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The effects of pyrethroid insecticides and other sodium chan-
nel-specific neurotoxins on synaptosomal membrane potential
were investigated in rat and trout brain synaptosomes using the
membrane-permeant lipophilic cation [*Hjtetraphenylphos-
phonium (TPP*). Concentration-dependent and tetrodotoxin-
sensitive decreases in TPP* accumulation, indicative of mem-
brane depolarization, were produced by veratridine, aconitine,
scorpion (Leiurus quinquestriatus) venom, and type I and type Il
pyrethroids, in both species. Veratridine, aconitine, and Leiurus
venom were more potent and efficacious membrane-depolariz-
ing agents in rat synaptosomes than in trout synaptosomes.
Type I1 (deltamethrin, cypermethrin) pyrethroids produced sim-
ilar depolarizing responses in rat and trout synaptosomes; how-
ever, the I R-cis-aR isomer of deltamethrin, which had no effect
on membrane potential in rat synaptesomes, depolarized trout
synaptosomes. This isomer of deltamethrin was also shown to
produce toxicity in trout, but not in rats. The type I pyrethroids,
permethrin and NRDC 157, exhibited significantly greater in-
trinsic activity in trout brain synaptosomes, producing maximal
membrane depolarizations that were three times greater than
those observed in rat brain synaptosomes. These results provide
evidence of species-specific differences in the membrane-depo-
larizing properties of pyrethroid insecticides and sodium chan-
nel-specific neurotoxins. They also suggest that some of the neu-
rotoxin binding domains of the voltage-sensitive sodium chan-
nel in trout brain differ from those in mammalian brain. The
hypersensitivity of fish to the neurotoxic actions of pyrethroid
insecticides may be related to these differences. © 1993 Academic

Press, Inc.

The synthetic pyrethroids are among the most potent
and effective insecticides available (Casida et al., 1983; Vij-

! This research was presented in part at the Annual Meeting of the Soci-
ety of Toxicology, Miami Beach, FL (February 1990) and at Neurotox’91,
International Symposium on the Molecular Basis of Drug and Pesticide
Action at the University of Southampton, England (April 1991).
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verberg and van den Bercken, 1990), accounting for more
than 30% of the world market in insecticides. The low toxic-
ity of these insecticides to mammals and birds and their
limited soil persistence has encouraged the widespread and
increasing use of pyrethroids in agriculture. Fish, however,
are extremely sensitive to the neurotoxic effects of these
insecticides. Pyrethroids have been shown to be neurotoxic
and lethal to fish at concentrations 10-1000 times lower
than corresponding values for mammals and birds (Glick-
man et al., 1982; Glickman and Lech, 1982; Edwards et al,
1986; Bradbury and Coats, 1989).

The hypersensitivity of fish to pyrethroid intoxication is
due to species-specific differences in pyrethroid metabolism
and to an increased sensitivity of the piscine nervous system
to these agents. Comparative in vivo and in vitro metabolic
studies have shown that rainbow trout have a lower capac-
ity than rodents and birds to metabolize and eliminate pyre-
throid insecticides (Glickman and Lech, 1981, 1982; Glick-
man et al., 1982). However, metabolic differences do not
entirely account for the hypersensitivity of fish to pyre-
throid intoxication. Glickman and Lech (1982) reported
that some pyrethroid isomers are still 60 times more toxic
to trout than to mice when pyrethroid metabolism is inhib-
ited in both species. These investigators also showed that
pyrethroids produce profound toxicity in rainbow trout at
CNS concentrations 3-20 times lower than those required
to produce the same signs of toxicity in mammals. Other
laboratories have corroborated these findings, reporting 10-
to 20-fold differences in toxic brain concentrations of pyre-
throid insecticides in trout compared to rodents (Edwards
et al., 1986). These findings are indicative of a high intrinsic
sensitivity of the trout central nervous system to pyrethroid
insecticides.

The voltage-sensitive sodium channel is a primary molec-
ular target of the pyrethroid insecticides (Narahashi, 1985;
Vijverberg and van den Bercken, 1990). Pyrethroid action
on the voltage-sensitive sodium channel is supported by
electrophysiological studies in neuronal cells or tissues
(Lund and Narahashi, 1983; Vijverberg et al., 1986), by
22Nz flux studies in cultured neuronal cells (Jacques et al.,
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1980; Roche ez al., 1985) and synaptosomes ((Ghiasuddin
and Soderlund, 1983; Bloomquist and Soderlund, 1988)
and by binding studies using mammalian brain membranes
(Brown et al., 1988; Lombet er al., 1988). Pyrethroid insec-
ticides prolong the opening of the voltage-dependent so-
dium channel, causing an extended depolarization of the
nerve membrane and a prolonged sodium tail current
which is responsible for repetitive nerve impulse activity
(Narahashi, 1985; Vijverberg and De Weille, 1985).

The kinetics and sodium conductance of voltage-sensi-
tive sodium channels are modified by a variety of neuro-
toxins in addition to the pyrethroid insecticides. These neu-
rotoxins act at distinct receptor sites and have been used as
molecular probes of channel structure and function (Cat-
terall, 1988). At feast five distinct binding sites on the mam-
malian channel have been identified. Saxitoxin and tetro-
dotoxin bind to neurotoxin site 1 and block sodium ion
translocation. The lipid-soluble toxins, batrachotoxin, ver-
atridine, and aconitine, bind at neurotoxin receptor site 2,
producing persistent channel activation. Certain scorpion
a-toxins and sea anemone toxins bind at neurotoxin recep-
tor site 3 and suppress channel inactivation. The 8 scorpion
toxins bind at site 4 to alter sodium channel activation, and
ciguatoxins and brevetoxins act at site 5. Pyrethroids bind
stereoselectively at a distinct, but incompletely character-
ized, domain on the sodium channel and modulate the
binding and the activity of toxins acting at sites 2~-4 (Lom-
bet et al., 1988; Brown ¢ef al., 1988).

The pharmacological and functional properties of voli-
age-sensitive sodium channels in cultured mammalian neu-
ronal cells and mammalian nerve terminal preparations
have been well characterized; however, considerably less is
known about the function and pharmacology of these ion
channels in fish brain. Radiolabeled sodium flux studies in
trout brain synaptosome (Stuart ef al., 1987) and synapto-
neurosome (Rubin and Soderlund, 1992) preparations
have provided evidence for functional sodium channels in
these preparations, but have yielded conflicting results with
respect to the pharmacologic properties of these channels.
In addition, measurement of neurotoxin-stimulated radio-
labeled sodium flux was not sensitive encugh to assess pyre-
throid potencies in fish brain preparations (Rubin and So-
derlund, 1992).

Recent studies by our laboratory have shown that the
effects of pyrethroid insecticides and other sodium channel-
specific neurotoxins on synaptosomal membrane potential
can be estimated by measuring changes in the accumula-
tion of the membrane-permeant lipophilic cation tetra-
phenylphosphonium (TPP*)? in rat brain P2 synaptosomal
preparations (Eells et al.,, 1992). In the present study, we

3 Abbreviations used: EDTA, ethylenediaminetetraacetic acid; Hepes,
4-(2-hydroxyethyl)-1-piperazinccthanesulfonic acid; TPP*, tetraphenyl-
phosphonium:; TTX, tetrodotoxin.
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have employed this biochemical probe to compare the ef-
fects of pyrethroid insecticides and other neurotoxins in rat
and trout brain synaptosomal preparations. The investiga-
tions reported here show that TPP* accumulation is a direct
and sensitive measure of membrane depolarization second-
ary to sodium channel activation in trout nerve terminal
preparations. In addition, these studies present pharmaco-
logical evidence for differences between mammalian and
piscine sodium channel modulation by pyrethroid insecti-
cides and other sodium channel-specific neurotoxins.

METHODS

Materials

Deltamethrin = ((S)-a-cyano-3-phenoxybenzyl-cis-(1 R,3R})-2,2-di-
methyl-3-(2,2-dibromovinyl)cyclopropane carboxylate: /R-cis-aS), the
descyano analog of deitamethrin, NRIDC 157 (/ R-cis), and the I R-¢is-aR
enantiomer of deltamethrin were provided by Dr. J. P. Demoute at Rous-
sel Uclaf (Romainville, France). The /R-cis-«.S and the 1.S-cis-«R isomers
of cypermethrin (wv-cyano-3-phenoxybenzyl-cis-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropane carboxylate) and the /R-cis and 1.S-cis isomers of
permethrin  (3-phenoxybenzyl-cis-3+2,2-dichlorovinyl)2,2-dimethylcyclopro-
pane carboxylate) were provided by Dr. A. A. Ramsey at FMC Corpora-
tion (Princeton, NJ). The purity of the pyrethroid stereoisomers was re-
ported by each source to be greater than 98%. Tetrodotoxin, veratridine.
aconitine, and Leiurus guinquestriatus (North African) venom were ob-
tained from Sigma Chemical Co. (St. Louis, MO). [*H]Tetraphenyl-
phosphonium bromide, [*H]H,0, and [**C]sorbitol were purchased from
Amersham Corp. (Arlington Heights, IL). Preblend 3a70B scintillation
cocktail was obtained from Research Products International Corp. (Mount
Pleasant, IL). All other reagents were of the highest available purity and
purchased from standard commercial sources.

Animals

Adult, male Sprague-Dawley rats (Harlan Sprague-Dawley, Madison,
WI) that weighed 250-300 g and rainbow trout (Oncorhynchus mykiss),
16-25 cm in length, were used in these experiments. Rats were supplied
with food and water ad libidum and maintained on a 12-h light/dark sched-
ule in a temperature- and humidity-controlled environment prior to eutha-
nization. Trout obtained from the Department of the Interior fish hatcher-
ies were fed trout pellets (Murray Elevators, Murray, UT) and maintained
in flow-through conditions in dechlorinated tap water at 10-15°C on a
12-h light/dark schedule prior to euthanization. All animals were handled
in accordance with the Declaration of Helsinki and with the Guide for the
Care and Usc of Laboratory Animals as adopted and promulgated by the
National Institutes of Health.

Pyrethroid Toxicity Studies

Solutions of the /R-cis-aR enantiomer of deltamethrin and delta-
methrin (/R-cis-«8) were prepared in DMSO/saline (1/1). Pyrethroids
were administered by intrapcritoneal injection at a dose of 5 mg/kg (trout;

= 3) or 100 mg/kg (rats; n = 3) in a volume of 0.1--0.3 ml. and animals
were placed in aquaria or cages and observed for symptoms of toxicity for 3
hr. An equivalent volume of the vehicle was administered to control ani-
mals. Pyrethroid doses were selected on the basis of pyrethroid toxicity
studies conducted in trout (Glickman and Lech, 1982; Bradbury and
Coats, 1989) and rats (Verschoyle and Aldridge, 1980; Gray, 1985). The
limited amount of the 7 R-cis-aR enantiomer of deltamethrin available to
our laboratory precluded LDy, determinations. Animals exhibiting signs of
toxicity were observed for 5-10 min to provide a description of the toxic




symptoms then euthanized by cervical dislocation (trout) or lethal dose of
pemobarbital (rats). No differences were observed in the behavior of vehi-
cle-treated animals relative to untreated controls.

Preparation of Synaptosomes

Rats and trout were euthanized by decapitation, brains were removed,
and thé forebrain was rapidly dissected. Brain tissue was homogenized
using a Teflon-glass homogenizer in 12.5-volumes of ice-cold 0.32 M su-
crose containing 3.0 mM 4-(2-hydroxyethyl)-1-piperizineethanesulfonic
acid (Hepes; pH 7.5 with Tris base) and 1.0 mM ethylenediaminetetraace-
tic acid (EDTA). The homogenate was centrifuged at 1000g for 10 min to
separate the nuclear fraction. The resulting supernatant was centrifuged at
12.000g for 20 min (rat) or 17,000g for 30 min (trout) to obtain the P2
synaptosomal peliet. The increase in centrifugation force and time for the
trout preparation was required to obtain a packed and reproducible P2
pellet. The P2 pellet was resuspended to a final protein concentration of
0.25-0.35 mg/ml in incubation buffer that contained 135 mM NaCl, 50
mM Hepes buffer adjusted to pH 7.4 with Tris base, 1.3 mM CaCl,, 0.8 mMm
MgSO,, and 5.5 mM glucose. The protein content of synaptosomal prepa-
rations was determined by the method of Bradford (1976).

TPP* Accumulation Assay

[*HITPP* accumulation was mecasurcd using a modification of the
method of Pauwels and Laduron (1986). Synaptosomes (50-75 ug of pro-
tein) were incubated in 0.4 ml of incubation buffer containing 2 nm
[phenyl"H]TPP* (28 Ci/mmole) at 37°C (rat) or 15°C (trout) in a shaking
waterbath for 15 min to allow TPP* equilibration. TPP* uptake was di-
rectly proportional to synaptosomal protein concentration from 20 to 100
ug of protein. In some experiments, synaptosomes from both species were
incubated at 25°C. Pyrethroids, toxins, and/or other drugs were then
added and the mixture was incubated for an additional 10 min. The pyre-
throid isomer used in any experiment was the neurotoxic isomer unless
otherwise indicated. The neurotoxic isomers of deltamethrin and cyper-
methrin have a 1R-cis-aS configuration and the neurotoxic isomer of per-
mecthrin is the /R-cis isomer. Pyrethroid insecticides, veratridine and
aconitine, were added (1-2 ul) from concentrated stock solutions in di-
methylsulfoxide (DMSO) so that the final concentration of organic vehicle
in the assay was less than 0.1%. Control experiments demonstrated that
this concentration of DMSO had negligible effects on TPP* accumulation.
In most experiments, ouabain (1 mM) was added with the pyrethroids or
neurotoxins to block the ATP-dependent extrusion of sodium via the elec-
trogenic sodium pump (Ghiasuddin and Soderlund, 1984). The reaction
was terminated by the addition of ice-cold stopping buffer containing (in
mM) choline chloride (163), Hepes—Tris (50), MgCl, (0.8), and CaCl, (1.8),
pH 7.4, followed by rapid vacuum filtration through glass fiber filters (#32,
Schleicher and Schuell, Keene, NH). Synaptosomal [*°H]TPP* accumula-
tion was determined by liguid scintillation counting of the filters sus-
pended in 4 ml of scintillation cocktail (3270B, RPI). In some experiments,
valinomycin (5 uM) was added to eliminate the accumulation of
[*H]JTPP*- by intrasynaptosomal mitochondria (Scott and Nicholls,
1980). Nonspecific accumulation was determined from parallel incuba-
tions of boiled synaptosomes and has been subtracted from the data. Synap-
tosomal TPP* accumulation in the presence of valinomycein (5 uM) and
potassium (80 mM) was comparable to nonspecific accumulation indicat-
ing that these trecatments abolished both mitochondrial and plasma mem-
brane accumulation of TPP*, Unless stated otherwise, the sodium concen-
tration was decreased in incubates that contained potassium concentra-
tions greater than 5 mM to maintain iso-osmolarity. Values for
half-maximal (EC,) effects on TPP* accumulation were determined by
fitting data from individual experiments to the logistic equation ¢ = ¢,,,,/1
+ [k/x]", where e is the calculated change in membrane potential at a given
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concentration of agonist (x), k is the ECy, value for the agonist, and 7 is the
slope factor, using the Sigma-Plot scientific graphics program.

Determination of Intrasynaptosomal Volume

The internal volume of the synaptosomes was determined by a modifica-
tion of the method described by Lichtshtein et al. (1979). Synaptosomes
were prepared as described above and a 50-ul aliquot (1.0 mg protein) was
added to 450 pl of incubation buffer containing [*'H]H,O (10° dpm) and
[**CJsorbitol (275,00 dpm). Synaptosomes were allowed to equilibrate for
10 min at 30°C (rat) or 15°C (trout), followed by centrifugation and wash-
ing of the synaptosomal pellet. The total volume of the synaptosomal
pellet was determined from the [*HJH,O content and the extracellular
space from the ["*CJsorbitol content. The intrasynaptosomal volume was
taken as the difference between total and extrasynaptosomal volumes,
Average intrasynaptosomal volumes of 3.6 (rat) and 6.4 ul per milligram of
protein (trout) were calculated from the data. Similar values were obtained
in both species when synaptosomes were treated with DMSO (0.1%), vera-
tridine (100 uMm), aconitine (100 uMm), Leiurus venom (100 ug), or the pyre-
throids (100 uM).

Calculation of TPP* Concentration Gradients and Membrane Potential

The intrasynaptosomal concentration of TPP*, [TPP*],,, was calculated
from the accumulation of TPP™ per milligram of protein and the mean
intrasynaptosomal volume (3.6 ul/mg of protein for rat and 6.4 ul/mg
protein for trout). Subtraction of values obtained for TPP* accumulation
in 80 mM external potassium concentration from values obtained at 5 mMm
potassium yielded the TPP™ concentration in potassium-sensitive com-
partments (i.e., across the plasma membrane). External TPP* concentra-
tion, {TPP™],.., was calculated by subtracting the amount taken up from
the concentration of TPP* originally present in the reaction mixture. Con-
centration gradients were calculated as [TPP*}, /[TPP*],,,, and membrane
potential was estimated by applying this ratio to the Nernst equation as
described by Lichtshtein ez al. (1979).

Statistical Analysis

Results are presented as means + SE. Statistical comparisons of group
means were made using a Student’s £ test if only one comparison was made
between two groups. In all cases in which several comparisons were re-
quired, onc-way or two-way analyses of variance were performed. For
some comparisons, these were followed by a Dunnett’s test procedure for
multiple comparisons with a single control (Winer, 1972). In all cases, the
minimum level of significance was taken as p < 0.05.

RESULTS

Estimation of Synaptosomal Membrane Potential in Trout
Brain Synaptosomes

The accumulation of [*H]tetraphenylphosphonium was
used to estimate membrane potential in rat and trout brain
synaptosomes. TPP* is a lipophilic cation that passes
through the hydrophobic core of biological membranes and
passively distributes across the membrane according to the
Nernst equation. This probe has been utilized to estimate
membrane potential in cultured cells (Lichshtein et al.,
1979) and in mammalian synaptosomes (Ramos er al,
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FIG. 1. Time course of PHITPP” accumulation in rat and trout brain P2 synaptosomes. Synaptosomes (0.075 mg protein) were added to incuba-
tion buffer containing 2 nM [PH]TPP* and incubated at 37°C (rat) or 15°C (trout) for the times shown (closed circles). At the arrow, high potassium
buffer (final potassium concentration, 35 mM, open circles) was added and the incubation was continued for the times indicated. Separate incubates
were filtered at the times indicated and TPP accumulation was measured as described under Methods. Data are expressed as pmol of TPP* accumu-
lated per milligram of synaptosomal protein as a function of time. Results shown are from a single experiment that was repeated three times with

similar results.

1979; Pauwels and Laduron, 1986; Aiuchi et al., 1989; Eells
et al., 1992). Rat and trout brain synaptosome preparations
suspended in a medium containing physiological concen-
trations of sodium and potassium (135 mmM Na* and 5 mM
K*) accumulated TPP*, reaching comparable steady state
levels of accumulation within 10-15 min, which were
maintained for least 30 min, as shown in Fig. [. This steady
state level of synaptosomal TPP* accumulation reflects
equilibration of this cation across the plasma membrane
and accumulation into intrasynaptosomal mitochondria
(Scott and Nicholls, 1980; Ramos et al., 1979; Aiuchi et al.,
1989). In both species, TPP* accumulation was similarly
decreased by increasing extracellular potassium concentra-
tions to 35 mum (Fig. 1). Moreover, the equilibrium level of
TPP* in synaptosomes from both species decreased in an
exponential manner to a limiting value of approximately
20% when the external potassium concentration was in-
creased from 5 to 80 mm, indicating that the membrane
potential across the synaptosomal membrane is due pri-
marily to a potassium diffusion gradient (Fig. 2). Subtrac-
tion of values obtained for TPP* accumulation in 80 mM
external potassium concentration from values obtained at 5
mM potassium yielded the TPP* concentration in potas-
sium-sensitive compartments (i.e., across the plasma
membrane). Concentration gradients were calculated as
[TPP*},/[TPP*],., and membrane potential was esti-
mated by applying this ratio to the Nernst equation as de-
scribed by Lichtshtein et al. (1979). When these determina-
tions were done in the presence of valinomycin to eliminate
the mitochondrial contribution to membrane potential, it
was possible to estimate the resting plasma membrane po-
tential in rat and trout synaptosomes. Resting membrane
potential values of —80 = 3 (n = 6)and —78 =2 mV (n = 6)

were estimated for rat and trout brain synaptosomes, respec-
tively. The similarity in the resting membrane potential, the
time course for TPP* accumulation, and the profiles of po-
tassium-dependent membrane depolarization observed in
rat and trout brain synaptosomes suggests that TPP* is a
useful probe for neurotoxin-induced membrane potential
changes in trout brain synaptosomes, as has been previ-
ously reported for rat brain synaptosomes (Eells et al.,
1992).

Effects of Alkaloid Neurotoxins on Membrane Potential

The alkaloid neurotoxins, veratridine and aconitine, in-
teract with voltage-sensitive sodium channels to induce
persistent channel activation (Catterall, 1988). As shown in
Fig. 3, veratridine and aconitine (0.01-300 um) produced
concentration-dependent synaptosomal membrane depo-
larization in both species with maximal depolarizing re-
sponses observed at concentrations of 100 uM. We have
previously shown in rat brain synaptosomes that veratri-
dine and aconitine exhibit similar efficacy and potency.
Both agents reduced TPP* accumulation by nearly 70% at
concentrations of 100 uM, corresponding to an estimated
membrane depolarization of 60-70 mV (Eells et al., 1992).
In contrast, both neurotoxins were less effective and less
potent membrane-depolarizing agents in trout brain synap-
tosomes. As shown in Table 1, veratridine and aconitine
produced maximal estimated membrane depolarizations of
31 + L and 23 + 3 mV, respectively, in trout brain synapto-
somes. The half-maximal response (ECsg) values for vera-
tridine- and aconitine-induced membrane depolarization
in trout brain synaptosomes were 5.0 + 0.8 and 10 #+ 1 uM,
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FIG. 2. [PH]TPP* accumulation and calculated membrane depolarization in rat and trout P2 synaptosomes as a function of external potassium
concentration. Synaptosomes were incubated at 37°C (rat) or 15°C (trout) for 20 min. at the potassium concentrations indicated, in the presence of 2 nm
{*H]TPP*. Iso-osmolarity was maintained by decreasing sodium concentrations as potassium concentrations increased. Data are expressed as percentage
of control (5 mm K) TPP* accumulation (A) and calculated membrane depolarization (mV) (B) as a function of potassium concentration. Membrane
potential was determined by applying the Nernst equation to the equilibrium distribution of TPP* as described under Methods. Shown are the mean

values + SE from 4 experiments in each species.

respectively, compared with ECy; values of 2.3 = 1.0 and
5.0 + 0.5 M in rat brain synaptosomes. Measurements of
the effects of sodium channel-specific neurotoxins on TPP*
accumulation were conducted in the presence of ouabain (1
mM) to inhibit the Na/K ATPase-dependent extrusion of
intrasynaptosomal sodium and resulting synaptesomal re-
polarization (Lichtshtein et al, 1979; Eells er al., 1992).
The presence of ouabain in the incubation medium re-
duced TPP* accumulation by approximately 10% in both
rat and trout brain synaptosomes, corresponding to a 3- to
4-mV depolarization.
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Effects of Scorpion Venom (L. quinguestriatus) on
Membrane Potential

The a-polypeptide toxin present in the venom of the
North American scorpion L. quinguestriatus delays inacti-
vation of voltage-sensitive sodium channels (Catterall,
1988). Leiurus venom produced concentration-dependent
synaptosomal depolarization in rat and trout brain synap-
tosomes as shown in Fig. 4. Leiurus venom also demon-
strated greater efficacy and potency in rat brain synapto-
somes than in trout brain synaptosomes. The maximal esti-
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FIG. 3. Alkaloid neurotoxin-induced synaptosomal depolarization in rat and trout brain synaptosomes. Synaptosomes were incubated in buffer
containing 2 nM [*H]TPP* at 37°C (rat) or 15°C (trout) for 15 min to allow for TPP' equilibration. Veratiridine or aconitine were then added at the
concentrations indicated, in the presence of ouabain (1 mM), and the mixture was incubated for 10 additional minutes. Membrane potential was
determined by applying the Nernst equation to the equilibrium distribution of TPP* as described under Methods. Results are expressed as the difference
(mV depolarization) between the membrane potential values determined for neurotoxin-treated synaptosomes and their respective vehicle-treated (0.1%
DMSO: | mM ouabain) controls. Shown are the mean values = SE from 5 experiments. An asterisk indicates p < 0.05 compared to depolarization
measured in rat brain synaptosornes using Dunnett’s modification of the ¢ test.
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TABLE 1

Calculated ECsy and

E... Values and Tetrodotoxin Sensitivity for Synaptosomal Membrane Depolarization

Induced by Sodium Channel-Specific Neurotoxins and Pyrethroid Insecticides®

Rat Trout
ECso Epy Eo + TTX ECs, Epr E,. +TTX

Agent (M) {mV) (mV) (uM) {mV) {mV)
Veratridine 23 +1.0 +63+6 —2+1 5.0 +0.8° +31+ 14 +1 =1
Aconitine 5.0 0.5 +61 £ 1 ~-1x1 10.0 £ 1.0* +23 + 3° 0+1
Leiurus venom 0.15 = 0.02 +45+ 3 +3x1 0.3 = 0.04% +20 + 3° +1+1
Permethrin (/ R-cis) 3.5 £0.9° +5x1° 0+1 3.8+09 +15 + 28 +1 1
NRDC {57 (IR-cis) 54 +1.04 +4 + 14 +1+1 50+0.7 +11 + 284 +1 41
Cypermethrin (! R-cis-aS) 06 *+0.3 +20+3 +2+1 20+04° +20x1 +1+1
Deltamethrin (/R-cis-aS) 04 +0.1 +25+3 —1+1 2.0 0.3 +22+3 -2+

Note. Values represent the means + SE from 4 to 6 experiments,

# Values for half-maximal (ECs,) effects on TPP* accumulation were determined by fitting data from individual experiments to the logistic equation ¢
= ena/] + [k/x]" as described under Methods. E,,,, values are expressed as the difference (mV change) between the membrane potential valucs
determined for pyrethroid (100 gM) = TTX (1 uM) or neurotoxin (veratridine and aconitine, 100 pM; Leiwrus venom, 10 M) + TTX (1 uM) treated

synaptosomes and their respective vehicle-treated (0.1% DMSO) controls.

b Significantly different from same treatment in rat brain synaptosomes with p < 0.05 (two-tailed Student’s £ test).
¢ Significantly different from cypermethrin treatment in same species with p < 0.05 (two-tailed Student’s ¢ test).
4 Significantly different from deltamethrin treatment in same species with p < 0.05 (two-tailed Student’s £ test).

mated depolarization produced by Leiurus venom in rat
brain synaptosomes was 45 + 3 mV, with an estimated ECsg
of 0.15 + 0.02 uM (assuming a molecular weight of 6700 for
the a-toxin component of Leiurus venom [Tamkun and
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FIG. 4. Scorpion (L. quinguestriatus) venom-induced synaptosomal
depolarization in rat and trout brain synaptosomes. Synaptosomes were
incubated in buffer containing 2 nM [PH]TPP* at 37°C (rat) or 15°C
(trout) for 15 min to allow for TPP* equilibration. Scorpion venom was
added at the concentrations indicated, in the presence of ouabain (1 mM),
and the mixture was incubated for 10 additional minutes. Membrane po-
tential was determined by applying the Nernst equation to the equilibrium
distribution of TPP* as described under Methods. Results are expressed as
the difference (mV depolarization) between the membrane potential val-
ues determined for neurotoxin-treated synaptosomes and their respective
vehicle-treated (0.1% DMSQ; | mM ouabain) controls. Shown are the
mean values = SE from 5 experiments. An asterisk indicates p < 0.05
compared to depolarization measured in rat brain synaptosomes using
Dunnett’s modification of the ¢ test.

Catterall, 1981]). In trout brain synaptosomes Leiurus
venom produced a maximal estimated membrane depolar-
ization of 20 = 3 mV with an ECs, of 0.30 + 0.04 uM.

Membrane Depolarization Produced by Pyrethroid
Insecticides

Pyrethroid insecticides have been divided into two
classes on the basis of their chemical structures, which is
reflected in their neurophysiological and toxicological ac-
tions (Verschoyle and Aldridge, 1980; Ray, 1982; Casida er
al., 1983). Pyrethroids containing an a-cyano substituent
on the alcohol moiety of the pyrethroid molecule have been
classified as type II pyrethroids and include the potent in-
secticides, deltamethrin and cypermethrin. Type I pyre-
throids, which lack the a-cyano moiety, include the de-
scyano analog of cypermethrin, permethrin, and the de-
scyano analog of deltamethrin, NRDC 157. Both type I and
type II pyrethroids produced concentration-dependent in-
creases in membrane depolarization in rat and trout brain
synaptosomes (Fig. 5). The effects of pyrethroids on mem-
brane potential were apparent from 100 oM to 100 pMm.
Pyrethroid-induced membrane depolarization achieved
statistical significance at 1 uM for the type Il pyrethroids
and at 10 uM for the type I pyrethroids, in both species.
Maximal depolarizing effects were observed in both species
at pyrethroid concentrations between 10 and 100 uM. In rat
brain synaptosomes, the type I1 pyrethroids, deltamethrin
and cypermethrin, were significantly more effective and
potent depolarizing agents than their descyano analogs,
NRDC 157 and permethrin (Table 1). Deltamethrin and
cypermethrin produced similar profiles of depolarization in




30 =
1 ¢ DM RAT I

- 251 o M

E 20: " PM

=~ } © NRDC 157

8 15+

a E

S 10

2 r

2 5

[ p

2
o-

Pyrethroid Concentration (M)

L ] ] ¥ T
1079 10°8 107 10°% 10°% 10°% 10°3

SPECIES DIFFERENCES IN PYRETHROID ACTIONS 113

30
b e DM TROUT
251 o CM *
20 - . PM
{ 0O NRDC 157 "
15
10
5
0-

] | T ¥ L)
10°% 1078 1077 10°8 10°% 10°4 103
Pyrethroid Concentration (M)

FIG. 5. Pyrethroid insecticide-induced synaptosomal membrane depolarization in rat and trout brain synaptosomes. Synaptosomes were incubated
in buffer containing 2 nM [PHJTPP* at 37°C (rat) or 15°C (trout) for 15 min to allow for TPP* equilibration. Deltamethrin (DM), cypermethrin (CM),
permethrin (PM), or NRDC 157 was then added at the concentrations indicated, in the presence of | mM ouabain, and the mixture was incubated for 10
additional minutes. Membrane potential was determined by applying the Nernst equation to the equilibrium distribution of TPP* as described under
Methods. Results are expressed as the difference (mV depolarization) between the membrane potential values determined for pyrethroid-treated
synaptosomes and their respective vehicle-treated {0.1% DMSO; | mM ouabain) controls, Shown are the mean + SE from 4 to 6 experiments. An asterisk
indicates p < 0.05 compared to depolarization measured in the absence of pyrethroid using Dunnett’s modification of the ¢ test. Synaptosomal
depolarization elicited by permethrin and NRDC 157 was significantly greater in trout brain synaptosomes than in rat brain synaptosomes (two-way

ANOVA with repeated measures, p < 0.01).

rat brain synaptosomes, with maximal depolarization val-
ues of 25 + 3 and 20 = 3 mV and EC;, values of 0.4 % 0.1
and 0.6 + 0.3 uM, respectively. The type 1 pyrethroids,
NRDC 157 and permethrin, produced maximal membrane
depolarizations of 4 + 1 and 5 + 1 mV with ECs, values of
5.4 + 1.0 and 3.5 * 0.9 uM, respectively. In contrast, in
trout brain synaptosomes, both the intrinsic activity and
the potency of type I and type Il pyrethroids were similar
(Table 1). The type H pyrethroids, deltamethrin (Ep,y, 22 *
3mV; ECsg, 2.0 £ 0.3 uM) and cypermethrin (F ., 20 + 1
mV; ECs,, 2.0 + 0.4 uM) exhibited nearly equivalent intrin-
sic activity and potency in trout brain synaptosomes, analo-
gous to their actions in rat brain synaptosomes (Fig. 5).
Maximal estimated membrane depolarization produced by
the type II pyrethroids was also similar in the two species
(Table 1). The descyano pyrethroids, NRDC 157 and per-
methrin, were significantly more effective depolarizing
agents in trout brain synaptosomes than in rat brain synap-
tosomes, producing maximal depolarizations of 11 = 2 and
15 + 2 mV, with apparent ECy, values of 5.0 0.7 and 3.8
+ 0.9 uM, respectively (Table | and Fig. 5).

Efject of Assay Temperature on Pyrethroid-Induced
Membrane Depolarization

To determine if the observed differences in the depolariz-
ing actions of the pyrethroid insecticides in rat and trout
brain synaptosomes were due to the differences in assay
temperatures, experiments were conducted on synapto-
somal preparations from both species incubated at the same
temperature. Figure 6 compares the membrane-depolariz-
ing actions of the type 1 and type II pyrethroids in rat and

trout brain synaptosomes incubated at 25°C. Membrane
depolarization produced by both type I and type II pyre-
throids in rat brain synaptosomes was significantly de-
creased at 25°C relative to 37°C. In trout brain synapto-
somes, no assay temperature-related differences were appar-
ent in the depolarizing actions of the type I and type I
pyrethroids. Maximal estimated depolarization (£,,,,) pro-
duced by the type Il pyrethroids, deltamethrin and cyper-
methrin, in trout synaptosomes, was 16 + 3and 18 £ 1 mV,
respectively, compared to E,,, values of 13 + 1 (delta-
methrin) and 10 = 2 mV (cypermethrin) in rat synapto-
somes. For the type I pyrethroids, NRDC 157 and per-
methrin, trout E,,,, values were 9.5 + 0.8 and 10 = 1 mV,
respectively, compared with 2.5 = 1 (NRDC 157)and 3 + |
mV (permethrin) in the rat. Calculated ECs, values for the
pyrethroids in rat and trout synaptosomes were similar at
25°C relative to ECs, values obtained at physiological assay
temperatures (data not shown), indicating that pyrethroid
potency was not affected by changing the assay tempera-
ture. Importantly, the relationship between the depolariz-
ing actions of type I and type II pyrethroids in each species
was not altered by changing the assay temperature. In rat
brain synaptosomes, the type II pyrethroids were more po-
tent and efficacious membrane-depolarizing agents than
the type I pyrethroids, whereas, in trout brain synapto-
somes both classes of pyrethroids exhibited similar potency
and efficacy.

Species Differences in Pyrethroid Stereoselectivity

The neuroexcitatory and neurotoxic actions of the pyre-
throid insecticides in the mammalian nervous system in
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FIG. 6. Pyrethroid insecticide-induced synaptosomal membrane depolarization in rat and trout brain synaptosomes incubated at 25°C. Synapto-
somes were incubated in buffer containing 2 nM [*HJTPP™ at 25°C for 15 min to aliow for TPP* equilibration. Deltamethrin (DM), cypermethrin (CM}),
permethrin (PM), or NRDC 157 was then added at the concentrations indicated, in the presence of | mM ouabain, and the mixture was incubated for 10
additional minutes. Membrane potential was determined by applying the Nernst equation to the equilibrium distribution of TPP* as described under
Methods. Results are cxpressed as the difference (mV depolarization) between the membrane potential values determined for pyrethroid-treated
synaptosomes and their respective vehicle-treated (0.1% DMSQ; | mM ouabain) controls. Shown are the mean = SE from 4 to 6 experiments. An asterisk
indicates p < 0.05 compared to depolarization measured in the absence of pyrethroid using Dunnett’s modification of the ¢ test. Synaptosomal
depolarization elicited by each pyrethroid was significantly greater in trout brain synaptosomes than in rat brain synaptosomes (two-way ANOVA with
repeated measures, p < 0.001). Depolarizing responses measured at 25°C in rat brain synaptosomes were significantly attenuated compared to corre-
sponding responses measured at 37°C (two-way ANOVA with repeated measures, p < 0.01).

vivo and in mammalian neuronal preparations in vitro have
been shown to be stereospecific. For the phenoxybenzyl
pyrethroids, including permethrin, cypermethrin, delta-
methrin, and NRDC 157, isomers possessing an R confor-
mation at the cyclopropane C-1 position and an S-configu-
ration of the a-cyano moiety (for type Il compounds) are
neurotoxic and their corresponding /S and «R enan-
tiomers are nontoxic (Lawrence and Casida, 1982; Gray,
1985; Eells er al., 1992). As shown in Fig. 7, the depolariz-

ing actions of deltamethrin in rat brain synaptosomes were
only observed with the IR-cis-a.S isomer. The IR-cis-aR
isomer had no effect on membrane potential as measured
by TPP* accumulation. In contrast, both the /R-¢is-.S and
the /R-cis-aR isomers of deltamethrin depolarized trout
brain synaptosomes, producing estimated membrane depo-
larizations of 22 + 3 and 13 + 2 mV, respectively, at con-
centrations of 100 uM. We also compared the effects of the
IR-cis-aS and the 1S-cis-aR isomer of cypermethrin and

30 30

R RAT TROUT ¥
> *

E

= 20- T " 20

g %
oo *

5 10- 10 - I

S

[2) <]

o

a 04 - 0 -

1] ¥ T ] ]
10°2 10°8 107 1076 10°5 1074 103
Isomer Concentration (M)

L 1 L L] L]
10°9 10°8 1077 10°8 10°5% 10°4 103
Isomer Concentration (M)

FIG. 7. Stereospecificity of deltamethrin-induced membrane depolarization in rat and trout brain synaptosomes. Synaptosomes were incubated in
buffer containing 2 nM [PHJTPP* at 37°C (rat) or 15°C (trout) for 15 min to allow for TPP* equilibration. Deltamethrin (RS) or its / R-¢is-«R enantiomer
(RR) was then added at the concentrations indicated, in the presence of | mM ouabain, and the mixture was incubated for 10 additional minutes.
Membrane potential was determined by applying the Nernst equation to the equilibrium distribution of TPP* as described under Methods. Results are
expressed as the difference {(mV depolarization) between the membrane potential values determincd for neurotoxin-treated synaptosomes and their
respective vehicle-treated (0.1% DMSO; | mM ouabain) controls. Shown are the mean + SE from 5 experiments. An asterisk indicates p < 0.05 compared
to depolarization measured in the absence of pyrethroid using Dunnett’s modification of the ¢ test.




the 1R-cis and the 1S-cis isomer of permethrin in both rat
and trout synaptosomes. In both species, reductions in
TPP* accumulation were specific for the /R-cis isomer of
permethrin and the JR-cis-aS isomer of cypermethrin
(data not shown), suggesting that the /R conformation is as
essential for biological activity in trout as it is in rat. How-
ever, the conformation of the a-cyano group does not ap-
pear to be an important determinant of neuroactivity in
trout brain in vitro.

Experiments were also conducted to determine if the /R-
cis-aR enantiomer of deltamethrin was neurotoxic to trout
in vivo. The IR-cis-aR isomer of deltamethrin was admin-
istered at a dose of 5 mg/kg (ip) to rainbow trout. Within 5
min of the injection, seizure activity was observed in all of
the trout. Convulsions were manifested by wide opercular
flaring, increased ventilation rate, and myoclonic head
swaying. Similar symptoms were observed in trout treated
with an equivalent dose of IR-cis-aS deltamethrin. Rats
given 100 mg/kg (ip) of the IR-cis-aR isomer of delta-
methrin exhibited no neurotoxic symptoms, whereas ad-
ministration of the same dose of IR-cis-aS deltamethrin
produced the classic type II poisoning syndrome character-
ized by salivation and choreoathetosis. Lawrence and Ca-
sida (1983) have also reported no evidence of neurotoxicity
in rats treated with the /R-cis-aR isomer of deltamethrin.

Inhibition of Pyrethroid- and Neurotoxin-Induced
Membrane Depolarization by Tetrodotoxin

Tetrodotoxin (TTX) binds to the voltage-sensitive so-
dium channel to block the influx of sodium through the
channel (Narahashi ef al., 1964; Catterall, 1988). As shown
in Table 1, TTX at a concentration of 1 uM fully antago-
nized the membrane-depolarizing actions of veratridine,
aconitine, Leiurus venom, and the type I and type 11 pyre-
throids in both rat and trout synaptosomes. To characterize
the TTX sensitivity of rat and trout brain sodium channels,
we determined the concentration-dependence of TTX inhi-
bition of veratridine-induced membrane depolarization as
shown in Fig. 8. In these experiments, we used 100 um
veratridine in trout brain synaptosomes and 10 uM veratri-
dine in rat brain synaptosomes to achieve comparable ini-
tial levels of membrane depolarization. The threshold con-
centration for TTX antagonism of veratridine-induced de-
polarization was 10 nM in both species and depolarization
was completely blocked at a TTX concentration of 1 uM.
The concentration of TTX producing 50% inhibition of
veratridine-induced depolarization (ICso) was 20 = 1 nM.
The apparent ICs, for TTX inhibition of deltamethrin-in-
duced (100 pM) depolarization was also 20 nM in both rat
and trout synaptosomes (data not shown). TTX alone had
no effect on membrane potential as determined by TPP*
accumulation (data not shown).
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FIG. 8. Inhibition of veratridine-induced membrane depolarization

by tetrodotoxin in rat and trout brain synaptosomes. Synaptosomes were
incubated in buffer containing 2 nm [PH]JTPP* at 37°C (rat) or 15°C
(trout) for 15 min to allow for TPP* equilibration. TTX was added at the
concentrations indicated, in the presence of veratridine (10 uM in rat and
100 uM in trout) and ouabain (1 mM), and the mixture was incubated for
10 additional minutes. Membrane potential was determined by applying
the Nernst equation to the equilibrium distribution of TPP* as described
under Methods. Results are expressed as the difference (mV depolariza-
tion) between the membrane potential values determined for neurotoxin-
treated synaptosomes and their respective vehicle-treated (0.1% DMSO; 1
mM ouabain) controls. Shown are the mean values + SE from 4 experi-
ments. An asterisk indicates p < 0.05 compared to depolarization mea-
sured in the absence of TTX (point labeled VTD) using Dunnett’s modifi-
cation of the ¢ test.

DISCUSSION

The data presented in this paper show that the effects of
pyrethroid insecticides and other sodium channel-specific
neurotoxins on nerve membrane potential can be esti-
mated in trout brain synaptosomal preparations using the
biochemical probe [*H]tetraphenyiphosphonium to mea-
sure membrane potential changes. These findings confirm
and extend our previous work providing evidence that
TPP* accumulation is a sensitive and direct measure of the
neuroexcitatory actions of pyrethroid insecticides and other
sodium channel-specific neurotoxins in nerve terminal
preparations from two species with documented differences
in pyrethroid sensitivity. Experiments were conducted in
similarly prepared nerve terminal preparations from rat
and trout brain and were incubated at temperatures which
are physiological for each species (37°C for rat and 15°C for
trout). Under these conditions, synaptosome preparations
from both species exhibited similar time courses of TPP*
accumulation and virtually identical profiles of potassium-
dependent membrane depolarization. Moreover, the calcu-
lated resting potential of —78 = 2 mV for trout brain synap-
tosomes is in good agreement with measured values in fish
neuronal preparations (Frank and Campbell, 1992) and is
also similar to the calculated resting potential in rat brain
synaptosomes (—80 = 3 mV).
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In both species, type I and type I pyrethroid insecticides
and the sodium channel-specific neurotoxins, veratridine,
aconitine, and Lefurus venom, were potent synaptosomal
depolarizing agents producing measurable changes in
membrane potential at concentrations as low as 100 nw,
with maximal responses observed between 10 and 100 pm.
Moreover, pyrethroid and neurotoxin-induced changes in
membrane potential were tetrodotoxin-sensitive in both rat
and trout brain synaptosomes, indicating that these agentss
depolarize the plasma membrane by interacting with the
voltage-sensitive sodium channel. The potency of TTX
(ICs0, 20 + 1 nM) as a blocker of both deltamethrin and
veratridine-induced membrane depolarization was identi-
cal in synaptosomes isolated from both species, suggesting
that the TTX binding site is similar in both species. Similar
ICs, values for TTX inhibition of veratridine-induced in-
flux of radiolabeled sodium through voltage-sensitive so-
dium channels have been reported in neuroblastoma cells
(Catterall, 1977) and in rat (Tamkun and Catterall, 1981),
mouse (Ghiasudden and Soderlund, 1985), and trout
{Stuart ef al., 1987) synaptosome preparations.

The neurotoxins, veratridine, aconitine, and Leiurus
venom, which have been widely used 1o characterize the
pharmacological properties of voltage-sensitive sodium
channels in mammalian neuronal preparations, were used
in our studies to compare sodium channel properties in rat
and trout brain synaptosomes. Veratridine and aconitine
bind to the sodium channel, inducing persistent channel
activation, and the «-toxin in Leiurus venom delays so-
dium channel inactivation. The rank order of potency for
these neurotoxins was the same in rat and trout synapto-
some preparations [Leiurus venom (rat ECgy, 0.15 pM;
trout ECsp, 0.30 um) > veratridine (rat ECyg, 2.3 uM; trout
ECs, 5 uM) > aconitine (rat ECyy, 5 uM; trout ECyp, 10
puM)]. In addition, conversion of the ECs, values to ratio
form (1:16:33) shows that this relationship is identical in
both species. suggesting that the relative affinity of these
neurotoxins for their respective binding sites on the voltage-
sensitive sodium channel does not differ in rat and trout.
Although the relative affinity for these neurotoxins was sim-
ilar in both species, the potency of veratridine, aconitine,
and Leiurus venom in trout brain synaptosomes was two-
fold lower than that in rat brain synaptosomes. In fact, trout
brain synaptosomes were one-half as responsive as rat brain
synaptosomes to the depolarizing actions of these neuro-
toxins with respect to both potency and intrinsic activity.
These differences in neurotoxin potency and efficacy were
not due to differences in the number of sodium channels,
since binding studies indicate that both species have approx-
imately equal densities of sodium channels (Tamkun and
Catterall, 1981; Rubin and Soderlund, personal communi-
cation). Moreover, a different pharmacological profile from
that observed in rat was also apparent in terms of intrinsic
neurotoxin activity in trout brain synaptosomes. In rat
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brain synaptosomes, veratridine and aconitine exhibited
nearly equivalent efficacy and both produced greater maxi-
mal depolarizations than Leiurus venom. In contrast, in
trout brain synaptosomes veratridine was a significantly
more effective depolarizing agent than either aconitine or
Leiurus venom. These findings suggest that the specificity
of the neurotoxin binding domains of the trout brain so-
dium channel for the site 2 toxins, aconitine and veratri-
dine, and the site 3 toxin, Leiurus venom, differ from their
mammalian counterparts. Radiolabeled sodium flux stud-
ies in synaptosome preparations also indicate that trout
brain sodium channels (Stuart e/ al, 1987) differ from
those of rat (Tamkun and Catterall, 1981) and mouse
(Ghiasuddin and Soderlund, 1984; Bloomquist and Soder-
lund, 1988) in their responses to aconitine and veratridine,
providing additional pharmacological evidence for differ-
ences between neurotoxin binding domains of mammalian
and piscine brain sodium channels.

Rat and trout brain synaptosome preparations also dif-
fered in their responses to the pyrethroid insecticides. The
difference in pyrethroid sensitivity was most apparent in
studies with the type I pyrethroids, NRDC 157 and per-
methrin, which produced maximal depolarization in trout
brain synaptosomes of 11 and 15 mV compared to 4 and 5
mV in rat brain. In trout brain synaptosomes, permethrin
produced a depolarizing response three times greater than
the effect produced at the same concentration in rat brain
synaptosomes. The three-fold difference in efficacy of per-
methrin (/R-cis) in our studies is analogous to the differ-
ence in brain concentrations of this isomer of permethrin
associated with the onset of toxic symptoms in trout and
mice (Glickman and Lech, 1982). It is interesting that the
EC;, values for pyrethroid-induced synaptosomal depolar-
ization were similar in both species for permethrin and
NRDC 157, in contrast to the pronounced differences in
their E,,,, values and the species difference in permethrin
toxicity. These findings suggest that pyrethroid-induced
neurotoxicity may be a function of efficacy rather than af-
finity. A similar conclusion was reached by Brown et al.
(1988) in studies measuring pyrethroid enhancement of
[*H]batrachotoxin A 20-a-benzoate binding in rat brain
synaptoneurosomes.

The species-specific differences in pyrethroid-induced
membrane depolarization in rat and trout brain synapto-
somes were not due to differences in assay temperatures.
Pyrethroid-induced membrane depolarization was similar
at both assay temperatures in trout brain synaptosomes and
was significantly attenuated at 25°C relative to 37°C in rat
brain synaptosomes. However, the relationship between
the intrinsic activities of type I and type II pyrethroids as
membrane-depolarizing agents was not altered in either
species by changing the assay temperature. In addition, the
potency of these agents was also unaffected by assay temper-
ature. In some biological systems, pyrethroid action has




~ been shown to be enhanced at lower temperatures (Vijver-
 bergand De Weille, 1985; Vijverberg and van den Bercken,
1990). The opposite effect was observed in rat brain synap-
tosomes in the present studies. Other investigators have re-
ported both negative and positive temperature effects on
pyrethroid actions depending upon the temperature range
studied and the physiological response measured (Adams
and Miller, 1979, 1980; Vijverberg and van den Bercken,
1990). It is therefore likely that the processes involved in the
excitation of neuronal membranes by pyrethroid insecti-
cides are differentially modified by changes in temperature.

Although our findings with type I pyrethroids correlate
with in vivo studies of pyrethroid toxicity in fish relative to
mammals, the type II pyrethroids were more potent and
equally efficacious depolarizing agents in rat brain synapto-
somes compared with fish brain synaptosomes. These find-
ings indicate that the differences in toxicity of type II pyre-
throids in fish and rodents are not simply due to differences
in synaptic membrane depolarization secondary to sodium
channel activation. We have initiated studies to determine
if there are species-specific differences in synaptic events
secondary to sodium channel activation and synaptic
membrane depolarization which may contribute to the ob-
served hypersensitivity of fish to type II pyrethroid insecti-
cides.

In rat brain synaptosomes there was a clear distinction
between the depolarizing properties of type I and type I
pyrethroids with respect to both potency and efficacy. In
this species, type II pyrethroids were significantly more ef-
fective and potent depolarizing agents than their descyano
analogs. This distinction was much less apparent in trout
brain synaptosomes in which similar potencies and maxi-
mal depolarizing responses were observed with all of the
pyrethroids studied. Similarity in the actions of type I and
type II pyrethroids has also been described in vivo in trout
and other species of fish (Bradbury and Coats, 1989). In
contrast to rodents, in which there are clearly defined differ-
ences in the poisoning syndromes produced by type I and
type 11 pyrethroids (Verschoyle and Aldridge, 1980; Ray,
1982), the symptoms associated with type I and type Il pyre-
throid toxicity in trout are indistinguishable from each
other (Glickman and Lech, 1981, 1982; Holcombe et al.,
1982: Edwards et al, 1986; Bradbury and Coats, 1989).
Both classes of pyrethroids produce hyperactivity, erratic
swimming, whole body convulsions, and myoclonic head
swaying. In addition, similar LCs, concentrations for type
and type II pyrethroids following aqueous exposure have
been reported. LCs, values for permethrin ranged from 0.4
to 7.0 ug/liter, and those for cypermethrin ranged from 0.5
to 1.0 pg/liter (Stephenson, 1982; Holcombe ef al., 1982;
Kumaraguru and Beamish, 1981). Differences in the toxici-
ties of type I and type 1l pyrethroids are more pronounced
in rodents. In rodent toxicity studies type Il pyrethroids
have been reported to be at least 10 times more potent than
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their noncyano analogs (Gray, 1985). Verschoyle and Al-
dridge (1980) have reported LDs values of 2 mg/kg for
cypermethrin and 135 mg/kg for permethrin in rats follow-
ing intravenous administration, and Ghiasuddin and So-
derlund (1985) have reported LDy, values of 0.019 mg/kg
for deltamethrin and 0.19 mg/kg for NRDC 157 following
intracerebral ventricular administration in mice.
Differences in susceptibility to the toxic actions of py-
rethroids have been related to structural variations in the
pyrethroid binding domain of the voltage-sensitive sodinm
channel. The neurotoxic actions of pyrethroid insecticides
in mammals are highly dependent upon the absolute con-
formation of the pyrethroid molecule and exhibit well-de-
fined stereochemical requirements (Elliott et al, 1974;
Lawrence and Casida, 1982, 1983; Gray, 1985). In contrast,
fish show less specific stereoisomeric requirements (Glick-
man and Eech, 1982; Edwards ¢t a/., 1986; Bradbury and
Coats, 1989), indicative of species differences in binding
site structure. In our studies, the 1R-cis-aR isomer of delta-
methrin, which had no effect in rat brain synaptosomes,
depolarized trout synaptosomes. These findings provide a
neurochemical correlate for the differences in pyrethroid
stereochemistry requirements in fish and mammals (Glick-
man and Lech, 1982; Edwards e al., 1986; Bradbury and
Coats, 1989) and further support the concept of structural
variations in the pyrethroid binding domain. Importantly,
this enantiomer of deltamethrin, which has been shown to
be nontoxic in mammalian studies, produced toxic symp-
toms when administered to trout, further substantiating the
relevance of in vitro measurements of pyrethroid-induced
membrane depolarization to whole-animal toxicity.
Neurochemical and electrophysiological evidence from
other laboratorics also support the concept that the hyper-
sensitivity of fish to pyrethroid insecticides is determined,
in part, by the intrinsic properties of fish brain sodium
channels. Radiolabeled sodium flux studies have shown
striking interspecies differences in the effects of delta-
methrin on aconitine-dependent sodium channel activa-
tion in mammalian and piscine brain preparations (Rubin
and Soderlund, 1992). However, sodium flux assays do not
possess adequate sensitivity to assess pyrethroid potencies
in fish brain preparations and are additionally complicated
by the requirement for sodium channel-activating neuro-
toxins to assess their activity. Eshleman and Murray (1991)
have provided indirect evidence that pyrethroid insecti-
cides stimulate sodium conductance to a greater extent in
trout than in mammalian brain by showing a profound in-
crease in 2*C1™ influx in trout brain synaptoneurosomes sec-
ondary to pyrethroid-induced sodium channel activation.
Similar effects were not observed in mammalian synapto-
neurosome preparations. Preliminary studies reported by
Frank and Campbell (1992) show that permethrin more
effectively prolongs sodium channel closing in trout than in
mouse sensory nerve preparations and that this effect is
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temperature-sensitive and only apparent at temperatures
which are physiological for each species.

In summary, we have presented pharmacological evi-
dence for differences between mammalian and piscine so-
dium channel modulation by sodium channel-specific neu-
rotoxins and pyrethroid insecticides. Differences in the
functional properties of trout and mammalian brain so-
dium channels may be due to structural differences in pyre-
throid and other neurotoxin binding domains or may re-
fiect differences in their membrane lipid environment. Al-
though pharmacological characterization of sodium
channel function in trout and mammalian brain provides
valuable and important information, this approach may be
confounded by differences in membrane lipids and assay
parameters. To gain further insight into the mechanisms of
enhanced neuronal sensitivity it will be necessary to sepa-
rate the effects of the membrane environment and differ-
ences in assay conditions from those involving structural
changes in one or more binding domains of the sodium
channel. Studies have been initiated in our laboratory to
clone and sequence the sodium channel « subunit from
trout brain. thus enabling exploration of these differences at
the molecular level.
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