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The effects of seven different pyrethroid insecticides on the lateral-line sense organ and on 
peripheral nerves of the clawed frog, Xenopus laevis. were investigated by means of elec- 
trophysiological methods. The results show that two classes of pyrethroid can be clearly distin- 
guished. (i) Pyrethroids without an cy-cyano group (permethrin, cismethrin, and bioresmethrin). 
These noncyano pyrethroids induce short trains of nerve impulses in the lateral-line sense organ. In 
peripheral nerve branches they induce a depolarizing afterpotential and repetitive tiring. These 
effects are very similar to those previously reported for allethrin. (ii) Pyrethroids with an o-cyano- 
3-phenoxybenzyl alcohol (cypermethrin, fenpropathrin, deltamethrin, and fenvalerate). In the 
lateral-line sense organ these u-cyano pyrethroids induce very long trains of nerve impulses which 
may last for seconds and may contain hundreds or even thousands of impulses. The cl-cyan0 
compounds do not cause repetitive activity in peripheral nerves. Instead they induce a quickly 
reversible. stimulus frequency-dependent suppression of the action potential. Since the chemical 
structure of cypermethrin differs from that of permethrin only in the o-cyan0 group and because all 
four a-cyano compounds act in a very similar way, it is concluded that the cu-cyano substituent is 
responsible for the large differences in neurotoxic effects. In the lateral-line sense organ the dura- 
tion of nerve impulse trains induced by the noncyano as well as the a-cyano pyrethroids increases 
dramatically when the temperature is lowered. Further, in sensory fibers the effects of both classes 
of pyrethroid on the nerve action potential are more pronounced compared to their effects on motor 
fibers. It is argued that the different neurotoxic effects reported here originate from a common 
mechanism of action of pyrethroids, which is a prolongation of the transient increase of sodium 
permeability of the nerve membrane associated with excitation. 

It is concluded that the sodium channel in the nerve membrane is the major target site of 
noncyano and cu-cyano pyrethroids. 

INTRODUCTION 

Pyrethroid insecticides are generally rec- 
ognized as typical neurotoxicants that act 
directly on excitable tissues (l-3). Early 
electrophysiological investigations into the 
neurotoxic action of allethrin have shown 
that this compound induces a depolarizing 
afterpotential following the action potential 
together with repetitive activity in nerve fi- 
bers. A brief electrical stimulus applied to 
the poisoned nerve produces a train of im- 
pulses instead of a single nerve impulse (4, 
5). A large number of pyrethroids have 
been reported to induce repetitive activity 

’ To whom all correspondence should be sent. 

in isolated nerve preparations of inverte- 
brates and vertebrates, including mammals 
(5-9). This effect has been observed in the 
peripheral as well as in the central nervous 
system (9-12). In particular, sense organs 
(13, 14) and presynaptic nerve endings (12, 
15, 16) show repetitive activity after treat- 
ment with pyrethroids. A genuine effect of 
pyrethroids on chemical neurotransmission 
has not been reported so far. 

Voltage clamp experiments have re- 
vealed that allethrin and some other pyre- 
throids cause a prolongation of the transient 
increase in sodium permeability associated 
with depolarization of the nerve membrane 
(17-20). The prolonged sodium current is 
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thought to be directly responsible for the 
repetitive activity jnduced by pyrethroids 
(2, 13). It has also been reported that pyre- 
throids, especially at high concentrations, 
may block nervous activity by suppressing 
the sodium and potassium permeability of 
the nerve membrane (21, 22). 

The intensity of repetitive activity in- 
duced by different pyrethroids varies con- 
siderably, but a clear correlation between 
structure and activity has not yet been es- 
tablished (6, 7, 23, 24). Recently we have 
found that deltamethrin, an cr-cyano-3- 
phenoxybenzyl ester, causes intense re- 
petitive activity in the lateral-line sense 
organ of Xrnopus luevis but fails to induce 
repetitive firing in myelinated nerve fibers 
(25). According to the symptoms of poi- 
soning in the rat two classes of pyrethroid 
can be distinguished which to a large extent 
coincide with the presence of an a-cyano 
group (23). Recently a similar division of 
pyrethroids into two classes was made 
based on the ability to induce repetitive 
nerve activity (24, 26). Because of the re- 
markable difference in poisoning symptoms 
and the apparent failure of a-cyano pyre- 
throids to induce repetitive activity in cock- 
roach sensory nerves it was suggested that 
these two classes of pyrethroid have a dif- 
ferent primary mechanism of action (24). 

In the present study on the peripheral 
nervous system of Xenopffs laevis large 
differences in neurotoxic effects between 
a-cyano and noncyano pyrethroids are ob- 
served, which are due to the presence of the 
a-cyano group. The results, however, are in 
keeping with the notion that both classes of 
pyrethroid primarily affect nerve mem- 
brane sodium channels in essentially the 
same way. 

MATERIALS AND METHODS 

The experiments were performed on the 
lateral-line sense organ and on peripheral 
nerves of small specimens (6-9 cm) of the 
clawed frog, Xenopus laevis. Standard 
electrophysiological methods were used to 
study the effects of pyrethroids on spon- 

taneous afferent activity of the lateral-line 
organ and on electrically evoked compound 
action potentials of peripheral nerve 
branches. 

Lateral-line sense organ. A piece of skin 
containing several lateral-line organs was 
removed from the dorsolateral side of the 
frog and was fixed between two Perspex 
rings. The skin was placed with the outer 
surface downward in a petri dish filled with 
tap water. The petri dish was mounted on a 
Peltier element for temperature control and 
the temperature of the tap water was kept 
constant (2 O.YC) in a range of 8-22°C. 
The inner side of the skin was covered with 
Ringer’s solution. The nerve innervating 
the lateral line was dissected free from the 
skin in such a way that one lateral-line 
organ was left connected, which is inner- 
vated by only two afferent nerve fibers. 
Spontaneous afferent nerve activity was re- 
corded by means of a silver wire electrode. 
Further details on preparation and record- 
ing have been described previously (27). 
The two types of nerve impulses, each orig- 
inating from one of the afferent nerve fi- 
bers, were separated by amplitude dis- 
crimination and nerve impulse intervals 
from one fiber were measured with a timer 
counter that was interfaced to a minicom- 
puter system. So all data reported here 
refer to single-fiber activity. Data analysis 
was performed on line, while a parallel re- 
cording of nerve activity was made on mag- 
netic tape for later reviewing. 

Peripheral rzer\‘es. Excised sciatic nerves 
were mounted in a moist chamber across 
silver wire electrodes. The nerve was stim- 
ulated by brief square pulses applied 
through an optical isolation unit and 
monophasic compound action potentials 
were recorded. The signals were amplified, 
displayed on an oscilloscope, and photo- 
graphed. Between measurements the nerves 
were immersed in Ringer’s solution. For 
experiments with motor and sensory nerve 
fibers the tibia1 nerve was dissected to- 
gether with the sensory branch that in- 
nervates the skin (ramus cutaneous cruris 
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posterior) and with the motor branch that 
innervates the head of the gastrocnemic 
muscle. Activity from these nerve branches 
was recorded using a suction pipet elec- 
trode. Nerve experiments were performed 
at a room temperature of 19-23°C. 

Treatment with pyrethroids. Pyrethroids 
were dissolved in ethanol, except for del- 
tamethrin that was dissolved in acetone. A 
small amount of stock solution was squirted 
through a hypodermic needle in water or in 
Ringer’s solution to produce a fine suspen- 
sion. In the experiments with the lateral- 
line sense organ the pyrethroids were either 
added to the water in which the animal was 
kept (in viva exposure), or to the water at 
the outer surface of the isolated skin prepa- 
ration (in vitro exposure). In the in vivo ex- 
periments the animal was killed before seri- 
ous symptoms of poisoning developed and 
a lateral-line preparation was set up. Ex- 
cised nerves were immersed in Ringer’s 
solution containing the desired concentra- 
tion of pyrethroid. The final amount of sol- 
vent was always less than 0.5% (v/v) which 
was without effect in control experiments. 

Chrmiculs. The Ringer’s solution con- 
tained (in mM): NaCl, 116; KCI, 2.4; CaCl,, 
2.0, and Hepes buffer, 3; pH was adjusted 
to 7.3. 

The following pyrethroids were used: 

permethrin [3-phenoxybenzyl-(lRS,3RS)-3- 
(2,2-dichlorovinyl)-2,2-dimethylcyclopro- 
panecarboxylate (WL 43479)] 

cismethrin [.5-benzyl-3-furylmethyl-( IR, 3S)- 
chrysanthemate (NRDC 119)] 

bioresmethrin [5-benzyl-3-furylmethyl-( lR, 
3R)-chrysanthemate (NRDC 107)] 

cypermethrin [(RS)-a-cyano-3-phenoxyben- 
zyl-( lR, 3RS)-3-(2,2-dichlorovinyl)-2,2- 
dimethylcyclopropanecarboxylate (WL 
43476)] 

fenpropathrin [(RS)-a-cyano-3-phenoxyben- 
zyl-2,2.3,3-tetramethylcyclopropanecar- 
boxylate (S 3206)] 

fenvalerate [(RS)-cr-cyano-3-phenoxyben- 
zyl-(RS)-2-(4-chlorophenyl)-3-methylbu- 
tyrate (WL 43775)J 

deltamethrin [(S)-c-w-cyano-3-phenoxybenzyl- 
(lR,3S)-3-(2,2-dibromovinyl)-2,2-dimeth- 
ylcyclopropanecarboxylate (NRDC 161)] 

RESULTS 

Lateral-Line Sense Organ 

A typical characteristic of the lateral-line 
sense organ is its spontaneous afferent ac- 
tivity which occurs in the absence of any 
mechanical stimulation (28). In control ex- 
periments single afferent nerve impulses 
occurred at irregular intervals with a mean 
rate of lo-25 Hz at room temperature, as 
illustrated in Fig. IA. The pyrethroids 
caused pronounced repetitive activity in the 
lateral-line sense organ and after treatment 
with the insecticides spontaneous trains of 
nerve impulses were observed alternated 
by silent intervals with occasionally a few 
single-nerve impulses. The number of nerve 
impulses per train markedly varied for the 
different compounds and also depended 
strongly on temperature as described 
below. The intervals between the trains in- 
creased with increasing train duration. The 
frequency of the nerve impulses during the 
trains was between 100 and 200 Hz at room 
temperature. The small differences in nerve 
impulse frequency during the trains for the 
various pyrethroids were not investigated 
further. The delay between exposure to py- 
rethroids and the onset of repetitive activity 
varied considerably for the different com- 
pounds and ranged from 1 to 24 hr. Cyper- 
methrin and fenvalerate even failed to in- 
duce repetitive activity in the time span of 
the in vitro experiments (4-5 hr). How- 
ever, significant differences in repetitive 
activity between preparations that were 
treated in \‘ivo or in vitro with permethrin 
or cismethrin were not observed. There- 
fore, the effects of the pyrethroids on the 
lateral-line organ are compared here inde- 
pendent of the way of application. 

Comparison of average numbers of im- 
pulses per train at 10°C revealed large dif- 
ferences between the various pyrethroids. 
Lateral-line preparations exposed to 5 x 
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FIG. 1. Effects oj‘various pyrethroids OH the spontaneous ufferent acti~~ity oj’the luterui-line sense 
organ. Spontaneous activity in a control preparation at 19°C (A), repetiti\,e nerve impulse trains 
induced by permethrin at 15 (B) and 8°C (C), cismethrin at 17°C (D). hioresmethrin at 10°C (E). 
cypermethrin at 14°C (F). and fenpropathrin at 13°C (G) 011 ut a concentration of 5 x lo-” M. Time 
calibration, 100 msecldivisiw~; upper applies to A 
impulse train have been omitted. 

E, lower to F and G. In G, 8.3 set of tiw nerve 

lo-” M permethrin in vitro for 3 hr showed 
short trains of nerve impulses (Fig. 1B). 
The average number of impulses per train 
ranged from 6 to 11 with a mean of 7 in 
three experiments. After in viva treatment 
with 10-j M permethrin for 5 hr very similar 
repetitive activity in the lateral-line sense 
organ was observed. 

Cismethrin at a concentration of l-5 x 

lO-fi M for l-3 hr caused repetitive activity 
that was somewhat more pronounced than 
after treatment with permethrin (Fig. 1D). 
In three in r,ivo and three in vitro experi- 
ments nerve impulse trains were observed 
which contained an average number of im- 
pulses per train ranging from 5 to 80 with a 
mean of 25 impulses per train. One animal 
that was exposed to 2 x lo-” M cismethrin 
for 220 min showed hyperexcitation and 
convulsions, but in the other in \!ivo ex- 
periments the animals were killed before 
gross behavioral symptoms became apparent. 

Bioresmethrin at 5 x lo-” M for 2-3 hr in 
\*ivo caused only weak repetitive activity in 
the lateral-line sense organ (Fig. 1E). The 
average number of impulses per train 
ranged from 2 to 6 with a mean of 3 in seven 
experiments. Thus bioresmethrin is much 
less efficacious in producing repetitive ac- 
tivity in the lateral-line organ than its dia- 
stereoisomer cismethrin. 

Treatment with the a-cyano-3-phenoxy- 
benzyl pyrethroids also caused repetitive 
activity in the lateral-line sense organ. but 
the trains of impulses lasted much longer 
compared to the trains induced by the non- 
cyano compounds and one train could last 
for seconds and could contain hundreds or 
even thousands of impulses. 

Cypermethrin, the a-cyano analog of 
permethrin, induced long-lasting trains of 
nerve impulses in lateral-line preparations 
from animals treated with 5 x IO-” M for a 
period of 4 hr in viva (Fig. 1 F). The average 
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number of impulses per train ranged from 
130 to 790 with a mean of 340 in seven ex- 
periments. 

Fenpropathrin acted more rapidly and 
after 1 - 1.5 hr of in ryitro exposure to 5 x 

lo-” M trains of impulses were recorded 
with an average number of impulses per 
train that ranged from 28 to 2450 with a 
mean of 530 in six experiments (Fig. 1G). 

Deltamethrin produced similarly long 
trains of impulses in five preparations 
treated in vitro with l-5 x 10mF M for 3 hr. 
In three experiments the average number of 
impulses per train at 13°C ranged from 370 
to 890 with a mean of 528. 

Fenvalerate acted very slowly and ani- 
mals had to be treated in vitjo with 5 x lo-” 
A4 for up to 23 hr before the lateral-line 
organ showed repetitive activity. In two ex- 
periments the average number of impulses 
per train at 10°C ranged from 300 to 340. 

These results show that all four a-cyano 
pyrethroids caused long-lasting trains of re- 
petitive activity in the lateral-line sense 
organ with a mean number of impulses per 
train that is an order of magnitude higher 
than that after treatment with the noncyano 
compounds, including allethrin (5). At the 
concentrations used a suppressive effect of 
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the pyrethroids on spontaneous activity 
was not detected. 

Effects of Temper&rue 

In control preparations the mean rate of 
spontaneous activity of the lateral-line 
organ gradually decreased when the tem- 
perature was lowered from 22 to 8°C. In 
preparations which showed repetitive ac- 
tivity the number of impulses per train and 
train duration increased dramatically with 
cooling, whereas the frequency of impulses 
during the train and the frequency of the 
trains gradually decreased. This effect was 
readily reversed when the temperature was 
raised. Figures 1B and C show the effect of 
cooling in a lateral-line preparation treated 
with permethrin. The relation between 
temperature and the average number of im- 
pulses per train in three lateral-line prepa- 
rations treated with the noncyano pyre- 
throids permethrin, cismethrin, and bio- 
resmethrin is shown in Fig. 2A. At higher 
temperatures the number of impulses per 
train was reduced to a minimum of two. 
When the temperature was raised further 
the number of paired impulses gradually 
decreased and eventually the repetitive 
activity disappeared completely. A simi- 
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5b3 

0 
k 

10 15 20 

temperature tC) 

FIG. 2. Relation het~~~ern tenzperature and average number of impulses per train -for permethrin 

(0). cismethrin (X), and bioresmethrin (0) (A). Relation between temperature and average train 

durotiort for c.vpprrmethrin (A), fenpropathrirz (O), deltumethrin (0) nnd fenvalernte (0) (B). The 

ovcrrrgc twin duration aJier cismethrin (X)from thr sume experiment (IS in A is also depicted in B. All 
concentrations bc,erc 5 x IO-” M. 
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lar negative correlation between tempera- 
ture and repetitive activity in the lateral- 
line sense organ has been reported before 
for allethrin (5). 

For the cy-cyano pyrethroids the number 
of impulses per train and train duration also 
dramatically increased with cooling as de- 
scribed for the noncyano compounds. Fig- 
ure 2B shows the relation between tem- 
perature and the average train duration 
after treatment with cypermethrin, fenpropa- 
thrin, deltamethrin, and fenvalerate. For com- 
parison, the average train duration after 
cismethrin from the same experiment as 
depicted in Fig. 2A is also presented. At 
temperatures below 10°C the duration of 
the nerve impulse trains further increased, 
but the occurrence of trains became very 
irregular and they were separated by very 
long silent periods. Nerve impulse trains 
that lasted for more than 30 set and which 
contained thousands of impulses were oc- 
casionally observed. 

Peripheral Nerves 

The effects of pyrethroids on the com- 
pound action potential of peripheral nerves 
differed for noncyano and a-cyano com- 
pounds. Permethrin, cismethrin and bio- 
resmethrin at a concentration of 5 X IO-” 
M caused repetitive activity within the first 
2 hr of exposure. The nerve action potential 
was followed by a depolarizing afterpoten- 
tial and repetitive afterdischarges were 
superimposed on this afterpotential. De- 
pendent on the degree of synchronization of 
afterdischarges sometimes large potential 
oscillations following the action potential 
were observed. Figure 3A shows a com- 
pound action potential of a sciatic nerve 
treated with cismethrin. The same concen- 
tration of bioresmethrin caused only small 
effects. 

In the sensory branch of the tibia1 nerve 
pronounced repetitive activity was ob- 
served after treatment with noncyano py- 
rethroids, whereas in the motor branch 
hardly any repetitive activity was observed. 
This marked difference is shown for per- 

methrin in Figs. 3B and C. These effects 
closely resemble those previously reported 
for the noncyano pyrethroid allethrin (5). 

Excised sciatic nerves exposed to cy- 
permethrin, fenpropathrin, deltamethrin, 
or fenvalerate in concentrations up to lo-” 
M for more than 24 hr did not show repeti- 
tive activity after a single stimulus and a 
depolarizing afterpotential was not de- 
tected. However, when a short train of 
stimuli was applied the amplitude of the 
compound action potential gradually de- 
clined as shown in Fig. 3D for fenpropa- 
thrin. This effect was neither observed in con- 
trol nerves at the same stimulus frequency 
nor after the noncyano pyrethroids. The de- 
gree of suppression of the compound action 
potential increased with increasing stimulus 
frequency. The suppression was quickly 
reversed when the nerve was left unstimu- 
lated for a few seconds and the action po- 
tential fully regained its original amplitude. 
This stimulus-frequency-dependent sup- 
pression of the nerve action potential has 
been reported before for deltamethrin (25). 

I A 
B C 

FIG. 3. Effects ofvurious pyrrthroids on the ner~‘e 
action potential. Depolarizing afterpotential und re- 
petitir,e activity in the excised sciatic nen’e after 5 X 
IO-” M cismethrin for 4 hr (A). Repetitive ucti\Vty after 
prolonged treutrnent H,ith I x 1Om6 M permethrin (22 
hr) in the motor brunch (B) and in the sensory brunch 

of’ the tibia1 nerve (C). Stimulrts_frryl,eflc~-depe~ld~~nt 
suppression of ihe nerl’e uction potential by 5 X 10mD 
M fenpropathrin (40 min) in the sciatic nerve (D) und 
ufter prolonged treutment with I x IO-” M cypermeth- 
rin (19 hr) in the motor brunch of the tibia1 nerrv (E) 
and in the sensory brunch (F). In E und F. three stimuli 
were upplied ut a frequency qf‘5 Hz. Time calibrations. 
20 m.sec (A-D) and 2 msec (E, f). Temperutrrre. 
19-22°C. 
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At high stimulus frequencies the last action 
potential of a train was sometimes followed 
by a small depolarizing afterpotential and in 
some nerves treated with fenvalerate a few 
repetitive discharges of low amplitude oc- 
curred at the end of the train. A slowly 
progressing, irreversible suppression of the 
nerve action potential after treatment with 
the a-cyano compounds was also observed, 
but this effect was quite distinct from the 
reversible, frequency-dependent suppres- 
sion. In the sensory branch of the tibia1 
nerve the frequency-dependent suppression 
of the action potential was more pro- 
nounced than in the motor branch as illus- 
trated in Figs. 3E and F. 

DISCUSSION 

The present results demonstrate that, 
based on their effects on the peripheral ner- 
vous system of Xenopus Eaevis, the pyre- 
throids can be divided into noncyano and 
c-u-cyan0 compounds. The afferent nerve 
impulse trains induced in the lateral-line 
sense organ by these two classes of pyre- 
throid differ strikingly in duration. More- 
over, in peripheral nerves noncyano pyre- 
throids induce marked repetitive activity, 
whereas the a-cyano compounds only 
cause a stimulus-frequency-dependent sup- 
pression of the nerve action potential. The 
difference in effect between permethrin 
and cypermethrin is of particular interest. 
These two pyrethroids have identical 
chemical structures, except that cypermeth- 
rin contains an cy-cyano group. This dem- 
onstrates that the large differences in ef- 
fects between a-cyano and noncyano pyre- 
throids are solely due to the presence of the 
a-cyan0 group. 

Because of the marked differences in 
neurotoxic effects it is not surprising that 
these two classes of pyrethroid produce 
quite different symptoms of poisoning in 
intact animals (23, 24). Verschoyle and Al- 
dridge (23) have reported that the poison- 
ing syndrome of the non-cyan0 pyrethroids 
in the rat is quite distinct from that of most 

cu-cyan0 pyrethroids, with the notable ex- 
ception of fenpropathrin. This indicates 
that besides the effects on the peripheral 
nervous system described here, other fac- 
tors may play an important role in the de- 
velopment of the poisoning syndrome of 
pyrethroids. 

Recently Gammon et al. (24) have also 
distinguished between two classes of pyre- 
throid action in the cockroach, Periplanetu 
americana, based on symptomology and 
neurophysiological effects. Their type II 
pyrethroids which include cypermethrin, 
deltamethrin, and fenvalerate were char- 
acterized by the failure to produce repeti- 
tive firing in the cereal sensory nerve. 
Although this agrees with the absence of 
repetitive activity in frog nerves treated 
with a-cyano pyrethroids, it contrasts sharp- 
ly with the effects in the lateral-line sense 
organ. Prolonged trains of nerve impulses 
have also been reported in the tarsal nerve 
of Locustu migrutoriu after treatment with 
a-cyano pyrethroids (28). 

Voltage clamp experiments have re- 
vealed that pyrethroids primarily affect the 
sodium channels in the nerve membrane 
and cause a prolongation of the transient 
increase in sodium permeability associated 
with membrane depolarization (17-20). 
After treatment with pyrethroids the 
sodium current evoked by a step depolari- 
zation is followed by a prolonged sodium 
tail current after repolarization of the mem- 
brane. The prolonged sodium current is not 
only directly responsible for the depolariz- 
ing afterpotential following the nerve action 
potential, but also for the repetitive activity 
induced by pyrethroids (2, 13). Recently, 
we have investigated the effects of a 
number of cr-cyano and noncyano pyre- 
throids on sodium currents in Xenopus 
nodal membrane (30, 31). It was found that 
the c-r-cyan0 pyrethroids induced a very 
long-lasting sodium tail current, whereas 
the tail current induced by the noncyano 
pyrethroids was at least one order of mag- 
nitude shorter. Moreover, lowering the 
temperature resulted in a considerable 
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further prolongation of the sodium tail cur- 
rents induced by both classes of pyrethroid. 
It, therefore, appears that the prolonged 
sodium tail currents induced by cY-cyano 
pyrethroids are associated with long-lasting 
trains of nerve impulses in the lateral-line 
sense organ, whereas noncyano com- 
pounds cause much shorter tail currents 
and short trains of nerve impulses. From 
the correlation between tail currents and 
nerve impulse trains it is concluded that the 
negative temperature coefficient of repeti- 
tive activity in the lateral-line organ is due 
to the further prolongation of the sodium 
tail current with cooling. 

Experiments with single myelinated nerve 
fibers have shown that deltamethrin causes 
a small, but long-lasting, depolarizing after- 
potential and that the frequency-dependent 
suppression of the action potential is brought 
about by a gradual depolarization of the 
nerve membrane due to summation of after- 
potentials during train stimulation (25). Fur- 
ther, following a short depolarizing pulse 
deltamethrin caused a sodium tail current of 
low amplitude. The inability of a-cyano 
pyrethroids to produce repetitive firing in 
peripheral nerves may, therefore, be ex- 
plained by the fact that the amplitude of the 
sodium tail current induced by these com- 
pounds is too small to elicit a repetitive re- 
sponse in isolated nerve fibers. On the other 
hand, the more rapidly decaying sodium tail 
currents induced by noncyano compounds, 
which are of sufficient amplitude to elicit a 
repetitive response in sensory nerve fibers, 
cause a short afterpotential that does not 
lead to a sustained membrane depolarization 
during train stimulation. It has been sug- 
gested before that differences in kinetics of 
the sodium inactivation process between sen- 
sory and motor fibers are of critical impor- 
tance for the generation of a repetitive re- 
sponse by pyrethroids (13, 16). 

It seems unlikely that the prolonged 
trains of impulses in the lateral-line sense 
organ originate from an effect of the cy- 
cyano compounds on the synapse between 
the sensory hair cell and the afferent nerve 

ending, as suggested by Gammon et crl. 
(24). Gaba (32) or glutamate (33) have been 
proposed as transmitter for this synapse. It 
has been shown that pyrethroids do neither 
affect glutamate potentials in locust muscle 
(6) nor the Gaba-mediated inhibitory 
transmission in rat spinal cord (34). In ad- 
dition the present results show a gradual 
but no fundamental difference between 
nerve impulse trains induced by noncyano 
and cY-cyano compounds. It has also been 
demonstrated that pyrethroids cause re- 
petitive activity in primary sense organs, 
e.g., the cutaneous touch receptor of the 
frog (35) and the crayfish stretch receptor 
(36); G. S. F. Ruigt, J. F. L. Klis, and J. 
van den Bercken (unpublished observa- 
tions). 

The intravenous toxicity of cismethrin in 
the rat is much higher than that of its 
trans-isomer bioresmethrin, although both 
compounds have about equal insecticidal 
activities (37). Gray et al. (37) have shown 
that this difference is most probably due to 
a difference in intrinsic neurotoxic activity. 
This finding is corroborated by the present 
observations in Xenopus. The effects of 
permethrin, cismethrin, and allethrin (5) do 
not grossly deviate from each other which 
indicates that the alcohol moiety of the py- 
rethroid molecule may vary considerably 
without large effects on neurotoxic activity. 
Also, the differences in the unsaturated side 
chain of the acid part of the pyrethroid 
molecule appear to be of minor influence as 
can be concluded from the similarity in ac- 
tion of cypermethrin, fenpropathrin, del- 
tamethrin, and fenvalerate. However, the 
introduction of a cyano group at the N- 
position of the 3-phenoxybenzyl alcohol 
greatly increases the degree of repetitive 
activity. This indicates that the central part 
of the pyrethroid molecule is intimately in- 
volved in the interaction with the nerve 
membrane sodium channel, although it re- 
mains an enigma why the cyano group has 
such a marked effect. 

In summary, our results support the no- 
tion that the pyrethroids primarily interact 
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with the sodium channels in the nerve 
membrane. Available evidence indicates 
that their principal action is to induce re- 
petitive activity, which is due to a prolon- 
gation of the transient increase in sodium 
permeability of the nerve membrane during 
excitation. 
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