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Increase of sodium current after pyrethroid insecticides in 
mouse neuroblastoma cells 

G6 S.F. Ruigt*, Hans C. Neyt, Johan M. Van der Zaim** and Joep Van den Bercken 
Department of Veterinary Pharmacology, Pharmacy and Toxicology, University of Utrecht, Utrecht (The Netherlands) 

(Accepted 16 June 1987) 

Key words: Pyrethroid; Neurotoxin; Sodium channel gating; Neuroblastoma; Temperature 

The effects of 4 different pyrethroid insecticides on sodium channel gating in internally perfused, cultured mouse neuroblastoma 
cells (NIE-115) were studied using the suction pipette, voltage clamp technique. Pyrethroids increased the amplitude of the sodium 
current, sometimes by more than 200%. Activation of the sodium current occurred at more hyperpolarized potentials than under con- 
trol conditions. The declining phase of the sodium current during depolarization was markedly slowed down and after repolarization 
of the membrane a large, slowly decaying sodium tail current developed. Pyrethroids did not affect the sodium current reversal poten- 
tial, steady-state sodium inactivation or recovery from sodium channel inactivation. The amplitude of the pyrethroid-induced slow tail 
current was always proportional to the sodium current at the end of the preceding depolarizing pulse. The rate of decay of the slow tail 
current strongly depended on pyrethroid structure and increased in the order deitamethrin, cyphenothrin, fenfluthrin and phenothrin. 
The rate of decay further depended on membrane potential and temperature. Below -85 mV the instantaneous current-voltage rela- 
tionship of the slow tail current showed a negative slope conductance. The tail current decayed more slowly at low temperatures. Ar- 
rhenius plots indicated that the relaxation of open sodium channels to a closed state in,,olved a higher energy barrier for pyrethroid-af- 
fected than for normal channels. The energy barrier was higher after deitamethrin than after the non-cyano pyrethroid fenfluthrin. It 
is concluded that in mammalian neuronal membrane pyrethroids selectively reduce the rate of closing of sodium channels both during 
depolarizatio~ and after repelarization of the nerve membrane. 

INTRODUCTION 

Pyrethroids constitute a large group of neurotoxic 

insecticides, which were originally developed as syn- 

thetic analogs of the natural pyrethrins present in the 

flower heads of certain Chrysanthemum species. 

There is ample evidence suggesting that pyrethroids 

primarily affect sodium channels in excitable mem- 

branes causing a prolongation of the sodium current 

during excitation. The prolonged sodium current re- 

sults in the development of a depolarizing afterpo- 

tential following the action potential and is also re- 

sponsible for the induction of repetitive activity 

which is the most characteristic effect of pyrethroid 
poisoning in the nervous system 25"26"31"35"38. The mod- 

ification of sodium channel gating by pyrethroids has 

been studied in voltage clamp experiments on cray- 

fish 18-2° and squid ~7 axon membranes, as well as in 

myelinated nerve fibers of the clawed frog 36'37. These 
studies have revealed that the prolongation of the so- 

dium current is mainly due to a reduced rate of clos- 

ing of a fraction of sodium channels which are af- 

fected by pyrethroids in their open configuration. 

Lund and Narahashi is further showed that the open- 

ing of a number of pyrethroid-affected sodium chan- 

nels in squid and crayfish axons was slowed down. 

Over the past few years the mouse neuroblastoma 

cell line, NIE-115, has proved to be a suitable model 

system for the study of ionic currents in mammalian 

neuronal membrane 34. The characteristics of sodi- 

um, potassium and calcium currents are essentially 

similar to those observed in other excitable tis- 
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sue s  21-23. It has recently been shown by single chan- 
nel analysis that sodium channel gating kinetics in 
neuroblastoma cells TM may deviate from the classi- 
cal model of sodium channel gating l° Radioligand 
binding studies have provided much information on 
the interaction of a variety of neurotoxins with the so- 
dium channels of cultured mouse neurobiastoma 
cells. Sodium channel neurotoxins have been divided 
into different groups which interact with different 
binding sites on the channel protein 4"15. Detailed 
electrophysiological studies in neuroblastoma cells 
have revealed that toxins belonging to these bi~- 
chemically defined groups also affect sodium channel 
gating in different ways s'':'l 1,29 

Although much is known about the action of py- 
rethroids on sodium cmrents in invertebrate and frog 
neuronal membranes, the action of these broadly 
used insecticides on mammalian sodium currents has 
not been investigated in detail. In neuroblastoma 
cells the pyrethroids deltamethrin 12, kadethrin 12, tra- 
lomethrin 3° and tralocythrin 3° do not stimulate the 
entry of 22Na+ in neuroblastoma cells by themselves, 
but increase 22Na+ entry when applied in combina- 
tion with toxins that keep the sodium channel open. 
This was also found for the insecticidally active enan- 
tiomers of deltamethrin and des-cyano deltamethrin 
in mouse synaptosomes 6. Deltamethrin and kadeth- 
fin further induced a depolarizing afterpotential in 
neuroblastoma cells 12. Other pyrethroids, like bio- 
resmethrin, cis-permethrin and cismethrin were un- 
able to stimulate 22Na+ entry and failed to affect the 
action potential. The inactive pyrethroids antago- 
nized the effects of the active pyrethroids. It was con- 
cluded that the binding component for pyrethroids in 
neuroblastoma cells is distinct from that of other tox- 
ins known to affect the sodium channel. The pyreth- 
roid tetramethrin has further been shown to increase 
the mean open time of single sodium channels in 
mouse neuroblastoma cells 39. 

The objective of the present study was to investi- 
gate whether pyrethroids have a similar effect on so- 
dium currents in mammalian neuronal membrane as 
described for frog and invertebrate axonal mem- 
brane. Most experiments were performed with the 
active isomer of a pyrethroid with a pentafluorbenzyl 
alcohol moiety (fenfluthrin), which is a potent, rapid- 
ly acting insecticide 27. This pyrethroid induces pro- 
nounced repetitive activity in the crayfish stretch re- 

ceptor organ 33 and in muscle fibers of the clawed 
frog 32. In the isolated frog node of Ranvier fenfluth- 
tin induces a prolongation of the sodium current (un- 
published) similar to that observed after other py- 
rethroids 37. 

MATERIALS AND METHODS 

Cell culture 
Experiments were performed using the mouse 

neuroblastoma cell line NIE-115 (ref. 2). Cells were 
routinely grown in Dulbecco's modified Eagle's me- 
dium (DMEM; Flow Laboratories), buffered with 45 
mM NaHCO 3 and supplemented with 7.5% fetal calf 
serum (FCS, Flow Laboratories). Cultures were 
maintained at 37 °C in a humidified atmosphere con- 
taining 7.5% CO 2. Cells were subcultured every 5 
days by washing with phosphate buffered saline 
(PBS) followed by a 5-min incubation period at 37 °C 
in PBS containing 5% trypsin. Trypsinized cells were 
resuspended in DMEM with 1.5% FCS and plated on 
tissue culture dishes. Two days after subculture 1% 
dimethyl sulfoxide (DMSO) was added. Dishes were 
regularly refreshed with new medium. Treatment 
with DMSO for 3 days up to 3 weeks inhibited cell di- 
vision and initiated cell differentiation in most of the 
cells as judged by the outgrowth of neurites and the 
increase in cell size up to a final diameter of 50-100 
pm. The presence of long processes in morphol- 
ogically differentiated cells generally made them un- 
suitable for voltage clamp experiments by means of 
the suction pipette technique, as it hindered an ad- 
equate space clamping of the membrane potential. 
Therefore most experiments were performed on iso- 
lated round cells. 

Experimental procedures 
A culture dish containing differentiated neuroblas- 

toma cells was placed on an aluminum plate which 
was in direct contact with a Peltier element for tem- 
perature control. This assembly was mounted on the 
stage of an inverted phase-contrast microscepe. The 
temperatuie of the bathing solution was held con- 
stant at 18 + 0. i °C. A suction pipette technique for 
combined voltage clamp and internal perfusion of 
neuroblastoma cells, modified after the method de- 
veloped by Lee et al. 16 was used. Suction pipettes 
were pulled in two stages and the tip was fire-po- 



lished under visual control until the final internal tip 
diameter was about 10 pm resulting in a tip resistance 
of 400-600 kfl. Membrane potential was recorded by 
means of an Ag/AgC! electrode which was connected 
through a 150 mM KCi agar bridge to the electrode 
holder. Current was passed through a piece of stain- 
less steel tubing, which was coated with a layer of 
plastic except for the platinized tip. The tubing was 
advanced to the tip of the suction pipette and was si- 
multaneously used for delivery of the internal perfu- 
sate. The fluid pressure at the pipette tip could be 
regulated accurately by applying negative pressure 
to the electrode holder. Before touching a cell with 
the pipette, pressure was adjusted to assure a small 
outflow of solution. The resistance between the suc- 
tion electrode and the bath solution, which was con- 
stantly monitored by applying 15 ms constant hyper- 
polarizing current pulses of 1 nA, rose rapidly when 
the negative pressure was increased. Final seal resis- 
tance usually varied between 50 and 100 Mfl and of- 
ten reached values of a few hundred Mf~. After 
breaking the aspirated membrane by means of a 
pressure jump or by preamplifier oscillation the re- 
sponse to the stimulus was altered due to the charging 
of the membrane capacitance. Thereafter suction 
was maintained at a negative pressure of 25-50 

mbar. 

Voltage clamp and current measurements 
A conventional voltage clamp circuit was used with 

a capacity compensated high impedance preamplifier 
for recording of the membrane potential. The bath- 
ing solution was clamped at ground potential by 
means of a virtual ground circuit employing an 
Ag/AgC! reference electrode and a platinum black 
current passing electrode. Current was measured by 
means of a current to voltage converter connected to 
the platinum black electrode. A fraction of the cur- 
rent was subtracted from the input signal to the volt- 
age clamp control amplifier for series resistance com- 
pensation. Series resistance was estimated from the 
instantaneous voltage displacement produced by a 
current step under current clamp conditions. Its 
value ranged from 200 to 800 kQ and was compen- 
sated for 80-95%. The membrane potential was held 
at -95 mV and the holding current remained stable 
(0.1 + 0.1 nA) for several hours. Stable recordings 
could be obtained for up to 8 h o In order to remove 
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resting sodium channel inactivation, depolarizing 
pulses were preceded by a conditioning hyperpolar- 
ization of 200 ms to -125 mV. Pulse sequences were 
generated by a programmable, microprocessor-con- 
trolled square wave generator. To increase the effec- 
tive dynamic range of the A to D converter, linear ca- 
pacitative and leakage currents were subtracted elec- 
tronically. Currents were digitized by means of an 8 
bits transient recorder. The remainder of the linear 
capacitative and leakage current components was 
subtracted by using a P/2 protocol 2s in which the de- 
polarizing pulse was preceded by two hyperpolariz- 
ing pulses of half-amplitude. Signals were averaged 
on-line with an HP-1000 minicomputer system and 
were stored on magnetic disc together with pulse in- 
formation from the square wave generator. Voltage 
clamp currents were digitally filtered off-line before 
further analysis. Time constants were fitted by using 
a derivative-free Levenberg-Marquardt routine 3. 

Solutions and chemicals 
Low sodium ion concentrations were used in exter- 

nal solutions in order to minimize non-uniform space- 
clamp. Complete replacement of potassium by cesi- 
um internally as well as addition of tetraethylammo- 
nium chloride (TEACi) to the external solution ad- 
equately eliminated voltage-dependent potassium 
currents. The external solution contained (in mM): 
NaC! 60, HEPES 25, TEACI 25, MgCI2 0.8, CaCI2 2, 
glucose 30 and TMACI 60 (osmolarity 300 mOsm/lit- 
er); pH was adjusted to 7.4 with TMAOH. The inter- 
nal perfusate contained (in mM): Na-HEPES 20, and 
CsOH 120; pH was adjusted to 7.1 with L-glutamic 
acid and the osmolarity was adjusted to 310 mOsm/ 
liter with sucrose. The voltage-dependent sodium 
current could be readily blocked by 0.5 #M TI'X, 
even in the presence of pyrethroids. The following 
pyrethroids were used: pentafluorbenzyi-(1R,c/s)-3- 
(2,2-dichlorovinyl)-2,2-dimethyl-cyclopropane-car" 
boxylate (fenfluthrin), 3-phenoxybenzyl-(1R,cis)-3- 
(isobutenyl)-2,2-dimethyl-cyclopropane-carboxylate 
(phenothrin): a(S)-cyano-3-phenoxybenzyl-(1R,cis)- 
3-(isobuteny!)-2,2-dimethyl-cyclopropane-carboxyl" 
ate (cyphenothrin) and a(S)-cyano-3-phenoxyben- 
zyl-( 1R,cis).3-(2,2-dibromovinyl)-2,2- dimethyl- cy- 
clopropane-carboxylate (deitamethrin). The com- 
pounds were dissolved in DMSO and stored at 5 °C. 
Pyrethroids were either directly added to the culture 
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dish or were prediluted in the superfusing saline. The 
final concentration of DMSO was always less than 
0.1%, which had no effect on the sodium current in 

control experiments. 

RESULTS 

Membrane sodium currents 

Control sodium currents in response to a series of 
increasing depolarizing pulses are shown in Fig. 1A. 
Inward currents were characterized by rapid activa- 
tion and inactivation kinetics. Treatment with fenf- 
luthrin (1/zM) affected both the amplitude and the 
time course of the sodium current (Fig. 1B). Three 
main effects of the pyrethroid were found: (1) the 
peak amplitude of the sodium current increased; (2) 
the declining phase of the sodium current during de- 

polarization was greatly slowed down resuilting in a 
marked residual current towards the end of tlhe 15 ms 
pulse; and (3) after repolarization of the m~:~.mbrane 
to the holding potential a large, slowly decaying sodi- 
um tail current remained. 

The effects on the sodium current developed rap- 
idly after addition of the pyrethroid to the external 
solution. Fig. 1C shows that after application of 1/~M 
fenfluthrin the peak sodium current, the slow sodium 
tail current and the residual current increased in par- 
allel. The rapid increase during the first 5-10 min of 
exposure was followed by a more gradual increase to 
a steady-state level which was reached after 45-60 
min of exposure. Fig. 1C also shows that the time 
constant of the decay of the slow sodium tail in- 
creased with a similar time course. After higher con- 
centrations of pyrethroid these effects developed fas- 
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Fig. 1. A: control sodium currents in an internally perfused 
neuroblastoma cell evoked by a series of 15 ms depolarizing 
pulses with increasing amplitude. Pulse potentials increase 
from -65 to 75 mV with an increment of 10 mV. Before each 
depolarization the membrane was conditioned at -13,5 mV for 
200 ms. Holding potential was-95 mV. B: same as in A after 
treatment of the same cell with 1/tM fenfluthrin for 85 min. C: 
development of the effect of 1/~M fenfluthrin applied at 1' on 
several parameters of the sodium current evoked by a 15 ms de- 
polarizing pulse to -5 mV. @, peak sodium current; ©, resi- 
dual current at the end of the depolarizing pulse; .r--I, amplitude 
of the slow tail current extrapolated to the moment of repolari- 
zation; A, time constant of the slow tail current. Note that the 
vertical axis is in nA for ©, @ and I--1, but in ms for A. Calibra- 
tion: A, 2 ms and 2 nA; B, 5 ms and 5 nA. 



ter and reached higher levels. The maximum in- 

crease in peak amplitude of the sodium current 

varied considerably between cells. Particularly in 

freshly differentiated cells a large increase was ob- 

served sometimes by more than 200% over control. 

Other  pyrethroids had qualitatively similar effects, 

but the extent to which the sodium current was pro- 

longed differed markedly for the different pyrelh- 

roids. Phenothrin was the least effective pyrethroid 

(Fig. 2A). Fenfluthrin caused a marked slowing of 

the current during depolarization together with a 

large, slow sodium tail current after repolarization 
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(Fig. 2B), while the effects of the a-cyano pyreth- 

roids cyphenothrin (Fig. 2C) and deltamethrin (Fig. 

2D) were even more pronounced. The a-cyano py- 

rethroids acted, however, much slower than phe- 

nothrin or fenfluthrin. Early after application of py- 

rethroid, or after low pyrethroid concentrations, two 

components could be distinguished in the declining 

phase of the sodium current during depolarization 

(Fig. 2B, C); a fast component similar to that of the 

normal sodium current and a much slower compo- 

nent. The contribution of the slow component to the 

total current increased with the duration of pyreth- 
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Fig. 2. Effect of different pyrethroids on the sodium current evoked by a depolarizing step to-5 inV. A: sodium current during a 10 ms 
pulse before and after treatment with 1001~M phenothrin for 20 min. B: 4 superimposed traces of sodium current evoked by a 15 ms de- 
polarizing pulse before and at 1.5, 4.5 and 30 rain after application of I gM fenfluthrin. Note the marked increase in peak amplitude 
during exposure to fenfluthrin. C: sodium current during a 40 ms pulse after treatment with 25 #M cyphenothrin. D: sodium current 
during a 200 ms pulse after treatment with 100gM deltamethrin. Calibration: A, 2 nA and 2 ms; B, 2 nA and 5 ms; C, I nA and 50 ms; 
D, 1 nA and 200 ms. 
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roid exposure indicating that the number of affected 
sodium channels increased. The time course of decay 
of the slow compor~ents of the sodium current during 
depolarization and .,fte~ repcqarization of the mem- 
brane could be fitted by single expoaentials. The re- 
spective time constants, r s and r t, for the different py- 
rethroids, calculated after the effects had reach¢d a 
steady state, are listed in Table I (the effects of py- 
rethroids on rd are discussed below). 

Current-voltage (I- V) relationship 
Fig. 3A shows the I - V  relationship before and af- 

ter application of 1 ~M fenfluthrin. In control cells 
the sodium current activated be tween-35  a n d - 2 5  
mV, reached a maxinmm at -5  to 5 mV and reversed 
sign between 40 and 50 mV. After fenfluthrin the so- 
dium current activated at more negative potentials 
(-45 to -55 mV) with a very slow time course of acti- 
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TABLE I 

Time constants of the pyrethroid-induced slow component in the 
declining phase of the sodium current during depolarization to 
-5 mV (rs), of the slow sodium tail current after repolarization to 
-95 mV (rt) and of the decline of slow tail current amplitude with 
increasing duration of a depolarizing step to -5  m V (r d) 

rs (mS) rt (rns) farms) 

Phenothrin 3.0 3.5 4.5 
Fenfluthrin 12-35 15-30 20-30 
Cyphenothrin 40-55 140 55 
Deltamethrin 125-160 440-800 140-155 

vation. The maximum peak current increased 
markedly, while the maximum slope conductance 
was only slightly affected. Fenfluthrin did not affect 
the value of the reversal potential. The residual cur- 
rent had a similar voltage dependence as the peak so- 
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Fig. 3. A: current-voltage relationship of the peak sodium cur- 
rent before ((D) and after (@) treatment with I pM fenfluthrin 
for 85 rain. B: current-voltage relationship of the residual cur- 
rent before (1-1) and after ([[) fenfluthrin. The voltage depen- 
dence of the peak sodium current is also depicted for compari- 
son. Triangles represent the amplitude of the slow tail current 
extrapolated to the moment of repolarization (same cell as in 
A). C: relation between normalized tail conductance (A)  as 
well as normalized conductance at the end of a depolarizing 
pulse (~)  and membrane potential during depolarization in a 
cell treated with 250/,M deltamethrin for 15 min. Inset shows 
pulse protocol. 
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dium current and reversed sign at the same potential 
(Fig. 3B). The amplitude of the slow tail current in- 
creased in parallel with the activation of the sodium 
current during the depolarizing step and reached its 
maximum at the same potential as the residual cur- 
rent (Fig. 3B). With larger depolarizing steps the am- 
plitude of the slow tail current decreased only slight- 
ly. The slow tail current was always directly propor- 
tional to the residual current, i.e. to the fraction of 
sodium channels which were open at the end of the 
depolarizing pulse, as illustrated in Fig. 3C. This fig- 
ure shows how the normalized tail conductance and 
the normalized conductance at the end of the depo- 
larizing pulse depend on the membrane potential 
during the depolarizing step. 

Sodium inactivation 
Steady-state sodium inactivation was investigated 

by conditioning the membrane for 200 ms at different 
potentials and by recording the peak sodium current 
during a subsequent test pulse of 15 ms to -5  mV. 
Normalized peak currents were plotted against the 
potential of the conditioning prepulse (Fig. 4A). The 
~'esults clearly show that 1 pM fenfluthrin had no ef- 
fect on steady-state inactivation. Fig. 4A further 
shows the relation between the amplitude of the slow 
tail current and the prepulse potential. The two 
curves are identical which indicates that inactivated 
sodium channels do not contribute to the stow sodium 
tail current. 

In control preparations the time constant of the de- 
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Fig. 4. A: steady-state inactivation of the sodium current be- 
fore (O) and 45 min after (O) application of 1 !~M fenf!uthrin 
measured using the pulse protocol depicted in the inset. Both 
the normalized peak sodium current during the depolarizing 
pulse (circles) and the normalized tail current after repolariza- 
tion (triangles) are plotted as a function of the membrane po- 
tential during the 200 ms conditioning prepuise. B: relation be- 
tween membrane potential and the time constant of decay of 
the declining phase of the sodium current. Control (TJ. fast 
component of the declining phase after fenfluthrin (X) and af- 
ter 25 !~M cyphenothrin ( I ) .  C: same as in B for the slow com- 
ponent of the declining phase of the sodium current after 1 !~M 
fenfluthrin (X) and after 25 uM cyphenothrin. 
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clining phase of the sodium current (rf) decreased 
steeply with increasing depolarizing steps in the ne- 
gative membrane potential range (Fig. 4B). If a fast 
component was present in the declining phase of the 
sodium current after pyrethroid treatment, it had a 
time constant which did not differ significantly from 
rf (Fig. 4B). The time constant of the pyrethroid-in- 
duced slow component (r s) depended on pyrethroid 
structure (Table I) and showed a similar voltage de- 

pendency as rf (Fig. 4C). 
The time course of recovery of sodium channels 

from inactivation was examined in order to deter- 
mine whether the delayed closing of pyrethroid-af- 
fected channels during depolarization leads to a nor- 
mal inactivated state. This was investigated by exam- 
ining the time course of recovery of sodium channels 
from inactivation. The membrane was conditioned 
during 200 ms at-145 mV for removal of resting sodi- 
um inactivation. The membrane was then depola- 
rized to -5  mV for 275 ms resulting in a maximum 

peak inward current and complete inactivation of the 
sodium current at the end of the pulse. After an inter- 
val of variable duration, in which the membrane po- 
tential was hyperpolarized to -145 mV, a second de- 
polarizing step was given and the normalized peak 
current was plotted against the duration of the inter- 
val. The time course of recovery from inactivation at 
-145 mV after 1 /zM fenfluthrin did not deviate 
markedly from the control as shown in Fig. 5. Similar 
results were obtained for deltamethrin. 

Slow sodium tail current 

Fig. 6A shows for a control recording how the fast 
sodium tail current, which was extrapolated to the 
moment of repolarization, depends on the duration 
of a preceding depolarizing step to -5 mV. The time 
course of the normalized sodium conductance during 
the depolarizing step is shown in the same figure. The 
two curves are almost identical which indicates that 
the fast sodium tail current is always proportional to 
the number of sodium channels which are open at the 
end of the depolarizing step. After pyrethroid treat- 
ment a slow component became apparent in the tail 
current. The fast co~,~ponent of the tail current in py- 
rethroid-treated cells had the same time constant as 
the tail current in control cells. In the steady-state 
condition after administration of 1 gM fenfluthrin the 
fast components of the tail current and of the de- 

clining phase of the depolarization-induced sodium 
current were both abolished. The slow tail current in 
these cells, measured after steps of increasirig dura- 
tion, developed in parallel with the activation of the 
sodium current and reached its maximum at the peak 
of the sodium current (Fig. 6B). The decay of the tail 
current with longer depolarizing steps furthermore 
had the same time course as the sodium conductance 
during the step (Fig. 6B). Similar results were ob- 
tained for other pyrethroids, but the decline of the 
slow tail current amplitude with increasing duration 
of depolarization differed markedly for the different 
compounds (Fig. 6C). The curves in Fig. 6C could be 
fitted by a single exponential with a time constant rd 
which was close to the time constant rs of the slow 
component of the declining phase of the sodium cur- 
rent during depolarization (see Table I). These re- 
sults clearly show that only sodium channels which 
are open at the end of the depolarizing step contrib- 
ute to the slow tail current. The slow tail current in 
these cells developed in parallel with the activation of 
the sodium current and reached its maximum at the 
peak of the sodium current (Fig. 6B). 

The rate of decay of the slow tail current did not 
only depend on pyrethroid structure, but depended 
also on the potential to which the membrane was re- 
polarized as shown in Fig. 7A for fenfluthrin. The 
slow tail current showed a single exponential decay 
for the different pyrethroids with a time constant 
which increased steeply with membrane potential be- 
tween-155 and-85 mV (Fig. 7B). 
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Fig. 5. Recovery from sodium inactivation before (O) and af- 
ter (&) treatment with 1/~M fenfluthrin using the pulse proto- 
col shown in the inset. For further details see text. Duration of 
the depolarizing pulses was 275 and 15 ms, respectively. 
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The instantaneous I - V  relationship for the norma- 
lized slow tail current at the moment of repolariza- 
tion, as shown in Fig. 7C, was linear between -5  and 
-65 mV implying a constant conductance of the 
membrane for sodium ions within this range. Howev- 
er, if the membrane was repolarized to a potential 
be low-65 mV, the conductance started to decrease 
and a negative slope conductance was often observed 
be low-  100 mV. When the membrane potential was 
varied 10 ms after the moment of repolarization a 
similar negative slope conductance was observed in 

the instantaneous I - V  curve of cells treated with del- 
tamethrin. 

Influence of temperature 
The influence of temperature on the rate of closing 

of sodium channels after pyrethroid treatment was 

investigated in order to examine whether the temper- 
ature dependence of the gating of modified channels 
differed :?tom that of normal channels. ,~rrhenius 
plots of the rate of decay of the declining phase of the 
sodium current before and after application of 1/~M 
fenfluthrin could be fitted by two straight lines with a 
break around 10 °C. Arrhenius plots for the rate of 
decay of the fast tail current in control cells and of the 
slow tail currents induced by different pyrethroids 
were linear over a large temperature range (Fig. 8). 
This suggests that during the tail current a single 
energy barrier limits the rate at which sodium chan- 
nels close. The free energy of activation (AGa) was 
calculated from the different Arrhenius plots 36. The 
AG a values for different cells treated with the same 
pyrethroid differed only slightly, whereas large dif- 
ferences were observed between cells in the values 
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A. control; B. after 1 .uM fenfluthrin. The continuous lines in A 
and B represent the normalized sodium current during a single 
depolarizing pulse. In C the decline of the tail current ampli- 
tude with increasing duration of depolarization is shown for 
control (0 ) .  100 !~M phenothrin (0 ) .  1 !4M fenfluthrin (F1). 25 
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Fig. 7. A: voltage-dependent rate of decay of the slow sodium 
tail current after I 14M fenfluthrin. Tail current was measured 
following a 10 ms depolarizing pulse to -5 mV. The membrane 
was repo!arized to - 135, 125, - 115, - 105 and -95 mV, respec- 
tively. Note the increase in the rate of decay with more nega- 
tive membrane potentials. Calibration: 2 nA and 20 ms. B: re- 
lation between the time constant of the slow tail current and re- 
polarization potential for control (+), 100 pM phenothrin (O), 
1/~M fenfluthrin (FI), 25 pM cyphenothrin (A) and 100#M del- 
tamethrin (©). C: relation between the normalized amplitude 
of the slow tail current extrapolated to the moment of repolari- 
zation and repolarization potential after 10 I~M cyphenothrin 
(O) and 10pM deltamethrin (A). 

for enthalpy (dHa) and entropy (dSa) of activation. 

The d G  a values, as shown in Table II, clearly dif- 

fered between control, fenfluthrin and deltamethrin. 

The free energy of activation calculated for the decay 

of the sodium current during depolarization was 

smaller than the values for the decay of the tail cur- 

rent in control preparations and after pyrethroid 
treatment. 

DISCUSSION 

The present results show for sodium channels in 

mammalian neuronal cell membrane that pyreth- 

roids selectively reduce the rate of channel closing 

both during depolarization and after repolarization 

of the membrane. Pyrethroids do not affect the 

steady-state sodium inactivation nor the recovery 

from inactivation. The rate of opening of sodium 

channels was not notably affected even in cells in 

which the sodium current increased by more than 

200%, but the voltage depenc~ence of the sodium cur- 

rent activation shifted to more negative potentials. 

The various pyrethroids differed mainly in the ex- 

tent to which the sodium current was prolonged (del- 

tamethrin > cyphenothrin > fenfluthrin > phenoth- 

rin) and in the fraction of sodium channels which 

were affected by the pyrethroid (a-cyano < non-cy- 

ano pyrethroids). The results are consistent with ob- 

servations in the isolated frog node of Ranvier 36 and 

in crayfish giant axons 2°, where the rate of decay of 

the slow tail current after a-cyano pyrethroids was 

much slower than after non-cyano pyrethroids. Al- 

though the incorporation of an a-cyano group in ac- 

tive pyrethroids has a pronounced effect on the time 
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Fig. 8. Arrhenius plots for the rate of decay of the tail current 
after repolarization (open symbols) and for the rate of decay of 
the declining phase of the sodium current during depolarization 
(filled symbols). C), control: A, I !~M fenfluthrin; E], 100 !tM 
deltamethrin. The Arrhenius plots for the rate of decay of the 
fast component in the declining phase of the sodium current af- 
ter treatment with 1/~M fenfluthrin is also shown (X). Straight 
lines represent least squares fit of the rate constants, which 
were averaged for each temperature. 

constant of the pyrethroid-induced slow tail current 
(e.g. cyphenothrin vs phenothrin), there are large 
differences in the rate of decay of the tail current for 
a-cyano pyrethroids (e.g. deltamethrin vs cyphe- 
nothrin) as well as for non-cyano pyrethroids (e.g. 
fenfluthrin vs phenothrin). This is in accordance with 
results from other studies in which a gradual transi- 
tion was found between the effects of a-cyano and 
non-cyano pyrethroids 2°'32. Two other non-cyano py- 

rethroids, cismethrin and permethrir, also induced 
slow tail currents with a relatively rapid time constant 

TABLE II 

Values of the free energy of activation (ziG a) calculated from the 
Arrhenius plots of the rate of decay of ti~e declining phase of the 
sodium current (AG 1) and of the rate of decay of the tail current 

(AG2) 

ziG l (M/moO ziG 2 (M/moO 

Control 62.5 64.5 
Fenfluthrin 67.2 67.6 
Cyphenothrin 68.1 69.2 
Deitamethrin 69.6 71.0 

in neuroblastoma cells (unpublished). This moderate 
prolongation of the sodium current may be responsi- 
ble for the absence of a detectable effect of several 
non-cyano pyrethroids on the action potential and on 
22Na+ entry in neuroblastoma cells ~2. 

The rate at which sodium channels close during the 
pyrethroid-induced slow tail current depends not 
only on pyrethroid structure, but also on the time of 
exposure, temperature and membrane potential. Ar- 
rhenius plots of the rate of decay of the tail current 
were linear, suggesting that a single energy barrier is 
involved in the closing of pyrcthroid-affected sodium 
channels after repolarization of the membrane. Like 
in the frog node of Ran,~ ier the energy barrier after 
a-cyano pyrethroids was higher than after non-cyano 
pyrethroids 36. The rate of decay of the slow tail cur- 
rent in the isolated frog node of Ranvier appeared 
not to be voltage dependent (unpublished). In cray- 
fish and squid axon membranes, however, the time 
constant of the slow tail current decreased at hyper- 
polarized potentials ~7"1s in a similar way as observed 

in neuroblastoma cells. 
The effects of pyrethroids on the sodium current 

during a depolarizing pulse clearly differ from those 
observed in other preparations. After pyrethroids 
the activation of sodium currents in neuroblastoma 
cells shifted to more negative potentials, which is in 
contrast with the frog node of Ranvier where no shift 
was observed 37. A marginal, but significant shift was 
described for the peak sodium current in squid axons 
treated with tetramc~hrin ~7, whereas the activation 
of the pyrethroid-induced residual current in crayfish 
was shifted by 20 mV in the hyperpolarizing direc- 
tion TM. The delayed closing of sodium channels may 
be responsible for this shift in the voltage depen- 
dence of activation, as will be explained below. A 
mean open time of 0.5-1.5 ms has been reported for 
single sodium channels in neuroblastoma cells at 
room temperature TM. The mean open time was inde- 
pendent of membrane potential over most of the acti- 
vation range and did not depend on the latency of chan- 
nel opening after the onset of a voltage step. The la- 
tency distribution of channel openings, however, de- 
pended strongly on ..membrane potential. Since the 
mean open time of sodium channels is prolonged by 
pyrethroids 39, the time course of activation of the so- 
dium current after pyrethroids will therefore proba- 
bly reflect the first latency distribution of openings of 
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individual channels. The slow activation of the sodi- 
um current in the voltage range between -35 and -45 
mV after treatment with pyrethroids is in keeping 

with results from single channel measurements show- 
ing that the first latencies for channel opening in- 
crease at negative potentials 1. The results from single 
channel studies indicate that there is a relatively 
small probability that a substantial number of sodium 
channels will be simultaneously open during small 
depolarizing steps in normal preparations. After 
treatment with pyrethroids, however, sodium chan- 
nels will stay open for a longer time than normal re- 
sulting in a detectable current at small depolariza- 
tions. This suggestion is strengthened by the fact that 
the activation of single channel currents is negatively 
shif ~d by 10-20 mV relative to whole cell recordings 
in no, mal neuroblastoma cells 24. A similar mecha- 
nism may underlie the observed increase in peak so- 
dium current after pyrethroids, which was not found 
in frog or in invertebrate axonal membranes. An al- 
ternative explanation for the increased peak current 
is that the prolongation of single channel open times 
by pyrethroids enhances the probability of opening of 
neighboring channels. Such an interaction between 
neighboring sodium channels has been observed in 
neuroblastoma cells 14. It is difficult to establish 
whether activation of 'silent' channels by pyrethreids 
may contribute to the increase in peak current, as has 
been postulated by Jacques et al. 12. Since single 
channel recordings have shown that in neuroblasto- 
ma cells activation and inactivation are not indepen- 
dent 1 extrapolation of the declining phase of the sodi- 
um current to the moment of depolarization is not a 
valid method for estimating the fraction of sodium 
channels available for activation. Therefore it is not 
possible to determine by analysis of the kinetics of 
the sodium current whether the increase in the peak 
sodium current after pyrethroids is due to an increase 
ir the number of available sodium channels or to an 
increase in mean open time of sodium channels s. The 
pyrethroid-induced increase in the peak current 
varie0 between cells and was especially large in cells 
which had been differentiated for only a few days. 
Thus in freshly differentiated cells a population of 'si- 
lent' sodium channels may exist, which may be acti- 
vated by pyrethroid treatment. 

The amplitude of the slow tail current in neuro- 
blastoma cells increased in parallel with the rising 

phase of the sodium current during depolarization 
and reached its maximum when the membrane was 
repolarized at the peak of the sodium current. The 

rate of rise of the sodium current was not markedly 
affected by pyrethroids. The tail current was always 
proportional to the conductance at the end of the de- 
polarizing pulse and no tail current was observed af- 
ter depolarizing pulses leading to complete inactiva- 
tion. However, in pyrethroid-treated frog nodes of 
Ranvier 37 the sodium current during depolarization 
was affected to a minor extent only and pulses lead- 
ing to almost complete inactivation were followed by 
large tail currents. It was therefore concluded that 
the tail current in the frog node of Ranvier is propor- 
tional to the number of sodium channels which 
had opened during depolarization 37. Sodium inacti- 
vation in invertebrate axons was also slowed down by 
pyrethroid and like in neuroblastoma cells the slow 
tail current was always proportional to the fraction of 
pyrethroid-affected open channels at the end of the 
depolarizing pulse 17A8. The large increase in the rate 
of decay of the tail current at membrane potentials 
below-85 mV indicates that the complex between 
the pyrethroid and the sodium channel is relatively 
unstable in this voltage range, possibly due ',. an in- 
creased force on the channel protein to change its 
conformation into a closed state. A similar mecha- 
nism may underlie the decrease of the time constant 
of slow inactivation at increasing voltage steps. 

The prolongation of the open time of sodium chan- 
ne!s makes it possible to study their conductance at 
potentials below -50 mV. The instantaneous conduc- 
tance at the end of a 15 ms depolarizing pulse in py- 
rethroid-treated cells was constant between -65 and 
+5 mV, but decreased sharply below-65 mV. A ne- 
gative slope conductance was often observed in the 
voltage range between-155 and -100 mV. Since te- 
tramethrin did not significantly change the single 
channel conductance at a membrane potential 

around -50 mV in membrane patches of neuroblasto- 
ma cells s9 it seems likely that the observed conduc- 
tance decrease in the present experiments is not due 
to the treatment with pyrethroids. A similar rectifica- 
tion of tail current instantaneous I - V  curves at po- 
tentials more negative than -40 mV was also ob- 
served under control conditions in Myxicola 7 and 
squid giant axons 4°. This rectification increases with 
increasing extracellular calcium concentration, ap- 



pears not to be due to a change in single channel ki- 

netics and is not affected by the pyrethroid tetra- 
methrin 39.40. 

On the basis of the present results the interaction 

between pyrethroids and sodium channels in neuro- 

blastoma cells can be described in the following man- 

ner. Whenever  sodium channels pass through an 

open state, conformational changes involved in the 

closing of open channels are impeded by pyrethroids, 

whereas conformationai changes involved in the 

opening of sodium channels or in the removal of sodi- 

um channel inactivation are not affected. Two differ- 

ent models of interaction of pyrethroids with sodium 

channels are compatible with these results. Pyreth- 

roids may rapidly associate with the sodium channel 

protein in its open conformation, delay the transition 

to the closed state and dissociate rapidly from their 

binding site when the protein returns to a dosed con- 

formation. On the other hand, pyrethroids may be 

bound to the channel protein in such a way that only 

conformational changes from the open to the closed 

state are impeded. The second alternative appears 
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most likely, since pretreatment of neuroblastoma 

cells with inactive pyrethroids prevents the devel- 

opment of a depolarizing afterpotential after active 

pyrethroids 12. The relatively slow time course of de- 

velopment of pyrethroid effects after exposure of 

neuroblastoma cells also suggests that pyrethroids do 

not interact rapidly with the mammalian sodium 
channel protein. 
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