lém.j N previous study of a PC-12 cell line (Sonoda 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 K 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
patients on expressed hKv 1.1 and 1.6 and colleagues reported similar finding in the suppression of
Figure 5A and B shows the averages of the peakckirrent ~ C&" channels by a LEMS IgG (Merinest al, 1996). They
densities measured at the test potentiah-@0 mV in each found that the LEMS immunoglobulin required 24 h for
transfected cell type cultured for 3 days with sera from two maximal effect and proposed that this is consistent with the
healthy participants (controls 1 and 2) and two acquiredprocess of C& channel removal reaching equilibrium with
neuromyotonia patients (patients 1 and 2). Figure 5C and D the insertion of riéwckannels in the plasma membrane.
shows the activation curves of the'Kurrents in these cells. Taken together, these findings suggest that decreasing VGKC
The cells in Fig. 5A and C were transfected with hKv 1.1, expression or increasing VGKC degradation through some
and those in Fig. 5B and D with hKv 1.6. Thetkcurrents  type of intracellular signalling pathway may be involved in
were suppressed significantly by the patients’ sera, as shown the reduction of outivaroiré&nt.

in Fig. 5A (control, 23.3+ 2.0; patient 1, 12.2= 1.7; patient Nerve hyperexcitability, which is also seen in myokymia,

2, 10.9 = 2.6 pA/pF) and Fig. 5B (control, 72.& 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 hKa& RAd(C) 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 K current densities obtained at the test potentiat-d mV from the holding potential of -80 m\¢ and

D show conductance—voltage relationships by non-linear regression fitting to the Boltzmann equation. £eliei@ were transfected

with hKv 1.1 and those i 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 Nachannels (Cameroet al., currents is an important step in establishing the aetiology of
1991a, b; Gutmannet al., 1996). We showed that immuno- nerve hyperexcitability, and that acquired neuromyotonia
globulins from patients with acquired neuromyotonia do not  and IGM without pseudomyotonia (IGM except acquired
affect Na" currents, which is evidence that these currents dseuromyotonia) may belong to the same disease spectrum,
not function in the pathomechanism of this disease. the former being the more severe.

Myokymia and muscle cramp caused by nerve hyperexcit- In our findings, immunoglobulins from patients with Guil-
ability are found in a variety of diseases of unknown aetiology lain-Bayredrome suppressed*Kcurrents but not Na
(Auger et al., 1984; Jamiesort al, 1994). Our patients 7 currents in NB-1 cells. We did not perform an electromyo-
and 8 had IGM that was characterized by clinical myokymia  graphic study on our Guillain-8ertdeome patients, and
or muscle cramp with myokymic discharges of unknownonly one patient had muscle cramp. In the early stage of
aetiology (Augert al,, 1984; Jamiesoat al., 1994). Because Guillain-Baryndrome, myokymic discharges are occa-
the pseudomyotonia and hypersweating that are characteristtonally and transiently detectable by electromyography
of acquired neuromyotonia were absent in these patients (Mateddr, 1983), and suppression offKcurrents may
(Table 1), we classified them as patients with IGM butbe the pathomechanism of these discharges in Guillain~Barre
without pseudomyotonia (IGM with the exception of acquired syndrome.
neuromyotonia). The immunoglobulins of these two patients Western blots showed that NB-1 cells, which we used,
suppressed outward*Kcurrents but did not markedly affect ~ have hKv 1.1 and 1.2 butnot 1.6 (O. Pongs, unpublished data).
Nat currents, as was also the case for the immunoglobulinsiart and colleagues, in their molecular immunohistochemical
of patients with acquired neuromyotonia. These results sug- assa{emdpusoocytes transfected with the cDNA of
gest that the suppression of keurrents, which may induce human brain VGKCs (KCNA1, KCNA2 and KCNAG), con-
nerve hyperexcitability, is not specific to acquired neuromy-  firmed that all these VGKCs are involved in the pathomechan-
otonia, and that the underlying electrophysiological abnormalism of acquired neuromyotonia (Hast al,, 1997). They also
ities between myokymic discharges and neuromyotonic ~ showed that acquired neuromyotonia sera vary widely in
discharges may represent merely a continuum or spectruimmunoreactivity to the three VGKCs studied and suggested
of the same phenomenon. that the anti-VGKC antibodies in acquired neuromyotonia

We believe that the investigation of the suppression 6f K may be heterogeneous in their fine specificities, binding not
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only to the determinants found on one particular VGKC Autoantibodies detected to expresset ¢hannels are implicated in
subtype but perhaps to several determinants on the sanf@uromyotonia. Ann Neurol 1997; 41: 238-46.

VGKC subtypes. We therefore examined the electrophysiolotsaacs H. A syndrome of continuous muscle-fibre activity. J Neurol
gical effects of sera from acquired neuromyotonia patient®eurosurg Psychiatry 1961; 24: 319-25.

on the KCNAL or KCNAG expressed in CHO-K1 cells, and Jamieson PW, Katirji MB. Idiopathic generalized myokymia. Muscle
found that the K currents through both hKv 1.1 and 1.6 Nepve 1994: 17: 42-51.

were suppressed without change in the activation kinetics. Ki IN lar di haracterized by ab | |
Our findings confirm that nerve hyperexcitability is closely Imura.J. Neuromuscular diseases characterized by abnormal muscie

. . . activity. In: Kimura J. Electrodiagnosis in diseases of nerve and
related to the suppression of VGKCs without a change Mhuscle: principles and practice. Philadelphia: F.A. Davis; 1983. p.

the kinetics. Patch-clamp and immunological studies using,q g5
cells transfected with other VGKC subtypes should provide

information essential for the further investigation of pathome-Kurono A Son?da ¥, Watanabe O, Arimura K, Suehara M, Osame
. . 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
Aqkn0W|edgementS o ~ syndrome. Neurology 1983; 33: 374-6.
This study was Suppqrt_ed by a Grant-_ln-Ald for Seientific Meriney SD, Hulsizer SC, Lennon VA, Grinnell AD. Lambert—
Research from the Ministry of Education, Science, SportsE . . . : _
aton myasthenic syndrome immunoglobulins react with multiple

and Qulture of Japan (grant _07670719', projept Ieadert’ypes of calcium channels in small-cell lung carcinoma. Ann Neurol
K. Arimura), and by the Neuroimmunological Disorders, 1996: 40: 739-49.
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Miyake S, Shimo Y, Kitamura T. Morphological differentiation

of Japan. in vitro of human continuous and functional neuroblastoma cell line
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