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Pyrethroid insecticides have been used for more than 40 years and account for 25% of the world-
wide insecticide market. Although their acute neurotoxicity to adults has been well characterized,
information regarding the potential developmental neurotoxicity of this class of compounds is
limited. There is a large age dependence to the acute toxicity of pyrethroids in which neonatal
rats are at least an order of magnitude more sensitive than adults to two pyrethroids. There is no
information on age-dependent toxicity for most pyrethroids. In the present review we examine
the scientific data related to potential for age-dependent and developmental neurotoxicity of
pyrethroids. As a basis for understanding this neurotoxicity, we discuss the heterogeneity and
ontogeny of voltage-sensitive sodium channels, a primary neuronal target of pyrethroids. We also
summarize 22 studies of the developmental neurotoxicity of pyrethroids and review the strengths
and limitations of these studies. These studies examined numerous end points, with changes in
motor activity and muscarinic acetylcholine receptor density the most common. Many of the
developmental neurotoxicity studies suffer from inadequate study design, problematic statistical
analyses, use of formulated products, and/or inadequate controls. These factors confound inter-
pretation of results. To better understand the potential for developmental exposure to
pyrethroids to cause neurotoxicity, additional, well-designed and well-executed developmental
neurotoxicity studies are needed. These studies should employ state-of-the-science methods to
promote a greater understanding of the mode of action of pyrethroids in the developing nervous
system. Key words: age-dependent toxicity, biologically based dose-response model, develop-
mental neurotoxicity, mode of action, physiologically based pharmacokinetic model, pyrethroid,
risk assessment, voltage-sensitive sodium channel. Environ Health Perspect 113:123-136 (2005).

doi:10.1289/ehp.7254 available via hzzp://dx.doi.org/ [Online 14 October 2004]

Pyrethroid insecticides have been used in
agricultural and home formulations for more
than 30 years and account for approximately
one-fourth of the worldwide insecticide mar-
ket (Casida and Quistad 1998). Currently,
16 pyrethroids are registered for use in the
United States in a large variety of agricultural
or consumer products (Bryant and Bite
2003). Often, pyrethroids are sold and/or
used as mixtures containing a combination of
two or more compounds (Farm Chemicals
Handbook 1997). Exposure to pyrethroids
has been widely documented in humans,
including exposure of pregnant women,
infants, and children (Berkowitz et al. 2003;
Huedorf et al. 2004; Schettgen et al. 2002;
Whyatt et al. 2002). Although the acute toxic-
ity of these compounds to adults has been well
characterized, the potential for developmental
toxicity of pyrethroids is not well understood.
In the present review we focus on the
potential for neurotoxicity after developmental
exposure to pyrethroid insecticides. We also
consider the current state and quality of scien-
tific data that could be used to support risk
decisions related to pyrethroid developmental
and age-dependent neurotoxicity. Specifically,
in this review we 4) provide a brief overview of
the toxicity of this class of compounds;
b) review pyrethroid effects on voltage-sensitive

sodium channels (VSSCs), a primary mode of
action of pyrethroids; ¢) discuss the develop-
mental profiles of VSSCs; d) provide examples
of the results of perturbation of VSSCs during
development by other insults; ¢) discuss the evi-
dence for age-related sensitivity to this class of
compounds; f) summarize and critique studies
of pyrethroid neurotoxicity after developmental
exposure; and g) make recommendations
regarding future research needs related to the
developmental neurotoxicity of pyrethroids.

In addition to being important to scien-
tists interested in characterizing the neuro-
toxicity of these compounds, this information
will be useful when considering the scientific
data needed to inform risk decisions related to
pyrethroid insecticides. Under the Food
Quality Protection Act (FQPA; 1996), the
U.S. Environmental Protection Agency (EPA)
is required to include a default 10X safety factor
(uncertainty factor) in risk decisions to protect
against potentially greater sensitivity of develop-
ing individuals to toxic insult. This factor can
be adjusted only if compelling scientific data
exist regarding age-related differences in sensi-
tivity. Furthermore, developing individuals
must be considered under FQPA requirements
for cumulative risk assessments (classes of com-
pounds with the same mode of action). The
quality of the scientific data used to support
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these and other risk decisions is an important
component of scientifically based risk assess-
ment. In addition, information regarding mode
of action improves the scientific basis for risk
decisions (Brock et al. 2003; Mileson et al.
1998; Sonich-Mullin et al. 2001), including
those related to developmental neurotoxicity
(Costa 1998; Tilson 2000a, 2000b).

The U.S. EPA has recently released the
revised cumulative risk assessment of the
organophosphate class of insecticides (U.S.
EPA 2002) and has requested that registrants
of these insecticides submit developmental
neurotoxicity studies to the agency. In the near
future, the U.S. EPA must consider develop-
mental and cumulative risk for other classes of
insecticides, including pyrethroids. Thus, in
this review we focus on issues of mode of
action and age-dependent and developmental
neurotoxicity as related to risk decisions under

the FQPA.

Overview of Pyrethroid
Toxicity

The pyrethroid class of insecticides was
derived from natural compounds (the
pyrethrins) isolated from the Chrysanthemum
genus of plants (Casida 1980). Although
natural pyrethrins do have insecticidal activity,
they also are inherently unstable when
exposed to light. Therefore, the pyrethrin
structure was modified to produce more stable
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compounds that retained the desirable insecti-
cidal and toxicologic properties (Valentine
1990). All pyrethroids contain several common
features: an acid moiety, a central ester bond,
and an alcohol moiety (Figure 1). The acid
moiety contains two chiral carbons; thus,
pyrethroids typically exist as stereoisomeric
compounds. Furthermore, some compounds
also contain a chiral carbon on the alcohol
moiety, which allows for three chiral carbons
and a total of eight different stereoenantiomers.
Pyrethroid insecticidal activity (Elliot et al.
1974), acute mammalian neurotoxicity (Gray
and Soderlund 1985), and effects on VSSCs
(Lund and Narahashi 1982) are stereospecific,
indicating the presence of specific binding sites.
For some compounds, several commercial
products are available that differ in stereo-
isomer content. For example, allethrin is a mix-
ture of all possible allethrin stereoisomers,
d-allethrin contains only the 1R isomers, bio-
allethrin contains only the 1R-trans isomers,
and S-bioallethrin is enriched in the §
stereoisomer of the 1 R-trans isomers (Figure 2).

The acute mammalian neurotoxicity of
pyrethroids has been well characterized, and
several comprehensive reviews of pyrethroid
toxicity, metabolism, and actions are available
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(Kaneko and Miyamoto 2001; Narahashi
2001; Ray 2001; Soderlund et al. 2002).
Verschoyle and colleagues (Verschoyle and
Aldridge 1980; Verschoyle and Barnes 1972)
conducted structure—activity relationship
studies with a series of pyrethroids and
described two generalized syndromes after
acute exposure. Based on toxic signs in the
rat, pyrethroids have been divided into two
types: 4) compounds that produce a syn-
drome consisting of aggressive sparring,
increased sensitivity to external stimuli, and
fine tremor progressing to whole-body tremor
and prostration (type I or T syndrome); and
) compounds that produce a syndrome con-
sisting of pawing and burrowing, profuse sali-
vation, and coarse tremor progressing to
choreoathetosis and clonic seizures (type II or
CS syndrome) (Verschoyle and Aldridge
1980). Analogous toxic signs have been
observed in mice (Lawrence and Casida 1982;
Staatz et al. 1982) and cockroaches (Gammon
et al. 1981; Scott and Matsumura 1983).
Structurally, a key difference between type 1
and type II pyrethroids is the absence or pres-
ence, respectively, of a cyano group at the
o carbon of the 3-phenoxybenzyl alcohol
moiety of the compound. Thus, the type /11
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Figure 1. Structures of pyrethroids for which developmental neurotoxicity has been examined.
Developmental neurotoxicity studies have been conducted using either technical compound or formula-
tions of the seven pyrethroids illustrated; the numbers in parentheses after each compound name indicate
the number of studies that have been conducted using that compound or a formulation containing that
compound. Only one stereoisomer is illustrated for each compound.
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or T/CS nomenclatures are useful as general
classification schemes and are widely used
in the published literature. However, a few
pyrethroids do not fit neatly into these
schemes because they produce signs related to
both syndromes (Verschoyle and Aldridge
1980; for review see Soderlund et al. 2002).
Further, these schemes are based on doses of
pyrethroids that cause overt neurotoxicity and
thus may not apply to either low-dose or
developmental exposures. Because it conveys
useful structural information, in this review we
use the type I/1I classification system.

Effects of Pyrethroids on VSSCs

The primary mode of pyrethroid action in both
insects and mammals is disruption of VSSC
function. Perturbation of sodium channel func-
tion by pyrethroids is stereospecific (Lund and
Narahashi 1982); those stereoisomers that are
the most potent disruptors of VSSC function
also have the most potent insecticidal or toxico-
logic activity (Ray 2001). Pyrethroids slow the
activation, or opening, of VSSCs. In addition,
they slow the rate of VSSC inactivation (or
closing) and shift to more hyperpolarized
potentials the membrane potential at which
VSSCs activate (or open) (for review, see
Narahashi 1996). The result is that sodium
channels open at more hyperpolarized poten-
tials (i.e., after smaller depolarizing changes in
membrane potential) and are held open longer,
allowing more sodium ions to cross and depo-
larize the neuronal membrane. In general,
type II compounds delay the inactivation of
VSSCs substantially longer than do type I com-
pounds. Type I compounds prolong channel
opening only long enough to cause repetitive
firing of action potentials (repetitive discharge),
whereas type II compounds hold open the
channels for such long periods of time that the
membrane potential ultimately becomes depo-
larized to the point at which generation of
action potentials is not possible [depolarization-
dependent block (Figure 3)]. These differences
in prolongation of channel open times are
hypothesized to contribute to the differences in
the CS and T syndromes after exposure to
type II and I pyrethroids, respectively (for
review, see Ray 2001).

Mammalian VSSCs are composed of one o
and two P subunits. Ten separate o subunits
(Table 1; Ogata and Ohishi 2002) and four dif-
ferent B subunits (Isom 2002) have been identi-
fied and are expressed in a tissue-, region-, and
time-specific manner. With one exception (the
Nay subunit), o subunits all comprise VSSCs
when expressed individually or with B subunits.
The o subunit forms the pore of the channel
and determines its major functional character-
istics, whereas the B subunits are auxiliary
proteins that influence gating properties, local-
ization in the membrane, and interactions with
cytoskeletal proteins (Isom 2001, 2002). The
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diverse functional roles of VSSC, such as gener-
ating action potential spikes, amplifying sub-
threshold depolarizations, regulating repetitive
firing and generating after-depolarizations,
depend on the numerous potential combina-
tions of o and B subunits (Ogata and Ohishi
2002). The types of VSSCs expressed in differ-
ent regions, their relative sensitivity, and their
functional role may all contribute to the mani-
festation of pyrethroid effects.

VSSC Heterogeneity and
Pyrethroid Effects
All available evidence indicates that pyrethroids
bind to the o subunit of the VSSC. Trainer
et al. (1997) expressed only the Na,1.2 o sub-
unit in Chinese hamster ovary cells and found
that the presence of the o subunit is sufficient
for pyrethroids to produce their characteristic
effects on sodium channel function in mam-
malian cells. This conclusion is supported by
additional research demonstrating that
pyrethroids alter currents produced by expres-
sion of Na,1.2 (Smith and Soderlund 1998) or
Na, 1.8 (Smith and Soderlund 2001) in oocytes
in the absence of coexpression with 3 subunits.
Interestingly, coexpression of the B1 subunit
with Na,1.2 increased the sensitivity of this
channel compared with expression of Na,1.2
alone (Smith and Soderlund 1998), indicating
that the B subunit modulates the affinity of
pyrethroid interaction with the channel.
Mutations in the ot subunit of both insects (Lee
and Soderlund 2001; Smith et al. 1997) and
mammals (Vais et al. 2000, 2001; Wang et al.
2001) alter the sensitivity of VSSCs to
pyrethroid effects, supporting the conclusion
that pyrethroids interact with the o subunit.
The relative susceptibility of the 10 differ-
ent VSSC o subunits to pyrethroids is not
well understood. Differential sensitivity of
VSSCs to pyrethroids was first reported by
Tatebayashi and Narahashi (1994). In a com-
parison of tetramethrin effects on tetrodotoxin-
sensitive (TTX-S) versus -resistant (TTX-R)
sodium channels in dorsal root ganglion neu-
rons, TTX-R channels were demonstrated to
be more sensitive to perturbation by tetra-
methrin (Tatebayashi and Narahashi 1994).
However, TTX-R or TTX-S channels may
arise from several different VSSC o subunits
(Table 1). Although not all o subunits have
been examined, differences in sensitivity to
pyrethroids were reported after expression of
different subunits iz vitro (details provided in
Table 1). For example, Na,1.2 (Smith and
Soderlund 1998) is sensitive to type II but not
type I compounds, whereas Na, 1.8 (Smith
and Soderlund 2001) is sensitive to both.
Interactions of pyrethroids with other sodium
channel o subunits have not been investigated
to date. Importantly, the pyrethroid sensitivity
of VSSC subunits and splice variants expressed
during development has yet to be examined.

Developmental Expression
of VSSC

VSSCs show complex regional and temporal
ontogeny, which is briefly summarized in
Table 1. In general, embryonically expressed
forms of VSSCs are replaced by expression of
adult forms as neurodevelopment proceeds.
For example, high expression of Na,1.3 dur-
ing embryonic periods (Albrieux et al. 2004)
diminishes as expression of Na, 1.2 increases in
early postnatal periods in rodents (Felts et al.
1997), and expression of Na,1.2 at immature
nodes of Ranvier is replaced by Na,1.6 as
myelination proceeds (Boiko et al. 2001;
Jenkins and Bennett 2002). Similar changes
are observed with the B subunits, because 33
expression is replaced by B1 and B2 (Shah
et al. 2001). Alternatively spliced forms of the
VSSC subunits also contribute to develop-
mental differences in expression because the
Na, 1.2, Na,1.3, and Na,1.6 subunits all have
splice variants that are expressed in rodents
from embryonic through early postnatal ages
(Gustafson et al. 1993; Plummer et al. 1997;
Sarao et al. 1991). Given the previously
reported differences in o subunit sensitivity to
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pyrethroids, the complex ontogeny of VSSC
expression could result in altered sensitivity
(either increases or decreases) of the develop-
ing nervous system to perturbation by various
pyrethroids. In addition, understanding the
timing and localization of expression of the
most pyrethroid-sensitive VSSCs during
neurodevelopment could help in understand-
ing and explaining effects reported after
developmental exposure. With respect to age-
dependent toxicity of pyrethroids, research to
date indicates that toxicokinetic and not
toxicodynamic factors account for differences
in susceptibility between young and adult ani-
mals (Cantalamessa 1993; Sheets et al. 1994);
however, toxicodynamic factors have not been
systematically examined.

Disruption of VSSC Function
and Expression during
Development

Evidence from mutation and knockout models
demonstrates that perturbation of VSSC
function during development impairs nervous
system structure and function. Several examples
are discussed below for illustrative purposes.

(18,38)-trans-R

Common name Proprietary name Isomer composition
Allethrin Pynamin, Pyresyn, Pyresin, Allycancerin, Pallethrin All isomers
d-Allethrin trans-d-Allethrin, Pynamin A B, C D
Bioallethrin d-trans-Allethrin, +-trans-Allethrin, Depallethrin A B
S-Bioallethrin Eshiol, Espallethrin, d-trans-Allethrin, d-Allethronyl Aonly

Figure 2. Eight possible stereoisomers of allethrin (A-H). The inset lists allethrin-containing products and

the stereoisomer content of each.
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These examples demonstrate the plausibility
that perturbations in VSSC function by
pyrethroids during development could result in
adverse consequences in the developing nervous
system.

Knockout and mutant mouse models of
sodium channel o subunits demonstrate vary-
ing degrees of adverse outcomes associated
with loss or alteration of specific channel sub-
units. When mRNA for the Na,1.2 subunit
was reduced by approximately 85%, mice
exhibited reduced levels of electrical excitabil-
ity, had high levels of apoptotic neurons in the
brainstem and cortex, and died from severe
hypoxia within 1-2 days of birth (Planells-
Cases et al. 2000). In contrast, mutation of
the gene encoding the Na, 1.6 subunit resulted
in development of hindlimb paralysis, skeletal
muscle atrophy by postnatal day (PND)10,
and death by PND20 (Porter et al. 1996).
Atrophy was specific to muscle innervated by
spinal and not oculomotor neurons (Porter
et al. 1996). Finally, Na,1.8 knockout mice
survived to adulthood and exhibited normal
behavior, although sensation of some types of
noxious stimuli was lost or diminished
(Akopian et al. 1999; Laird et al. 2002).

In humans, perturbation of nervous system
development has been associated with altered
VSSC structure or function. Recent advances
in molecular genetics have identified in genes
coding for VSSC subunits a number of muta-
tions that result in neuronal hyperexcitability
due to subtle changes in channel gating and
inactivation (see Meisler et al. 2001, their
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Table 3). These mutations have been linked to
various forms of epilepsy in humans, providing
evidence that changes in VSSC function can
give rise to clinically definable disease (Claes
et al. 2001; Escayg et al. 2001; Meisler et al.
2002; Noebels 2002; Wallace et al. 2001).
Mouse models expressing these mutant ion
channels have been constructed, facilitating the
study of these discases (Kearney et al. 2001;
Meisler et al. 2001). It is noteworthy that
pyrethroids, like these mutations, alter VSSC
activation, inactivation, and neuronal excitabil-
ity. The mechanisms and magnitude of muta-
tional versus pyrethroid effects are different, as
would be the duration of effect (dependent on
exposure for pyrethroids vs. permanent for
mutations). Because of these differences, results
from mutation and knockout models may not
be predictive of developmental exposure to
pyrethroids. Notably, potential interactions
between pyrethroids and these mutations to
VSSCs have not yet been examined.
Phenytoin, an anticonvulsant that blocks
VSSCs as well as other ion channels (Catterall
1999), has been demonstrated to disrupt ner-
vous system structure and function after
developmental exposure (Adams et al. 1990).
In humans, the use of anticonvulsants during
pregnancy has been associated with a number
of defects and malformations, which collec-
tively are referred to as fetal hydantoin syn-
drome, and include microcephaly and
intellectual impairment. Studies in animal
models support the human findings (Hatta
et al. 1999; Ohmori et al. 1997, 1999;

Pyrethroid modified
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Figure 3. Pyrethroid effects on neuronal excitability. This schematic depicts pyrethroid effects on individual
channels, whole-cell sodium currents, and action potentials. Depolarization opens VSSCs (top left) allowing
sodium to enter the cell. To limit sodium entry and depolarization length, VSSCs inactivate and must return
to a “resting” state before reopening. Pyrethroids inhibit the function of two different “gates” that control
sodium flux through VSSCs (top right), delaying inactivation (indicated by double arrows between states) of
the channel and allowing continued sodium flux (Open¥). If sodium current through an entire cell is meas-
ured, depolarization leads to a rapidly inactivating current under normal circumstances (bottom left, Sodium
current). Pyrethroid-modified VSSCs remain open when depolarization ends (bottom right, Sodium current),
resulting in a “tail” current (the notch at the end of example currents). If membrane voltage is examined,
depolarization under normal circumstances generates a single action potential (bottom left). VSSCs modi-
fied by type | compounds (bottom right, Action potential) depolarize the cell membrane above the threshold
for action potential generation, resulting in a series of action potentials (repetitive firing). Type Il com-
pounds cause greater membrane depolarization, diminishing the sodium electrochemical gradient and sub-
sequent action potential amplitude. Eventually, membrane potential becomes depolarized above the
threshold for action potential generation (depolarization-dependent block).
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Schilling et al. 1999; Vorhees et al. 1995).
Thus, developmental exposure to this drug,
which acts on VSSCs, can produce significant
alterations in nervous system structure and
function. It should also be noted that,
although phenytoin is used as an example,
there are currently no data to suggest that
developmental exposure to pyrethroids results
in similar effects.

Age-Related Differences in
Sensitivity to Pyrethroids
The magnitude of the age-related toxicity of
pyrethroids appears to be much larger than for
many other pesticide classes, but the number
of studies is small. Whether this age-related
neurotoxicity includes both type I and type 11
compounds is currently unclear. In neonatal
versus adult rats, the acute lethality of the
type II pyrethroid deltamethrin was 16-fold
greater in young animals (Sheets et al. 1994).
Concentration data indicate that the age depen-
dency was due to lower metabolic capabilities
in the young rats (Sheets et al. 1994). Similarly,
the type II pyrethroid cypermethrin was
17-fold, and the type I pyrethroid permethrin
was 6-fold more lethal in PND8 rats compared
with adults; metabolic inhibitors were used to
demonstrate that toxicokinetic factors were
responsible for this age-dependent susceptibil-
ity (Cantalamessa 1993). In contrast, evidence
has been presented that two type I pyrethroids,
cismethin and permethrin, did not have any
age-dependent toxicity (Sheets 2000).
Age-related sensitivity to pyrethroids may
be influenced by dose. In a symposium report,
Sheets (2000) argued that the age-dependent
sensitivity of pyrethroids is apparent only at
high acute doses. This report contained data
suggesting a lack of age-dependent differences
in the behavioral toxicity of type I and type II
pyrethroids at doses below those causing overt
toxicity. However, age-dependent differences
in pyrethroid neurotoxicity have not been
thoroughly studied at the lower end of the
dose-response relationship (sublethal doses).
The scientific basis for decisions related to the
FQPA could be strengthened by additional
studies comparing the relative susceptibility of
differential sensitivity between young and
adult animals, particularly at sublethal doses.
For example, replication of Sheets’s (2000)
report and expansion to include additional
compounds would provide useful information
regarding sensitivity differences between
developing and adult animals.

Pyrethroid Developmental
Neurotoxicity Studies

A total of 22 studies were evaluated for this
review (Tables 2—4), including 19 peer-reviewed
publications (Table 2), unpublished studies
(Muhammad and Ray, unpublished data; see
Table 3), and regulatory studies provided by
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Bayer AG (Table 4; Ivens et al., unpublished
data; Jekat et al., unpublished data). The
studies conducted by Muhammad and Ray
(unpublished data) consisted of several simi-
larly treated “cohorts” for both S-bioallethrin
and deltamethrin. Rather than present the
overall findings for each of these two com-
pounds, the results of individual “cohorts” are
summarized in Table 3 to provide more
detailed information. Tables 2—4 contain a
summary of important information from each
study, including test compound/formulation,
animal species, dosing period, and major find-
ings. Because the vehicle used and route of
exposure can have profound influence on the
expression of pyrethroid neurotoxicity in
adult rats (Crofton et al. 1995), this informa-
tion is included as well.

Allethrin (in the form of allethrin,
d-allethrin, bioallethrin, and S-bioallethrin)
and permethrin are the only type I pyre-
throids for which peer-reviewed studies of
potential developmental neurotoxicity have
been conducted. Of the type II compounds,
results of developmental studies have been
published for deltamethrin, cypermethrin,
fenvalerate, and cyhalothrin, and data regarding

the developmental neurotoxicity of cyfluthrin
(Jekat et al., unpublished data) have been
submitted to the U.S. EPA. Thus, no devel-
opmental neurotoxicity studies exist for many
pyrethroids.

Rodents were the sole animal models
used in these studies: 13 studies used rats
and 9 studies used mice. No studies were
conducted specifically to examine species
differences, nor could any clear species-
dependent effects be discerned. The choice
of rats or mice seemed to be based on
a) previous use of that species in the labora-
tory or &) whether or not the study was
designed to replicate (in whole or part)
results published previously by other inves-
tigators. A systematic comparison of factors
that underlie potential species differences in
neurotoxic responses could provide useful
information regarding the extrapolation of
data from animals to humans. For example,
Na,1.3 expression in rodents appears to be
primarily embryonic, yet in humans consid-
erable expression in adults has been reported
(Whitaker et al. 2000, 2001). How this and
other species differences influence neuro-
toxic responses has not been investigated.

Table 1. Sodium channel o subunit nomenclature and effects of pyrethroids.?

Several studies reported persistent changes
in behavior and/or neurochemistry in animals
examined long after exposure had stopped.
Eriksson’s group (Ahlbom et al. 1994;
Eriksson and Fredriksson 1991; Eriksson
et al. 1993; Eriksson and Nordberg 1990) has
reported that mice exposed to pyrethroids
during PND10-16 exhibit increased motor
activity and lack of habituation, as well as
changes in density of muscarinic acetylcholine
receptor (mAChR) binding for as long as
5 months (Talts et al. 1998) after cessation of
exposure. Given the short half-lives for
pyrethroids (Anadén et al. 1991, 1996; for
review, see Kanecko and Miyamoto 2001),
these effects are likely due to exposure during
development and not residual tissue concen-
trations of pyrethroids. Studies conducted by
Eriksson and co-workers used bioallethrin
and deltamethrin, which contain only two
and predominantly one stereoisomer, respec-
tively. Thus, effects can be ascribed to the
compound that has insecticidal activity (vs.
studies conducted with formulated products).
In addition, dose-response relationships have
been demonstrated for bioallethrin (Ahlbom
et al. 1994), and the replication of effects,

TTX Tissue
o subunit Older names sensitivity expression Developmental expression Effect of pyrethroids
Na,1.1 Rat I, HBSCI, GPBI, TTX-S CNS, PNS, Purkinje, HP Not detected in HP during development, Not tested to date
SCNTA pyramidal cells, spinal detectable in CB Purkinje cells at PND15,
motor neurons, somatic detected at PND2 in SC; strong
localization expression in motor neurons®?

Na,1.2 Rat I, HBSCII, HBA TTX-S CNS, forebrain, substantia In HP, increase between GD17 and PND30; Cypermethrin-induced tail currents
nigra, HP mossy fibers, CB in CB granule cells on PND15 and Purkinje detectable at>30 nM in rat 1.2 (adult
molecular layer, axonal cells on PND2; detected at all ages in SC? splice variant) co-expressed with
localization Splice variant expressed during [34 subunits; reported insensitive to

development® permethrin or cismethrin?

Na,1.3 Rat lll TTX-S CNS and DRG HP expression at GD17, increasing at PND2, Not tested to date

then decreasing to barely detectable at PND30.
Detected at GD17 in CB neuroepithelium,
decreasing thereafter, similar in SCZ:
developmentally regulated splice variant®

Na,1.4 SkM1, p1 TTX-S Skeletal muscle Increases with age’ Only slightly modified by 10 uM

deltamethrin when expressed in
HEK 293t cells9
Na,1.5 SkM2, H1 TTX-R Uninnervated skeletal mRNA expressed in rat PNDO limbic Not tested to date
muscle, heart, brain structures and medulla; expressed in fetal
and adult human brain”
Na,1.6 NaChe, PN4, Scn8a, TTX-S CNS, DRG (all diameter Truncated form expressed from GD12 to Not tested to date
Cerlll neurons), node of PND?7, full-length mRNA expression is slight
Ranvier—peripheral nerve at GD14 and increases with age’

Na,1.7 NaS, hNE-NA, PN1 TTX-S DRG (all diameter neurons) All DRG neurons at PND2, increased during Not tested to date
CNS, Schwann cells development?

Na,1.8 SNS, PN3, NaNG TTX-R DRG (small diameter Expression beginning at GD15 with adult Sensitive to bath cismethrin and
neurons) levels by PND7; largely in unmyelinated cypermethrin at thresholds of 500 nM

C-fibers/ and 30 nM, respectively

Na,1.9 NaN, SNS2, PN5, TTX-R DRG (small diameter Expression beginning at GD17 with adult Not tested to date

NaT, SCN12A neurons) levels by PND7; largely in unmyelinated
C-fibers/
Nay Na,2.1, Na,2.3 Na-G, ? Heart, uterus, skeletal Transient between PND2 and 15 in HP; Not tested to date

SCL11

muscle, astrocytes, DRG

peak expression at PND2 in CB, SC;
large DRG neurons, GD17 to PND30?

Abbreviations: CB, cerebellum; CNS, central nervous system; DRG, dorsal root ganglion; GD, gestation day; HP, hippocampus; PND, postnatal day; PNS, peripheral nervous system; SC,
spinal cord; TTX, tetrodotoxin; TTX-R, TTX resistant; TTX-S, sensitive to TTX.
Data in the first four columns are based on information presented by Goldin et al. (2000) and Novakovic et al. (2001). bFelts et al. (1997). €Sarao et al. (1991). Smith and Soderlund (1998).
eGustafson et al. (1993). Kallen et al. (1990). 9Wang et al. (2001). *Donahue et al. (2000). Plummer et al. (1997). Benn et al. (2001). ¥Smith and Soderlund (2001).
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both behavioral and biochemical, within this
laboratory has been consistent over several
studies. Others have also reported persistent
changes in behavior and/or biochemistry,
including learning (Moniz et al. 1990), motor
activity (deltamethrin only; Husain et al.
1992), sexual behavior (Lazarini et al. 2001),
mAChR binding (Aziz et al. 2001; Malaviya
et al. 1993), and blood-brain barrier perme-
ability (Gupta et al. 1999a).

There were several studies that examined
both motor activity and mAChR expression
after developmental exposure to pyrethroids. A
summary of effects on these end points, inde-
pendent of dose, exposure period, and other
parameters, is provided in Table 5. In all of
these studies, quinuclidinyl benzilate (QNB)
binding was used to measure mAChR expres-
sion. QNB is a nonspecific antagonist for this
receptor (Watling et al. 1995) and does not
discriminate between mAChR subtypes
(M1-M5). Measurement of QNB binding
may in fact be one of the more comparable

end points across these numerous studies. In
addition, many but not all of these studies
examined mAChR expression at PND17
and/or 4 months of age.

Comparison of pyrethroid effects on QNB
binding across studies does not reveal clear
trends in reported effects between laboratories.
In preweanling animals, across all compounds
and treatment protocols, QNB binding was
reported to increase in six studies, decrease in
two studies, and not change in four studies
(Table 5). In cortical tissue, the data for
PNDI17 are more consistent in that five of
eight studies reported increases in mAChR
expression. If only the various forms of
allethrin are considered, four studies reported
increases and two reported no change in
QNB binding when measured on PND17.
Persistent alterations in mAChR in adulthood
after developmental exposure are less clear,
with three studies reporting increases, three
reporting decreases, and five reporting no
change in QNB binding. Considering only

Table 2. Summary of peer-reviewed developmental neurotoxicity studies with pyrethroids.?

allethrin forms again, QNB binding increased
or decreased in two studies each and was
unchanged in three studies.

Differences in a number of important vari-
ables may underlie some of the inconsistencies
in QNB binding data. One difference is expo-
sure route. Two studies used inhalation expo-
sure (Ivens et al., unpublished data; Jekat et al.,
unpublished data), whereas exposure in the
remainder of the studies was via oral gavage
(Table 5). A comparison of effects in Tables 2-5
suggests that this is not a tenable explanation for
these inconsistencies because results do not cor-
relate to route. Another variable that differed
between laboratories was the formulation of
allethrin used. Allethrin, like all pyrethroids,
exists as several different stereoisomers
(Figure 2), and the insecticidal and toxic effects
of pyrethroids are highly stereospecific. These
studies employed allethrin formulations with
differing contents of allethrin stereoisomers; two
groups used d-allethrin (Ivens et al., unpub-
lished data; Tsuji et al. 2002), one used

Species/compound Dose/route/vehicle Dosing period Effects Reference Comments
Rat (Wistar)
Cyhalothrin 0.02% in drinking water; ~ PND0-21 { learning avoidance latencies Moniz et al. 1990 Strengths: maternal behavior examined
(type Il) 0.4% sucrose at PND90, 0 effect on motor in Moniz et al., 1990 (no effect); culling

+ “cyhalothrin vehicle”

activity in pup

described but not even across studies
(culled to 5, 6, and 8 pups/dam)
Limitations: commercial product,
unknown vehicle (“cyhalothrin vehicle”)
composition; dosing time frame not
clear, but thought to be GDO-PNDO
(Gomes et al. 1991a, 1991b);
inappropriate statistical models;
minimal description of results; not clear
that litter is statistical unit (numbers
of replicates in figure legends do not
always agree with number of treatment

groups)
0.018%; 1 mL dermal, “Entire pregnancy” Delayed development of fur, Gomes et al.
daily; “cyhalothrin ear/eye opening, and testes 1991a
vehicle” descent. PND90: | hole-board
head dips; 0 effect avoidance;
and locomotion in open field
0 change in sexual behaviors in Gomes et al.
males or females 1991b
Fenvalerate 10 mg/kg, i.p.; GD18 and 0 effect: testis descent, weight, Moniz et al. 1999 Strengths: litter as statistical unit; more
(type Il) saline PND2-5 monoamine levels, stereotyped complete and appropriate statistical
behavior, locomotion, rearing analysis, but still some incorrect uses
4 pup weight on PND21, of t-test (Moniz et al. 1999); maternal
d ductus deferens and seminal weight examined/reported; Lazarini
vesicle weight; female sexual et al. (2001) considered sex differences;
behavior at PND120 only papers examining reproductive
Deltamethrin 0.08 mg/kg, p.o. GD6-15, PND21: T rearing in males; 0 Lazarini et al. behavior; culling, male/female ratios
(type Il) “deltamethrin vehicle” once daily effect on locomotion frequency 2001 described and even. Housing as adults
in males or females described
PNDB0 males: { immobility Limitations: deltamethrin commercial
time in forced swim test product; unknown (“deltamethrin
T DOPAC, DOPAC/DA, NA vehicle”) vehicle composition; purity of
0 effect on bHT, bHIAA, fenvalerate not known; discrepancies
HVA/DA; 0 effect in between text and figures in Moniz et al.
PND60 females (1999 their Figure 3); differences in
control testes descent day in Moniz
etal. (1999) vs. Gomes et al. (1991,
1991b) (19 vs. 23 days)
Continued, next page
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bioallethrin (Eriksson group: Ahlbom et al.
1994; Ericksson and Fredriksson 1991; Eriksson
and Nordberg 1990; Talts et al. 1998), and two
used S-bioallethrin (Muhammad and Ray,
unpublished data; Pauluhn and Schmuck
2003). Again, data in Table 5 suggest that this is
not a tenable explanation because d-allethrin
and bioallethrin result in either increases or no
effects on mAChR binding. An additional vari-
able in these data sets is the specific methods
used in the competitive binding experiments.
Competition experiments with carbachol were
used in several studies to distinguish between
high- and low-affinity QNB binding sites
(Ahlbom et al. 1994; Eriksson and Fredriksson
1991; Eriksson and Nordberg 1990; Ivens et al.,
unpublished data; Jekat et al., unpublished data;
Talts et al. 1998). Two studies (Ahlbom et al.

Table 2. Continued

1994; Eriksson and Nordberg 1990) reported
that bioallethrin increased the percentage of
low-affinity binding sites in PND17 mice, an
effect not reported in adult mice, despite
changes in the density of muscarinic binding
(Eriksson and Fredriksson 1991; Talts et al.
1998). Ivens et al. (unpublished data) did not
find changes in the percentages of high- and
low-affinity sites, even though they did report
changes in the density of QNB binding sites in
PND17 animals. In some cases, the relative
proportion of high- and low-affinity sites was
not investigated even though changes in den-
sity were reported (Muhammad and Ray,
unpublished data). The ability to distinguish
high- and low-affinity sites, and effects
thereon, is dependent on the number of points
included on the agonist competition curve.

Studies conducted by the group at Bayer (Ivens
et al., unpublished data; Jekat et al., unpub-
lished data) used seven different concentrations
of carbachol, whereas studies conducted by
Eriksson’s group (Ahlbom et al. 1994;
Eriksson and Fredriksson 1991; Eriksson and
Nordberg 1990) used 18 concentrations of car-
bachol (Eriksson P, personal communication).
This information was typically not available to
evaluate and may account for some reported
differences, because use of too few points may
preclude detection of changes in the low-affin-
ity site. Overall, the data across laboratories
indicate that changes in QNB binding may
not be a robust response to developmental
exposure to pyrethroids and that conditions
may need to be more carefully controlled in
order to observe changes.

Species/compound Dose/route/vehicle Dosing period Effects Reference Comments
Mouse (NMRI)
Bioallethrin 0.72 and 72 mg/kg PND10-16, PND17: T mAChR density and Eriksson and Strengths: consistent demonstration of
(type 1) 20% fat emulsion (egg once daily altered ratio of high- and low- Nordberg 1990 increased motor activity and lack of

lecithin/peanut ail)

Deltamethrin 0.71 and 1.2 mg/kg

(type Il) 20% fat emulsion (egg
lecithin/peanut oil)
Bioallethrin 0.7 mg/kg, p.o.;
(type 1) 20% fat emulsion (egg

lecithin/peanut oil)

Deltamethrin
(type )

0.7 mg/kg, p.o.;

20% fat emulsion

(egg lecithin/peanut oil)
Bioallethrin 0.42,0.70, 42 mg/kg,
p.0.; 20% fat emulsion
(egg lecithin/peanut
oil)

Bioallethrin 0.7 mg/kg, p.o.; 20% fat

emulsion (egg lecithin/

peanut oil)

4 treatment groups:

vehicle as pup and

5 months; VB, vehicle as

pup, bioallethrin at

5 months; BV, bioallethrin

as pup, vehicle at

5 months; BB, bioallethrin

as pup and 5 months

Rat (Wistar)
Deltamethrin

(type Il

0.7 mg/kg, i.p.;
propylene glycol

PND10-16, once
daily; again at

5 months for

7 days, once daily

PND9-13

affinity QNB binding sites in
CTX but not HP with
deltamethrin and bioallethrin
at low (0.7 mg/kg) but not
high doses

0 change in nAChR density

4 months: T motor activity
with lack of habituation;

J mAChR density in CTX;

0 change in mAChR in HP, STR

4 months: T motor activity

with lack of habituation;

0 change in mAChR in CTX,

HP, STR

PND17: T mAChR density in

CTX; T low-affinity QNB

(mAChR) binding

4 months: T motor activity

with lack of habituation;

J mAChR density in CTX

5 months: T motor activity
with lack of habituation in BB
and BV groups

Performance in H,0 maze:
d reversal in BB groups; 0 effect
in BV, VB groups

mAChR density in CTX: T in
BB treatment group; 0 effect in
BV, VB groups

Examined on PNDs 12, 15, 21,
and 30: delayed cerebellar
cytogenesis and morphogenesis
of interneurons, vascular
damage with focal
degeneration; { brain and
body weight
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Eriksson and
Fredriksson 1991

Ahlbom et al. 1994

Patro et al. 1997

habituation with bioallethrin and
deltamethrin; dosing occurs over
a critical period of brain development;
dose response demonstrated for
bioallethrin for behavior and bio-
chemistry effects present 3.5-4 months
postdosing; behavior, biochemistry
measured in same animals; changes in
mAChR binding in CTX ~10% at
4 months, but changes not observed
after 5 months (bioallethrin); consistent
effects over several different studies;
history of publications with motor
activity and QNB binding

Limitations: statistical analysis of
biochemical data increases the
possibility of type | error; unclear that
litter is unit of treatment; in some cases,
changes as small as 1-3% reported
as significant (biochemistry); sex
differences not considered/included;
toxicity observed at high dose of
deltamethin and bioallethrin by Eriksson
and Nordberg (1990), with tolerance
developing by the fourth day of dosing

Talts et al. 1998

Strengths: only study examining
morphology; culled litters to equal
numbers; time course examined; within-
litter dosing design

Limitations: effects may be due to
decreased growth, not direct neuro-
toxicity; inappropriate statistical models;
no control for “maternal” neglect
effects in control vs. treated pups

Continued, next page
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A smaller number of studies examined
potential alterations in catecholaminergic sys-
tems. Both deltamethrin (Lazarini et al. 2001)
and bioallethrin (Muhammad and Ray,
unpublished data) were reported to increase
3,4-dihydroxyphenylacetic acid (DOPAC)
levels in the adult striatum after developmen-
tal exposure. However, developmental expo-
sure to a commercial product containing
fenvalerate had no effect on monoamine levels
in the striatum (Moniz et al. 1999). Malaviya
et al. (1993) reported that binding of
SH-spiroperidol to striatal membranes from
PND21 rats was decreased and increased,
respectively, after gestational and lactational
exposure to a commercial product containing
fenvalerate, whereas binding was increased
after only lactational exposure to a commercial
product containing cypermethrin. Thus, simi-
lar to the muscarinic cholinergic system, the

Table 2. Continued

dopaminergic system may be affected by
developmental exposure to pyrethroids, but
studies examining this system have reported
inconsistent results to date.

Eriksson and co-workers have consistently
reported increased motor activity and a lack
of habituation after exposure to pyrethroids
(Ahlbom et al. 1994; Eriksson et al. 1993;
Talts et al. 1998). A comparison of effects of
pyrethroids on motor function between labo-
ratories is not as consistent. Muhammad and
Ray (unpublished data) observed effects on
motor activity in some cohorts but not in
others. After inhalation exposure to bioal-
lethrin (Tsuji et al. 2002) or d-allethrin (Ivens
et al., unpublished data), no effects on activity
or habituation were reported. By contrast,
inhalation exposure to cyfluthrin resulted in
hyperactivity and decreased habituation in
female mice (Jekat et al., unpublished data).

Several additional studies also examined other
measures of open field or motor activity
(Gomes et al. 1991a; Husain et al. 1992,
1994; Lazarini et al. 2001). Reports of effects
in these studies were also variable (Table 2).
The reasons for the discrepant nature of these
findings are unknown.

A small number of studies tested cognitive
functions (Table 2). Two studies reported that
bioallethrin exposure during PND10-16 (via
different routes) had no significant effect on
performance in the Morris water maze at 5
(Talts et al. 1998) and 11 (Tsuji et al. 2002)
months of age. Other studies reported decreases
in avoidance and Y-maze learning (Aziz et al.
2001; Husain et al. 1994; Moniz et al. 1990) or
no change in avoidance behavior (Gomes et al.
1991a). A major confounder in the Y-maze and
avoidance studies is the use of commercial for-
mulations rather than technical compound.

Species/compound Dose/route/vehicle Dosing period Effects Reference Comments
Rat (Druckrey)
Cypermethrin Experiment 2: 5 mg/kg, PND10-13, T BBB permeability at Gupta et al. Strengths: control data demonstrate
p.o. (corn oil vehicle) 17,0r 30 PNDs 13, 17, and 30 by 71, 61, 1999a maturation of BBB; within-paper
and 80%; effect recovered by replication of effect; technical grade
PNDG60 following withdrawal on (94.5% purity) cypermethrin®
PND18 Limitation: litter was not the

Experiment 3: 25 mg/kg,  PND10-17 T BBB permeability by 28% statistical unit

p.o. (corn ail vehicle),

(1/100 LDsp)

Allethrin 18 hr/day inhalation of PND2-19 4 body (23%) and brain (17%) Gupta et al. Strengths: replication of fluorescence
vapors; unknown weights; T BBB permeability, LH  1999b levels on PND10 compared with Gupta
commercial product levels on PND10 but not PND18; et al. (1999a); litters culled to
containing 3.6% T (small) in conjugated dienes 8 pups/dam (size of litter is known)
Allethrin, 96% kerosine, (measure of lipid peroxidation) Limitations: unknown formulation;
0.3% stabilizer on PND10; 4 GSH 17% on PND10; exposure to kerosine > > allethrin; no

T GSH by 28% on PND18 kerosine control

Deltamethrin 1.0 mg/kg, p.o., GD14-20 Delayed surface righting reflex Aziz et al. 2001 Strengths: examined two time points;
deltamethrin 6 and 12 weeks postnatal: behavioral and biochemical changes
formulation in corn T AChE activity; T GAP-43 Limitations: unknown formulation, corn
oil immunohistochemistry (both % oil used as “control”; unclear that litter

area and total number of positive is statistical unit; maze learning
cells); 4 ONB By procedure is poorly described, and
{ relearning in Y-maze task “relearning” is poorly defined

Rat (Wistar)

Deltamethrin 7 mg/kg, p.o. GD5-21 4 weight of unspecified brain Husain et al. 1992 Strengths: work uniquely covers effects
2.8% EC formulation, regions at PND22(?); of pyrethroids on different periods of
peanut oil 7T resorptions and neonatal death; perinatal development from shortly

Fenvalerate 10 mg/kg, p.o.; 20% EC

formulation, peanut oil

Cypermethrin 15 mg/kg, p.o.; 25% EC

formulation; peanut oil

130

delayed surface righting, eye
opening, fur development, incisor
eruption, and pinna detachment;
{ grip strength: | motor activity
at PNDs 21 and 42; altered regional
polyamine levels

Delayed surface righting, eye
opening, fur development, incisor
eruption, and pinna detachment;
{ grip strength: 0 effect on motor
activity; altered regional
polyamine levels

Delayed surface righting, eye
opening, fur development, incisor,
eruption and pinna detachment;
0 effect on motor activity; altered
regional polyamine levels
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after conception to post-weaning, and
suggests that effects may depend on
the exposure period (includes Malaviya
et al. 1993). However, different
compounds were utilized; effects on
maternal parameters, general toxicity
recorded; litter size adjusted to an
average of 8 pups/litter

Limitations: formulated products used:;
lack of relevant vehicle controls; general
or less specific toxicity may be indicated
by changes in fur development, pinna
detachment; statistical models are often
inappropriate; descriptions of
comparisons (data sets) used for
statistical tests are sometimes unclear
or confusing; not clear that litter is the
statistical unit

Continued, next page
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There are several common weaknesses in
the developmental studies that temper the sci-
entific strength of some individual reports, as
well as the data set when taken as a whole. A
key weakness is problematic statistical analyses.
Most behavioral studies [with the exception of
Ivens et al. (unpublished data), Jekat et al.
(unpublished data), and Tsuji et al. (2002)]
used multiple pups from the same litter with-
out correction in the statistical analysis. The
sampling of multiple pups from the same litter
inflates the sample size and increases the proba-
bility of a type I statistical error (Abbey and
Howard 1973; Holson and Pearce 1992;
Muller et al. 1985; Reily and Meyer 1984).
When biochemical end points were examined,

Table 2. Continued

statistical analyses often lacked robustness or,
in some cases, were absent. In several studies
examining receptor binding, results were com-
pared (and significant differences found) using
multiple Student’s #tests. Use of multiple
ttests can easily increase the probability of a
type I error (Muller et al. 1985). These study
designs should use statistical models that con-
trol for multiple comparisons (e.g., analysis of
variance with appropriate post hoc test for
comparisons of different group means). Meta-
analyses or other statistical approaches to
examine related data sets from the same and
different laboratories could help strengthen
conclusions when effect magnitude is small but
have not been conducted to date.

An additional limitation common to these
reports was a lack of tissue concentration data.
None of the studies reported pyrethroid blood
or brain concentrations from dams or pups.
Such information would have greatly facilitated
comparisons between studies and would also be
useful to compare target tissue concentrations
in the test species with exposure estimates in
pregnant women (see Whyatt et al. 2002).

Lack of information about the stereoisomer
composition and/or purity of the test com-
pound was a serious confound in some reports.
Such information is important to be able to
compare studies generated in different labora-
tories, as discussed above for the different
allethrin products. In addition, several studies

Species/compound Dose/route/vehicle Dosing period Effects Reference Comments
Deltamethrin 7 mg/kg; 2.8% PND22-37 4 hippocampal weight without Husain et al. 1994 Strengths: work uniquely covers effects
EC formulation, effect on other brain regions; of pyrethroids on different periods of
corn oil T mitochondrial monamine perinatal development from shortly
oxidase and microsomal AChE after conception to post-weaning, and
without effect on Na/K suggests that effects may depend on
ATPase; T spontaneous the exposure period (includes Malaviya
locomotor activity; et al. 1993). However, different
d conditioned avoidance compounds were utilized; effects on
response; altered regional maternal parameters, general toxicity
polyamine levels recorded; litter size adjusted to an
Rat (Charles average of 8 pups/litter
Wistar) Limitations: formulated products used:;
Fenvalerate 10 mg/kg. p.o.; GD5-21 0 effect on dam weight, food/ Malaviya et al. lack of relevant vehicle controls; general
corn ail (gestational water intake, gestation length, 1993 or less specific toxicity may be indicated
exposure) no. of offspring, sex ratio by changes in fur development, pinna
or PND1-15 Gestational exposure: & MAQ, detachment; statistical models are often
(lactational Na/K-ATPase activity; spiro- inappropriate; descriptions of
exposure) peridol binding; T AChE activity comparisons (data sets) used for
Biochemical Lactational exposure: statistical tests are sometimes unclear
outcomes measured 4 MAQ, AChE activity; or confusing; not clear that litter is the
at 3 weeks of age 7T spiroperidol, QNB binding statistical unit
Cypermethrin 15 mg/kg, p.o.; GD5-21 0 effect on dam weight, food/ Malaviya et al.
corn oil (gestational water intake, gestation length, 1993
exposure) no. of offspring, sex ratio
or PND1-15 Gestational exposure: 0 effect
(lactational on MAO, Na/K-ATPase, AChE
exposure) activity; spiroperidol binding
Biochemical JQNB binding
outcomes measured Lactational exposure:
at 3 weeks of age J Na/K-ATPase, AChE activity;
Tspiroperidol, QNB binding
Rat (Wistar)
d-Allethrin 0.43-74.2 mg/m3 PND10-16, 6hr/day 0 Effects on weight gain, motor Tsuji et al. 2002 Strengths: measured air levels of
Inhalation; unknown activity, mAChR density when allethrin during exposure; provides
vehicle assessed on PND17 and additional exposure information;
4 months multiple dose levels; litter controlled®
0 effect in Morris water Limitations: absence of positive controls;
maze at 11 months this would demonstrate that lack of
effect is true negative
Mouse (ICR)
Permethrin Experiment 1: 0.33 to PNDO-21 0 effect on weight in Imamura et al. Strengths: water consumption (ingested
(cis or trans) 33 pg/ml cis-permethrin or dam, pups; concentration- 2002 dose) measured; replication of c-fos
33 pg/mL trans-permethrin dependent decrease in c-fos decrease by different routes of
in drinking water; mRNA in cerebellum at PND21; exposure; similar findings following
0.33 pg/mL DMSQ vehicle trend toward decrease in BDNF in vitro exposure to cerebellar granule
mRNA at PND21; 0 effect on cells (Imamura et al. 2000)
[B-actin mRNA Limitations: did not use litter as
Experiment 2: 1 mg/day PNDO0-35 Jc-fos mRNA at PND21 statistical unit. 3—4 samples/litter;

cis-permethrin, p.o.
corn ail

only; 0 effect on B-actin mRNA
atany time
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BDNF data variable
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used formulated products rather than purified
compound (Aziz et al. 2001; Gupta et al.
1999a, 1999b; Husain et al. 1992, 1994;
Malaviya et al. 1993). Formulated pesticide
products typically contain solvents, emulsifying
agents, petroleum distillates, and other “inerts”
(Farm Chemicals Handbook 1997), many of
which are known or suspected to have neuro-
toxic properties. Although use of formulated
products may provide a more real-life exposure
situation, lack of information on the content of
proprietary formulations hampers comparisons
between studies and often precludes attributing
effects directly to the pyrethroid.

Several other limitations should also be
noted. The number of time points examined in
these studies typically was three or fewer, one
of which was often a measurement in adult
animals. Considerable ontogeny of both behav-
ioral responses as well as biochemical end
points is well established. Thus, the tendency
of most studies to examine a “snapshot in
time” may miss important ontogenic shifts
induced by these compounds. Dosing duration
and age at exposure are two other important
factors. Although a number of studies exam-
ined the period of PND10-15, the choice of
dosing periods in the present studies was

Table 2. Continued

variable, and, to date, there has not been a sys-
tematic evaluation of potentially sensitive
developmental periods. An additional consid-
eration regarding dosing periods is the differen-
tial rates of neurodevelopment in rodents
versus humans. Thus, studies such as those
conducted by Whyatt et al. (2002) could
potentially provide important information
about exposure to the developing fetus. In
addition, the effects of sex were not always
considered in the present studies, with a few
exceptions (e.g., Gomes et al. 1991b; Moniz
etal. 1999). Also related to this topic is the rel-
ative distribution of males and females in a lit-
ter. In some cases, culling information was
readily available; however, many studies pro-
vided no or insufficient information to evaluate
this variable.

Although not necessarily a limitation, there
is a significant conceptual gap between the vari-
ety of behavioral, biochemical, and physiologic
end points studied to date (Tables 1-4). The
relationships, if any, between these biochemical
and behavioral changes have yet to be estab-
lished. In addition, the relationship between the
end points examined in the present studies and
the major action of pyrethroids, disruption of
VSSC function, is also unknown. Only one

study to date has examined changes in VSSC
expression (Muhammad and Ray, unpublished
darta). The relationship between biochemical
alterations and pyrethroid-induced develop-
mental neurotoxicity could be strengthened by
better characterization of neurochemical
mode(s) of action of pyrethroid neurotoxicity.
Establishing mode-of-action pathways increases
confidence that reported effects are the result of
pyrethroid action, particularly when the magni-
tude of those effects is small.

Conclusions and
Recommendations

for Future Research

Several research needs in the area of develop-
mental neurotoxicity are apparent from this
review. These include additional information
regarding potential differences underlying age-
dependent sensitivity to pyrethroids, clari-
fication of changes in behavioral and
biochemical end points, and linking these end
points to VSSCs or other cellular targets. In
considering these potential areas for future
research, determining the priority of addressing
different research questions often depends on
individual perspectives. In this context, a differ-
ent conceptual approach to conducting future

Species/compound Dose/route/vehicle Dosing period Effects Reference Comments
Mouse (NMRI)

Deltamethrin 0.7 mg/ml p.o.; 20% fat PND10-16 Pup mortality in hypothermic Pauluhn and Strengths: technical compound of known
emulsion (egg groups (control and S-bioallethrin), Schmuck 2003 purity used (99.8% for deltamethrin and
lecithin/peanut ail) including cannibalism; hypo- 95.7% for S-bioallethrin); statistical
Hypothermic, normothermic, thermic pups displayed reduced analysis using ANOVAs; randomized
and hyperthermic groups motility; body weight gain selection of pups and dams for treatment

PND10-17 was affected by groups from a pool.

conditions of hypothermia, Limitations: pup mortality observed in
hyperthermia; rectal temperature control, S-bioallethrin groups with no
was affected by environmental information provided regarding number
temperature, differences in of pups lost/cannibalized; replacement
temperature between control pups came from a pool of pups that had
and deltamethrin-treated animals been housed under “normal conditions,”
were present in hypothermic but which likely differed in temperature from
not hyperthermic animals; group that lost pups (hypothermic pups);
environmental temperature altered sample size for various end points is
brain weight, with effects of difficult to determine; examined only
S-bioallethrin and deltamethrin PND17 animals; not known if temperature
observed only in hypothermic differences could contribute to long-term
animals; both deltamethrin and changes in mAChR expression;
S-bioallethrin decreased randomized assignment of pups to dams
brain/body weight ratios in does not control for maternal effects;
hypothermic animals; QNB did not demonstrate that typical p.o.
binding: on PND17, mAChR dosing causes hypothermia; because of
density was increased in both design of study (incomplete block design),
sexes by S-bioallethrin in comparisons between vehicle and

S-bioallethrin 0.7mg/mLp.o; 20% fat ~ PND10-16 hypothermic and normothermic pyrethroid treatments cannot be made;

emulsion (egg
lecithin/peanut oil)
Hypothermic, normothermic
and hyperthermic groups

groups; no differences were

observed in the hyperthermic
group or in the deltamethrin-
treated groups

study design was to compare effects of
different temperature conditions within
these treatments

Abbreviations: 5HIAA, 5-hydroxyindoleacetic acid; 5HT, serotonin; AChE, acetylcholinesterase; ANOVA, analysis of variance; BBB, blood—brain barrier; BDNF, brain-derived neurotropic
factor; Byax, maximum number of binding sites; CTX, cortex; DA, dopamine; DMSO, dimethyl sulfoxide; EC, emulsifiable concentrate; GAP-43, growth-associated protein 43; GSH, glu-
tathione; HP, hippocampus; HVA, homovanillic acid; i.p., intraperitoneal; LDsg, dose lethal to 50%; LH, luteinizing hormone; MAO, monoamine oxidase; NA, noradrenaline; nAChR, nico-

tinic acetylcholine receptor; p.o., per os; STR, stratum.

4Pyblications by the same group of authors are indicated by shading; in some cases, comments are made on groups of papers published by the same group of authors rather than on
individual papers. ®Not reported in original publication (Gupta et al. 1999a); data from A.K. Agarwal (personal communication). ®Not reported in original publication (Tsuji et al. 2002); data

from R. Tsuji (personal communication).
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research may improve the resulting data’s use-
fulness for the purpose of risk decisions.
Biologically based dose-response
(BBDR) models (Andersen and Dennison
2001) describe the relationships between

different components of the continuum
between exposure to and the adverse effects
of a chemical (Figure 4). For example, such a
model has recently been constructed for the
developmental neurotoxicity of perchlorate

(Jarabek et al. 2002). Mode-of-action models
strengthen science in two important ways.
First, the uncertainty regarding animal-to-
human extrapolations can be reduced if a
toxicant’s mode of action in an animal model

Table 3. Summary of developmental neurotoxicity studies with pyrethroid compounds in NMRI mice dosed once daily on PND10-16 (Muhammad and Ray, unpublished

data).

Compound Dose/route/vehicle Effects Comments

d-Allethrin, 93% purity 0.7 mg/kg 4 months: 0 effect on motor activity; 0 effect on Strengths: each chemical was examined in several cohorts
(cis/trans) egg lecithin/peanut oil mAChR (QNB) binding in CTX in this study; closely replicates methodology of Eriksson

Experiment 13 (1:10) 40% fat emulsion

S-Bioallethrin 0.7, 3.5 mg/kg
(trans) egg lecithin/peanut oil
Experiment 17a (1:10) 40% fat emulsion
S-Bioallethrin Attempt to replicate
(trans) experiment 17a

Experiment 19a

S-Bioallethrin 0.7 mg/kg, corn oil
(trans)
Experiment 25a

S-Bioallethrin 0.7 mg/kg, corn oil
(trans)

Experiment 26a

Deltamethrin
Experiment 12

0.7 mg/kg, egg
lecithin/peanut oil (1:10)
40% fat emulsion

Deltamethrin 0.7 mg/kg, corn oil
Experiment 23

Deltamethrin 0.7 mg/kg, corn oil
Experiment 25

Deltamethrin 0.7 mg/kg, corn oil
Experiment 26

4 months: T motor activity, habituation (slow
mobile counts), 0 effect on mAChR in CTX

4 months: T mAChR in CTX, CB (3.5 mg/kg);
T mAChR brainstem (0.7 and 3.5 mg/kg);
1 habituation (slow mobile counts) by
0.7 mg/kg dose; T DOPAC, HVA in striatum;
T saxitoxin binding in CB and MB, { in CTX

PND17: 0 effect on mAChR in CTX

4 months: no data provided, despite mention that
motor activity and mAChR were assessed

4 months: significant delay in habituation of slow
rearing, fast rearing, total rearing, and rearing
time; 0 effect on mobile activity and time, 0
effect on mAChR

4 months: Trearing time fast and total mobile counts
slow, fast, and total rearing; delayed habituation
of counts, slow mobile counts, and mobile time
mAChR not examined

4 months: T mAChR in CTX; no effect on any
measure of motor activity

PND17: T mAChR; motor activity not examined

4 months: significant delay in habituation of slow
mobhile counts, mobile and rearing time; 0
change in mAChR (increased but not significant)

and co-workers (see Table 2) for motor activity measure-
ments; examined vehicle differences; technical compounds
of known purity (100% for deltamethrin and 95.2% for
S-bioallethrin)

Limitations: not published, peer-reviewed or submitted to

any regulatory agency; litter was not used as statistical
unit; statistical models not well described; tests used
for biochemical measures; date of study unknown, circa
mid-1990s

Abbreviations: CB, cerebellum; CTX, cortex; HVA, homovanillic acid; MB, midbrain.

Table 4. Summary of data from studies in NMRI mice (dosed once daily on PND10-16) submitted to the U.S. EPA.

Compound Dose/route/vehicle Effects References Comments
d-Allethrin ~ 0.15,4, or 100 mg/m®  PND17: motor activity: increased habituation Ivens et al., Strengths: technical compound, 95% purity; group sizes of 10;
6 hr/day, inhalation; in 0.15 mg/m? females when compared to unpublished litter was statistical unit; good statistical analysis, males and
polyethylene glycol control; effects not dose-related; mAChR: data females considered separately; second control group was
25% T in QNB in cortex, smaller changes included; closely replicates methodology of Eriksson and
in hippocampus and striatum; nAChR: co-workers (see Table 2) for motor activity measurements
40-80% . in cortex, hippocampus, and Limitations: not peer-reviewed or published; some biochemical
striatum in both sexes; AChE: T by 70-80% measurements were variable and not dose-related
in striatum but not significant due to large
variability; ChAT: 0 effect
4 months: motor activity: no significant
effects; mAChR: 0 effect; nAChR: large
sporadic changes but no clear sex- or dose-
related trends; AChE: 0 effect; ChAT:
0 effect
Cyfluthrin 6, 15 or 50 mg/m?, All pups died in 50 mg/m3 dose group; Jekatetal., Strengths: technical compound, 96.8% purity; group sizes of 10;
6 hr/day, inhalation; 15 mg/m? pups had clinical signs including unpublished litter was statistical unit; good within-lab replicability for motor
polyethylene glycol “clonic seizures” (probably tremors and/or data activity [comparison of data with lvens et al. (unpublished datal];

chareoathetosis); 4 pup weight in 15 mg/m3
and in 5 mg/m?3 females

PND17: no measurements

4 months: motor activity: 15 mg/m3 females
were hyperactive and had decreased
habituation in horizontal and vertical v

activity;mAChR: 4 QNB binding (not
statistically significant) of ~22% in

15 mg/m® males

closely replicates methodology of Eriksson and co-workers (see
Table 2) for motor activity measurements

Limitations: not peer-reviewed or published; only examined adults;
general toxicity observed; QNB data variable, no dose-related
effects, difficult to compare with other studies because
presented either as dpm or percent of control

Abbreviations: AChE, acetylcholinesterase; ChAT, choline acetyltransferase; nAChR, nicotinic acetylcholine receptor.
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is demonstrated to be relevant to humans
(Cohen et al. 2004; Meek et al. 2003; Sonich-
Mullin et al. 2001). Second, these models
often provide insight into research needs by
identifying data gaps and research needs. For
pyrethroids, much of the future research needs
can be described in the context of the type of
darta that would be useful in constructing a
BBDR for this class of compounds, or for
individual compounds within this class. A cor-
nerstone of a BBDR model is a physiologically
based pharmacokinetic (PBPK) model that
describes the relationship between exposure
and target tissue dose (Andersen and Dennison
2001). Additional pharmacokinetic informa-
tion in animal models as well as additional
pharmacokinetic and exposure information in
humans is needed. For pyrethroids, this will
involve defining the relationship between
maternal and fetal compartments, and the
involvement of oral (including lactation),
inhalation, and dermal exposures to the new-
born. Current data indicate that some exposure
does occur to pregnant mothers, infants, and
children, resulting in low internal doses
(Berkowitz et al. 2003; Heudorf et al. 2004;
Schettgen et al. 2002). However, insufficient
information is available to adequately evaluate
the range of internal doses of pyrethroids in
humans. These data will be valuable in quanti-
tative extrapolations of exposure from animals
to humans (Andersen and Dennison 2001).
Pharmacokinetic information is available com-
paring acute high-dose exposures in neonatal
versus adult animals (Cantalamessa 1993;
Sheets et al. 1994). However, only a limited
number of compounds have been examined to
date, and no information is available for ages

before PND11.

Another component of a BBDR model is
a physiologically based pharmacodynamic
(PBPD) model (Andersen et al. 1992; Conolly
2002). PBPD models are quantitative models
that describe the mode of action of a chemical.
A benefit of PBPD models is identification of
research gaps that are critical to link key events
in the mode of action to adverse outcomes.
Currently available studies of pyrethroid
developmental neurotoxicity have examined a
wide variety of end points but have not sought
to link target tissue events (e.g., receptor acti-
vation, changes in ion channel function) to
consequent biochemical, physiologic, or
behavioral outcomes. Future studies need to
target the large data gap between the target site

Absorbed
dose

Target

Exposure tissue dose

>

Data needs

Pharmacokinetics in pregnant dams
Blood/brain levels in dams/pups
Pharmacokinetics in young vs. adults

(e.g., VSSCs) and adverse outcomes. For
example, can the sequence of biochemical
processes be described that, when perturbed
by pyrethroids, result in changes in end points
such as motor activity or mAChR binding? If
changes in sodium currents alter neuronal fir-
ing rate, how does this then lead to alterations
in neurodevelopment? Considerable informa-
tion supports involvement of VSSCs in the
mode of action of acute pyrethroid neuro-
toxicity, yet the potential role of VSSCs in
developmental neurotoxicity of pyrethroids has
not been examined. Future research on the
developmental neurotoxicity of pyrethroids
should endeavor to fill these research gaps.
These studies must be designed and conducted

Acute neurotoxicity in adults

¥

Altered
VSSCs

Adverse

Altered 2
’ effects

™1 excitability >

Developmental neurotoxicity

Adverse

Molecular 9
: effects

target

Data needs

Additional carefully designed/conducted
studies to characterize adverse effects

Studies designed to examine potential links
between molecular targets and adverse
effects following developmental exposure

Figure 4. Major elements in a proposed BBDR model for pyrethroid neurotoxicity and research needs for
the PBPK and PBPD components. Boxes with question marks indicate that the sequence of events
between changes in the target and adverse effects has not been completely elucidated.

Table 5. Summary of effects on mAChR and motor activity after developmental exposure to pyrethroids.

MAChR expression? Motor activity

Compound? Preweaning Adult Preweaning Adult Reference
d-Allethrin TCTX 0CTX THB 0 lvens et al., unpublished data
d-Allethrin 0 0 ND 0 Tsuji et al. 2002
Bioallethrin 0CTX TCTXe ND TMA, L HB Muhammad and Ray, unpublished data
Bioallethrin ND 0CTX ND TMA, L HB Talts et al. 1998
Bioallethrin/bioallethrin ~ ND TCTX ND TMA, | HB
Bioallethrin ND L CTX: O HP, STR 0MA, 0 HB TMA, | HB Eriksson and Fredriksson 1991
Bioallethrin TCTX L CTX ND TMA, L HB Ahlbom et al. 1994
Bioallethrin TCTX ND ND ND Eriksson and Nordberg 1990
S-Bioallethrin TCTX ND ND ND Pauluhn and Schmuck 2003
Cyfluthrin ND 0CTX ND In females, T MA, 4 HB Jekat et al., unpublished data
Cypermethin 1 STR (gestation experiment), ND ND ND Malaviya et al. 1993

T STR (lactation experiment)
Deltamethrin ND LHP ND ND Aziz et al. 2001
Deltamethrin TCTX TCTX ND LHB Muhammad and Ray, unpublished data
Deltamethrin ND 0CTX, HP, STR 0MA, 0HB TMA, L HB Eriksson and Fredriksson 1991
Deltamethrin LHP ND ND ND Eriksson and Nordberg 1990
Deltamethrin 0CTX ND ND ND Pauluhn and Schmuck 2003
Fenvalerate 0 STR (gestation experiment), ND ND ND Malaviya et al. 1993

T STR (lactation experiment)

Abbreviations: 0, end point was examined and was not affected by treatment; CTX, cortex; HB, habituation; HP, hippocampus; MA, motor activity; ND, not determined; STR, striatum.
aAs measured by QNB binding. #Compounds are arranged in alphabetical order. ¢An increase in QNB binding was observed in one “cohort” but was not consistently observed in all
“cohorts” in studies by this group. See Table 3 for complete details.
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so as to avoid the limitations mentioned in the
preceding section. Such studies of the develop-
mental neurotoxicity of these compounds can
strengthen the scientific basis for risk deci-
sions. The most efficient use of scientific
resources will be to design those additional
studies to fit into a BBDR scheme.

REFERENCES

Abbey H, Howard E. 1973. Statistical procedures in develop-
mental studies on a species with multiple offspring. Dev
Psychobiol 6:329-335.

Adams J, Vorhees CV, Middaugh LD. 1990. Developmental neuro-
toxicity of anticonvulsants: human and animal evidence on
phenytoin. Neurotoxicol Teratol 12:203-214.

Ahlbom J, Fredriksson A, Eriksson P. 1994. Neonatal exposure
to a type-I pyrethroid (bioallethrin) induces dose-response
changes in brain muscarinic receptors and behaviour in
neonatal and adult mice. Brain Res 645:318-324.

Akopian AN, Souslova V, England S, Okuse K, Ogata N, Ure J,
et al. 1999. The tetrodotoxin-resistant sodium channel SNS
has a specialized function in pain pathways. Nat Neurosci
2:541-548.

Albrieux M, Platel J, Dupuis A, Villaz M, Moody WJ. 2004. Early
expression of sodium channel transcripts and sodium cur-
rent by Cajal-Retzius cells in the preplate of the embryonic
mouse neocortex. J Neurosci 24:1719-1725.

Anadon A, Martinez-Larrafiaga MR, Diaz MJ, Bringas P. 1991.
Toxicokinetics of permethrin in the rat. Toxicol Appl
Pharmacol 110:1-8.

Anadon A, Martinez-Larrafiaga MR, Fernandez-Cruz ML,
Diaz MJ, Fernandez MC, Martinez MA. 1996. Toxicokinetics
of deltamethrin and its 4'-HO-metabolite in the rat. Toxicol
Appl Pharmacol 141:8-16.

Andersen ME, Dennison JE. 2001. Mode of action and tissue
dosimetry in current and future risk assessments. Sci
Total Environ 274:3-14.

Andersen ME, Krishnan K, Conolly RB, McClellan RO. 1992.
Mechanistic toxicology research and biologically-based
modeling: partners for improving quantitative risk assess-
ments. CIIT Act 12:1-7.

Aziz MH, Agrawal AK, Adhami VM, Shukla Y, Seth PK. 2001.
Neurodevelopmental consequences of gestational expo-
sure (GD14-GD20) to low dose deltamethrin in rats.
Neurosci Lett 300:161-165.

Benn SC, Costigan M, Tate S, Fitzgerald M, Woolf CJ. 2001.
Developmental expression of the TTX-resistant voltage-
gated sodium channels Nav1.8 (SNS) and Nav1.9 (SNS2) in
primary sensory neurons. J Neurosci 21:6077-6085.

Berkowitz GS, Obel J, Deych E, Lapinski R, Godbold J, Liu Z, et al.
2003. Exposure to indoor pesticides during pregnancy in a
multiethnic, urban cohort. Environ Health Perspect 111:79-84.

Boiko T, Rasband MN, Levinson SR, Caldwell JH, Mandel G,
Trimmer JS, et al. 2001. Compact myelin dictates the dif-
ferential targeting of two sodium channel isoforms in the
same axon. Neuron 30:91-104.

Brock WJ, Rodricks JV, Rulis A, Dellarco VL, Gray GM,
Lane RW. 2003. Food safety: risk assessment methodology
and decision-making criteria. Int J Toxicol 22:435-451.

Bryant R, Bite MG, eds. 2003 Global Insecticide Directory. 3rd ed.
Orpington, Kent, UK:Agranova.

Cantalamessa F. 1993. Acute toxicity of two pyrethroids, per-
methrin, and cypermethrin in neonatal and adult rats. Arch
Toxicol 67:510-513.

Casida JE. 1980. Pyrethrum flowers and pyrethroid insecti-
cides. Environ Health Perspect 34:189-202.

Casida JE, Quistad GB. 1998. Golden age of insecticide research:
past, present, or future? Annu Rev Entomol 43:1-16.

Catterall WA. 1999. Molecular properties of brain sodium
channels: an important target for anticonvulsant drugs.
Adv Neurol 79:441-456.

Claes L, Del Favero J, Ceulemans B, Lagae L, Van Broeckhoven C,
De Jonghe P. 2001. De novo mutations in the sodium-
channel gene SCN1A cause severe myoclonic epilepsy of
infancy. Am J Hum Genet 68:1327-1332.

Cohen SM, Klaunig J, Meek ME, Hill RN, Pastoor T, Lehman-
McKeeman L, et al. 2004. Evaluating the human relevance of
chemically-induced animal tumors. Toxicol Sci 78:181-186.

Conolly RB. 2002. The use of biologically based modeling in risk
assessment. Toxicology 181-182:275-279.

Costa L. 1998. Biochemical and molecular neurotoxicology: rele-
vance to biomarker development, neurotoxicity testing and
risk assessment. Toxicol Lett 102-103:417-421.

Crofton KM, Kehn LS, Gilbert ME 1995. Vehicle and route depen-
dent effects of a pyrethroid insecticide, deltamethrin, on
motor function in the rat. Neurotoxicol Teretol 17:489-495.

Donahue LM, Coates PW, Lee VH, Ippensen DC, Arze SE,
Poduslo SE. 2000. The cardiac sodium channel mRNA is
expressed in the developing and adult rat and human
brain. Brain Res 887:335-343.

Elliot M, Farnham AW, Janes NF, Needham PH, Pulman DA.
1974. Insecticidally active conformations of pyrethroids.
In: Mechanism of Pesticide Action (Kohn GK, ed).
Washington, DC:American Chemical Society, 80-91.

Eriksson P, Fredriksson A. 1991. Neurotoxic effects of two dif-
ferent pyrethroids, bioallethrin and deltamethrin, on imma-
ture and adult mice: changes in behavioral and muscarinic
receptor variables. Toxicol Appl Pharmacol 108:78-85.

Eriksson P, Johansson U, Ahlbom J, Fredriksson A. 1993.
Neonatal exposure to DDT induces increased susceptibility
to pyrethroid (bioallethrin) exposure at adult age—changes
in cholinergic muscarinic receptor and behavioural vari-
ables. Toxicology 77:21-30.

Eriksson P, Nordberg A. 1990. Effects of two pyrethroids, bio-
allethrin and deltamethrin, on subpopulations of muscarinic
and nicotinic receptors in the neonatal mouse brain. Toxicol
Appl Pharmacol 102:456—463.

Escayg A, Heils A, MacDonald BT, Haug K, Sander T,
Meisler MH. 2001. A novel SCN1A mutation associated
with generalized epilepsy with febrile seizures plus—and
prevalence of variants in patients with epilepsy. Am J Hum
Genet 68:866-873.

Farm Chemicals Handbook. 1997. Farm Chemicals Handbook
‘97. Willoughby, OH:Meister Publishing.

Felts PA, Yokoyama S, Dib-Haijj S, Black JA, Waxman SG. 1997.
Sodium channel alpha-subunit mRNAs I, II, 11l, NaG, Na6
and hNE (PN1): different expression patterns in developing
rat nervous system. Brain Res Mol Brain Res 45:71-82.

Food Quality Protection Act of 1996. 1996. Public Law 104-170.

Gammon DW, Brown MA, Casida JE. 1981. Two classes of
pyrethroid action in the cockroach. Pest Biochem Physiol
15:181-191.

Goldin AL, Barchi RL, Caldwell JH, Hofmann F, Howe JR,
Hunter JC, et al. 2000. Nomenclature of voltage-gated
sodium channels. Neuron 28:365-368.

Gomes MS, Bernardi MM, Spinosa HS. 1991a. Pyrethroid
insecticides and pregnancy: effect on physical and behav-
ioral development of rats. Vet Hum Toxicol 33:315-317.

Gomes MS, Bernardi MM, Spinosa HS. 1991b. Effects of prena-
tal insecticide exposure on the sexual development of
rats. Vet Hum Toxicol 33:427-428.

Gray AJ, Soderlund DM. 1985. Mammalian toxicology of
pyrethroids. In: Insecticides (Hutson DH, Roberts TR, eds).
New York:Wiley, 193-248.

Gupta A, Agarwal R, Shukla GS. 1999a. Functional impairment
of blood-brain barrier following pesticide exposure during
early development in rats. Hum Exp Toxicol 18:174-179.

Gupta A, Nigam D, Gupta A, Shukla GS, Agarwal AK. 1999b.
Effect of pyrethroid-based liquid mosquito repellent
inhalation on the blood-brain barrier function and oxida-
tive damage in selected organs of developing rats. J Appl
Toxicol 19:67-72.

Gustafson TA, Clevinger EC, O'Neill TJ, Yarowsky PJ,
Krueger BK. 1993. Mutually exclusive exon splicing of type
Il brain sodium channel alpha subunit RNA generates
developmentally regulated isoforms in rat brain. J Biol
Chem 268:18648—18653.

Hatta T, Ohmori H, Murakami T, Takano M, Yamashita K,
Yasuda M. 1999. Neurotoxic effects of phenytoin on post-
natal mouse brain development following neonatal adminis-
tration. Neurotoxicol Teratol 21:21-28.

Heudorf U, Angerer J, Drexler H. 2004. Current internal expo-
sure to pesticides in children and adolescents in Germany:
urinary levels of metabolites of pyrethroid and
organophosphorous insecticides. Int Arch Occup Environ
Health 77:67-72.

Holson RR, Pearce B. 1992. Principles and pitfalls in the analysis
of prenatal treatment effects in multiparous species.
Neurotoxicol Teratol 14:221-228.

Husain R, Malaviya M, Seth PK, Husain R. 1992. Differential
responses of regional brain polyamines following in utero
exposure to synthetic pyrethroid insecticides: a prelimi-
nary report. Bull Environ Contam Toxicol 49:402—409.

Husain R, Malaviya M, Seth PK, Husain R. 1994. Effect of

Environmental Health Perspectives « voLume 113 | numser 2 | February 2005

deltamethrin on regional brain polyamines and behaviour
in young rats. Pharmacol Toxicol 74:211-215.

Imamura L, Hasegawa H, Kurashina K, Hamanishi A, Tabuchi A,
Tsuda M. 2000. Repression of activity-dependent c-fos and
brain-derived neurotrophic factor mRNA expression by
pyrethroid insecticides accompanying a decrease in Ca2
influx into neurons. J Pharmacol Exp Ther 295:1175-1182.

Imamura L, Hasegawa H, Kurashina K, Matsuno T, Tsuda M.
2002. Neonatal exposure of newhorn mice to pyrethroid
(permethrin) represses activity-dependent c-fos mRNA
expression in cerebellum. Arch Toxicol 76:392-397.

Isom LL. 2001. Sodium channel beta subunits: anything but
auxiliary. Neuroscientist 7:42-54.

Isom LL. 2002. Beta subunits: players in neuronal hyper-
excitability? Novartis Found Symp 241:124-138.

Jarabek A, Bruins R, Choudhury H, Collette T, Crofton K,
Dellarco V, et al. 2002. Perchlorate Environmental
Contamination: Toxicological Review and Risk
Characterization. External Review Draft. NCEA-1-0503.
Washington, DC:0Office of Research and Development, U.S.
Environmental Protection Agency.

Jenkins SM, Bennett V. 2002. Developing nodes of Ranvier are
defined by ankyrin-G clustering and are independent of
paranodal axoglial adhesion. Proc Natl Acad Sci USA
99:2303-2308.

Kallen RG, Sheng ZH, Yang J, Chen LQ, Rogart RB, Barchi RL.
1990. Primary structure and expression of a sodium chan-
nel characteristic of denervated and immature rat skeletal
muscle. Neuron 4:233-242.

Kaneko H, Miyamoto J. 2001. Pyrethroid chemistry and metabo-
lism. In: Handbook of Pesticide Toxicology, Vol 2: Agents
(Krieger R, Doull J, Ecobichon D, eds). San Diego:Academic
Press, 1263-1288.

Kearney JA, Plummer NW, Smith MR, Kapur J, Cummins TR,
Waxman SG, et al. 2001. A gain-of-function mutation in the
sodium channel gene SCN2A results in seizures and
behavioral abnormalities. Neuroscience 102:307-317.

Laird JM, Souslova V, Wood JN, Cervero F. 2002. Deficits in
visceral pain and referred hyperalgesia in Nav1.8
(SNS/PN3)-null mice. J Neurosci 22:8352-8356.

Lawrence LJ, Casida JE. 1982. Pyrethroid toxicology: mouse
intracerebral structure-toxicity relationships. Biochem
Physiol 18:9-14.

Lazarini CA, Florio JC, Lemonica IP, Bernardi MM. 2001. Effects
of prenatal exposure to deltamethrin on forced swimming
behavior, motor activity, and striatal dopamine levels in
male and female rats. Neurotoxicol Teratol 23:665-673.

Lee SH, Soderlund DM. 2001. The V410M mutation associated
with pyrethroid resistance in Heliothis virescens reduces
the pyrethroid sensitivity of house fly sodium channels
expressed in Xenopus oocytes. Insect Biochem Mol Biol
31:19-29.

Lund AE, Narahashi T. 1982. Dose-dependent interaction of the
pyrethroid isomers with sodium channels of squid mem-
branes. Neurotoxicology 3:11-24.

Malaviya M, Husain R, Seth PK, Husain R. 1993. Perinatal effects
of two pyrethroid insecticides on brain neurotransmitter
function in the neonatal rat. Vet Hum Toxicol 35:119-122.

Meek ME, Bucher JR, Cohen SM, Dellarco V, Hill RN, Lehman-
McKeeman LD, et al. 2003. A framework for human rele-
vance analysis of information on carcinogenic modes of
action. Crit Rev Toxicol 33:591-653.

Meisler MH, Kearney J, Ottman R, Escayg A. 2001. Identification
of epilepsy genes in human and mouse. Annu Rev Genet
35:567-588.

Meisler MH, Kearney JA, Sprunger LK, MacDonald BT,
Buchner DA, Escayg A. 2002. Mutations of voltage-gated
sodium channels in movement disorders and epilepsy.
Novartis Found Symp 241:72-81.

Mileson, BE, Chambers JE, Chen WL, Dettbarn W, Ehrich M,
Eldefrawi AT. 1998. Common mechanism of toxicity: a
case study of organophosphorus pesticides. Toxicol Sci
41:8-20.

Moniz AC, Bernardi MM, Souza-Spinosa HS, Palermo-Neto J.
1990. Effects of exposure to a pyrethroid insecticide during
lactation on the behavior of infant and adult rats. Braz J
Med Biol Res 23:45-48.

Moniz AC, Cruz-Casallas PE, Oliveira CA, Lucisano A, Florio JC,
Nicolau AA. 1999. Perinatal fenvalerate exposure: behavioral
and endocrinology changes in male rats. Neurotoxicol
Neuroteratol 21:611-618.

Muller KE, Barton CN, Benignus VA. 1985. Recommendation for
appropriate statistical practice in toxicological experi-
ments. Neurotoxicology 5:113-126.

135



Review | Shafer et al.

Narahashi T. 1996. Neuronal ion channels as the target sites of
insecticides. Pharmacol Toxicol 78:1-14.

Narahashi T. 2001. Neurophysiological effects of insecticides. In:
Handbook of Pesticide Toxicology. Vol 1: Principles (Krieger
R, Doull J, Ecobichon D, eds). San Diego:Academic Press,
335-350.

Noebels JL. 2002. Sodium channel gene expression and
epilepsy. Novartis Found Symp 241:109-120.

Novakovic SD, Eglen RM, Hunter JC. 2001. Regulation of Na*
channel distribution in the nervous system. Trends Neurosci
24:473-478.

Ogata N, Ohishi Y. 2002. Molecular diversity of structure and
function of the voltage-gated Na* channels. Jpn J
Pharmacol 88:365-377.

Ohmori H, Ogura H, Yasuda M, Nakamura S, Hatta T, Kawano K,
et al. 1999. Developmental neurotoxicity of phenytoin on
granule cells and Purkinje cells in mouse cerebellum.
J Neurochem 72:1497-1506.

Ohmori H, Yamashita K, Hatta T, Yamasaki S, Kawamura M,
Higashi Y, et al. 1997. Effects of low-dose phenytoin
administered to newborn mice on developing cerebellum.
Neurotoxicol Teratol 19:205-211.

Patro N, Mishra SK, Chattopadhyay M, Patro IK. 1997.
Neurotoxicological effects of deltamethrin on the postnatal
development of cerebellum in rat. J Biosci 22:117-130.

Pauluhn J, Schmuck G. 2003. Critical analysis of potential body
temperature confounders on neurochemical endpoints
caused by direct dosing and maternal separation in neonatal
mice: a study of bioallethrin and deltamethrin interactions
with temperature on brain muscarinic receptors. J Appl
Toxicol 23:9-18.

Planells-Cases R, Caprini M, Zhang J, Rockenstein EM,
Rivera RR, Murre C, et al. 2000. Neuronal death and perinatal
lethality in voltage-gated sodium channel alpha(ll)-deficient
mice. Biophys J 78:2878-2891.

Plummer NW, McBurney MW, Meisler MH. 1997. Alternative
splicing of the sodium channel SCN8A predicts a trun-
cated two-domain protein in fetal brain and non-neuronal
cells. J Biol Chem 272:24008-24015.

Porter JD, Goldstein LA, Kasarskis EJ, Brueckner JK, Spear BT.
1996. The neuronal voltage-gated sodium channel, SCN8A,
is essential for postnatal maturation of spinal, but not oculo-
motor, motor units. Exp Neurol 139:328-334.

Ray DE. 2001. Pyrethroid insecticides: mechanisms of toxicity,
systemic poisoning syndromes, paresthesia, and therapy.
In: Handbook of Pesticide Toxicology: Vol 2: Agents (Krieger
R, Doull J, Ecobichon D, eds). San Diego:Academic Press,
1289-1303.

Reily EP, Meyer LJ. 1984. Consideration for the design, imple-
mentation and interpretation of animal models of fetal
alcohol effects. Neurotoxicol Teratol 6:97-101.

Sarao R, Gupta SK, Auld VJ, Dunn RJ. 1991. Developmentally
regulated alternative RNA splicing of rat brain sodium
channel mRNAs. Nucleic Acids Res 19:5673-5679.

Schettgen T, Heudorf U, Drexler H, Angerer J. 2002. Pyrethroid

exposure of the general population-is this due to diet.
Toxicol Lett 134:141-145.

Schilling MA, Inman SL, Morford LL, Moran MS, Vorhees CV.
1999. Prenatal phenytoin exposure and spatial navigation in
offspring: effects on reference and working memory and on
discrimination learning. Neurotoxicol Teratol 21:567-578.

Scott JG, Matsumura F. 1983. Evidence for two types of toxic
action of pyrethroids on susceptible and DDT-resistant
German cockroaches. Pestic Biochem Physiol 19:141-150.

Shah BS, Stevens EB, Pinnock RD, Dixon AK, Lee K. 2001.
Developmental expression of the novel voltage-gated
sodium channel auxiliary subunit 3, in rat CNS. J Physiol
534:763-776.

Sheets LP. 2000. A consideration of age-dependent differences
in susceptibility to organophosphorus and pyrethroid
insecticides. Neurotoxicology 21:57-64.

Sheets LP, Doherty JD, Law MW, Reiter LW, Crofton KM. 1994.
Age-dependent differences in the susceptibility of rats to
deltamethrin. Toxicol Appl Pharmacol 126:186-190.

Smith TJ, Lee SH, Ingles PJ, Knipple DC, Soderlund DM. 1997.
The L1014F point mutation in the house fly Vssc1 sodium
channel confers knockdown resistance to pyrethroids.
Insect Biochem Mol Biol 27:807-812.

Smith TJ, Soderlund DM. 1998. Action of the pyrethroid insecti-
cide cypermethrin on rat brain Ila sodium channels
expressed in Xenopus oocytes. Neurotoxicology 19:823-832.

Smith TJ, Soderlund DM. 2001. Potent actions of the pyrethroid
insecticides cismethrin and cypermethrin on rat
tetrodotoxin-resistant peripheral nerve (SNS/PN3) sodium
channels expressed in Xenopus oocytes. Pestic Biochem
Physiol 70:52-61.

Soderlund DM, Clark JM, Sheets LP, Mullin LS, Piccirillo VJ,
Sargent D, et al. 2002. Mechanisms of pyrethroid neuro-
toxicity: implications for cumulative risk assessment.
Toxicology 171:3-59.

Sonich-Mullin C, Fielder R, Wiltse J, Baetcke K, Dempsey J,
Fenner-Crisp P, et al. 2001. IPCS conceptual framework for
evaluating a MOA for chemical carcinogenesis. Regul
Toxicol Pharmacol 34:146-152.

Staatz CG, Bloom AS, Lech JJ. 1982. Effect of pyrethroids on
[3Hkainic acid binding to mouse forebrain membranes.
Toxicol Appl Pharmacol 64:566-569.

Talts U, Fredriksson A, Eriksson P. 1998. Changes in behavior
and muscarinic receptor density after neonatal and adult
exposure to bioallethrin. Neurobiol Aging 19:545-552.

Tatebayashi H, Narahashi T. 1994. Differential mechanism of
action of the pyrethroid tetramethrin on tetrodotoxin-
sensitive and tetrodotoxin-resistant sodium channels.
J Pharmacol Exp Ther 270:595-603.

Tilson HA. 2000a. New horizons: future directions in neuro-
toxicology. Environ Health Perspect 108(suppl 3):429-441.

Tilson HA. 2000b. Neurotoxicology risk assessment guidelines:
developmental neurotoxicology. Neurotoxicology 21:189-194.

Trainer VL, McPhee JC, Boutelet-Bochan H, Baker C, Scheuer T,
Babin D, et al. 1997. High affinity binding of pyrethroids to

the alpha subunit of brain sodium channels. Mol Pharmacol
51:651-657.

Tsuji R, Kobayashi K, Ikeda M, Yoshioka T, Yamada T, Seki T,
et al. 2002. Lack of changes in brain muscarinic receptor
and motor activity of mice after neonatal inhalation expo-
sure to d-allethrin. J Appl Toxicol 22:423-429.

U.S. EPA. 2002. Organophosphate Pesticides: Revised Cumulative
Risk Assessment. Washington, DC:Office of Pesticide
Programs, Office of Prevention, Pesticides and Toxic
Substances. Available: http://www.epa.gov/pesticides/
cumulative/rra-op/ [accessed 22 December 2004].

Vais H, Atkinson S, Eldursi N, Devonshire AL, Williamson MS,
Usherwood PN. 2000. A single amino acid change makes a
rat neuronal sodium channel highly sensitive to pyrethroid
insecticides. FEBS Lett 470:135-138.

Vais H, Williamson MS, Devonshire AL, Usherwood PN. 2001.
The molecular interactions of pyrethroid insecticides with
insect and mammalian sodium channels. Pest Manag Sci
57:877-888.

Valentine WM. 1990. Toxicology of selected pesticides, drugs,
and chemicals. Pyrethrin and pyrethroid insecticides. Vet
Clin North Am Small Anim Pract 20:375-382.

Verschoyle RD, Aldridge WN. 1980. Structure-activity relation-
ships of some pyrethroids in rats. Arch Toxicol. 45:325-329.

Verschoyle RD, Barnes JM. 1972. Toxicity of natural and syn-
thetic pyrethrins to rats. Pestic Biochem Physiol 2:308-311.

Vorhees CV, Acuff-Smith, KD, Schilling MA, Moran MS. 1995.
Prenatal exposure to sodium phenytoin in rats induces
complex maze learning deficits comparable to those
induced by exposure to phenytoin acid at half the dose.
Neurotoxicol Teratol 17:627-632.

Wallace RH, Scheffer IE, Barnett S, Richards M, Dibbens L,
Desai RR, et al. 2001. Neuronal sodium-channel alphal-
subunit mutations in generalized epilepsy with febrile
seizures plus. Am J Hum Genet 68:859-865.

Wang SY, Barile M, Wang GK. 2001. A phenylalanine residue at
segment D3-S6 in Nav1.4 voltage-gated Na* channels is
critical for pyrethroid action. Mol Pharmacol 60:620-628.

Watling KJ, Kebabian JW, Neumeyer JL, eds. 1995. The RBI
Handbook of Receptor Classification and Signal Transduction.
Natick, MA:Research Biochemicals International.

Whitaker WR, Clare JJ, Powell AJ, Chen YH, Faull RL,
Emson PC. 2000. Distribution of voltage-gated sodium
channel alpha-subunit and beta-subunit mRNAs in human
hippocampal formation, cortex, and cerebellum. J Comp
Neurol 422:123-139.

Whitaker WR, Faull RL, Waldvogel HJ, Plumpton CJ, Emson PC,
Clare JJ. 2001. Comparative distribution of voltage-gated
sodium channel proteins in human brain. Brain Res Mol
Brain Res 88:37-53.

Whyatt RM, Camann DE, Kinney PL, Reyes A, Ramirez J,
Dietrich J, et al. 2002. Residential pesticide use during
pregnancy among a cohort of urban minority women.
Environ Health Perspect 110:507-514.

136

voLUME 113 | NumBER 2 | February 2005 « Environmental Health Perspectives




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


