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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Neuroexcitatory symptoms of acute poisoning of vertebrates 

by pyrethroids are related to the ability of these insecticides to 
modify electrical activity in various parts of the nervous sys- 
tem. 

Repetitive nerve activity, particularly in the sensory nervous 
system, membrane depolarization, and enhanced neurotrans- 
mitter release, eventually followed by block of excitation, re- 
sult from a prolongation of the sodium current during mem- 
brane excitation. This effect is caused by a stereoselective and 
structure-related interaction with voltage-dependent sodium 
channels, the primary target site of the pyrethroids. 

Near-lethal doses of pyrethroids cause sparse axonal damage 
that is reversed in surviving animals. After prolonged exposure 
to lower doses of pyrethroids axonal damage is not observed. 

Occupational exposure to pyrethroids frequently leads to 
paresthesia and respiratory irritation, which are probably due 
to repetitive firing of sensory nerve endings. Massive exposure 
may lead to severe human poisoning symptoms, which are 
generally treated well by symptomatic and supportive mea- 
sures. 

1. INTRODUCTION 

The pyrethroids constitute a major class of highly active 
synthetic insecticides derived from the natural pyrethrins. Since 
the early 1970s, when the first photostable pyrethroids were 
discovered,’,’ numerous new pyrethroids have been synthe- 
sized, some of which seem only remotely related to the parent 
 compound^.^ Structural formulas of pyrethrin I, the most active 
natural compound, and of some important pyrethroids are de- 
picted in Figure 1. 

Pyrethroids are much more effective against a wide spectrum 
of economically important pests than the organochlorine, or- 
ganophosphate, and carbamate insecticides. Yet they have a 

*This review zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas been sponsored by a group of chemical companies known 
as the “Industrieverband Agra (JYA)” in response to discussions with the 
German regulatory body “Bundesgesundheitsamt (BGA)” concerning the prob- 
ability of public health hazards posed by the extensive use of pyrethroid 
insecticides. The contents of the article are based on available scientific lit- 
erature and also on industrial research reports made available by members of 
IVA. Readers may contact the companies named in some of the references to 
obtain relevant information. 

low oral toxicity to mammals and, in general, their insect 
(topical) to mammal (oral) toxicity ratio is much higher than 
that of the other major classes of  insecticide^.^ The favorable 
properties have promoted the widespread application of pyr- 
ethroids in virtually all sectors of insect control. In the past 
decenium, the major chemical companies have been marketing 
pyrethroids that have since gained an important position on the 
world market of insecticides, replacing many of the earlier 
compounds. 

In all species thus far investigated pyrethroids induce toxic 
signs that are characteristic of a strong excitatory action on the 
nervous system. Toxic doses of pyrehthroids generally cause 
hypersensitivity to sensory stimuli, and a number of com- 
pounds may induce tingling sensations in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAskin. In mammals 
two distinct toxic syndromes have been de~cribed.~ The T- 
syndrome is induced by pyrethrins and noncyano pyrethroids, 
e.g., permethrin, and this syndrome is named after the prom- 
inent symptom of whole-body tremors. The CS-syndrome, in- 
duced by deltamethrin and most other cyan0 pyrethroids, is 
characterized by choreoathetosis and salivation. Some pyreth- 
roids produce tremors and salivation, classified as the inter- 
mediate TS-syndrome. 

The promising features and the potential for widespread ap- 
plication of the pyrethroids have strongly stimulated the thor- 
ough examination of their toxic effects and their mode of ac- 
tion. As a consequence, the information on the mode of action 
of pyrethroids available before introduction on the market was 
more detailed than for any other class of insecticide. Although 
the molecular aspects of pyrethroid action are not yet fully 
understood, detailed electmphysiological investigations strongly 
suggest that the voltage-dependent sodium channel in the nerve 
membrane is the common target in both insects and mammals, 
including man. 

Although pyrethroids have been used intensively over a num- 
ber of years, few serious problems have been reported. Cases 
of human poisoning appear restricted to overt accidental or 
intentional overexposure. Nevertheless, the pyrethroids, which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
turn into highly neuroactive substances when the nervous sys- 
tem is directly accessible, cannot be regarded as being harm- 
less. This review critically evaluates the neurotoxicological 
effects of pyrethroids on the vertebrate nervous system, with 
special attention on adverse effects in man. Besides data from 
the open scientific literature, information made available by 
the chemical industry on a number of pyrethroids has been 

It will attempt to relate the various neurotoxic 
symptoms to basic effects of pyrethroids at the s u b c e h h  and 
molecular level. 

For detailed information on chemical structure, insecticidal 

H. P. M. Vuverberg (corresponding author), Ph.D., J. van den 
Bercken, Ph.D., Research Institute of Toxicology, University of Utrecht, 
Yalelaan 2, P.O. Box 80.176, NG-3508TD, Utrtech, The Netherlands 
3508 TD. 
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Critical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAReviews In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
action, practical applications, metabolism, and degradation of 
pyrethroids* the reader is referred to a number of recent re- 
views.’,4,1 1-15 

II. BASIC EFFECTS ON THE NERVOUS 
SYSTEM 

The first scientific demonstration that natural pyrethrins, the 
predecessors of‘ the synthetic pyrethroid insecticides, modify 
nervous system activity was published in 1909 by Fujitani, 
who isolated “pyrethron”, a viscous yellow substance, from 
pyrethrum flowers cultivated in Japan. His results from ex- 
periments on intact frogs, frog heart and muscle preparations, 
and on a variety of other species, e.g., amoebae, insects, fish, 
and mammals, clearly indicated that a relatively unstable ester 
in the pyrethron extract caused excitation and paralysis due to 
effects on the neuromuscular and nervous system.16 However, 
it was not until the middle of this century that the effects of 
the mixture of natural pyrethnns on nerve activity in various 
arthropod preparations were described. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17-22 Early information 
on the cellular mechanism of action of allethrin was obtained 
from intracellular recordings of the action potential in cock- 
roach giant axons. 23,24 Details on structure-related effects of 
pyrethroids on the electrical activity of several preparations of 
the desert locust were first obtained less than 2 decades ago.25 
Although invertebrate studies have made major contributions 
to the development of the current knowledge on the mode of 
action of pyrethroids, the present description of the basic neu- 
rcttoxic effects on the nervous system is confined to vertebrates. 
A brief comparison to the mode of action in invertebrates is 
presented in a separate section. For extensive data on neuro- 
toxic effects of pyrethroids on the invertebrate nervous system 
and the relation to insecticide mode of action several recent 
reviews are available. ”-” 

A. Vertebrate Peripheral Nerve Activity 
In recent years. ample experimental evidence has been pre- 

sented indicating that in vertebrates, like in invertebrates, the 
pyrethroids act primarily on the nervous ~ y s t e m . ~ ~ . ~ ~  The prin- 
cipal action of pyrethroids in the peripheral nervous system is 
to induce pronounced repetitive activity.” In particular sense 
organs produce trains of nerve impulses instead of single nerve 
impulses after exposure to pyrethroids, either zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin vitro or in 
vtvo (Figure 2).29-31 

The potential of a series of pyrethroids to induce repetitive 
activity in various parts of the frog peripheral nervous system 
has been investigated in detail. The range of compounds tested 
includes noncyano pyrethroids (allethrin, resmethrin, phenoth- 
rin , permethrin I des-cyano-deltamethrin, fenfluthnn, and the 

* A  coniplementary assessment of the neurotoxicity of pyrethroids, focused on 
toxicokinetic and metabolic aspects by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADr. W. N. Aldridge is cosubmitted for 
publication in CRC Reviews in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAToxicology. 

chlorovinyl analog of tetramethrin) and cyano pyrethroids (cy- 
phenothrin, cypermethrin, fenpropathrin, fenvalerate, and del- 
tamethrin). Pure active isomers were used when available. 
Noninsecticidal(1S)- and (&)-cyano-substituted isomers have 
proven to be inactive up to the level of possible contamination 
with active ingredients (ca. 1%). 

In the frog lateral-line sense organ, all insecticidally active 
pyrethroids induce repetitive activity. This sense organ is lo- 
cated superficially in the skin and serves as a water motion 
detector. Spontaneous electrical activity of single sensory fibers 
of the nerve innervating the lateral-line can be recorded in an 
isolated piece of skin.32 The intensity of the repetitive activity, 
i.e., the duration of nerve impulse trains recorded from the 
lateral-line sense organ in the presence of pyrethroids, varies 
greatly with pyrethroid structure (Figure 3). 33 Noncyano pyr- 
ethroids induce short nerve impulse trains, which contain no 
more than a few dozen of repetitive nerve impulses. On the 
other hand, the cyano pyrethroids cause long-lasting trains that 
contain hundreds or even thousands of repetitive nerve im- 
pulses. On several occasions, repetitive discharges lasting over 
30 s have been recorded. In addition, the duration of nerve 
impulse trains induced by noncyano as well as cyano pyreth- 
roids in the lateral-line sense organ increases dramatically as 
the temperature is lowered (Figure 3B,C). This effect is readily 
reversed by raising the temperature. 

The same repetitive activity is produced with both in vitro 
and in vivo exposure. Time to onset of repetitive activity varies 
greatly for different pyrethroids at micromolar concentrations. 
With fenfluthnn the latency to onset of repetitive activity de- 
creases from 1 to 1.5 h at 0.1 phif to approximately 15 min at 
concentrations 3 1 pM. Some compounds, in particular fen- 
valerate, are very slow acting so that in vivo exposure for 
prolonged periods (up to 23 h) is the only way to obtain re- 
petitive activity in the lateral-line sense organ. It is to be noted 
that the organochlorine insecticide DDT induces repetitive ac- 
tivity in the lateral-line sense organ of the frog very similar to 
that of the noncyano pyrethroids, but after prolonged in vivo 
exposure only (i.e., 18 h at 3 ~ p m ) . * ~  In view of results obtained 
with locust and leech ganglia in it is conceivable that 
partitioning of the pyrethroids between the water phase and 
the frog skin is an important factor in the determination of the 
time to onset of repetitive activity. 

In peripheral nerves of the frog noncyano pyrethroids also 
cause repetitive firing. This repetitive activity has been ob- 
served in sensory nerve fibers and in motor nerve terminals, 
but not in the more proximal parts of motor nerve  fiber^.^^,^^ 
In contrast, cyano pyrethroids do not induce repetitive activity 
in peripheral nerves. However, they may cause a frequency- 
dependent, reversible depression of the nerve impulse in sen- 
sory nerve fibers.37 Noncyano as well as cyano pyrethroids in 
concentrations beyond the micromolar range may cause a re- 
duction of the nerve impulse amplitude in frog peripheral nerves 
and of the frequency of spontaneous firing in the lateral-line 
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Tox zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi co I og y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X = H  Y = H  Permethrin 

X =  CN Y =  H Cypermethrin 

X = C N  Y = F  Cyfluthrin 

Allethrin 

Deltamethrin 

Fenvalerate Fluvalinete 

FIGURE 1. Chemical structure of the natural pyrethrin I that served as a model for the first 
synthetic pyrethroid, allethrin. Within the chemically diverse class of pyrethroids halogenated 
phenoxybenzyl analogs in particular have developed into economically important insecticides 
that are widely used at present. Several key structures of noncyano and cyano pyrethroids are 
depicted. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

sense organ without causing repetitive a ~ t i v i t y . ~ ~ , ~ '  This block- 
ing effect is distinct from the frequency-dependent suppression 
by cyano pyrethroids mentioned above. In frog presynaptic 
motor nerve endings, all noncyano pyrethroids as well as sev- 
eral cyano pyrethroids induce repetitive activity. Conversely, 
in the frog postsynaptic muscle fiber membrane the cyano pyr- 
ethroids and some noncyano compounds cause repetitive ac- 
tivity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA39*40 

From these results, summarized in Table 1, it can be con- 
cluded that all pyrethroids induce repetitive activity in sense 
organs. Depending on pyrethroid structure, repetitive activity 
may also occur in frog sensory nerves, motor nerve endings, 
and muscle fibers. 

Generally, in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv i m  effects of pyrethroids are poorly revers- 
ible, because of the highly lipophilic nature of these insecti- 
cides. It should be pointed out, however, that from the poor 
reversibility of the effects in v i m  it cannot be inferred that 
pyrethroids cause irreversible effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin vivo. For example, 
deltamethrin is not metabolized in vitro by rat brain homog- 
enate, but the clearance of intravenously administered pyreth- 
roids from rat blood and tissues is rapid and animals that have 
survived near-lethal doses of pyrethroids appear quite nor- 
rna1.41'42 

In the mammalian peripheral nervous system the effects of 
pyrethroids on electrical activity are similar to those described 
for the frog. Cis-methxin induces repetitive activity in tactile and 
hair follicle skin sense organs of the rabbit.43 Furthermore, the 
variation in the effects of noncyano and cyano pyrethroids on 
the electrical activity of rat peripheral nerve and muscle"''-46 is 
very similar to that in isolated frog preparations treated with 
pyrethroids. The effects described in the mammalian periph- 
eral nervous system were induced by intravenous administra- 
tion of near-LDSo doses of pyrethroids . Electrophysiological 
effects of lower doses of pyrethroids on the mammalian pe- 
ripheral nervous system have not been reported. 

B. Voltage-Dependent Sodium Channels 
The basis for nerve impulse generation and conduction lies 

in the selective ionic permeability of the excitable membrane 
combined with the concentration gradients for sodium and po- 
tassium ions: high sodium outside and high potassium inside 
of the membrane. The resting membrane is electrically polar- 
ized by these concentration gradients, which are maintained 
by the Na/K pump, and the inside of the cell is 60 to 80 mV 
negative with respect to the outside. A nerve impulse is brought 
about by a rapid, temporary increase in the permeability of the 
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Critical Reviews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmsec 

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 2. Responses of a cutaneous touch receptor in the skin of the frog zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXenopus 
luevis. (A) Nerve impulse evoked in a single sensory nerve fiber by a brief mechanical 
stimulus (lower trace) in the control situation. (B) Instead of a single nerve impulse a 
train of repetitive nerve impulses is evoked by the same stimulus after 30 min of in virro 
exposure of the skin to 10 phf of the pyrethroid allethrin. (From Akkermans, L. M. A,, 

van den Bercken, J . ,  and Versluijs-Helder, M. ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPesric. Eiochem. Physiol., 5, 451, 1975. 

With permission.) 

membrane to sodium ions, resulting in a transient inward so- 
dium current, followed by an increase in the potassium per- 
meability, resulting in an outward potassium current. The ionic 
currents cause a transient, local reversal of the membrane po- 
tential from negative to positive and a nerve impulse occurs 
that is conducted along the nerve fiber.47 

The changes in nerve membrane ionic permeability are me- 
diated by discrete molecular structures, called ionic channels. 
Ionic channels are formed by complex, integral membrane 
proteins embedded in the lipid matrix of the membrane. Volt- 
age-dependent sodium and potassium channels undergo con- 
formational changes under the influence of the electric field 
across the membrane to become selectively permeable to either 
sodium or potassium ions, respe~tively.~’-~~ 

The changes in nerve membrane permeability and hence the 
kinetic properties of ionic channels can be studied in detail by 
the voltage clamp technique. With this technique it is possible 
to control the membrane potential and to simultaneously record 
the ionic currents through the membrane.47 In recent years, the 
voltage clamp technique has been elaborated to enable record- 
ing of the minute ionic currents through individual ionic chan- 
nels by means of the single channel patch clamp technique.s’ 

Voltage clamp studies on vertebrate nerve cell preparations 
have shown that the voltage-dependent conformational changes 
of sodium channels in excitable membranes are greatly affected 
by pyrethroids. F‘yrethroids cause sodium channels to stay open 
much longer than normal, resulting in a prolongation of the 
transient sodium current associated with membrane depolari- 
zation and a marked, slowly decaying sodium tail current after 
termination of the dep~larization.’~”~ The prolonged sodium 
tail current induced by the pyrethroids is directly responsible 
for the repetitive activity described above. 

The action of pyrethroids can be explained in terms of the 
classic Hodgkin-Huxley model for the molecular operation of 
the voltage-dependent sodium channel. According to this model, 
the opening and closing of the sodium channel are governed 
by two largely independent gates, which are oppositely de- 
pendent on membrane potential.47 In the normal situation de- 
polarization of the membrane causes transient opening of so- 
dium channels, due to the rapid opening of the activation gate 
and the slower closing of the inactivation gate. It has been 
shown that the major effect of pyrethroids is to delay the closing 
of the sodium channel activation gate .s4 Upon repolarization 
of the membrane, this effect prevents the rapid closing of 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA08 Volume 21, Issue 2 
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control IQ"C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 "C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC permethrin 15°C B 

cismethrin 17OC bioresmethrin 10 "C 
D E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i r ~ l ! d ~ ~ ~ \ j ~ ~ 7  

F cypermethrin 14°C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' ' ~~8.3s- 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. Effects of various pyrethroids on the spontaneous afferent activity of the lateral-line sense organ in the skin 
of the frog, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXenopus laevis, in vitro. In the control situation (A) single nerve impulses spontaneously occur at irregular 
intervals. The noncyano pyrethroids (B to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE) cause short nerve impulse trains in contrast to the cyano pyrethroids (F, G )  
after which long-lasting repetitive discharges are observed. Cooling of the skin preparation causes an increase of the 
duration of pyrethroid-induced nerve impulse trains as demonstrated for permethrin (B, C). The conservation of pyrethroid 
was always 5 p.M; time calibration 100 mddiv, upper scales refer to A to E and lower scale to F and G .  (From Vijverberg, 
H. P. M., Ruigt, G .  S. F., and van den Bercken, J . ,  Pestic. Biochem. Physiol., 18, 315, 1982. With permission.) 

sodium channels, and as a result a prolonged sodium tail current 
occurs (Figure 4). The duration of the pyrethroid-induced so- 
dium tail current, i.e., the time constant of tail current decay, 
is directly related to the pyrethroid structure. In frog myelinated 
nerve fibers, time constants of decay of the prolonged sodium 
tail current at 15°C range from 6 ms for trans-phenothrin to 
almost 2 s for deltamethrin. Table 2 shows a continuous range 
of time constants of decay of the tail currents induced by the 
various pyrethroids. Each compound can be characterized by 
the time constant of the prolonged sodium tail current. The 
time constants are decreased by raising the temperature and 
increased by ~ o o l i n g . ~ ~ , ~ ~  The further prolongation of sodium 
current by pyrethroids at a lowered temperature accounts for 
the prolongation of repetitive nerve impulse trains as shown 
in Figures 3B and 3C. 

The effects of pyrethroids on the gating of single sodium 
channels in frog spinal ganglion neurons and in cultured mouse 
neuroblastoma cells have also been in~est igated.~~-~ l  These 
studies have shown that the open time of single sodium chan- 
nels is greatly prolonged after treatment with pyrethroids (Fig- 

ure 5 ) ,  which supports the results on the prolongation of the 
membrane sodium current at the molecular level. In addition, 
the results from single channel studies indicate that pyrethroids 
stabilize the open as well as other states of the sodium chan- 

In mouse neuroblastoma cells and in mouse and fish brain 
synaptosomes, pyrethroids enhance the toxin-induced sodium 
influx through voltage-dependent sodium So- 
dium channel toxins and other agents that augment intracellular 
sodium concentration also stimulate the production of second 
messengers. Through activation of specific protein kinases, this 
may lead to altered protein phosphorylation  level^.^' In guinea 
pig synaptoneurosomes pyrethroids stimulate the breakdown 
of phosphoinositides into the second messengers inositol hi- 

phosphate and diacylglycerides. The larger effects of the cyano 
pyrethroids deltamethrin and fenvalerate are partially antago- 
nized by the sodium channel blocker tetrodotoxin (TTX). The 
smaller effects of the noncyano pyrethroids allethrin, resmeth- 
rin, and permethrin appear independent of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsodium influx through 
the voltage-dependent sodium channel.68 DDT and deltameth- 

nel. 56.62 
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Critical Reviews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 

Table 1 

Ability of Various Pyrethroids to Induce Repetitive 
Activity in Various Parts of the Frog Peripheral 
Nervous System zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Compound Configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Noncyano p) rerhroids 
Uethnn Mixture 

Resmethrin < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ R I .  tranc 
( I R , .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC I S  

Phenothnn ' 1R I ,  (1s 
Permethnn" l R ) ,  frans 

I l K ) ,  C I S  

RU27603 ( I R ) ,  cis 
Fenfluthnna (if?), C I S  

NAK1961 Mixture 
C'yano pyrethoid5 

Cyphenothnn ( IR), vans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(d) 
Cyphenothnn ( I R ) ,  C I S ,  (d) 

5-5655 Mixture 
Cypennethnn ( I f ? ) .  C I T  (dJ 

Deltarnethnn ( 1 R ) .  c i y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(aS) 

k enpropathnn (0Up.S) 

t envalerdtea (XRS), (as) 

Repetitive activity 

Motor 
Sciatic nerve Muscle Sense 
nerve ending fiber organ 

+ + 
+ + 
+ + 

+ 
+ + 
+ + 

+ 
+ + 

+ 

+ 
+ 
+ 
+ 
+ 

+ + 
+ 
+ + 
+ 

- 

- 

- 
- 

- 

- + + 
+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- + 
+ + + 

t + + + 

- - + + 
-. - + f 

+ - 

(IS). cis- and (IS), rrans-pemethrin; ( IS),  trans-fenfluthrin, and ( 2 7 1 ,  
laR)- and (2R.S). (&)-fenvalerate are inactive. 
RU23603. "des-cyano"-deltamethrin 
NAK 1963: N-(  3.4,5,6-tetrahydrophthalimido) -methyl-3-(2,2-dichloro-vi- 
nyl~-2.2-dimethylcyclopropanecarb0xylate. 
S-5655: a-ethynyl-3-phenoxybenzyl-2-(4-chorophenyl)-3-methylbutyrate. 

horn Vijverberg. H P. M. .  de Weille, J .  R., Ruigt, G. S. F. , and van den 
Bercken, J.. Neuropharmacology and Pesticide Action, Ford, M. G., Lunt, 
G. G , .  Reay. R .  C . ,  and Usherood. P. N. R.,  Eds., Ellis Horwood, Chichester, 
England. 1986, 267. With permission. 

rin, but not the inactive (1s)-isomer of deltamethrin, enhance 
cyclic AMP-dependent phosphorylation of the a-subunit of the 
sodium channel protein in rat brain synaptos~mes.~~ The con- 
sequences of phosphorylation for sodium channel kinetics are 
presently unknown. 

Additional evidence for the interaction of pyrethroids with 
sodium channels of the central nervous system is obtained from 
the result that in rat brain synaptoneurosomes cypermethrin 
isomers allosterically enhance the in vitro binding of a tritiated 
derivative of batrachotoxin, a radioligand selective for voltage- 
dependent sodium channels, in a stereoselective manner. This 
stereoselective effect on sodium channels correlates with the 
differential insecticidal potency of the pyrethroid isomers.7ov71 

The action of pyrethroids on sodium channels results in 
variable effects on the electrical activity of the peripheral ner- 
vous system. Repetitive activity as well as frequency-depen- 

Sodium channel gating 

C o n t r o l  

rn-gate 
h-gate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 5  m V  m 

Pyrethroid 

1'' 

- 7 5  I I 

~~~ 

- 7 5  r n V  

- 5  mV 

- 5  mV 

- 7 5  mV 

- 7 5  mV 

- 7 5  mV 

Vm 

FIGURE 4. Schematic sequence of simplified gating events during the open- 
ing and closing of a voltage-dependent sodium channel according to Hodgkin 
and HuxIey4' in the control situation (left column) and the major modification 
by pyrethroid insecticides (right column). Figures at the right indicate mem- 
brane potential. The pyrethroid (symbolized by an arrowhead) delays the 
closing of the activation gate (m-gate) and thereby prevents the rapid closing 
of sodium channels that normally occurs when a membrane depolarization is 
terminated. Below the scheme are depicted the membrane depolarization (V,) 
and the superimposed control and pyrethroid-modified sodium currents ( i d ,  
which are composed of large numbers of fluctuating microscopic conhibutions 
from single sodium channels. After termination of depolarization the control 
sodium current rapidly declines to zero level (dashed line), whereas a slowly 
decaying sodium tail current remains after exposure to the pyrethroid. The 
closing of modified sodium channels constitutes the rate limiting step for 
sodium tail current decay. (Modified after Van den Bercken, J. and Vijverberg, 
H. P. M., Insect Neurobiology and Pesticide Acrion (Neurotox zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79), Society 
of Chemical Industry, London, 1980,79; Adapted from Vijverberg, H. P. M. 
and van den Bercken, J., Neuropathol. Appl. Neurobiol., 8,421, 1982. With 
permission.) 
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Toxicology 

Table 2 
Time Constants of Sodium Tail Currents Induced by 
Various Pyrethroids in Frog Nerve Fibers and in 
Cultured Mouse Neuroblastoma Cells Compared to 
Poisoning Syndromes Repored In Mammals and 
Insects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Compound Configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Noncyano pyrethroids 
Phenothrin (lR), ?ram 
Permethrin (lR), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtrans 
Allethrin Mixture 
Phenothrin (lR), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcis 
Cismethrina (lR), cis 
Permethrin (lR), cis 
Fenfluthrin (lR), cis 
NAK1963 Mixture 
S-5655 Mixture 
Cyan0 pyrethroids 
Cyphenothrin (lR), ?runs, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(as) 
Cyphenothrin ( lR), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcis, (as) 
Fenvalerate (2R8, (as) 
Fenvalerate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(m, (us) 
Cypermethrin (lR), cis, (as) 
Deltamethrin ( IR) ,  cis, (as) 

Frog' Mouseb Rat  

6 N 
7 N 

10 
13 4 N  
21 T 
28 T 

105 14-30 
150 
150 T(S) 

290 T 
385 140 CS 
545 cs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
600 cs 

1115 cs 
1770 440-800 CS 

Cock- 
roachd 

I 
I 
I 
I 
I 
I 

U 
II 
I1 
II 
U 
II 

a Measured in frog myelinated nerve fibres at 15°C. 
Measured in mouse neuroblastoma cells at 18°C. 
Data from Reference 5: intravenous application; N = no symptoms; T = 

tremor; S = salivation; C = choreoathetosis. 
Data from Reference 138: topical application; I = incoordination; II = 

convulsions. 

NAK1963; S-5655: see Table 1 

From Vijverberg, H. P. M., de Weille, J. R., Ruigt, G. S .  F. , and van den 
Bercken, J., Neurophurmucology and Pesticide Action, Ford, M. G.,  Lunt, 
G. G., Reay, R. C., and Usherood, P. N. R., U s . ,  Ellis Honvood, Chichester, 
England, 1986, 267. With permission. 

dent depression in frog nerves are much more pronounced in 
sensory fibers than in motor fibers. This can be explained on 
the basis of fundamental differences in the gating kinetics of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
sodium channels in sensory and motor nerve fibers of the frog.72*73 
Variations in the intensity of repetitive activity in sense organs 
with temperature as well as with pyrethroid structure both par- 
allel observed differences in the prolongation of the current 
through pyrethroid-modified sodium channels. Although the 
structure-activity relationships for the occurrence of repetitive 
firing in nerve and muscle are quite different, the ability of 
pyrethroids to induce repetitive activity in these parts of the 
peripheral nervous system also appears to be correlated to the 
degree of sodium current prolongation. These results indicate 
that the stimulatory and blocking effects of pyrethroids on 
electrical activity originate from the same basic action on so- 

dium  channel^.^^.^^^^^ Whether repetitive activity, a depolar- 
king afterpotential, or membrane depolarization associated with 
block of excitation occur in the presence of a pyrethroid will 
depend on the amplitude and the time course of the prolonged 
sodium current component and on additional features of the 
various excitable tissues. The combination of variables in- 
volved may well explain the differences in repetitive activity 
in various parts of the frog peripheral nervous system as well 
as variation of the effects of pyrethroids between species. It is 
also conceivable that the large quantitative differences between 
the basic effects of cyan0 and noncyano pyrethroids on voltage- 
dependent sodium channels are responsible for the distinct toxic 
symptoms in intact animals (Table 2).40 

Another indication that the alterations of sodium channel 
function are closely associated with the toxicity of pyrethroids 
comes from temperature effects. The toxicity of pyrethroids to 
insects and cold-blooded vertebrates shows a negative tem- 
perature coefficient and lowering of the temperature causes the 
appearance of toxic  sign^.^^-^' The latter effect is rapidly 
re~ersible'~ and parallels the further prolongation of the pyr- 
ethroid-induced sodium tail current on cooling in v i t r ~ . ~ . ~ '  In 
homeothermic animals the effect of changes in environmental 
temperature appears more complex as reflected by the negative 
temperature coefficient of oral but not of intravenous toxicity 
of cismethrin to the rat.79 

In conclusion, pyrethroids prolong the open time of voltage- 
dependent sodium channels, resulting in a prolongation of the 
inward sodium current during excitation. This effect not only 
accounts for the repetitive activity in sense organs, but also 
for membrane depolarization, suppression of the amplitude of 
the nerve impulse, and block of excitation that may occur in 
various parts of the nervous system. 

C. Other Voltage-Dependent Channels 
Low concentrations of pyrethroids, which considerably af- 

fect sodium channels, do not significantly alter the functioning 
of the potassium channels. In invertebrate nerve preparations 
a suppressive effect on the potassium as well as on the sodium 
current has been observed only at high concentrations of pyr- 
e th ro id~ .~ ' -~~ A less specific effect of pyrethroids, similar to 
anesthetic effects produced by various nonionic esters and ke- 
t o n e ~ , ~ ~  is the most likely cause of ionic channel block. The 
neurotoxicological relevance of potassium channel block by 
pyrethroids is questionable, as in voltage clamped crayfish 
giant axons it has been shown that the sodium current is greatly 
prolonged by 10 ph4 fenvalerate, whereas the potassium cur- 
rent remains virtually unaffected at this concentration. 85 More- 
over, in mammalian myelinated nerve fibers the nerve impulse 
is independent of potassium channels that are absent in the 
mammalian node of Ranvier.86 

The pyrethroid tetramethrin has been reported to partially 
block one of two types of voltage-dependent calcium current 
in mouse neuroblastoma This result has not been con- 
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Critical Reviews In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Control Cyphenothrin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 ms - I l - 2 0 0  ms- I 

------I /------ ”””1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 5. Opening and closing of individual sodium channels in excised patches of the membrane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of cultured moust neuroblastoma cells. Downward deflections of the current traces are discrete 
openings of individual ion channels. In the presence of 10 @f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( l R ) ,  cis-cyphenothrin the open time 
of sodium channels is greatly prolonged and channel openings are also observed after termination 
of membrane depolarization. Summation of large numbers (n) of single channel records result in a 
rapid, transient sodium current in the control situation and a prolonged sodium current followed by 
a sodium tail current in the presence of the pyrethroid. (Data adapted from de Weille, J. R. ,  The 
Modification of Nerve Membrane Sodium Channels by Pyrethroids, Ph.D. thesis, University of 
Utrecht, 1986.) 

krmed in experiments with fenfluthnn, permethrin, and cy- 
permethrin.8R The toxicological significance of the effect of 
tetramethrin on calcium channels remains unclear, since toxic 
signs produced by tetramethrin in the frog are not dissimilar 
from those of the other noncyano pyrethroids.” 

D. Receptor-Operated Channels 
Several studies have suggested that pyrethroids also affect 

ionic channels that are coupled to neurotransmitter receptors. 
The opening and closing of these channels depend on the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoc- 
cupation of the receptors by agonist molecules. 

High concentrations of cyano pyrethroids cause a stereose- 
lective partial inhibition of the binding of radiolabeled bicy- 
clophosphorus esters to the y-aminobutyric acid (GABA) re- 
ceptor-ionic channel c o m p l e ~ . ~ ’ * ~  However, pyrethroids fail 
to produce a functional modification of the postsynaptic GABA- 
ergic neurotransmission in crayfish as well as in rat neurones, 
even at concentrations that cause pronounced repetitive nerve 
activity.”-93 The GABA-induced chloride current in voltage- 
clamped rat dorsal root ganglion neurones remained completely 
unaffected in the presence of deltamethrir~.’~ The same pyr- 
ethroid, but not cismethrin. increased the resting membrane 

resistance in rat diaphragm muscle fibers as well as in the vagus 
nerve, apparently by reducing a component of chloride con- 
ductance.” Experiments in conscious rats do not support the 
hypothesis that cyano pyrethroids exert GABA-antagonistic 
effects. instead, deltamethrin and fenvalerate, but not cis- 
methrin, enhance GABA-ergic recurrent inhibition in the den- 
tate gyms of the hippocampus, supposedly by a presynaptic 
effect on interne~rones.’~ Similar results were obtained with 
deltamethrin in urethane-anesthetized rats.96 However, in the 
latter study the noncyano pyrethroids allethrin and cismethrin 
were also reported to enhance interneuronal inhibition. 

Results from studies of cholinergic and glutamatergic neu- 
rotransmission suggest that pyrethroid effects are induced pre- 
synaptically and do not involve postsynaptically located neu- 
rotransmitter receptor-operated ionic channels .35,36*97 Effects 
of pyrethroids on the ligand-binding characteristics of the ace- 
tylcholine (ACh) receptor-ionic channel complex have led to 
the suggestion that these insecticides delay the closing or de- 
sensitization of the ionic channels coupled to the nicotinic ACh 

Recent voltage clamp studies have shown that 
relatively high concentrations of pyrethroids on the postsyn- 
aptic ACh receptor-ionic channel complex in cultured mouse 
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Toxicology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
neuroblastoma cells reduce the amplitude without affecting the 
kinetics of the ACh response. This effect on the ACh-induced 
inward current appears to be nonspecific, as it is produced by 
both insecticidal and noninsecticidal isomers. Similar effects 
were observed on the serotonin-induced response in neuro- 
blastoma cells, which is mediated by an independent population 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-HT3 receptor-operated ionic channels. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloo 

The available evidence indicates that the effects of pyreth- 
roids on receptor-operated ionic channels are mainly indirect 
and do not contribute significantly to the excitatory symptoms 
associated with pyrethroid exposure. 

E. Neurotransmitter Release 
In insects, deltamethrin causes massive neurotransmitter re- 

lease with depletion of synaptic vesicles in the motor nerve 
terminal due to presynaptic membrane depolarization. 101*102 In 
rat brain, the ACh content is significantly reduced 2 h after an 
oral dose of 50 mgkg deltamethrin.'03 Other studies have dem- 
onstrated that in particular cyano pyrethroids enhance the re- 
lease of radiolabeled GABA and norepinephrine (NE) from 
mammalian brain synaptosomes.'04-'06 Both the pyrethroid- 
induced GABA release and the NE release induced by some 
of the cyano pyrethroids are inhibited by TTX, which selec- 
tively blocks normal as well as pyrethroid-modified sodium 
 channel^.'^,'^^ At a concentration of 10 phf several noncyano 
pyrethroids are ineffective, whereas delta-methrin is most ef- 
fective in enhancing NE release from depolarized rat brain 
synaptosomes. The release caused by cypermethnn and fen- 
valerate correlates well with the degree to which the sodium 
current is prolonged by these pyrethroids relative to delta- 
methrin.'06 These results are consistent with the finding that 
catecholamines in plasma of the rat are increased during cis- 
methrin-induced tremors to a level comparable to that attained 
during sustained exercise, whereas during deltamethrin-in- 
duced choreoathetosis plasma levels are indicative of massive 
catecholamine release."* Doses of deltamethrin that induce 
burrowing and pawing in the rat also cause a significant increase 
of plasma catecholamine levels and doses three times lower 
still cause a significant elevation of plasma corticosterone lev- 
els. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'09 Little is known about the origin of the increased plasma 
neurotransmitter levels, but sympathetic nerves constitute a 
deltamethrin-sensitive, peripheral source of NE release. ' lo The 
release of tritiated ACh and dopamine from slices of the rabbit 
striatum is enhanced by the insecticidal isomers of fenvalerate, 
but not by the noninsecticidal isomers. This effect is also in- 
hibited by "TX. Conversely, fenvalerate does not affect ACh 
and dopamine release in rabbit hippocampal slices, suggesting 
regional differences in sensitivity to cyano pyrethroids zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The 
finding that pyrethroids enhance the binding of tritiated ba- 
trachotoxin to voltage-dependent sodium channels in various 
regions of the rat brain to a different degree'" lends support 
to the same hypothesis. 

Cismethrin, cypermethrin, and deltamethrin cause an in- 
crease in the level of cyclic GMP, but not of cyclic AMP, in 

rat brain.103*113 This effect, which occurs particularly in the 
cerebellum, appeared correlated with the duration of motor 
symptoms and is regarded as secondary to the development of 
toxic signs."4*115 The stimulatory effect of cypermethrin is not 
found in cerebellar slices, suggesting that it originates outside 
the cerebellum."3 In general, the cyclic GMP level in excitable 
cells is enhanced by an increase of the intracellular calcium 
concentration, which can be achieved by depolarizing agents 
as well as by electrical stimulation. Possible consequences 
of changes in second messenger levels for protein phosphor- 
ylation have been discussed in Section 1I.B. 

It is concluded that enhanced neurotransmitter release in the 
presence of pyrethroids is secondary to sodium channel mod- 
ification. Available evidence also suggests that effects of pyr- 
ethroids on the electrical activity of different types of central 
neurones vary similar to the effects in the peripheral nervous 
system. 

F. Cardiovascular Effects 
Pyrethroids induce cardiovascular effects in mammals. In 

the conscious rat intraperitoneal injection of 40 mgkg delta- 
methrin causes a small decrease in arterial blood pressure prior 
to the onset of choreoathetosis.1'7 In the anesthetized dog an 
intravenous LDso dose of delta-methrin causes a rapid fall in 

arterial blood pressure associated with bradycardia, followed 
by an increase in blood pressure and tachycardia."' Intrave- 
nous deltamethnn, but not cismethrin, causes an increase in 
mean arterial pressure and differential pressure in the pithed 
rat. It was concluded that this effect is due to an increase of 
peripheral catecholamine release and a direct positive inotropic 
effect on the heart, both mediated by a peripheral site of ac- 
tion. 119*120 Cardiovascular effects of pyrethroids in conscious, 
anesthetized, and pithed animals are probably influenced by 
differences in the route of application of the pyrethroids as 
well as in sympathetic and vagal reflex compensation in the 
various physiological states of animais in the investigations 
referred to.'*l However, in isolated guinea pig atrial muscle 
both the catecholamine-mediated and the direct effect of del- 
tamethrin are inhibited by TTX. Therefore, the most likely 
cause of these effects is prolongation of the presynaptic as well 
as the postsynaptic sodium current.122 At present, there is no 
evidence for other effects of pyrethroids on the cardiovascular 
system. 

G. Effects on ATPases 
Activities of ATF'ases of vertebrates and also of invertebrates 

are inhibited by high concentrations of pyrethroids to a variable 
extent depending on the compounds, animal species, and tis- 
sues ~ t u d i e d . ' ~ ~ - ~ ~ '  In c ontrast, pyrethroids stimulated purified 
Ca/Mg ATPase from rabbit muscle sarcoplasmic reticulum re- 
constituted in an artificial phospholipid bilayer . Cis-permeth- 
rin, deltamethrin, and the insecticidally active ( lR ) ,  (d) iso- 
mer as well as the nontoxic (lS), (CZR) isomer of cis-cyhalothrin 
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Critical Reviews In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
all stimulate CdMg ATPase activity to approximately the same 
extent. In these experiments it was shown that pyrethroids do 
not affect the fluidity of the lipid b i1a~ers . l~~  In yet another 
study it was shown that deltamethrin affects neither partially 
purified NdK ATPase from rat brain nor that from guinea pig 
heart. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlZ2 It is unknown whether pyrethroids interact directly 
with ATPases or indirectly affect ATPase activity. Because of 
the variability and the poor stereoselectivity the toxicological 
significance of these effects is questionable. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H. Comparative Effects in Invertebrates 

Although the toxicity of pyrethroids varies widely between 
species, effects on the nervous system are remarkably constant. 
Sodium currents in invertebrate and vertebrate nerve prepa- 
rations are modified by noncyano and cyano pyrethroids in a 
qualitatively very similar manner. Voltage clamp experiments 
on s q ~ i d , ' ~ ~ , ' ~ '   rayf fish,'^^,'^^ and cockroach axons134*135 have 
also demonstrated that the cyano pyrethroids prolong the so- 
dium current to a much greater extent than the noncyano pyr- 
ethroids. In the invertebrate nerve membrane the sodium cur- 
rent prolongation appears to be more pronounced than in frog 
myelinated nerve fibers and in neuroblastoma cells. Noncyano 
pyrethroids cause repetitive firing in the peripheral as well as 
in the central nervous system of invertebrates, whereas cyano 
pyrethroids cause membrane depolarization due to a persistent 
inward sodium current. 136~137 In insect sensory nerves the de- 
polarizing action of cyano pyrethroids leads to nerve conduc- 
tion block that may or may not be preceded by a transient 
period of repetitive activity. 135~138 In invertebrate nerve prep- 
arations membrane depolarization and excitation block are less 
pronounced and higher concentrations of pyrethroid are gen- 
erally required to obtain these effects. The similarity between 
the effects of (noncyano) pyrethroids and DDT on the sodium 
channel of  vertebrate^^'.^^ also extends to invertebrates, 132 

and insects showing a particular form of DDT resistance based 
on nerve insensitivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Mr), are also resistant to pyreth- 
raids. 139-142 

1. Brain and Spinal Cord 
The quite different poisoning syndromes initially observed 

after intravenous application of noncyano and cyano pyreth- 
roids to the rat led to the hypothesis that the two subclasses 
of pyrethroid cause distinct peripheral and central nervous 
system  effect^.^ Subsequently, it has been demonstrated that 
the two distinct types of pyrethroid-induced motor signs in 
the rat originate at the level of the spinal cord.120*143 A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs' im- 
ilar spinal origin has been described for motor signs induced 
in mammals by DDT,'44,'45 which prolongs the sodium cur- 
rent in the same way as the noncyano pyrethroids and to a 
comparable extent .54 Detailed electrophysiological investiga- 
tions into the effects of noncyano and cyano pyrethroids on 
spinal cord electrical activity of rat, rabbit, and cat have re- 

vealed an increased excitability of spinal interneurones, re- 
sembling that produced in peripheral The ad- 
ditional finding that cis-permethrin, but not deltamethrin, 
greatly facilitates polysynaptic discharges suggests that it is 
this facilitation that causes the greater hyperexcitability pro- 
duced by noncyano pyrethroids in ~ i v 0 . l ~ ~  Similar increased 
interneuronal firing is supposed to be the cause of the en- 
hancement by pyrethroids of recurrent inhibition in the den- 
tate gyrus of rat hippocamp~s.~~." 

EEG recordings of rats given high doses of cismethrin and 
deltamethrin revealed that only the cyano pyrethroid causes 
generalized epileptiform discharges, which can be triggered by 
sensory stimulation, e.g., sound. At the same time the ampli- 
tude of primary somatosensory and auditory-evoked potentials 
is reduced. The noncyano pyrethroid causes little change of 
the EEG and of the amplitude of the evoked potentials despite 
severe toxic signs, but abnormal late components appear in the 
auditory-evoked potential in parallel with an increased startle 
response.' 17~148~149 Apparently, pyrethroids may enhance ex- 
citation as well as inhibition in different regions of the central 
nervous system. 

J. Neurobehavioral Effects 
Neurobehavioral investigation of xenobiotics is emerging 

from the need to characterize sublethal neurotoxic effects at a 
more integrated level. Permethrin and deltamethrin cause a 
dose-dependent, reversible decrease in the rate of lever pressing 
during operant behavior at doses well below the LD50 without 
overt toxic signs. The more toxic cis isomer of permethrin is 
more effective in this respect than trans-permethrin. 1507151 

In the rat noncyano pyrethroids as well as DDT enhance the 
acoustic startle reflex, but the latency of the startle reflex re- 
mains unaffected. These effects are produced in the absence 
of overt toxic signs. In contrast, cyano pyrethroids produce 
variable effects on the startle reflex as well as on its latency 
in addition to a suspected direct effect on muscle. A rapid onset 
and recovery of these effects is generally ~ b s e r v e d . ' ~ ~ - ' ~ ~  The 
differences between the behavioral effects of noncyano and 
cyano pyrethroids might be related to their differential effects 
on the sensory nervous system (e.g., auditory-evoked poten- 
tials) and on muscle, which are mentioned in previous sections. 
Treated animals all show transiently decreased motor activity 
in a set of "figure eight"  maze^.'^^,'^^ However, the older 
literature reports that low doses of DDT cause significant dis- 
inhibitory effects leading to increased exploratory behavior in 
mice. 157 

The practical value of the observed neurobehavioral effects 
for the evaluation of the neurotoxic potential of pyrethroids is 
difficult to estimate at present. Although it appears possible to 
grossly distinguish between the effects of low doses of cyano 
and noncyano pyrethroids, the results of this relatively new 
approach remain to be validated by extensive data on behavioral 
effects of different classes of neurotoxic compounds. 
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Toxicology 

111. PERIPHERAL SENSORY PHENOMENA 

A. Occupational Exposure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Forestry workers exposed to wettable powders of permethrin 

(trans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcis = 75 : 25) and fenvalerate may experience itching 
and burning sensations, paresthesia, blisters, nasal hyperse- 
cretion, sneezing, coughing, dyspnoea, and eye irritation. These 
symptoms occurred at a frequency of approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10% in a 
group of 139 unprotected persons using only gloves occasion- 
ally. The fraction of people without symptoms was 27% for 
fenvalerate and 37% for pennethrin. In other persons, similarly 
exposed to an organic solvent emulsion of permethrin (trans 
: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcis = 60 : 40), the frequency of symptoms appeared much 
lower. With the latter formulation, 67% of the workers were 
completely free of symptoms. Transient burning and tingling 
skin sensations in the face of hands, experienced after work 
with fenvalerate, disappeared overnight. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1587159 

Examination of 199 workers engaged for 0.5 to 4.5 months 
in dividing and packaging of fenvalerate (20% emulsion), del- 
tamethrin (2.5% emulsion), and cypermethrin (10% emulsion) 
has revealed abnormal facial sensations in 60%, sneezing and 
increased nasal secretion in 32%, as well as dizziness and red 
miliary papules each in 14% of the subjects as the main symp- 
toms. No clinical signs of acute pyrethroid poisoning have been 
observed and functional tests showed no aberrations in blood, 
heart, lungs, liver, kidneys, and nervous system. Despite lower 
air concentrations of the pyrethroids in summer all symptoms, 
except sneezing and nasal secretion, were more pronounced 
during this season. The sensory symptoms developed with a 
latency of approximately 30 min and generally did not last 
longer than 24 h.lm 

In another group of 16 agricultural workers exposed in the 
field to fenvalerate (Pydrin), all subjects experienced burning 
and tingling sensations and 4 of them subsequent numbness. 
The symptoms were exacerbated by perspiration, sun, heat, 
and exposure to water, and generally disappeared overnight. 
Neither edema nor vesiculation were apparent, indicating that 
pyrethroids do not evoke a primary inflammatory reaction. 

Supplementary information comes from the industrial re- 
search All companies report that people handling the 
active substances, in particular the cyano pyrethroids, often 
experience transient local burning or tingling sensations and 
also itching and numbness of the facial skin, mainly in the 
periorbital area, but also of other sites of direct skin exposure 
(e.g., arms and legs). In all cases the skin effects were found 
to be reversible, generally within hours, but in some instances 
lasted for up to 48 h or in the extreme up to 7 d. Large 
differences exist in individual susceptibility to these effects of 
the pyrethroids. On one occasion individuals, who have shown 
extreme sensitivity, are advised to stop working with pyreth- 
roids.' The skin symptoms can be reduced or eliminated by 
preventive measures, such as gloves and face masks. 

In addition to producing skin sensations deltamethrin may 

be irritating to mucous membranes. This effect is considered 
to be partially caused or enhanced by the solvent in the EC 
form~lation.~ Cyfluthrin also causes irritant effects in the mouth 
and throat area in addition to skin effects.6 Fluvalinate causes 
mild to severe respiratory irritation, manifested by coughing, 
throat initation, and sneezing more frequently than itching and 
burning skin sensations. Most cases have been reported after 
exposure to spray particles of the flowable formulation of this 
pyrethroid. The skin sensations caused by flavulinate may be 
accompanied by rashes, and itching may occur to the point that 
scratching causes scars.9 Respiratory irritation has not been 
reported to alphamethrin, cypermethrin, and permethrin.8*10 
Inhalation exposure to permethrin has never been found to 
produce respiratory symptoms in man.8 

A single case of chronic unpleasant taste has been reported 
after exposure to technical fluvalinate vapor from a contami- 
nated oven maintained at 53°C. This symptom disappeared 
immediately after the oven was ~ leaned .~  

The data above indicate that flowable formulations of fla- 
vulinate as well as EC formulations and wettable powders of 
other cyano pyrethroids may produce rather severe skin and 
respiratory irritation in man. Apparently, the rate of absorption 
of the active ingredient by the epidermis and mucous mem- 
branes depends greatly on the formulation. The physicochem- 
ical properties of some of the vehicles used may also greatly 
affect the toxicity of pyrethroidP2 as well as the minimum 
concentration of pyrethroids needed to induce skin sensory 
effects in rodents (see below). 

In conclusion, the most frequently reported symptom of hu- 
man occupational exposure consists of paresthesia of the skin 
after handling of cyano pyrethroids. We consider it most likely 
that these burning and itching skin sensations are the result of 
repetitive firing of sensory nerve endings. The respiratory ir- 
ritation as induced by flavulinate flowable formulation and by 
other pyrethroids in EC formulation might well have a similar 
origin. 

The skin sensations and other peripheral sensory phenomena 
in man should, in our opinion, be considered as a warning 
signal for overexposure, indicating that adequate preventive 
measures should be taken. As long as pyrethroids are prevented 
from entering the circulatory system directly, these local symp- 
toms have proven to be transient and are most unlikely to 
progress into the more general neurotoxic syndrome in the 
absence of further exposure. 

B. Human and Animal Experiments 

1. Human Studies 
In a double blind study fenvalerate (81 pg/cm2 in ethyl 

alcohol) applied to a 4 cm2 area of one earlobe of 36 human 
volunteers was shown to induce significant paresthesia. The 
other earlobe was treated with the vehicle only and served 
as a control.163 In a subsequent study four formulation grade 
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Critical Reviews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pyrethroid insecticides were diluted in distilled water and ap- 
plied to the earlobe (130 pg/cm2) of six human volunteers. 
Permethrin caused the least and flucythnnate the most pro- 
nounced paresthesia, whereas the two intermediate com- 
pounds fenvalerate and cypermethrin gave almost equal cu- 
taneous sensations.'% Vitamin E oil, vitamin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE acetate, and 
mineral oil equally reduced the pyrethroid-induced pares- 
t h e ~ i a . ' ~ , ' ~ ~  Although a solvenfleaching effect may be in- 
volved, the mechanism for the relief of paresthesia has not 
been verified. 

In the experimental treatment of scabies the results of single 
applications of permethrin to the entire human skin have been 
reported. A 1% (w/w) permethrin solution in liquid paraffin 
was used by 95 patients in Zimbabwe. The amount applied 
ranged from 3 ml for babies and children to 7 ml for adults. 
The scabicidal efficacy of this treatment appeared equal to that 
of a control treatment of 134 patients with lindane in liquid 
paraffin at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdoses of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 and 140 mg, respectively. More recent 
studies with 5% permethrin (trans : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcis = 75 : 25) in a thix- 
otropic cream base gave 90 to 100% cure rates in two groups 
of 23 and 10 patients 1 month following single applica- 
t i ~ n . ' ~ ' , ' ~  In the latter study, which was restricted to adults, 
the dermal application of 1 .O to 1.5 g permethrin appeared 
without adverse side effects. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16' In contrast, wettable powders 
of the same racemic mixture of permethrin are irritative in 
occupational e~posure, '~'  which again emphasizes the impor- 
tance of formulation in this respect. 

2. Animal Experiments 
Direct application of controlled doses of pyrethroids to the 

guinea pig skin revealed that extremely low doses of fenval- 
erate (Pydrin 2.4 EC), to the equivalent of 30 pg of the ac- 
tive ingredient on a 35 cm2 area of skin, can cause sensory 
stimulation. Activity was quantified by counting the number 
of times the animals responded by licking, rubbing, scratch- 
ing, or biting the test flank when compared with the contra- 
lateral control flank. At much higher dose levels permethrin 
caused significantly less stimulation than flucythnnate, cy- 
permethrin, and fenvalerate. By 5 h after application the an- 
imal responses had returned to normal. At the highest doses 
of pyrethroids the sensory stimulation was reduced. 16' Vir- 
tually idenhcal results were obtained in another study of time 
and concentration dependence of the effects of permethnn, 
cypermethrin, and deltamethrin on guinea pig skin. Opti- 
mum stimulation was obtained after applying 0.1 ml of 1% 
(wlv) solutions of deltamethrin (cis) and cypermethrin (trans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cis = 45 : 55) in dimethylformamide to a 30 mm2 area of 
skin. Threshold effects were observed at 0.01% (i.e., 10 pg 
of active ingredient). However, up to 10% solutions of per- 
methrin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(truns : cis = 54 : 36) were ineffective. Effects were 
maximal approximately 1 h after application and disappeared 
within 24 h. This study also showed that dermal application 

of veratrine, a mixture of alkaloids containing toxins that 
prolong the open time of voltage-dependent sodium channels 
very similar to the cyano pyrethroids, causes the same qual- 
itative behavioral response as cypermethrin and deltameth- 
rin, but of a lesser inten~ity.'~' 

From a behavioral study it has been suggested that delta- 
methrin produces taste aversion in rats, but this effect was 
confounded by procedural variables and has not been substan- 
tiated stat ist i~al ly. '~~ Fenfluthrin, applied to the rat taste re- 
ceptor in concentrations up to 10 pill, did not affect the salt 
response recorded from the chorda tympani. In the same prep- 
aration, inhibitors of epithelial sodium transport caused a re- 
duction of the salt re~ponse.'~' 

Dermal application of fluvalinate and other cyano pyreth- 
roids to rats, rabbits, and guinea pigs under (semi)-occlusive 
patches, sometimes covered with plastic wraps, even to the 
abraded shn in amounts sufficiently high to produce toxic 
signs, has shown that these compounds are mildly to moder- 
ately irritating to the skin. However, the EC formulation of 
fenvalerate appeared severely irritating.' 

Rats, repeatedly dosed with fluvalinate in ground feed (e.g., 
30 mg/kg/d), showed severe skin lesions described as "ul- 
cerative dermatitis".' Similar dermal lesions were observed 
in rodents during long-term dietary studies, not only with 
fluvalinate, but also with the cyano pyrethroids flucythrinate 
(120 ppm), fenvalerate and cypermethrin. If dermal expo- 
sure was scrupulously avoided, toxic oral doses of fluvali- 
nate did not lead to dermal lesions. Fluvalinate applied der- 
mally to rats at concentrations higher than 0.15% (0.4 mg/kg) 
in acetone without occlusive patches or wrapping induces 
frequent, vigorous scratching, sometimes with chewing or 
biting of the skin at and near the site of application. Ani- 
mals showed severe ulcerative skin lesions, as a result of self- 
inflicted wounds and subsequent infection of the skin. The 
concentration to evoke these effects strongly depends on the 
vehicle used. Minimum effective concentrations amounted to 
0.3% in acetone and 10% in olive oil. Furthermore, when 
the pyrethroid was injected subcutaneously, neither scratch- 
ing nor dermal lesions occurred, provided that the compound 
did not leak to the surface of the skin.' From these results 
it is clear that fluvalinate and other cyano pyrethroids cause 
intense itching of the skin in rodents, probably by stimula- 
tion of nerve endings in the epidermis. It has also been re- 
ported that dogs lick their lips following consumption of a 
diet containing 270 ppm alphamethrin, a concentration suf- 
ficiently high to produce overt toxic signs. This effect was 
not observed at lower concentrations. lo 

Rats exposed to a nominal aerosol concentration of 0.59 
mg/l air of fluvalinate showed signs of respiratory (and eye) 
irritation. Coughing and sneezing occurred within 5 min and 
disappeared within 1 hr after exposure.' Recently a study has 
been performed in which rats were exposed for 4 weeks (5  
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Toxicology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d/week; 6 h/d) to aerosols of clyfluthrin. Upon exposure to 
nominal concentrations of 3 and 30 mg/m3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair of cyfluthrin 
(analytical concentrations: 0.4 and 6.0 mg/m3 air, respectively) 
the animals showed a transient reflex bradypnoe, which re- 
mained constant throughout the testing period. This result sug- 
gests that the sensitivity of the sensory structures involved 
remains unaffected, i.e., that adaptation does not occur.6 

The data available on peripheral sensory phenomena are 
inconclusive with respect to the important question whether 
repeated occurrence of skin and respiratory irritation caused 
by pyrethroids may eventually result in adaptation or irrevers- 
ible changes of the sensory system. The literature indicates 
that adequate animal experiments can be designed to investigate 
adverse skin and respiratory effects of pyrethroids and their 
formulations. In particular the guinea pig flank mode1169*170 
seems suitable to study possible long-term effects of pyreth- 
roids on the sensory system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin vivo. 

IV. AXONAL DAMAGE 

A. Neurophysiological Findings 
Electrophysiological studies of acute and subchronic ef- 

fects of pyrethroids in the rat revealed that the excitability 
of the tail nerve was enhanced following supramaximal elec- 
trical stimulation. The period of enhanced excitability fol- 
lowing the nerve impulse was much longer after deltameth- 
rin than after cismethrin. Deltamethrin at 50 to 200 ppm in 
the diet for 1 week produced excitability changes similar to 
those produced by a single intravenous injection of 0.5 to 
1.5 mgkg. The chronic effects tended to decrease over a pe- 
riod of 8 weeks. Cumulative effects of feeding deltamethrin 
were not observed and nerve responses were back within 
normal limits 24 to 48 h after return to a normal diet.172,173 
Rats treated orally with tefluthrin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5 mg/kg/d, 5 &week, for 
8 weeks) showed no functional signs of peripheral neuropa- 
thy. Motor and sensory nerve conduction velocities were 
identical to control values. 174 

Neurological examination of 23 workers exposed during 
manufacturing and testing various synthetic pyrethroids re- 
vealed no abnormal neurological signs, and the electrophys- 
iological function of arm and leg nerves was within the normal 
range. Nineteen persons in this group had experienced at least 
one episode of skin sensations and 6 persons at least five of 
these episodes.175 Medical monitoring of virtually unprotected 
spray operators in the Ivory Coast over a 17-month period, 
including a 3-month spraying season, revealed a decrease of 
peripheral sensory and motor conduction velocity and a de- 
crease in cornea reflex latency time, one of the trigeminal nerve 
function parameters measured. These changes could also be 
attributed to a seasonal variation, and it was concluded that 
there was no evidence that the observed changes were related 

to pyrethroid exposure, which was monitored by the urinary 
excretion of the major metabolite.'" 

Electrophysiological studies have shown that even near-le- 
thal doses of cypermethrin do not affect maximal motor con- 
duction velocities of the sciatic and tail nerve of rats.l0 

B. Morphological and Biochemical Findings 
Orally applied deltamethrin (10 mg/kg/d for 15 d) causes 

histopathological changes in some nerve fibers of the sciatic 
nerve of the rat.'77 Sporadic lesions resembling Wallerian de- 
generation have been observed in sciatic and posterior tibial 
nerves of rats treated with near-lethal dietary doses of cyper- 
methrin, cis-cypermethrin, fenpropathrin, and permethrin. Per- 
meduin was the least effective in producing nerve injury, whereas 
after cis-cypermethrin about 10% of the fibers were affected 
in some animals. Single (0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 2 times LD,) dose experiments 
with cypennethrin, fenvalerate, and permethrin also revealed 
nerve lesions in a small fraction of the animals. The lesions 
were not produced by doses below the lethal range.178 In rats 
fed lo00 ppm cypennethrin for 1 or 2 years,178 as well as in 
rats fed 100 ppm and mice fed 1250 ppm of fenvalerate for 
up to 2  year^,'^^.'^ no compound-related neuropathological 
effects were found. In a 6-month study, in which up to lo00 
pprn of fenvalerate was fed to dogs, slight to moderate axonal 
dystrophy in the spinal cord and in peripheral nerves was ob- 
served sporadically, scattered through most groups, including 
control animals. No treatment-related pattern could be ascer- 
tained, and these effects were judged unrelated to the test 
material. Slight peripheral nerve damage was detected in 
rats and mice 10 d after a single oral dose of 3180 and 256 
mgkg fenvalerate, respectively. The incidence and severity of 
the nerve lesions were dose related. However, even at lethal 
doses (up to lo00 mgkg in rats and 240 mgkg in mice) nerve 
lesions could not be detected in a significant number of ani- 
mals. 

Because of the difficulties in detecting possible nerve 
damage produced by pyrethroids histopathologically, bio- 
chemical methods for the detection of this type of neurotox- 
icity have also been applied.lS3 The activity of the lysobomd 
enzymes P-glucoronidase and P-galactosidase was used as a 
measure of peripheral nerve damage. Significant increases in 
both enzyme activities occurred 2 to 3 weeks following a 7- 
d treatment of rats with daily sublethal doses (approximately 
1/4 of the acute LD,) of permethrin, cypermethrin, and del- 
tamethrin, but not of resmethrin. These pyrethroid-induced 
enzyme changes were qualitatively similar to those observed 
in Wallerian degeneration, but were an order of magnitude 
less than those induced by acrylamide and methylmercury, 
which were used as reference compounds for their known 
delayed neurotoxic effects. In addition, it was concluded that 
no direct correlation exists between the time course of the 
neuromuscular dysfunction caused by the pyrethroids and the 
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neurobiochemical changes. Based on the results of this bio- 
chemical study it was suggested that the pyrethroids have at 
least two distinct actions-a short-term pharmacological ef- 
fect and, at near-lethal doses, a more chronic neurotoxic ef- 
fect that results in sparse axonal nerve damage.'83 By anal- 
ogy two distinct types of neurological effects of pyrethroids 
were postulated:'82 an acute, reversible muscular weakness 
due to the pharmacological effect and a more chronic neu- 
ropathological effect at high doses manifested by sparse ax- 
onal darnage, which appeared not to be associated with 
functional or clinical signs. 

Industrial research data clearly show that pyrethroids have 
the potential of producing axonal darnage in peripheral nerves 
of rodents. The compounds tested include alphamethnn, lo 

cyfluthrin." cypermethrin,8,'0 deltametl~in,~ fluvalinate,' and 
permethrin. ',"' Nerve lesions have been demonstrated histo- 
pathologically in rats, mice, and hamsters receiving high, le- 
thal, or near-lethal oral doses of pyrethroids. The lesions have 
been observed mainly in peripheral nerves, notably in the 
sciatic nerve and occasionally in the spinal cord and the brain. 
In all cases these nerve lesions were found in a fraction of 
the treated animals only. After prolonged administration of 
lower doses, that caused overt toxic signs, peripheral nerve 
axonal damage has not been detected. In rats given 40 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 
mgikgld cyfluthrin for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 months, 1000 ppm cypermethrin for 
1 year, 50 mgikgld fluvalinate for 3 months, 2500 ppm per- 
metkrin for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 years, or 10 mg/kg/d deltamethrin for 3 months, 
no significant differences were found in the incidence of ab- 
normal nerve fibers in the control and the test groups. 

The time course of development of and recovery from nerve 
damage, as measured by lysosomal enzyme activities, were 
investigated in rats given high doses of alphamethrin or cy- 
permethrin over a period of 4 weeks (total dose 562.5 and 
2550 mg/kg, respectively). Maximum enzyme activities in the 
sciatic and posterior tibia1 nerves were found after 5 weeks 
for both compounds and the activities had returned to con- 
trol values by 12 weeks. In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAanother study With rats oral doses 
of 40 and 80 mg/kg cyfluthrin for 14 d caused neuropathol- 
ogical changes in sciatic nerve fibers. The incidence de- 
creased zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the observation period progressed, and effects were 
no longer apparent at the end of a 3-month recovery period. 

Dogs and hens appeared to be less sensitive to pyrethroid- 
induced axonopathy than rodents. In dogs fed with a diet 
containing 600 ppm cyfluthrin for 6 months, histopathologi- 
cal examinations of the central and peripheral nervous sys- 
tem did not reveal any deviations from the physiological norm. 
In another study with dogs fed 1500 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA600 ppm cyper- 
methrin for 3 and 24 months, respectively, no compound- 
related lesions of the sciatic nerve were found. No micro- 
scopic changes were observed in central or peripheral nerve 
tissues in a 90-d dog study with doses of cypermethrin up to 
1500 ppm. 

The hen, the standard test animal for the delayed neuro- 

toxic effects produced by organophosphates, appears to be 
very insensitive to pyrethroids. Oral doses of 5000 mg/kg 
cyfluthrin, lo00 mg/kg/d for 5 d, or 10,OOO mgkg cyper- 
methrin or 9O00 mg/kg permethnn failed to cause clinical signs 
of poisoning in hens, nor were there any neuropathological 
changes. 

V. ACUTE POISONING AND POSSIBLE 
ANTIDOTES 

A. Animal Experiments 
Pyrethroids can be divided into two classes according to 

signs of poisoning in the rat.' With few exceptions, this sub- 
division corresponds to the presence or absence of an a-cyano 
group on the 3-phenoxybenzyl alcohol moiety. 

Noncyano pyrethroids initially cause aggressive sparring be- 
havior and increased sensitivity to external stimuli. This is 
followed by a fine tremor, gradually becoming more severe 
until the animal finally becomes prostrate with coarse whole- 
body tremor. This sequence has been designated T-syndrome. 

A quite different sequence, the CS-syndrome, is observed 
with most of the cyano pyrethroids. After initial pawing and 
burrowing behavior the rat shows profuse salivation, coarse 
whole-body tremor, increased startle response, and abnormal 
locomotion involving the hind limbs. The coarse tremor pro- 
gresses into a sinuous writhing of the whole body (choreoath- 
etosis) that gradually becomes more violent. Death is some- 
times preceded by clonic seizures. Some cyano pyrethroids 
(e.g., (lR), trans-cyphenothrin, its difluorovinyl analog and 
fenpropathrin) as well as the a-ethynyl analog of fenvalerate 
cause an intermediate syndrome, including toxic signs from 
either T- and CS-~yndrome.~ .~~ The toxic signs usually start 
to develop within a few minutes after intravenous injection, 
and surviving animals recover after several h o ~ r s . ~  For a num- 
ber of pyrethroids, details on dose and time dependence of the 
development of toxic signs and the relative contributions of 
the various neurotoxicological effects to the poisoning syn- 
drome in rodents have been p ~ b l i s h e d . ~ . ~ ~ . '  1431439147 ,1499170*173  

The reader is also referred to various sections of this review. 
In general, poisoning symptoms correlate with the degree of 
sodium current prolongation in the following order: T-syn- 
drome < intermediate syndrome < CS-syndrome (see Table 
2),39,40.46 

Several types of compounds have been reported to affect the 
experimentally induced neuroexcitatory effects of pyrethroid 
insecticides in laboratory animals. 

In the frog, pretreated with diazepam and with the benzo- 
diazepine Ro-3636 increased the intracerebroventricular LD50 
values of cyano pyrethroids, 23- to 50-fold, more than those 
of the noncyano pyrethroids. Nine other benzodiazepines and 
pyrazolpyridines were ineffective, while phenobarbital was 
moderately active with a protection factor of 2 to 5. Diazepam 
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was found most effective in the frog when applied at the time 
of appearance of the first toxic signs.78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

In the rat the benzodiazepines diazepam and clonazepam, 
as well as the anticonvulsant sodium valproate, were reported 
to be ineffective in preventing pyrethroid-induced motor symp- 
toms. The doses of these anticonvulsants were sufficiently large 
to prevent pentylenetetrazol-induced seizures. 184 Phenytoin and 
baclofen were also found to be ineffective in reducing motor 
symptoms in the rat induced by intravenous cismethrin and 
deltamethrin. Tremor and hyperresponsiveness produced by 
oral permethrin in the rat were reduced by pretreatment with 
phenytoin. 154 However, phenytoin failed to affect the lowering 
of the threshold of pentylenetetrazol-induced seizures produced 
by intraperitoneal deltamethrin and permethrin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlg5 

In the mouse intraperitoneal application of diazepam sig- 
nificantly reduced the percentage of animals that showed a loss 
of righting reflex after a subsequent intravenous ED50 dose of 
permethrin. Agonists and antagonists of norepinephrine, do- 
pamine, acetylcholine, and serotonin receptors were found either 
to be ineffective or to potentiate the effect of a much smaller 
dose of permethrin.'86 Pretreatment of mice with diazepam 
intraperitoneally has been reported to cause a delay in the onset 
of action of deltamethrin and fenvalerate, but not of allethrin 
and permethrin. The LD5o values of deltamethrin and cis-per- 
methrin were both increased after diazepam by a factor of 6 
and 9, respectively. Phenobarbital was less effective and also 
less specific with respect to noncyano and cyan0 pyrethroids 
in these experiments.187 

In the cat diazepam reduced the normal firing rate of spinal 
intemeurones by approximately 50%, but failed to antagonize 
both the large cis-permethrin- and the smaller deltamethrin- 
induced increased in the interneuronal firing rate. 147 Studies 
on the therapeutic effect of diazepam, clometiazole, and atro- 
pine in dogs showed that the combination of these drugs was 
effective in alleviating central and motor symptoms associated 
with poisoning by intravenous deltamethrin up to LDlm doses. 
The LD5o value of deltamethrin, however, was only marginally 
increased by the combination of d r ~ g s . ~ * ' ~ ~  

The results show that the effects of anticonvulsants in ex- 
perimental animal poisoning vary considerably with animal 
species. Only in some cases have successful prophylaxis been 
obtained. Therefore, anticonvulsants should not be regarded 
as specific antidotes for pyrethroid poisoning. 189 

More consistent results have been obtained with the central 
muscle relaxant mephenesin and two of its analogs. In intact 
conscious rats poisoned by up to twice LD50 intravenous doses 
of cismethrin and delta-methrin repeated intravenous injections 
or continuous infusion of mephenesin act prophylactic as well 
as therapeutic.'20*'90 In the rat motor symptoms and fatalities 
produced by the pyrethroids were prevented by mephenesin 
treatment. Similar results were obtained with methocarbamol, 
a longer acting and less toxic mephenesin analog. Repeated 
intraperitoneal administration of this drug at the time of tremor 

or hyperexcitability reversed and prevented further toxic signs 
produced by lethal oral doses (>LD50) of fenvalerate, cyper- 
methrin, fenpropathrin, and permethrin. Mortality was reduced 
fmm approximately 70 to 0% except for permethrin-poisoned 
rats in which motor symptoms were incompletely suppressed 
by the amount of methocarbamol used (initial dose 400 mgkg 
i.p. and repeated doses 200 mgkg i.p.) and in which 10% 
mortality remained after methocarbamol. Recovery of the an- 
imals over a period of 17 to 30 h required one to seven treat- 
ments with methocarbamol. 19' These studies indicate that poi- 
soning with the noncyano pyrethroids, higher doses of the 
therapeutic drug are required, possibly because of the more 
intense spinal excitation associated with the T-syndrome pro- 
duced by noncyano pyrethroids. 147 Therapeutic effects of me- 
phenesin-carbamate in intravenous deltamethrin poisoning in 
the rat were very similar to those of methocarbamol. The LD5o 
of deltamethrin was three times higher in rats symptomatically 
treated with repeated intravenous doses of 100 mgkg mephe- 
nesin-carbamate as compared to control animals. 19' 

The combinations urethane/atropine and phenproba- 
matdampine suppressed deltamethrin poisoning symptoms and 
increased the LDs0 by a factor of 3 to 4. Hind leg paralysis, 
which was often observed after 12 h in deltamethrin poisoned 
rats treated with urethane, recovered to normal after 24 to 36 
h.188.192 on th e other hand, meprobamate, a bis-carbamate ester 
with sedative and hypnotic action, was reported to be ineffec- 
tive in modifying motor symptoms associated with pyrethroid 
poisoning in the rat.lZ0 

Atropine appeared to be effective in treating cholinergic site 
effects of pyrethroid poisoning in the rat, i.e., salivation, 
bradycardia, and, to a limited extent, chewing, pawing, and 
choreoathetosis. 'I7 Atropine has been used for the same pur- 
pose in most other studies quoted in this section with equally 
good results, and it was judged indispensable for the treatment 
of salivation and bronchial hypersecretion in animals poisoned 
by deltamethrin.'88 

B. Human Experience 
Little information is available on the efficacy of the various 

experimental therapies in the treatment of human accidental 
pyrethroid poisoning. 

Until 1988 a single fatal case of human poisoning had been 
reported in the literature. A male person 45 years of age, who 
had accidentally ingested more than 0.7 g cypermethrin 10% 
(Cymbush), rapidly developed convulsions, passed into a coma, 
and died 3 h later. The death of this patient was ascribed to 
respiratory paralysis. Details on the emergency treatment have 
not been reported. 193 

Recently a review has appeared on 573 cases of acute pyreth- 
roid poisoning, including 229 occupational and 344 accidental 
cases, reported in the Chinese literature during the period 1983 
to 1988.'% Occupational poisoning was due to inappropriate 
handling, while accidental poisoning was mostly due to inges- 
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tion. Cases involved d y  deltamethrin (325), fenvalerate (l%), 
and cypermethrin (45). The initial symptoms with occupational 
intoxication were burning, itching, or tingling sensation of the 
face or dizziness that usually developed 4 to 6 h after exposure. 
The skin symptoms could appear early after several minutes of 
spraying and disappeared after several hours to 1 d. In more se- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rious cases they were followed by systemic symptoms as late as 
48 h after exposure. After ingestion the initial symptoms were 
mainly digestive, such as epigastric pain, nausea, and vomiting, 
and developed within 10 min to 1 h. Skin symptoms were not 
significant in patients with ingestive poisoning. 

The systemic symptoms include dizziness, headache, nau- 
sea, anorexia, and fatigue. In more serious cases coarse mus- 
cular fasciculations, associated with repetitive discharges in 
the EMG, developed in large muscles of the extremities. A 
number of cases (51) showed disturbance of consciousness, 
and some patients who ingested large doses (200 to 500 ml) 

of pyrethroid EC developed coma within 15 to 20 min. Thirty- 
five cases had convulsive attacks, but only five of them were 
due to occupational exposure. The convulsions lasted for 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 
to 2 min and manifested as flexion of the upper limbs and 
extension of lower limbs with opisthotonos and unconscious- 
ness during attacks. Seizures occurred at a frequency of up to 
10 to 30 per d in the first week of intoxication and subsequently 
decreased gradually to recover completely within 2 to 3 weeks. 

All patients were treated with symptomatic and supportive 
therapies. In 189 cases treatment included atropine, which re- 
duced salivation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand pulmonary edema in a few severe cases. 
Deltamethrin-induced seizures were not well controlled by di- 
azepam and baclofen in one severe case of accidental poison- 
ing. In another case of occupational deltamethrin poisoning 
phenobarbital, chlorpromazine, and phenytoin were ineffec- 
tive.'9s Both patients recovered in a period of 3 weeks and 
were in good health at the follow up after 1 year. 

The vast majority of patients recovered within I to 6 d, 
although the hospitalization period of some seriously affected 
patients with convulsions was longer, the longest being 55 d. 
In the follow up of 15 cases no longstanding or residual symp- 
toms were found. 

The total number of deaths was seven, including one patient 
misdiagnosed as having acute organophosphate poisoning who 
died of atropine intoxication, one acutely intoxicated with fen- 
valerate/dimethoate, two cases of occupational acute delta- 
methnn poisoning, and three of ingestive acute fenvalerate 
poisoning. According to the author the prognosis of occupa- 
tional acute pyrethroid poisoning is generally good and is al- 
ways better than acute organophosphate poisoning, even in 
seriously affected patients. 194 

VI. SUMMARY 

Although pyrethroid insecticides have been introduced on a 
large scale fairly recently, extensive data have been published 

on their mode of action, and valuable information is available 
on potential side effects in man. 

The basic mechanism of action of the pyrethroids on the 
vertebrate nervous system has been investigated in detail. All 
available evidence clearly indicates that the primary neurotoxic 
target site of this chemically diverse class of insecticides is 
confined to the voltage-dependent sodium channels in excitable 
membranes. The stereoselective interaction of pyrethroids with 
a fraction of the sodium channels results in a prolongation of 
the inward sodium current during excitation, as pyrethroid- 
modified sodium channels stay open much longer than normal. 
The prolonged sodium current induced by the pyrethroids re- 
sults in pronounced repetitive activity, notably in sense organs, 
but - depending on pyrethroid structure - also in sensory 
nerve fibers, motor nerve terminals, and skeletal muscle fibers. 
Besides repetitive firing, membrane depolarization resulting in 
enhanced neurotransmitter release and eventually block of ex- 
citation may also occur. 

Studies on sense organs in the vertebrate skin have shown 
that the cyano pyrethroids evoke more intense repetitive activ- 
ity than the noncyano pyrethroids. This is accounted for by 
large, quantitative differences in the prolongation of the sodium 
current by cyano and noncyano pyrethroids. For a range of 
pyrethroids the symptoms observed in experimental animal 
poisoning correlate well with the extent to which the sodium 
current is prolonged. 

Postsynaptic neurotransmitter responses are unaffected by 
concentrations of pyrethroids that cause marked sodium chan- 
nel modification. At high concentrations insecticidal as well 
as noninsecticidal pyrethroid isomers cause a nonspecific sup- 
pressive effect on the postsynaptic neurotransmitter response. 

Cardiovascular effects of pyrethroids can be attributed to 
modification of presynaptic as well as postsynaptic sodium 
channels. 

Paresthesia and other peripheral sensory phenomena, e.g., 
respiratory irritation, are repeatedly experienced in man after 
occupational exposure to cyano pyrethroids in particular. These 
symptoms, which are most likely caused by repetitive firing 
of sensory nerve endings, should be considered a warning of 
overexposure, indicating that adequate preventive measures 
should be taken. The quality as well as the intensity of the 
peripheral sensory phenomena depends not only on pyrethroid 
structure, but also varies with the formulation and with envi- 
ronmental factors. 

The question whether repeated occurrence of peripheral re- 
petitive firing may eventually lead to injury of sensory nerve 
endings or central sensory adaptation remains unanswered. The 
guinea pig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflank provides an adequate model to quantify the 
cutaneous sensations of pyrethroids. This model may be par- 
ticularly useful to compare the degree of skin sensory irritation 
caused by different formulations of pyrethroids and could also 
be of value to investigate possible chronic effects. 

Lethal and near-lethal doses of pyrethroids cause sparse ax- 

120 Volume 21, Issue 2 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.
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onal damage in a fraction of the exposed animals, which is 
reversed after cessation of exposure. Threshold concentrations 
from acute and chronic studies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare available. After prolonged 
chronic exposure to lower doses of pyrethroids axonal damage 
has not been observed. It has been suggested that the histo- 
pathological changes are unrelated to the basic neuroexcitatory 
action of pyrethroids. The hen sciatic nerve is not suitable for 
studying pyrethroid-induced nerve damage, as - in contrast 
to organophosphates - birds are highly insensitive to pyreth- 
roids. 

The limited information available on neurobehavioral effects 
of pyrethroids is difficult to evaluate, as the significance of 
such data for toxicological risk assessment is still under debate. 

Established anticonvulsants are only moderately effective in 
the treatment of acute pyrethroid poisoning in animals and man. 
The results of animal experiments indicate that mephenesin 
and related compounds, combined with atropine to suppress 
cholinergic side effects, are the more promising antidotes pres- 
ently known. 

Although severe acute human poisoning with pyrethroids in 
the Western Hemisphere seems very unlikely, recent experi- 
ence in the People's Republic of China shows that these in- 
secticides should certainly not be considered harmless. How- 
ever, with adequate therapeutic treatment, the prognosis of 
acute pyrethroid poisoning is generally good. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ACKNOWLEDGMENTS 

The authors would like to thank Ms. Ida Duran for help in 
the preparation of the different versions of the manuscript and 
the chemical companies for providing information and their 
permission for publication. 

REFERENCES 

1. Elliott, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM., Farnham, A. W., Janes, N. F., Needham, P. H., 
pulman, D. A., and Stevenson, J. H., A photostable pyrethroid, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Nature, 246, 169, 1973. 

2. Elliott, M., Farnham, A. W., Janes, N. F., Needham, P. H., 
and pulman, D. A., Synthetic insecticide with a new order of ac- 
tivity, Nature, 248, 710, 1974. 

3. Naumann, K., Chemie der Synthetischen Pyrethroid-Insektizide, in 
Chemie der Pjlanzenschutz- und zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASchddlingsbekiimpfungsmittel, Band 
7, Wegler, R., Ed., Springer-Verlag, Berlin, 1981. 

4. Elliott, M. and Janes, N. F., Synthetic pyrethroids - a new class 
of insecticide, Chem. SOC. Rev., 7, 473, 1978. 

5. Verschoyle, R. D. and Aldridge, W. N., Structure-activity rela- 
tionships of some pyrethroids in rats, Arch. Toxicol., 45, 325, 
1980. 

6. Cyfluthrin: monograph prepared for FAOIWHO 1987 JMPR; Cy- 
fluthrin: Untersuchungen ZUI subakuten Inhalationstoxizit iiber 

4 Wochen an der Ratte (Bericht Nr. 18565, 1989); Bayer AG, Man- 
zenschutzzentrum Monheim, Leverkusen, West Germany. 

7. Summary of all toxicological studies performed on technical grade 
deltamethrin and DECIS EC 25 g/l formulation (DECIS flussig), 
including 43 appendices, mainly research reports on the treatment of 
poisoning; Hoechst Aktiengesellschaft, Pharrna Forschung Toxiko- 
logie und Pathologie, Frankfurt am Main, West Germany. 

8. Neurotoxic potential of cypermethrin: response to points raised by 
BGA in letter to Deutsche ICI, August 27, 1984; Neurotoxic potential 
of permethrin: response to points raised by BGA in letter to Deutsche 
ICI, August 27, 1984; ICI, Central Toxicology Laboratory, Mac- 
clesfield, Cheshire, England. 

9. Fluvalinate: 9 documents on dermal toxicity, eye and skin initation, 
neuropathology and human experience (AGRO DOK CBK m. 5755183; 
5758183; 5949184; 5715183; 6029184; 5777183 and 102'365188); 
Mavrik Aquaflow: Animal skin sensitization and human safety data 
(AGRO DOK CBK m. 591818 and 6713187); Mavrik 2E: 9 docu- 
ments on various aspects of toxicity (AGRO DOK CBK nrs. 5779183; 
5780183; 5785183; 5781183; 5782/83; 5784183 + addendum; 
5783183 and 5918184); Sandoz, Agro Division Development, Basle, 
Switzerland. 

10. Fastac: review of mammalian and human toxicology, Review Series 
MDT 83.001; Ripcord: review of mammalian and human toxicology, 
Review Series MDT 83.004; Pyrethroid neurotoxicity: BGA ques- 
tions, Document nr. DP03.114; Fox, D. A. and van Gelder, G. A,,  

Pyrehids:  a review of the effects on the nervous system, Technical 
information record WRC-476,1981; Rose, G. P., A review of current 
research related to the neurotoxic properties of pyrethroids, Group 
research report SBGR.84.300, Shell Research, London, 1984; Shell 
International Petroleum Maatschappij B.V., The Hague, The Neth- 
erlands. 

11. Casida, J. E., Gammon, D. W., Glickman, A. H., and Lawrence, 
L. J., Mechanisms of selective action of pyrethroid insecticides, 
Annu. Rev. Pharmacol. Toxicol., 23, 413, 1983. 

12. Lund, A. E., Insecticides: effects on the nervous system, in Com- 
prehensive Insect Physiology, Biochemistry and Pharmacology, Vol. 
12, Kerkut, G. A. and Gilbert, L. I., Eds., Pergamon Press, Oxford, 
1984, 9. 

13. Ruigt, G. S. F., Pyrethroids, in Comprehensive Insect Physiology, 
BiochemisrryandPhannacology, Vol. 12, Kerkut, G. A. andGilbert, 
L. I., Eds., Pergamon Press, Oxford, 1984, 183. 

14. Soderlund, D. and Bloomquist, J. R., Neurotoxic actions of pyr- 
ethroid insecticides, Annu. Rev. Entomol., 34, 77, 1989. 

15. Miller, T. A. and Salgado, V. L., The mode of actionof pyrethroids 
on insects, in The Pyrethroidlnsecticides, Leahey, J. P., Ed., Taylor 
& Francis, London, 1985, 43. 

16. Fujitani, J., Beitrage zur Chemie und Pharmakologie des Insekten- 
pulvers, Arch. Exptl. Pathol. Pharmakol., 61, 47, 1909. 

17. Lowenstein, O., A method of physiological assay of pyrethrum 
extract, Nature, 150, 760, 1942. 

18. EUis, C. €I., Thienes, C. €I., and Wiersma, C. A. G., The influence 
of certain drugs on the crustacean nerve-muscle system, Biol. Bull., 
83, 334, 1942. 

19. Welsh, J. H. and Gordon, H. T., The mode of action of certain 
insecticides on the arthropod nerve axon, J .  Cell. Comp. Physiol., 
30, 147, 1947. 

20. Schallek, W. and Wiersma, C. A. G., The influence of various 
drugs on a crustacean synaps, J. Cell. Comp. Physiol., 31, 35, 
1948. 

21. Yamasaki, T. and Ishhiu, T., Studies on the mechanism of action 
of insecticides. IV. The effects of insecticides on the nerve conduction 
of insects, Oyo-Kontyu, J .  Nippon SOC. Appl. Entomol., 7, 157, 
1952. 

22. Lalonde, D. I. V. and Brown, A. W. A., The effect of insecticides 

1990 121 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.



Critical Reviews In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
on the action potentials of insect nerve, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACan. J. Zool.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32, 74, 

1954. 

23. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANarahashi, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT., Effect of the insecticide allethrin on membrane po- 
tentials of cockroach giant axons, J. Cell. Comp. Physiol., 59, 61, 

1962. 

24. Narahashi, T., Nature of the negative after-potential increased by 
the insecticide allethrin in cockroach giant axons, J. Cell. Comp. 
Physiol.. 59, 67, 1962. 

25. Clements, A. N. and May, T. E., The actions of pyrethroids upon 
the peripheral nervous system and associated organs in the locust, 
Pesric. Sci., 8, 661, 1977. 

26. Wouters, W. and ven den Bercken, J., Review: action of pyreth- 
roids, Gen. Pharmacol.. 9, 387, 1978. 

27. Vijverberg, H. P. M. and van den Bercken, J., Action of pyreth- 
mid insecticides on the vertebrate nervous system, Neuroparhol. Appl. 
Neurobioi., 8 ,  421. 1982. 

28. van den Bercken, J., The action of allethrin on the peripheral ner- 
vous system of the frog, Pestic. Sci., 8, 692, 1977. 

29. VM den Bercken, J.,  Akkermans, L. M. A., and van der Zalm, 

J. M., DDT-like action of allethrin in the sensory nervous system 
of Xenopus laevis, Eur. J .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPharmacol., 21, 95, 1973. 

30. Akkermans, L. M. A., van den Bercken, J., and Versluijs-Helder, 
M., Comparative effects of DDT, allethrin, dieldrin and aldrin-trans- 
diol on sense organs of Xenopus laevis, Pestic. Biochem. Physiol., 
5 ,  451, 1975. 

31. van den Bercken, J., Kraese, A. B. A., and Akkermans, L. M. 
A., Effects of insecticides on the sensory nervous system, in Neu- 
roroxicology of Insecticides and Pheromones, Narahashi, T., Ed., 
Plenum Press, New York, 1979, 183. 

32,  Kroese, A. B. A., van der Zalm, J. M., and van den Bercken, 
J., Frequency response of the lateral-line organ of Xenopus laevis, 
Plfugers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAArch.. 375, 167, 1978. 

33, Vijverberg, H. P. M., Ruigt, G. S. F., and van den Bercken, J., 
Structurerelated effects of pyrethroid insecticides on the lateral-line 
senie organ and on peripheral nerves of the clawed frog, Xenopus 
laevis, Pestic. Biochem. Physiol., 18, 315, 1982. 

14. Leake, L. D., Buckley, D. S., Ford, M. G., and Salt, D. W., 
Comparative effects of pyrethroids on neurones of target and non- 
target organisms. Neuroroxicology, 6, 99, 1985. 

35. Evans, M. H., End-plate potentials in frog muscle exposed to 
a synthetic pyrethroid, Pestic. Biochem. Physiol., 6, 547, 

1976. 

36. Wouters, W., van den Bercken, J., and van Ginneken, A., Pre- 
synaptic action of the pyrethroid insecticide allethrin in the frog motor 
end plate. Eur. J. Pharmacol., 43, 163, 1977. 

37. Vijverberg, H. P, M. and van den Bercken, J., Frequency-de- 
pendent effects of the pyrethroid insecticide decamethrin in frog mye- 
linated nerve fibres. Eur. J Pharmacol., 58, 501, 1979. 

3 R .  Tippe, A., Evidence for different mechanisms of action of the three 
pyrethroids, deltamethrin, cypermethrin, and fenvalerate, on the ex- 
citation threshold of myelinated nerve, Pesric. Biochem. Physiol., 
28, 67, 1987. 

39. Ruigt, G. S, F. and van den Bercken, J., Action of pyrethroids 
on a nerve-muscle preparation of the clawed frog, Xenopus laevis, 
Pesric. Biochem. Physiol., 25, 176, 1986. 

40. Vuverberg, H. P. M., de We&, J. R., Ruigt, G. S. F., and van 
den Bercken, J., The effect of pyrethroid structure on the interaction 
with the sodium channel in the nerve membrane, in Neuropharma- 
cology and Pesticide Action, Ford, M. G . ,  Lunt, G .  G., Reay, R. 
C., and Usherwood, P. N. R. ,  Eds., Ellis Horwood, Chicester, Eng- 
land, 1986, 267. 

41. Gray, A. J., COMO~S, T. A., Hoellinger, H., and Ngyuen-Hoang- 
Nam, The relationship between the pharmacokinetics of intravenous 

cismethrin and bioresmethrin and their mammalian toxicity, Pestic. 
Biochem. Physiol., 13, 281, 1980. 

42. Gray, A. J. and Rickard, J., The toxicokinetics of deltamethrin in 
rats after intravenous administration of a toxic dose, Pestic. Biochem. 
Physiol., 18, 205, 1982. 

43. Carlton, M., Some effects of cismethrin on the rabbit nervous sys- 
tem, Pestic. Sci., 8, 700, 1977. 

44. Forshaw, P. J., and Ray, D. E., The effect of two pyrethroids, 
cismethrin and deltamethrin, on skeletal muscle and the trigeminal 
reflex system in the rat, Pestic. Biochem. Physiol., 25, 143, 1986. 

45. Forshaw, P. J., Lister, T., and Ray, D. E., The effects of two 
types of pyrethroid on rat skeletal muscle, Eur. J .  Pharmacol., 134, 

89, 1987. 

46. Wright, C. D. P., Forshaw, P. J., and Ray, D. E., Classification 
of the actions of ten pyrethroid insecticides in the rat, using the 
trigeminal reflex and skeletal muscle as test systems, Pestic. Biochem. 
Physiol., 30, 79, 1988. 

47. Hodgkin, A. L. and Huxley, A. F., A quantitative description of 
membrane current and its application to conduction and excitation in 
nerve, J. Physiol., 117, 500, 1952. 

48. M e ,  B., Ionic Channels of Excitable Membranes, Sinauer Asso- 
ciates, Sunderland, MA, 1984. 

49. Guy, H. R., A model relating the structure of the sodium channel 
to its function, in Current Topics in Membranes and Transport, Vol. 
33, Hoffman, F. J. and Giebisch, G., Eds., Academic Press, Orlando, 
FL, 1988, chap. 15. 

50. Catterall, W. A., Structure and function of voltage-sensitive ion 
channels, Science, 242, 50, 1988. 

51. Hamill, 0. P., Marty, A., Neher, E., Sakmann, B., and Sig- 
worth, F. J., Improved patch-clamp techniques for high-resolution 
current recording from cells and cell-free membrane patches, Pjiigers 
Arch., 391, 85, 1981. 

52. van den Bercken, J. and Viverberg, H. P. M., Effects of insec- 
ticides on the nervous system of Xenopus, in Insect Neurobiology 
and Pesticide Action (Neurotox zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79), Society of Chemical Industry, 
London, 1980, 391. 

53. van den Bercken, J. and Vijverberg, H. P. M., Voltage clamp 
studies on the effects of allethrin and DDT on the sodium channels 
in frog myelinated nerve membrane, in Insect Neurobiology and 
Pesticide Action (Neurotox 79), Society of Chemical Industry, Lon- 
don, 1980, 79. 

54. Vijverberg, H. P. M., van der Zalm, J. M., and van den Bercken, 
J., Similar mode of action of pyrethroids and DDT on sodium channel 
gating in myelinated nerves, Nature, 295, 601, 1982. 

55. Ruigt, G. S. F., Neijt, H. C., van der Zalm, J. M., and van den 
Bercken, J., Increase of sodium current after pyrethroid insecticides 
in mouse neuroblastoma cells, Brain Res., 437, 309, 1987. 

56. de Weille, J. R. and Winders, T., The action of pyrethroids on 
sodium channels in myelinated nerve fibres and spinal ganglion cells 
of the frog, Brain Res., 482, 324, 1989. 

57. Vijverberg, H. P. M., van der Zalm, J. M., van Kleef, R. G. D. 
M., and van den Bercken, J., Temperature- and structure-dependent 
interaction of pyrethroids with the sodium channels in frog node of 
Ranvier, Biochim. Biophys. Acro, 728, 73, 1983. 

58. Viverberg, H. P. M. and de Weille, J. R., The interaction of 
pyrethroids with voltage dependent Na channels, Neurotoxicology, 
6, 23, 1985. 

59. Yamamoto, D., Qupndt, F. N., and Narahashi, T., Modification 
of single sodium channels by the insecticide tetramethrin, Brain Res., 
274, 344, 1983. 

60. Chinn, K. and Narahashi, T., Stabilization of sodium channel states 
by deltamethrin in mouse neuroblastoma cells, J .  Physiol., 380, 191, 

1986. 

122 Volume 21, Issue 2 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.



Toxicology 

61. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAde Weille, J. R., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Modification of Nerve Membrane Sodium 
Channels by F’yrethroids, Ph.D. thesis, University of Utrecht, 1986. 

62. C b ,  K. and Narahashi, T., Temperature-dependent subcon- 
ducting states and kinetics of deltamethrin-sodium channels of neu- 
roblastoma zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcells, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPfliigers Arch., 413, 571, 1989. 

63. Jacques, Y., Romey, G., Cavey, M. T., Kartalovski, B., and 
Lazdunski, M., Interaction of pyrethroids with the Na+ channel in 
mammalian neuronal cells in culture, Eiochim. Eiophys. Acru, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA600, 
882, 1980. 

64. Soderlund, D., Pyrethroid-receptor interactions: stemspecific bind- 
ing and effects on sodium channels in mouse brain preparations, 
Neuroroxicology, 6, 35, 1985. 

65. S W ,  A. M., Bloomquist, J. R., and Soderlund, D. M., Phar- 
macological characterization of the voltage-dependent sodium 
channels of rainbow trout brain synaptosomes, Bruin Res., 437, 77, 
1987. 

66. Bloomquist, J. R. and Soderlund, D. M., F’yrethroid insecticides 
and DDT modify alkaloid-dependent sodium channel activation and 
its enhancement by sea anemone toxin, Mol. Phurmucol., 33, 543, 

1988. 

67. Gusovsky, F. and M y ,  J. W., Formation of second messengers 
in response to activation of ion channels in excitable cells, Cell. Mol. 
Neurobiol., 8, 157, 1988. 

68. Gusovsky, F., Secunda, S. I., and Daly, J. W., F’yrethroids: in- 
volvement of sodium channels in effects on inositol phosphate for- 
mation in guinea pig synaptoneurosomes, Bruin Res., 492,72, 1989. 

69. Ishikawa, Y., Charalambous, P., and Matsnmura, F., Modifi- 
cation by pyrethroids and DDT of phosphorylation activities of rat 
brain sodium channel, Eiochem. Phurmucol., 38, 2449, 1989. 

70. Brown, G. B., Gaupp, J. E., and Olsen, R. W., Pyrethroid in- 
secticides: stereospecific allosteric interaction with the batrachotox- 
inin-A benzoate binding site of mammalian voltage-sensitive sodium 
channels, Mol. Phurmucol., 34, 54, 1988. 

71. Vijverberg, H. P. M. and Oortgiesen, M., Steric structure and 
action of pyrethroids, in Stereoselecrivify of Pesricides; Eiologicul zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and Chemical Problems, Ariens, E. J., van Rensen, J. J. S., and 
Welling, W., Eds., Elsevier, Amsterdam, 1988, 151. 

72. Schwan, J. R., Bromm, B., Spielmann, R. P., and Weytjens, 
J. L. F., Development of Na inactivation in motor and sensory 
myelinated nerve fibres of Runu esculenru, Pfliigers Arch., 398, 126, 

1983. 

73. Spklmann, R. P., Schwarz, J. R., and Bromm, B., Oscillating 
repolarization in action potentials of frog sensory myelinated nerve 
fibres, Neurosci. Len., 36,49, 1983. 

74. Blum, M. E. and Kearns, C. W., Temperature and the action of 
pyre- in the American cockroach, 1. Econ. Enfomol., 49, 862, 

1956. 

75. Mauck, W. L., Olson, L. E., and Marking, L. L., Toxicity of 
natural pyrethrins and five pyrethroids to fish, Arch. Environ. Con- 
rum. Toxicol., 4, 18, 1976. 

76. m, c. R. and Kinoshita, G. B., Influence of posttreatment 
temperature on the toxicity of pyrethroid insecticides, J .  Econ. En- 
romol., 70, 215, 1977. 

77. Hirano, M., InRuence of posttreatment temperature on the toxicity 
of fenvalerate, Appl. Enromol. Zool., 14, 404, 1977. 

78. Cole, L. M. and Casida, J. E., mthro id  toxicology in the h g ,  
Pestic. Eiochem. Physiol., 20, 211, 1983. 

79. White, I. N. H., Verschoyk, R. D., Moradian, M. H., and Barnes, 
J. M., The relationship between brain levels of cismethrin and bio- 
resmethrin in female rats and neurotoxic effects, Pestic. Biochem. 
Physiol., 6, 491, 1976. 

80. Wang, C. M., Narahashi, T., and Scuka, M., Mechanism of 

negative temperature coefficient of nerve blocking action of allethrin, 
J .  Phurmucol. Exp. Ther., 182, 442, 1972. 

81. W t s u ,  M., Murpyat~a, K., Kitasato, H., Nishimura, K., and 
wits, T., Effect of substituted benzyl chrysanthemates on sodium 
and potassium currents in the crayfish giant axon, Pesric. Eiochem. 
Physiol., 30, 125, 1988. 

82. Kiss, T., Effect of deltamehin on transient outward currents in 
identified snail neurones, Comp. Eiochem. Physiol. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, 91,337,1988. 

83. Nishimura, K., Omatsu, M., Murayama, K., Kitasato, H., and 
Fujita, T., Neurophysiological effects of the pyrethroid insecticides 
bioresmethrin and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkadethrin on crayfish giant axons, Comp. Eiochem. 
Physiol. C, 93, 149, 1989. 

84. Haydon, D. A., Ewott, J. R., Hendry, B. M., and Urban, B. 
W., The action of nonionic anesthetic substances on voltage gated 
ion conductances in squid giant axons, in Molecular zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Cellular 
Mechanisms of Anesthetics, Roth, S .  H. and Miller, K. W., Eds., 
Plenum Press, New Yo&, 1986, 267. 

85. Salgado, V. L., Herman, M. D., and N a r a h d ,  T., Interactions 
of the pyrethroid fenvalerate with nerve membrane sodium channels: 
temperature dependence and mechanism of depolarization, Neuro- 
toxicology, 10, 1, 1989. 

86. Chiu, S. Y. and Ritchie, J. M., Ionic and gating currents in mam- 

malian myelmated nerve, in Demyelinuring Diseuse: Eusic and Clin- 
ical Electrophysiology, Waxman, S .  G .  and Ritchie, J. M., Eds., 
Raven Press, New York, 1981, 313. 

87. Narahashi, T., Mechanisms of actions of pyrethroids on sodium and 
calcium channel gating, in Neurophurmucology undPesricide Action, 
Ford, M. G.,  Lunt, G. G., Reay, R. C., and Usherwood, P. N. R., 
EMS., Ellis Horwood Chichester, England, 1986, 36. 

88. Ruigt, G. S. F., An Electrophysiological Investigation into the Mode 
of Action of Pyrethroid Insecticides, Ph.D. thesis, University of 
Utrecht, 1984. 

89. Lawrence, L. J. and Casida, J. E., Stereospecific action of pyr- 
ethroid insecticides on the gamma-aminobutyric acid receptor-ion- 
ophore complex, Science, 221, 1399, 1983. 

90. Casida, J. E. and Lawrence, L. J., Structure-activity correlations 
for interactions of bicyclophosphorus esters and some polychloro- 
cycloalkane and pyrethroid insecticides with the brain-specific t-bu- 
tylbicyclophosphorothionate receptor, Environ. Heulrh Persp., 6 1, 

123, 1985. 

91. Chalmers, A. E. and Osborne, M. P., The crayfish stretch receptor 
organ: a useful model system for investigating the effects of neu- 
roactive substances. I. The effect of DDT and pyrethroids, Pesric. 
Eiochem. Physiol., 26, 128, 1986. 

92. Chalmers, A. E. and Osborne, M. P., The crayfish stretch receptor 
organ: a useful model system for investigating the effects of neu- 
roactive substances. 11. A pharmacological investigation of pyrethroid 
mode of action, Pestic. Eiochem. Physiol., 26, 139, 1986. 

93. Ogata, N., Vogel, S. M., and Narahashi, T., Lindane but not 
deltamethrin blocks a component of GABA-activated chloride chan- 
nels, FASEE J., 2, 2895, 1988. 

94. Forshaw, P. J. and Ray, D. E., A novel action of deltamethrin on 
membrane resistance in mammalian skeletal muscle and non-mye- 
linated nerve fibres, Neurophurmucology, 29, 75, 1990. 

95. Gilbert, M. E., Mack, C. M., and Crofton, K. M., Pyrethoids 
and enhanced inhibition in the hippocampus on the rat, Bruin Res., 
477, 314, 1989. 

96. Joy, R. M., Albertson, T. E., and Ray, D. E., Type I and type 
II pyrethroids increase inhibition in the hippocampal dentate g p s  
of the rat Toxicol. Appl. Phurmucol., 98, 398, 1989. 

97. Seabrook, G. R., Duce, I. R., and Irving, S .  N., Effects of the 
pyrethroid cypermethrin on L-glutamate-induced changes in the input 

1 990 1 23 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.



Critical Reviews In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
conductance of the ventrolateral muscles of the larval house fly, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Musca domestica, Pestic. Biochem. Physiol., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32, 232, 1988. 

98. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAbbassy, M. A., Eldefrawi, M. E., and Eldefrawi, A. T., 41- 
ethroid action on the nicotinic acetylcholine receptorkhannel, Pestic. 
Biochem. Physiol., 19, 299, 1983. 

99. Sherby, S. M., Eldefrawi, A. T., Deshpande, S. S., Albuquerque, 
E. X., and Eldefrawi, M. E., Effects of pyrethroids on nicotinic 
acetylcholine receptor binding and function, Pestic. Biochem. Phys- 
iol., 26, 107, 1986. 

100. Oortgiesen, M., van Kleef, R. G. D. M., and Vuverberg, H. P. 
M., Effects of pyrethroids on neurotransmitter-operated ion channels 
in cultured mouse neuroblastoma cells, Pestic. Biochem. Physiol., 
34, 164, 1989. 

101. Salgado, V. L., Irving, S. N., and Miller, T. A., The importance 
of nerve terminal &polarization in pyrethroid poisoning of insects, 
Pestic. Biochem. Physiol., 20, 169, 1983. 

102. Schouest, L. P., Jr., Salgado, V. L., and Miller, T. A., Synaptic 
vesicles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare depleted from motor nerve terminals of deltamethrin- 
treated house fly larvae, Musca domestica, Pestic. Biochem. Physiol., 
25, 381, 1986. 

103. Aldridge, W. N., Clothier, B., Forshaw, P., Johnson, M. K., 
Parker, V. H., Price, R. J., Skilleter, D. N., Verschoyle, R. D., 
and Stevens, C., The effect of DDT and the pyrethroids cismethrin 
and decamethrin on the acetylcholine and cyclic nucleotide content 
of rat brain, Biochem. Pharmacol., 27, 1703, 1978. 

104. Nicholson, R. A., Wilson, R. G., Potter, C., and Black, M. H., 
Pyrethroid- and DDT-evoked release of GABA from the nervous 
system in vitro, in Pesticide Chemistry, Human Welfare zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand the 
Environment, Vol. 3, Miyamoto, J. and Keamey, P. C., Eds., Per- 
gamon Ress, Oxford, 1983, 75. 

105. Doherty, J. D., Lauter, C. J., and Salem, N., Jr., Synaptic effects 
of the synthetic pyrethroid resmethrin in rat brain in vitro, Comp. 
Biochem. Physiol. C,  84, 373, 1986. 

106. Brooks, M. W. and Clark, J. M., Enhancement of norepinephrine 
release from rat brain synaptosomes by alpha cyan0 pyrethroids, 
Pestic. Biochem. Physiol., 28, 127, 1987. 

107. Doherty, J. D., Nishimura, K., Kurihara, N., and Fujita, T., 
Promotion of norepinephrine release and inhibition of calcium uptake 
by pyrethroids in rat brain synaptosomes, Pestic. Biochem. Physiol., 
29, 187, 1987. 

108. Cremer, J. E. and Seville, M. P., Comparative effects of two 
pyrethroids, deltamethrin and cismethrin, on plasma catecholamines 
and on blood glucose and lactate, Toxicol. Appl. Pharmacol., 66, 
124, 1982. 

109. de Boer, S. F., VM der Gugten, J., Slangen, J. F., and Hijzen, 
T. H., Changes in plasma corticosterone and catecholamine contents 
induced by low doses of deltamethrin in rats, Toxicology, 49, 263, 
1988. 

110. Chanh, P. H., Navarro-Delmasure, C., Chanh, A. P. H., and 
Martinez, C., Effects of decamethrin on stimulation-induced nor- 
adrenaline (NA) secretion in isolated rabbit heart, IRCS Med. Sci., 
9, 587, 1981. 

1 1  1. &Us, J. T. and Dubocovich, M. L., Pyrethroid insecticides evoke 
neurotransmitter release from rabbit striatal slices, J .  Pharmacol. 
Exp. Ther., 246, 514, 1988. 

112. Lombet, A., Mourre, C., and Lazdunski, M., Interaction of the 
pyrethroid family with specific binding sites on the voltage-dependent 
sodium channel from mammalian brain, Brain Res., 459, 44, 
1988. 

113. Lock, E. A. and Berry, P. N., Biochemical changes in the rat 
cerebellum following cypemerthrin administration, Toxicol. Appl. 
Pharmacol., 59, 508, 1981. 

114. Brodie, M. E. and Aldridge, W. N., Elevated cerebellar cyclic 

GMP levels during the deltamethrin-induced motor syndrome, Neu- 
robehav. Toxicol. Teratol., 4, 109, 1982. 

115. Brodie, M. E., Correlations between cerebellar cyclic GMP and 
motor effects induced by deltamethrin: independence of olivo-cere- 
bellar tract, Neurotoxicology, 4, 1, 1983. 

116. Ahnert-Hilger, G. and Habermann, E., Increase of cGMP and 
accumulation of "caz+ evoked by drugs acting on sodium or po- 
tassium channels, Eur. J .  Pharmacol., 70, 301, 1981. 

117. Ray, D. E. and Cremer, J. E., The action of decamethrin (a syn- 
thetic pyrethroid) on the rat, Pestic. Biochem. Physiol., 10, 333, 
1979. 

118. Chanh, P. H., Navarro-Delmasure, C., Cbanh, A. P. H., Clavel, 
P., and Gayrel, P., Toxicity and cardiovascular effects of deca- 
methrin on anaesthetized dogs, ZRCS Med. Sci., 8, 388, 1980. 

119. Forshaw, P. J. and Bradbury, J. E., Pharmacological effects of 
pyrethroids on the cardiovascular system of the rat, Eur. J. Phar- 
macol., 91, 207, 1983. 

120. Bradbury, J. E., Forshaw, P. J., Gray, A. J., and Ray, D. E., 
The action of mephenesin and other agents on the effects produced 
by two neurotoxic pyrethroids in the intact and spinal rat, Neuro- 
pharmacology, 22, 907, 1983. 

121. Mal l id ,  A., Cardiovascular sympathic afferent fibers, Rev. Physiol. 
Biochem. Pharmacol., 94, 11 ,  1982. 

122. Berlin, J. R., Akera, T., Brody, T. M., and Matsumura, F., The 
inotropic effects of a synthetic pyrethroid decamethrin on isolated 
guinea pig atrial muscle, Eur. J .  Pharmacol., 98, 313, 1984. 

123. Schneider, R. P., Mechanism of inhibition of rat brain (Na+/K+)- 
adenosine triphosphatase by 2,2-bis@-chlorophenyl)-1,1, l-trichlo- 
roethane (DDT), Biochem. Pharmacol., 24, 939, 1975. 

124. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADesaiah, D., Cutkomp, L. K., Vea, E. V., andKoch, R. B., The 
effect of three pyrethroids on ATPases of insects and fish, Gen. 
Pharmacol., 6, 31, 1975. 

125. Doherty, J. D., Salem, N., Jr., Lauter, C. J., and Trams, E. 
G., Mn2+ and Ca2+ ATPases in lobster axon plasma membranes 
and their inhibition by pesticides, Comp. Biochem. Physiol. C ,  69, 
185, 1981. 

126. Clark, J. M. and Matsumura, F., Two different types of inhibitory 
effects of pyrethroids on nerve Ca- and CdMg-ATPase activity in 
the squid, Loligopealei, Pestic. Biochem. Physiol., 18, 180, 1982. 

127. Clark, J. M. and Matsumura, F., The action of two classes of 
pyrethroids on the inhibition of brain NdCa and CdMg ATP hydro- 
lyzing activities of the American cockroach, Comp. Biochem. Phys- 
iol. C, 86, 135, 1987. 

128. Sahib, I. K. A., Prasada-Rao, K. S., and Desaiah, D., Pyrethroid 
inhibition of basal and calmodulin stimulated Ca" ATPase and 
adenylate cyclase in rat brain, J. Appl. Toxicol., 7, 75, 
1987. 

129. Jones, 0. T. and Lee, A. G., Effects of pyrethroids on the activity 
of a purified (CaZ+-Mg2+)-ATPase, Pestic. Biochem. Physiol., 25, 
420, 1986. 

130. Lund, A. E. and Narahashi, T., Dose-dependent interaction of the 
pyrethroid isomers with sodium channels of squid axon membranes, 
Neurotoxicology, 3, 11, 1982. 

131. Lund, A. E. and Narahashi, T., Kinetics of sodium channel mod- 
ification by the insecticide tetramethrin in squid axon membranes, J. 
Pharmacol. Exp. Ther., 219, 464, 1981. 

132. Lund, A. E. and Narahashi, T., Kinetics of sodium channel mod- 
ification as the basis for the variation in the nerve membrane effects 
of pyrethroids and DDT analogs, Pestic. Biochem. Physiol., 20,203, 
1983. 

133. Lund, A. E. and Nsrahashi, T., Modification of sodium channel 
kinetics by the insecticides tetramethrin in crayfish giant axons, Neu- 
rotoxicology, 2, 213, 1981. 

124 Volume 21, Issue 2 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.



Toxicology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
134. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPelhate, M., Hue, B., and Satelie, D. B., Actions of natural and 

synthetic toxins on the axonal sodium channels of the cockroach, in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Insect Neurobiology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Pesricide Acrion (Neurorox zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79), Society of 
Chemical Industry, London, 1980, 65. 

135. Laufer, J., Roche, M., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPelhate, M., Elliott, M., Jan-, N. F., 
and Satelle, D. B., Pyrethroid insecticides: actions of deltamethrin 
and related compounds on insect axonal sodium channels, J. Insect 
Physiol., 30, 341, 1984. 

136. GHckman, A. H. and Casida, J. E., Species and structural varia- 
tions affecting pyrethroid neurotoxicity, Neurobehuv. Toxicol. Ter- 
urol., 4, 793, 1982. 

137. Ruigt, G. S. F., Klk, J. F. L., and van den Bercken, J., Ro- 
nounced repetitive activity induced by the pyrethroid insecticide, 
fenfluthrin, in the slowly adapting stretch receptor neuron of the 
crayfish, J .  Comp. Physiol., A 159, 43, 1986. 

138. Gammon, D. W., Brown, M. A., and Casida, J. E., Two classes 
of pyrethroid action in the cockroach, Pestic. Biochem. Physiol., 15, 
181, 1981. 

139. Farnham, A. W., Genetics of resistance of houseflies (Muscu do- 
mesticu L.) to pyrethroids. I. Knock-down resistance, Pestic. Sci., 
8, 631, 1977. 

140. Sawicki, R. M., Resistance to pyrethroid insecticides in arthropods, 
in Insecticides, Hutson, D. H. and Roberts, T. R., Eds., John Wiley zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
& Sons, New York, 1985, 143. 

141. Miller, T. A,, Kennedy, J. M., and Collins, C., CNS insensitivity 
to pyrethroids in the resistant kdr strain of house tlies, Pestic. Biochem. 
Physiol., 12, 224, 1979. 

142. &borne, M. P. and Hart, R. J., Neurophysiological studies of the 
effects of permethrin upon pyrethroid resistant (kdr) and susceptible 
strains of dipteran larvae, Pestic. Sci., 10, 407, 1979. 

143. Gray, A. J. and Rlckard, J., Toxicity of pyrethroids to rats after 
direct injection into the central nervous system, Neurotoxicology, 3, 
25, 1982. 

144. Brodey,  R. B. and Bard, P., Tremor and changes in reflex status 
produced by DDT in decerebrate, decerebra te~be l la te  and spinal 
animals, Johns Hopkins Hosp. Bull., 84, 414, 1949. 

145. Shankland, D. L., Involvement of spinal cord and peripheral nerves 
in DDT-poisoning syndrome in albino rats, Toxicol. Appl. P h r -  
mucol., 6, 197, 1964. 

146. Smith, P. R., The effect of cismethrin on the rat dorsal root poten- 
tials, Eur. J .  Phurmucol.. 66, 125, 1980. 

147. Staatz-Benson, C. G. and Hosko, M. J., Interaction of pyrethroids 
with mammalian spinal neurons, Pestic. Biochem. Physiol., 25, 19, 
1986. 

148. Ray, D. E., An EEG investigation of decamethrin-induced cho- 
reoathetosis in the rat, Exp. Bruin Res., 38, 221, 1980. 

149. Ray, D. E., The contrasting actions of two pyrethroids (deltamethrin 
and cismethrin) in the rat, Neurobehuv. Toxicol. Terutol., 4, 801, 
1982. 

150. MacPhail, R. C., Gordon, W. A., and Johnston, M. A., Behav- 
ioral effects of a synthetic pyrethroid insecticide (decamethrin), Fed. 
Proc., 40, 678, 1981. 

15 1. Bloom, A. S., Staatz, C. G., and Dieringer, T., Pyrethroid effects 
on operant responding and feeding, Neurobehuv. Toxicol. Terurol., 
5, 321, 1983. 

152. Crofton, K. M. and Reiter, L. W., Effects of two pyrethroid in- 
secticides on motor activity and the acoustic startle response in the 
rat, Toxicol. Appl. Phurmucol., 75, 318, 1984. 

153. Crofton, K. M. and Reiter, L. W., The effects of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtype I and I1 
pyrethroids on motor activity and the acoustic startle response in the 
rat, Fundam. Appl. Toxicol., 10, 624, 1988. 

154. TUson, H. A., Hong, J. S., and Mactutus, C. F., Effects of 5.5- 
diphenylhydantoin (Phenytoin) on neurobehavioral activity of orga- 

nochlorine insecticides and permethrin, J .  Phurmacol. Eq. Ther., 
233, 285, 1985. 

155. Hijzen, T. H. and Slangen, J. L., Effects of type I and type II 
pyrethroids on the startle response in rats, Toxicol. Len., 40, 141, 
1988. 

156. Hijzen, T. H., de Beun, R., and Slangen, J. L., Effects of pyr- 
ethroids on the acoustic startle reflex in the rat, Toxicology, 49,271, 
1988. 

157. Sobotka, T. J., Behavioral effects of low doses of DDT (35703), 
Proc. Soc. Exp. Biol. Med., 137, 952, 1971. 

158. Kolmodin-€I-, B., Swensson, A., and djkerblom, M., Oc- 
cupational exposure to some synthetic pyrethroids. Abstracts of the 
Second International Congress on Toxicology, Bmssefs, Toxicol. 
Len. Spec. Issue No. I ,  50, 1980. 

159. Kolmodin-Hedman, B., Swensson, A., and djkerblom, M., Oc- 
cupational exposure to some synthetic pyrethroids (permethrin and 
fenvalerate), Arch. Toxicol., 50, 27, 1982. 

160. He, F., Sun, H., HM, K., Wu, Y., Yao, P., Wang, S., and Liu, 
L., Effects of pyrethroid insecticides on subjects engaged in pack- 
aging pyrethroids, Br J. Ind. Med., 45, 548, 1988. 

161. Tucker, S. B. and Flannigan, S. A., Cutaneous effects from oc- 
cupational exposure to fenvalerate, Arch. Toxicol., 54, 195, 1983. 

162. Williamson, E.G ., Long, S. F., Kallman, M. J., and Wilson, 
M. C., A comparative analysis of the acute toxicity of technical- 
grade pyrethroid insecticides and their commercial formulations, Eco- 
roxicol. Environ. Suf., 18, 27, 1989. 

163. Knox, J. M., Tucker, S. B., and Flannigan, S. A., Paresthesia 
from cutaneous exposure to a synthetic pyrethroid insecticide, Arch. 
Dermutol., 120, 744, 1984. 

164. Flannigan, S. A. and Tucker, S. B., Variation in cutaneous sen- 
sation between synthetic pyrethroid insecticides, Conruct Dermufiris, 
13, 140, 1985. 

165. Tucker, S. B., F l d g a n ,  S. A., and R m ,  C. E., Inhibition of 
cutaneous paresthesia resulting from synthetic pyrethroid exposure, 
Int. J. D e m o l . ,  10, 686, 1984. 

166. Taylor, P., Scabies in Zambabwe Rhodesia: distribution on the hu- 
man body and the efficacy of lindane and permethrin as scabicides, 
Cent. Afr. J .  Med., 25, 165, 1979. 

167. Taplin, D., Meinking, T. L., Porcelain, S. L., CastiUero, P. M., 
and Chen, J. A., Permethrin 5% dermal cream: a new treatment for 
scabies, J. Am. Acud. Dermarol., 15, 995, 1986. 

168. van der Rhee, H. J., Farquhar, J. A., and Vermeulen, N. P. E., 
Efficacy and transdermal absorption of permethrin in scabies patients, 
Acru Dermutol. Venereol. (Stockholm), 69, 170, 1989. 

169. Cagen, S. Z., M e y ,  L. A., Parker, C. M., Gardiner, T. H., 
van Gelder, G. A., and Jud, V. A., Pyrethroid-mediated skin sen- 
sory stimulation characterized by a new behavioral paradigm, Tox- 
icol. Appl. Phurmucol., 76, 270, 1984. 

170. McKillop, C. M., Brock, J. A. C., Oliver, G. J. A., and Rhodes, 
C., A quantitative assessment of pyrethroid-induced paraesthesia in 
the guinea pig flank model, Toxicol. Lett.. 36, 1, 1987. 

171. Brouwer, J. N., Unilever Research Laboratorium, Vlaardiigen, The 
Netherlands, personal communication, 1988. 

172. Parkin, P. J. and LeQuesne, P. M., Effect of a synthetic pyrethroid 
deltamethrin on excitability changes following a nerve impulse, .I. 
Neurol. Neurosurg. Psychiatry, 45, 137, 1982. 

173. Takahashi, M. and LeQuesne, P. M., The effects of the pyrethroids 
deltamethrin and cisrnethrin on nerve excitability in rats, J. Neurol. 
Neurosurg. Psychiatry, 45, 1005, 1982. 

174. Allen, S. L. and Sheldon, R., Investigations into the neurotoxicity 
of 2,5-hexanedione and tefluthrin (a synthetic pyrehid),  Proc. the 
1st Meet. Int. Neurotoxicol. Assoc. Abstr. 6.2, Lunteren, The Neth- 
erlands, 1987, 172. 

1990 125 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.



Critical Reviews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
175. LeQuesne, P. M., Maxwell, I. C., and Butterworth, S. T. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG., 

Transient facial sensory symptoms following exposure to synthetic 
pyrethroids: a clinical and electrophysiological assessment, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANeuro- 
toxicology. 2, i ,  1980. 

176. Prinsen, G. H. and van Sittert, N. J., Exposure and medical mon- 
itoring study of a new synthetic pyrethroid after one season of spray- 
ing on conon in the Ivory Coast, in Studies in Environmental Science, 
Tordoir. W. F. and van Heemstra, E. A. H., Eds., Elsevier, Am- 

sterdam, 1980, 105. 
177. Aldridge, W. N., Mode of action of pyrethroids in mammals: sum- 

mary of toxicity and histological, neurophysiological and biochemical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
studies, in Pyrethroid Insecticides; Chemisny zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Action, Table Ronde 
Roussel UCLAF 37, 1980, 45. 

178. Butterworth, S. T. G., Shell Sittingbourne Research Centre, Sit- 
tingbourne. Kent, England, personal communication, 1981. 

179. Parker, C. M., McCuUough, C. B., GeUatly, J. B. M., and 
Johnston, C. D., Toxicologic and carcinogenic evaluation of fen- 
valerate in B6C3F1 mouse, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFundam. Appl. Toxirol., 3, 114, 1983. 

180. Parker, C. M., Patterson, D. R., van Gelder, G.  A., Gordon, 
E. B., Valerio, M. G., and Hall, W. C., Chronic toxicity and 
carcinogenicity of fenvalerate in rates, J .  Toxicol. Environ. Health, 
13, 83, 1984. 

181. Parker, C. M., Piccirillo, V. J., Kurtz, S. L., Garner, F. M., 
Gardiner, T. H., and van Gelder, G. A., Six month feeding study 
of fenvalerate in dogs, Fundam. Appl. Toxicol., 4, 577, 1984. 

183. Parker, C. M., Albert, J. R., van Gelder, G .  A., Patterson, D. 
R. ,  and Taylor, J. L., Neuropharmacologic and neuropathologic 
effect of fenvalerate in mice and rats, Fundam. Appl. Toxicol., 5 ,  
278, 1985. 

183. Rose, G. P. and Dewar, A. J., Intoxication with four synthetic 
pyrethroids fails to show any correlation between neuromuscular dys- 
function and neurohiochemical abnormalities in rats, Arch. Toxicol., 
53, 291, 1983. 

184. Cremer, J. E., Cunningham, V. J., Ray, D. E., and Sarna, G. 
S., Regional changes in brain glucose utilization in rats given a 
pyrethroid insecticide, Bruin Res.,  194, 278, 1980. 

185. Devaud, 1,. L., Szot, P., and Murray, T. F., PK 1195 Antagonism 
of pyrethroid-induced proconvulsant activity, Eur. J .  Phrmucol., 
120, 269, 1986. 

186. Staatz, C. G., Bloom, A. S., and Lech, J. J., A pharmacological 
analysis of mechanisms of permethrin neurotoxicity in mice, Fed. 
Proc , 39. 624, 1980. 

187. Gammon, D. W., Lawrence, L. J., and Casida, J. E., Pyrethroid 
toxicology: protective effects of diazepam and phenobarbital in the 
mouse and the cockroach, Toxicol. Appl. Phormacol., 66,290,1982. 

188. LeClereq, M., Cotonat, J., and Fonlhoux, P., Recherche d’un 
antagonisme a l’intoxication par delMthrine, J .  Toxicol. Clin. Q., 

6 ,  85,  1986. 
189. Oortgiesen, M., van We&, R. G. D. M., and Vijverberg, H. P. 

M., Block of deltamethrin-modified sodium current in mouse neu- 
roblastoma cells: local anesthetics as potential antidotes, Bruin Res., 
518, 11L. 1990. 

190. Bradbug, J. E., Gray, A. J., and Forshaw, P., Protection against 
pyrethmid toxicity in rats with mephenesin, Toxico[. Appl. P h r -  
macol., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60, 382, 1981. 

191. Hiromori, T., Nakanishi, T., Kawaguchi, S., Sako, H., Suzuki, 
T., and Miyamoto, J.,  Therapeutic effects of methocarbamol on 
acute intoxication by pyrethroids in rats, J. Pesric. Sri., 11, 9, 1986. 

192. Cotomt, J., Bleys, M., and Fonlhoux, P., Effet antagoniste du 
phenprobamate et du carbarnate de rnkphknksine sur I’intoxication a 
la deltam&rhrine, J .  Toxicol. Ctin. Exp., 7 ,  5 ,  1987. 

193. Poulas, L., A t h d ,  S., and Co~tseiWs, A., Acute intoxication 

with cypermethrin (NRDC 149), J. Toxicol. Clin. Toxicol., 19,519, 
1982. 

194. He, F., Wmg, S., Liu, L., Chen, S., Zhang, Z., and Sun, J., 
Clinical manifestations and diagnosis of acute pyrethoid poisoning, 
Arch. Toxicol., 63, 54, 1989. 

195. He, F., Wang, X., Zhow, X., Li, D., and Deng, G., Clinical 
observations on two patients of acute deltamethrin poisoning. Proc. 
21st Int. Congr. Occup. Health, Abstr. 40.7A, Dublin, Ireland, 1984, 
354. 

126 Volume 21, Issue 2 

C
rit

ic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
 o

n 
05

/1
0/

11
F

or
 p

er
so

na
l u

se
 o

nl
y.


