Biochemical Pharmacology, Vol. 38, No. 14, pp. 2233-2245, 1989.
Printed in Great Britain.

ROLE OF ION CHANNELS AND INTRATERMINAL
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Abstract—Using a continuous perfusion system, synaptosomes prepared from rat brain released
[*H]norepinephrine in a Ca**-dependent manner when pulse depolarized by briefly elevating external
potassium concentrations. Tetrodotoxin (10-7M), a sodium channel blocker, inhibited 48% of this
pulsed release, and D595 (10~7 M), a phenethylamine-type calcium channel blocker, inhibited 21%. In
combination, these two specific ion channel antagonists appear to function independently of each other
in an additive fashion. Addition of deltamethrin to this preparation resulted in an enhanced release of
[*H]norepinephrine which occurred in a biphasic fashion. At 1077 M, deltamethrin produced a 42%
enhancement in the first or initial peak of [*H]norepinephrine release and a 100% enhancement in the
second or tailing peak. Addition of deltamethrin to tetrodotoxin-pretreated synaptosomes resulted in a
net 37% enhancement of the initial peak release and a net increase of 277% in the tailing peak.
Addition of deltamethrin to D595-pretreated synaptosomes produced no significant effect on enhanced
[*H]norepinephrine release from either peak. Since tetrodotoxin is a specific sodium channel blocker,
deltamethrin may be enhancing [*H]norepinephrine release by increasing the uptake of Ca? via other
voltage-gated channels (e.g. calcium) or exchange mechanisms in addition to its action at voltage-gated
sodium channels. To determine whether deltamethrin may also have an effect on intraterminal Ca?*
homeostasis, external Ca?* was replaced with Ba’" and synaptosomes were depolarized with
pentylenetetrazole (PTZ). At 107° M, deltamethrin produced a 66% increase in neurotransmitter release
over that produced by PTZ alone. An estimated ECs, value of deltamethrin for PTZ-induced release
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was calculated to be 2.4 X 107'°M.

The pharmacology of pyrethrum insecticides has held
our interest ever since their direct stimulatory effect
on nerve tissue was reported by Lowenstein [1].
These natural compounds, which were originally iso-
lated from the flower head of Chrysanthemum ciner-
arigefolium, have potent insecticidal properties but
are environmentally benign and practically non-toxic
to mammals. The need for photostability led to the
development of a vast array of structurally dissimilar
“synthetic” pyrethroids which could be used in agri-
cultural and public health settings as replacements
for organophosphate and carbamate insecticides.
Along with increased longevity, some pyrethroids
were found to have greatly enhanced toxicity, par-
ticularly in aquatic organisms, and to produce
distinctly different types of symptomology of poison-
ing in mammals. It is now generally agreed that toxic
pyrethroid esters that possess both a halogenated
acid component and an alpha cyano 3-phenoxybenzyl
alcohol (i.e. type II) will induce choreoathetotic
writhing and salivation (CS syndrome). These type
II pyrethroids are usually more photostable and more
potent neurotoxins. Toxic pyrethroids which lack
either or both of these two entities (type I) induce
tremor (T syndrome) [2-8].
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It has been almost 25 years since the classic elec-
trophysiological studies first described the mode of
action of pyrethroids on voltage-dependent sodium
channels [9]. In the interval which followed, this
approach was enlarged upon using a variety of prep-
arations with essentially the same result [10]. Thus,
there is little disagreement that pyrethroids have
an action at or near the sodium channel in nerve.
Recently, a number of additional mechanisms have
been suggested which include the perturbation of
other voltage-dependent ion channels such as the
voltage-dependent calcium channels [10-15]. Also,
from an organismal viewpoint, the variety of toxic
symptoms that are produced by pyrethroids makes
it difficult to ascribe all of them to a single mechanism
[2, 13, 16-18].

The lack of repetitive activity in nerve axons
poisoned by the more potent neurotoxic type II
pyrethroids, however, seems in contradiction to their
obvious convulsive nature [10]. In previous studies
from this laboratory [15, 19], it was suggested that
type II pyrethroids have a highly sensitive action at
presynaptic nerve terminals in the CNS. Using a
functional bioassay which consists of a Ca’*-depen-
dent, K*-stimulated pulsed release of norepine-
phrine ([’H|NE) from rat brain synaptosomes, type
II pyrethroids caused a substantial enhancement of
[PH]NE release which was not apparent when type 1
pyrethroids were applied. The ECs, dose of delta-
methrin which resulted in half-maximal enhanced
[*HINE release (i.e. 2.9 X 1072 M) correlated well
with the ECsy dose of deltamethrin which resuited
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Table 1. Representative buffer compositions of external solutions

NaCl KCl p-Glucose ~ CaCl,  StCl,  BaCl,  MnCl,

Solution (mmol/liter)

NSM 128 5 16 1 — — —
DM 77 56 16 1 — — —
SINSM 128 5 16 — 1 — —
SrbDM 77 56 16 — 1 — —
BaNSM 128 5 16 — — 1 —
BaDM 77 56 16 — — 1 -
MnNSM 128 5 16 — — — 1
MnDM 77 56 16 — — — 1

In addition to the above, all solutions contained 12 uM nialamide and 20 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES). The solutions were all adjusted to pH 7.35
with Tris base. Abbrevations: NSM, normal superfusion medium; DM, depolarization medium;
StNSM, strontium containing normal superfusion medium; SrDM; strontium depolarization
medium; BaNSM, barium containing normal superfusion medium; BaDM, barium containing
depolarization medium; MnNSM, manganese containing normal superfusion medium; and
MnDM, manganese containing depolarization medium.

in half-maximal enhanced *“Ca®* uptake (i.e.
2.4 X 107 M). Enhanced release was only evident
during pulsed membrane depolarization which indi-
cates that this is a use-dependent phenomenon [19-
22]. The relative ability of various type II pyrethroids
to enhance monoaminergic neurotransmitter release
correlated well with their mammalian oral toxicity
and their ability to prolong time constants which
describe the exponential decay rate of sodium tail
currents via voltage-gated sodium channels [19].

Because release of norepinephrine is highly depen-
dent on Ca’" entering the cytosol of the synap-
tosome, it is assumed that deltamethrin may act on
entities which transport Ca%*, such as the voltage-
gated sodium and calcium channels [23, 24] and the
Na*/Ca?" exchanger [24]. In similar studies, nore-
pinephrine was released from rat brain cortex slices
by electrical stimulation. This release was shown to
be absolutely dependent on extracellular calcium and
was partially blocked not only by tetrodotoxin (TTX)
but also by the phenethylamine calcium channel
antagonist, D600, and by manganese [25].

Likewise, it was shown that acetylcholine is
depleted significantly from rat brain after oral
administration of deltamethrin. The ability of cis-
methrin to deplete this neurotransmitter from the
CNS is greatly reduced, while DDT results in no
depletion whatsoever [26]. Recently, it was found
that only the toxic s-acid, s-alcohol isomer of fen-
valerate evokes an enhanced neutrotransmitter
release in rabbit brain striatal slices [27]. In related
studies on insect neuromuscular preparations [28],
type II pyrethroids were very potent in increasing
the rate of miniature excitatory postsynaptic poten-
tials, but DDT and type I pyrethroids were much
reduced in this ability. Furthermore, deltamethrin
causes almost complete depletion of synaptic vesicles
from presynaptic motor nerve terminals {29].

Finally, depletion of brain norepinephrine stores
has been shown to be highly correlated to the con-
vulsive state [30, 31]. Thus, there appears to be a
correlation of enhanced [*HINE release, depletion
of presynaptic stores of NE, and the CS convulsive
state which are all caused by the action of delta-
methrin and other type II pyrethroids.

The present study details those experimental con-
ditions that were used to investigate the relative
importance of Ca>* uptake via sodium and calcium
channels and what role intraterminal calcium homeo-
stasis may play in the action of deltamethrin at the
presynaptic nerve terminals which results in
enhanced [*H]NE release.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats, 56- to 60-
days-old (250 g), were obtained from the Charles
River Breeding Laboratories Inc. (Wilmington,
MA).

Chemicals. Deltamethrin ((S)-alpha cyano 3-
phenoxybenzyl - cis- (1R,3R) - 2,2 -dimethyl-3- (2,2 -
dibromovinyl)cyclopropanecarboxylate) was ob-
tained from Dr J. Martel, Centre de Researches,
Roussel Uclaf, Romainville, France. D595 (5-[3,4-
dimethylphenyl)methyl - amino] - 2 - (3,4 - dichloro-
phenyl)-2-isopropylvaleronitrile) was a gift of Prof.
Kretzchmar, Knoll AG, D-67 Ludwigshafen A/
Rhein, West Germany. Pentylenetetrazole (PTZ),
tetrodotoxin (TTX), and all other organic or inor-
ganic chemicals were obtained from the Sigma
Chemical Co. (St Louis, MO).

Preparation of synaptosomes. Synaptosomes were
prepared from whole brains by the method of Whit-
taker et al. [32]. The P, fraction (crude mitochondrial
fraction) was resuspended in 5.0ml of 0.32M
sucrose, layered onto a discontinuous sucrose density
gradient of 0.32, 0.8, and 1.2 M sucrose, and centri-
fuged at 50,000 g for 1 hr. The material at the 0.8
1.2 M interface was collected by aspiration [33}. This
was returned to a more physiological normotonic
environment by addition of small volumes of ice-
cold normal superfusion medium (NSM, Table 1)
over a 30-min period to a final volume equal to four
times the collected synaptosomal volume [34]. The
equilibrated synaptosomes were then pelleted at
15,000g for 10 min and resuspended in ice-cold
NSM. The concentration of protein was set typically
between 8 and 11 mg/ml [35].

Analysis of [PHINE efflux. Uptake and release
of [PH]NE were accomplished exactly as previously
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Table 2. Effects of Ca®* replacement ions on [*’H]NE release from rat brain synaptosomes

[°HINE release
(summation of fractional rate constants)

Non-depolarlized Depolarized Difference due

Solution fraction total fraction total to depolarization
CaCl, 334x12 43.9x0.3 10515
SrCl, 30.1+0.3 42.0+1.0 11.9+0.7
MnCl, 64.5+0.5 69.4 0.9 49+ 0.2*
BaCl, 314+58 34550 3.1x0.8*

Solutions were NSM or DM in which 1 mM of the listed salt replaced 1 mM CaCl,.
Non-depolarized fraction total represents a summation of the fractional rate constants for
fractions 12 through 20 of the synaptosomes that were not subjected to K* depolarization.
Depolarized fraction total represents a summation of the fractional rate constants for
fractions 12 through 20 of the synaptosomes that were subjected to K* depolarization.
The fractional rate constant is the amount of [*H]NE released in each 1-min fraction (i.e.
0.5ml) as a percentage of the radioactivity remaining in synaptosomes during the
preceding minute. Difference due to depolarization is the difference in the release of
[*HINE by depolarized synaptosomes compared to non-depolarized synaptosomes in the
presence of the same salt. Means (+SE) represent an average of two experiments with
four replicates for each salt.

* Significantly different from the percent difference for CaCl, (i.e. 10.5*1.5)
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(P < 0.05, Student’s one-tailed r-test).

described by Brooks and Clark [19]. To study the
effect of re;)lacing Ca?* with other divalent cations
(Ba?*, Mn** and Sr?*), the 1 mM CaCl, in NSM
and DM (Table 1) was replaced with either 1 mM
BaCl,, MnCl, or SrCl,. Synaptosomes were then
washed, perfused, and K*-pulse depolarized with
these replacement media.

The effects of pretreatment with TTX or D595
were analyzed by adding various TTX or D595 con-
centrations so their amounts were adjusted to give a
final assay concentration when 1.0 ul was added to
the 0.1-ml aliquot. Aliquots were pre-equilibrated in
this fashion for 10 min on ice prior to addition of
[*HINE.

In some cases, synaptosomes were loaded with
[PH]NE, washed, and perfused exactly as above
except that Ca?* was replaced with Ba?* and the
synaptosomal aliquots were never treated with high
K*-depolarizing medium (DM, Table 1). Instead at
min 6 (fraction 6), selected synaptosomal aliquots
received BaNSM containing various concentrations
of PTZ. After 3 min, PTZ was removed and per-
fusion continued with BaNSM until 24 fractions (i.e.
0.5ml per fraction) were collected. Synaptosomal
aliquots serving as controls received BaNSM without
PTZ for the entire assay. To analyze any synergistic
effect between PTZ and deltamethrin, synaptosomes
were incubated at 0° with various concentrations of
deltamethrin for 10min prior to loading with
[*HINE. After loading, the synaptosomes were
washed and perfused with BaNSM. After 6 min
(fraction 6), selected aliquots received BaNSM con-
taining 5 X 107> M PTZ. After 3 min, these aliquots
received BaNSM without PTZ. Some deltamethrin-
treated synaptosomes received only BaNSM without
PTZ for the entire assay and served as non-depo-
larized controls for those assays.

Calculation of [PH]NE released. Release of
[*H]NE was expressed as either a fractional rate

constant, as fractional rate constant differences, or
as a summation of fractional rate constant differences
[19]. The fractional rate constant is the amount of
[PH]NE released in each 1-min fraction (i.e. 0.5 ml)
as a percentage of the radioactivity remaining in
synaptosomes during the preceding minute [25, 36—
38]. After determining fractional rate constants for
all barrels, a fractional average of all fractional rate
constants from similarly treated barrels was cal-
culated. The fractional average determined for non-
depolarized or non-PTZ-treated barrels was then
subtracted from the fractional average determined
for K*-pulse depolarized or PTZ-treated barrels to
give a fractional average difference. The fractional
average differences for fractions 12 through 20 were
summed to give a summation of fractional average
differences (e.g. summation of [H]NE released).
These values were used to compare the effects of
various nerve convulsants (deltamethrin, PTZ), ion
channe! blockers (TTX, D595) and divalent cationic
calcium replacements (Ba?*, Mn?*, Sr?*).

Addition of ion channel blockers and nerve con-
vulsants. In experiments that used deltamethrin or
water-insoluble agents, compounds were solubilized
in 95% ethanol. Their amounts were adjusted to give
a final assay concentration when 1.0 ul was added to
a 0.1-ml synaptosomal aliquot.

Synaptosomes were pre-equilibrated for 10 min on
ice prior to the addition of [*H|NE. Ethanol was
included in all control tubes and accounted for not
more than 1% of the total value. Tetrodotoxin was
solubilized in 6.0 x 10~3 M sodium citrate (pH 4.8).
This sodium citrate solution was also added to control
tubes.

In experiments with deltamethrin, incubation
tubes were coated with Carbowax PEG 20000. Insec-
ticides were added to Carbowax-treated tubes and
incubated under standard conditions {39]. Solutions
were transferred to noncoated tubes prior to loading
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Fig. 1. Effects of various concentrations of TTX and D595
on release of [°’H]NE. Synaptosomal aliquots were incu-
bated with either TTX (hatched bars, Fig. 1A), D595
(hatched bars, Fig. 1B) or 1.0 ul of 95% ethanol (open
bars, both panels) prior to addition of 0.139 uM [*H]NE.
Aliquots were subsequently washed and superfused with
NSM. After 6 min (fraction 6), selected aliquots were K*-
pulse depolarized with DM for 2 min. Results are expressed
as a summation of [*H|NE released = SE. Summations
exressed are an average of two experiments per con-
centration, with each experiment consisting of four rep-
licates.

with [PH|NE. This transfer was necessary in that
Carbowax (polyethylene glycol) readily absorbs
amines such as norepinephrine.

Statistics. T-tests and least-squares regression
analyses were performed on the Cyber CDC main-
frame computer located at the University of Mas-
sachusetts using the Statistical Package for the Social
Sciences (SPSS).

RESULTS

Cationic specificity of [PH|NE release. As illus-
trated in Table 2, several ions can be used as Ca?*
replacements. Sr** replaced Ca?* effectively show-

J. M. CLARK and M. W. BROOKS

ing no significant (P > 0.05) reduction in [*H|NE
release during K*-pulsed depolarization. Although
Mn?* appeared to significantly (P < 0.05) inhibit
[*H]NE release (4.9 = 0.2 compared to 10.5 = 1.5
for Ca?*), synaptosomes that were not pulse depo-
larized by high K* also released [*HINE. This is
evident in the summation totals for Mn%*-treated,
non-depolarized synaptosomes compared to Ca®*-
treated synaptosomes. The Mn?* non-depolarized
controls released nearly twice as much (64.5 + 0.5)
[PHINE as Ca?* non-depolarized controls
(33.4 £ 1.2). This suggests that Mn?* replacement
of Ca?* affected synaptosomal integrity, resulting
in “leaky” synaptosomes. Replacement with Ba?*
inhibited [*H]NE release by 70% compared to con-
trols (3.1 £ 0.8 vs 10.5 = 1.5 for Ca?*) but without
causing release of [PHJNE from non-depolarized
synaptosomes (31.4 = 5.8 compared to 33.4 +1.2
for Ca®*). Therefore, it appears that replacement of
Ca?* with Ba?* allows normal [*H]NE uptake but is
inhibitory to Ca?*-dependent, K*-pulse depolarized
[*H]NE release.

Effects of channel antagonists on [PH]INE release.
The results in Fig. 1A show that TTX, a sodium
channel blocker, inhibited Ca?*-dependent, K*-
pulse depolarized [*HINE release. Release of
[PHINE dropped from 15.4 + 0.4 for controls to
11.7x0.1, 7.5+2.5, 72x1.1 and 8.6 +0.8 for
TTX concentrations of 1078, 10~7, 107% and 107’ M
respectively. TTX inhibition appeared to have
reached saturation at 1077 M,

D595, a phenethylamine-type calcium channel
blocker, was also found to inhibit [’H]NE release
from K*-pulse depolarized synaptosomes (Fig. 1B).
At 107°M, D595 significantly (P < 0.05) inhibited
release of [*H|NE, dropping it from 17.4 + 1.4 for
controls to 11.8 £ 1.6 for treated synaptosomes.
Increasing the concentration of D595 did not produce
any greater inhibition of [°H]NE release until a con-
centration of 1073M was achieved. Usually phen-
ethylamines such as verapamil and D600 block
calcium currents in nerve at concentrations between
10~% and 10™*M with inhibition of sodium currents
occurring at still higher concentrations [40]. The
increased potency of D595 on the inhibition of neuro-
transmitter release from presynaptic terminals may
be correlated to its strong negative inotropic effect
on cardiac muscle. In myocardium, D595 has been
shown to be the most potent negative inotropic agent
with an ECsy value of 7.9 X 107"M compared to
3.5 X 107° M for verapamil (i.e. approximately five-
times more potent) [41]. It is also interesting that
D595 is the only halogen-substituted phenethyl-
amine-type calcium channel blocker of the verapamil
class and thus bears this structural similarity with
the halogen-substituted type II pyrethroids such as
deltamethrin.

The abilities of TTX and D595 to collectively block
[*H]NE release during K*-pulsed depolarization are
detailed in Table 3. TTX at 10~7 M inhibited 48% of
[PH]NE release compared to control synaptosomes.
This level of TTX inhibition is consistent with pre-
vious findings [42]. At 10”5 M, D595 inhibited 21%
of [*H]NE release versus control values. Addition of
both TTX (10-7M) and D595 (10~°>M) inhibited
[*H]INE release by 74% compared to controls. Thus,
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Table 3. Effect of deltamethrin on [*H]NE release from rat brain synaptosomes treated
with TTX or D595

[*HINE release
(summation of fractional average

differences)
Percentage
Treatment Control Treated inhibited

D595 16.7+ 1.4 13.2 £ 0.6 214
D595 + deltamethrin 16.7 1.4 126*x1.4 24+8
TTX 12.1+£25 6.3+0.3 48+ 3
TTX + deltamethrin 12.1 %25 12.7 3.0 —*

D595 = TTX 19.8 1.1 5114 74 +7

Non-treated controls received 1.0 ul ethanol only. Release of [*H)NE from control
and treated synaptosomes is expressed as a summation of fractional average differences
for fractions 12 through 20 and is calculated as follows: (1) fractional rate constants are
determined from the amount of [°’H]NE released in each fraction as a percentage of the
radioactivity remaining in synaptosomes during the preceding minute; (2) a fractional
average of all fractional rate constants from similarly treated barrels is determined; (3)
the fractional average determined from non-depolarized barrels is then subtracted from
the fractional average determined for K*-pulse depolarized barrels to give a fractional
average difference; (4) the fractional average differences for fractions 12 through 20 are
summed to give a summation of fractional average differences. Percentage inhibited
refers to the difference between the [°H]NE released by treated synaptosomes compared
to control synaptosomes. Values are means (£SE) of two experiments with four
replicates. Assay concentrations: D395, 10°M; TTX, 10°7M; and deltamethrin,
1077 M.

* No significant difference between control and treated (P > 0.05, one-tailed -test).
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Fig. 2. Effect of deltamethrin on TTX- and D595-influenced [*H]NE release patterns. In panel A,
synaptosomal aliquots were incubated with either 10”7 M deltamethrin (open circles) or 95% ethanol
(solid circles) for 5 min. In panel B, synaptosomal aliquots were incubated with 10-?M TTX for 5 min.
In panel C, synaptosomal aliquots were incubated with 10* M D595 for 5 min. At the conclusion of
this period, synaptosomal aliquots in panel A were incubated an additional 5 min while those in panels
B and C received either 1077 M deltamethrin (open circles) or 1.0 ul of 95% ethanol (solid circles) for
5 min. Aliquots were then incubated with [*H]NE for 15 min, washed, and perfused with NSM. After
6 min (fraction 6), selected aliquots were pulse depolarized with DM for 2 min. Results are expressed
as rate constant differences and represent the average of two experiments, each consisting of four
8P 38:14-B replicates.
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Fig. 3. Effects of Ba2* and Ca®* on K*-pulse depolarized [°H]NE release and the deltamethrin on PTZ-
induced [*HINE release. Panel A: synaptosomes loaded with [PH]NE were efftuxed with either NSM
(Ca?*, solid circles) or BaNSM (Ba**, open circles) for 24 min (24 fractions). Panel B: synaptosomes
loaded with [*H]NE were effluxed and pulse depolarized for 2 min with either DM (Ca?", solid circles)
or BaDM (Ba®*, open circles) at min 6 (fraction 6). Panel C: synaptosomes were pretreated (5 min)
with either 10~° M deltamethrin (solid triangles) or ethanol (open squares, open circles) before being
loaded with [°’H]NE and effluxed with BaNSM. At min 6 (fraction 6), selected synaptosomes were
pulsed for 2 min with 5§ x 107> M PTZ (open squares, solid triangles). Other synaptosomes received
BaNSM for the entire 24 min collection (24 fractions, open circles).

these agents at the concentrations tested apparently
block sodium and calcium channels in an additive
fashion independent of each other. Further, it is
shown in Table 3 that deltamethrin failed to
enhanced release of [PH]NE from D595-pretreated
synaptosomes (i.e.from13.2 2 0.6t012.6 + 1.4) but
did increase [PHINE release from TTX-pretreated
synaptosomes (i.e. from 6.3 = 0.3 to 12.7 £ 3.0).
This amounts to a net increase of 101% of [*H|NE
release due to deltamethrin enhancement in the pres-
ence of TTX.

The overall release pattern of [°’H|NE in the pres-
ence and absence of TTX and D595 is graphically
illustrated in Fig. 2. Deltamethrin, which enhanced
[*H]NE release from untreated (i.e. no TTX or D595
pretreatment) synaptosomes upon depolarization
(Fig. 2A), was unable to alter the rate constant
difference of D595-pretreated synaptosomes (Fig.
2C) but clearly enhanced the rate of [PH]NE release
despite the presence of TTX (Fig. 2B). As in the
absence of TTX (Fig. 2A), the addition of delta-
methrin in the presence of a saturating concentration
of TTX enhanced both the intial peak at fractions
12-15 as well as producing substantial tailing in the
following peak (i.e. tailing peak) through fractions
16-20 (Fig. 2B). If each of the two peaks are com-
pared quantitatively (e.g. femtomoles [*H|NE
released per milligram of protein per peak), a pattern

of enhanced [PH]NE release becomes apparent in
which the effect of deltamethrin is most obvious on
the increased magnitude of the second or tailing
peak. In untreated K*-pulse depolarized synap-
tosomes, the initial peak was calculated to be 43 + 4
fmol [*HINE released/mg protein and the tailing
peak 27 = 8 fmol (solid circles, Fig. 2A). Addition
of deltamethrin (1077 M) resulted in an initial peak
of 61 = 4 fmol (net increase of 42%) and a tailing
peak of 54 = 3 fmol (net increase of 100%) (open
circles, Fig. 2A). Pretreatment of synaptosomes with
TTX (1077 M) reduced the initial peak to 19 = 8 fmol
(a 56% reduction) and the tailing peak to 13+ 9
fmol (a 52% reduction) (solid circles, Fig. 2B).
Addition of deltamethrin to TTX-treated synap-
tosomes (open circles, Fig. 2B) enhanced the initial
peak to 26 = 3 fmol (a net increase of 37%) and the
tailing peak to 49 * 5 fmol (a net increase of 277%).
Pretreatment of synaptosomes with D595 (1073 M)
reduced the initial peak to 23 = 10fmol (a 47%
reduction) and the tailing peak to 20 = 11 fmol (a
26% reduction) (solid circles, Fig. 2C). Addition of
deltamethrin to D395-treated synaptosomes {open
circles, Fig. 2C) resulted in an initial peak of
24 = 11 fmol (a net increase of 4%) and a tailing
peak of 20 = 8 fmol (no net change). Consequently,
the addition of deltamethrin to D595-treated synap-
tosomes produced no significant (P > 0.05) effect on
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enhanced [PH]NE release. Since TTX is a specific
sodium channel blocker, deltamethrin may be
enhancing [*H]NE release by increasing the uptake
of Ca®* via other voltage-gated channels or exchange
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mechanism in addition to TTX-sensitive sodium
channels. Also, it should be noted that the fem-
tomole values given above compare favorably to the
summation of rate constant difference values given
in Table 3. The differences in the percentages
between the two sets of values are due to the fact
that rate constant values take into account variables
in synaptosomal load and integrity while the actual
femtomole values do not.

Pentylenetetrazole-induced [PH]NE release. To
determine whether deltamethrin has an effect on
intraterminal Ca?* homeostasis, the convulsant drug
PTZ was used as a depolarization agent [43-45].
Besides its well established ability to produce
paraoxysmal depolarization shifts in neurons, PTZ
also has been implicated in various Ca?*-related
cytoplasmic reactions resulting in the release of Ca*
from intracellular stores causing PTZ-induced burst-
ing activity [4648]. In the present experiments,
external Ca®* was replaced with Ba®*. As detailed
above, Ba%*-treated synaptosomes load [*H]NE nor-
mally but do not release it under these protocols.
Thus, any enhancement of [°H]NE release would be
expected to be dependent upon the mobilization of
intraterminal Ca’* stores necessary for the Ca’*-
dependent release of neurotransmitter [23].

The results of these experiments are graphically
illustrated in Fig. 3. Comparison of panels A and B
shows that the structural integrity of the synap-
tosomes was maintained during the perfusion period
regardless of the substitution of Ba2* for Ca?*. Upon
K*-pulsed depolarization (Fig. 3B), the two charac-
teristic Ca’*-dependent peaks of [PH]NE release
occurred (fractions 12-20, solid circles) but were
absent in Ba?* substituted buffers (open circles).
Addition of PTZ to synaptosomes resuspended in
BaNSM (Fig. 3C) induced a released of [*H|NE
(fractions 10-21, open squares). This PTZ-induced
release of [PH|NE was enhanced if synaptosomes
were pretreated with deltamethrin prior to [*H|NE
uptake (solid triangles). At 10~°M, deltamethrin
produced a 66% increase in [*H|NE release over
PTZ-induced release (10.5 = 0.7 fractional average
difference in the presence of deltamethrin vs
6.0 = 0.9 for PTZ-treated only).

The results in Fig. 4 show that pulsed depolar-
ization with PTZ in perfusion medium where Ba®*
had been substituted for Ca?* (i.e. BaNSM) released
synaptosomal [*’H]NE in a concentration-dependent
manner (0.25+2.9 for 10°5M, 10.7 +2.3 for
107*M and 15.3 = 0.7 for 10"2M). A least-square
regression analysis of these data gave an r? value of
0.95 with a calculated ECs, for PTZ of approximately
5 % 1075 M. The ECs, value is an extrapolated value
which woulud release a summation value of 9.0. On
a fmol [*’H]NE/mg protein basis, a concentration of
5% 1075M PTZ released a total of 49 + 0.1 fmol
[*HINE.

Pretreatment with deltamethrin (10~° M) resulted
in a significantly (P < 0.05) greater release of [*’H]NE
(10.5 = 0.7) than the additive releases measured in
the presence of either PTZ (6.0 = 0.9) or delta-
methrin (2.7 = 0.3) individually (Fig. 5). This indi-
cates a synergistic action of deltamethrin on PTZ-
induced release. Increasing the concentration of del-
tamethrin increased the amount of PTZ-induced
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[*HINE release in a dose-dependent manner (Fig.
6). Although no significant effect on release
(P >0.05) was noted for deltamethrin at con-
centrations of 1071'M or less (5.1 = 0.6 compared
to 4.3 = 1.1 for controls), a significant enhancement
was noted at 107°M (7.4 0.9 compared to
3.1 £ 0.8 for controls). Increasing the concentration
of deltamethrin above 107° M failed to change sig-
nificantly (P > 0.05) the difference in PTZ-induced
release, indicating saturation above this concen-
tration. From this, the maximum effect of del-
tamethrin (10~° M) on PTZ-induced [*H]NE release
was calculated to be a summation value of 4.08 or
an enhanced release of 27 + 0.1 fmol of [*H]NE/mg
protein. The summation values of enhanced [H|NE
release above untreated PTZ-induced values, for
various concentrations of deltamethrin (from
5 x 107! to 1072 M), were then subjected to a least-
squares regression analysis. The regression gave an
r? value of 0.94 with an estimated ECs, value cal-
culated for deltamethrin of 2.4 x 107! M. The ECsg
value is calculated as the extrapolated value which
would release a summation value of control plus
2.04.

DISCUSSION

The role of both voltage-gated sodium and calcium
channels in the stimulus—secretion coupling mech-
anism of neurotransmitter release is well established
[49;. Voltage clamp experiments have shown that
Ca** enters the neuron in two phases. The early
phase is TTX-sensitive and follows the time—course
of fast Na* current via sodium channels. However,
the permeability of the sodium channel for Ca®* is
only about 1% of that for Na*. The latter phase
of Ca?* influx is not sensitive to either TTX or
tetraethylammonium and, if it undergoes inac-
tivation, it does so more slowly. It is this latter phase

of Ca?* entry that is responsible for neurotransmitter
release [50].

Invasion of action potentials onto the synap-
tolemma of presynaptic nerve terminals apparently
alters the configuration of channel gating proteins,
allowing increased inward Na® currents via fast
sodium channels and transient membrane depolar-
ization. As the synaptolemma becomes increasingly
depolarized, the gating proteins of the “late or slow”
calcium channels also become altered, and Ca?* flux
increases raising the cytosolic Ca?* concentration.
The calcium binding protein, calmodulin, binds Ca?*
allowing it to activate a Ca**/calmodulin-dependent
protein kinase (Ca/CaM kinase II). In the presence
of ATP, the activated kinase phosphorylates a syn-
aptic vesicle-binding protein, synapsin I, in the tail
region which liberates the vesicle. Vesicles freed in
this manner can now interact with the synaptolemma
and release their neurotransmitter content into the
synaptic gap via exocytosis [51].

As previously described, the action of del-
tamethrin on the enhancement of monoaminergic
neurotransmitter release (i.e. [°H]NE) correlates
well with °Ca?* uptake into synaptosomes [19] and
the present work indicates that other voltage-gated
channels (e.g. calcium channel), in addition to the
TTX-sensitive sodium channel, may also be involved
in this process. Because of this, it was proposed
that deltamethrin and other type Il pyrethroids may
interact with entities which regulate Ca®* flux across
the synaptolemma, and possibly on those that control
intraterminal calcium regulation (e.g. endoplasmic
reticillum and mitochondria). In doing so, del-
tamethrin and related pyrethroids could produce the
convulsive CS syndrome of poisoning by depleting
specific brain regions of the CNS of monoamine
neurotransmitters in a manner similar in many
aspects to epileptic or PTZ-induced seizures. Vir-
tually all of the noradrenergic pathways that have
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been studied at this time are efferent pathways of
the locus ceruleus to cerebral cortex, cerebellum and
hippocampus. The major effect of stimulating these
pathways is an inhibition of spontaneous discharges
[52]. Depletion of monoamines in the presynaptic
processes of these neurons by type II pyrethroids
would then be convulsive in nature as spontaneous
discharges increase. Recently, a direct excitatory
role for released NE on hippocampal pyramidal cells
has been established resulting in hyperexcitation by
diminishing the slow after hyperpolarization via a
Ca%*-activated K* channel. Interestingly, the hip-
pocampus plays a key role in epilepsy [53].

The convulsant drug PTZ has been used exten-
sively in elucidating the mechanism of epilep-
togenesis and has been shown recently to be involved
in the phosphorylation of synapsin I associated with
Ca?* influx into synaptosomes [54] and thus could
be involved in enhancing the release of neuro-
transmitters. In experiments that examined the phar-
macological effects of deltamethrin on live rats, it
was found to prolong the convulsive seizures induced
by PTZ and to potentiate PTZ toxicity [55]. The CS
syndrome of poisoning produced by type II pyre-
throids (e.g. deltamethrin) has many similarities with
an epileptic seizure (salvation, choreoathetotic
writhing, etc.). Although the exact mode of action
has yet to be determined at the cellular level, two
mechanisms have been proposed which directly
relate to the enhancement of monoaminergic
neurotransmitter release by deltamethrin in PTZ-
treated synaptosomes. The first possibility is that
PTZ is involved in the release of intracellular Ca%*
from dense lysosome-like granules [46] or mito-
chondria [56] during bursting activity. PTZ acts to
deplete the granules of Ca?* and alters their structure
from dense type to lamella type. In our experiments
with PTZ-induced neurotransmitter release, external
Ca®* was replaced by Ba®* which serves as a mimic
for Ca?* as a charge carrier through voltage-gated
calcium channels. Barium, however, does not sup-
port the phosphorylation of synapsin I [57] and hence
does not support Ca?*-triggered neutrotransmitter
release from synaptosomes. Thus, any Ca®*-trig-
gered neurotransmitter release induced by PTZ is
assumed to be due to the mobilization of intra-
terminal stores of Ca?* possibly by a mechanism
similar to that described above. Enhancement of
PTZ-induced neutrotransmitter release by delta-
methrin under these experimental restrictions may
indicate an action of type II pyrethroids at cyto-
plasmic reactions that regulate intraterminal free
Ca?* concentrations (e.g. Ca?*-pumps, Na*/Ca?*
exchange, etc.) [58]. Failure to rapidly sequester or
efflux Ca* liberated by the action of PTZ would
result in elevated cytosolic Ca** concentrations and
prolonged neurotransmitter release.

A second possibility is that PTZ acts at the voltage-
gated sodium channel producing proxysmal depo-
larizing shifts [44]. This causes increased Na* con-
ductance and results in membrane depolarization
which allows Ba?* to influx into presynaptic nerve
terminals via voltage-gated calcium channels [54].
Increased cytosolic Na* and Ba?* are now available
for exchange with intraterminal stores of Ca’* (e.g.
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mitochondria) via Na*/Ca®* and Ba?*/Ca?* exch-
angers [59-62]. Increased cytosolic Ca®* is then avail-
able to induce neurotransmitter release. In this case,
enhanced neurotransmitter release induced by delta-
methrin could be explained by an action at either the
sodium or calcium channels or both.

The ability of TTX and D595 to block K*-stimu-
lated, Ca**-dependent [*’H|NE release in an additive
fashion indicates that both sodium and calcium chan-
nels are involved in this process and that these two
channel antagonists are acting independently of each
other at the concentrations tested. It is well estab-
lished that TTX almost totally abolishes Ca®* uptake
and protein phosphorylations stimulated by the
addition of veratridine but not by high K* or A23187
[42]. Clearly, other ion channels and transporters
are being activated by K* depolarization that are not
activated by veratridine. Further, the stimulatory
action of high K* on Ca®* uptake occurs almost
immediately and is essentially complete within the
first 30 sec. The effect of veratridine on Ca®* uptake
is slower in onset and requires longer for completion
[63]. The addition of deltamethrin in the presence of
a saturating concentration of TTX enhanced both
the initial peak of [°’H]NE release as well as pro-
ducing highly significant tailing in the second peak.
These results are similar to the original observation
of Brooks and Clark of the enhancement of [*’H[NE
release by deltamethrin made in the absence of TTX
[19]. Since TTX is an extremely specific sodium
channel blocker, deltamethrin is apparently enhanc-
ing the uptake of external Ca®* via other channels
or exchange mechanisms. The absence of enhance-
ment of [*’H]NE release by deltamethrin in the pres-
ence of D595, particularly the lack of enhancement
of the tailing peak, supports the contention of a
significant role in this process of the calcium channel.

It is possible that the Ca®* agonism elicited by
deltamethrin as evidenced by enhanced #Ca?*
uptake and [*H]NE release is due to its shared struc-
tural similarity with D595. There are a number of
instances where slight structural alterations reverse
the action of a compound from antagonism to agon-
ism. A case in point is the L-type calcium channel
antagonist, nifedipine, and its structurally-related
dihydropyridine agonist, CGP 28392 (Fig.7).
Whereas CGP 28392 has been shown to increase
cytosolic Ca®?* levels and enhance cardiac con-
tractability (a positive inotropic effect), nifedipine is
completely antagonistic of these actions (a negative
inotropic effect) [64]. Apparently the conversion of
the antagonistic action of nifedipine to the agonistic
action of CGP 28392 on calcium channels is due to
anincreased electronegatively caused by the addition
of halogen atoms (i.e. fluorine) to the benzene ring
and to increased bulkiness by the addition of a furan
moiety to the pyridine ring of CGP 28392 [65].

Addition of the structurally-dissimilar calcium
channel antagonists, verapamil (phenethylamine-
type) and diltiazem (benzothiazepine-type), does not
after the effect of CGP 28392, indicating separate
sites of action for these different classes of calcium
channel antagonists [64]. Also unlike nifedipine,
verapamil and other phenethylamine analogs such
as D600 and D595 are use-dependent compounds
which exert their potent negative inotropic effect
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only after depolarization [66]. Deltamethrin also acts
as a use-dependent compound in the enhancement
of [*H]NE which is in full agreement with other
studies [20-22] but has been shown to cause a positive
intotropic effect in atrial muscle [12]. The ability
of the phenethylamine derivatives to function as
calcium channel blockers depends on the inclusion
of two benzene or similar carbon ring structures at
either end of the molecule and a tertiary amine
spaced two carbons from one of the benzyl or ring
groups (i.e. phenethylamine). Quarternization of
this nitrogen group results in total loss of antagonistic
action, whereas substitution within the benzene rings
causes a decrease in potency [67].

Overall, there is a great deal of structural and
chemical similarity between type II pyrethroids and
phenethylamine-type calcium channel antagonists as
exampled by verapamil, D600 or D595 (Fig. 7).
Although not classically a tertiary amine, the
inclusion of a nitrile on the alpha carbon of the
phenoxybenzyl alcohol (i.e. alpha cyano group) of
the type Il pyrethroids does satisfy the tertiary amine
requirement of verapamil analogs. Upon close
inspection, all type II pyrethroids are, in fact, phen-
ethylamine derivatives of the same class of com-
pounds as the verapamil analogs. Thus, although
structurally similar to D595, a phenethylamine-cal-
cium channel blocker which has an extemely potent
negative inotropic action, deltamethrin, may act as
a Ca’* channel agonist due to the inclusion of a
strongly electronegative dibromovinyl moiety and

increased bulkiness afforded by its alpha cyano 3-
phenoxybenzyl alcohol component in a fashion much
the same as discussed above for the dihydropyridine
agonist, CGP 28392 [66].

Indeed as pointed out by Triggle [65], only phene-
thylamine-type organic calcium channel blockers
such as verapamil and D595 have a strong, class IIT
action at conducting and nodal tissues. The other
three major types of organic calcium channel block-
ers (e.g. nifedipine, diltiazem and lidoflazine) are
greatly reduced in their action on nerve tissues.
Additionally, only phenethylamine-type blockers
have strong class I action at myocardium and strong
class III action at cerebral vasculature. It has been
shown previously that deltamethrin has an agonistic
action at each of the three sites. Deltamethrin is a
potent neurotoxic enhancer of transmitter release
from CNS presynaptic nerve terminals [15, 19, 27].
It produces a positive inotropic action at myocardium
[12] and results in increased blood flow in cerebral
vasculature [68]. Finally, of the three types of calcium
channels of chick dorsal root ganglion cells in culture,
only the non-inactivating L-type channel is stimu-
lated by the dihydropyridine agonist, Bay K 8644
[69,70]. In the same nerve preparation, the fast
inactivating T-type calcium channel was insensitive
to both the dihydropyridine, nifedipine, and the
phenethylamine, verapamil. Nevertheless, verapa-
mil is antagonistic to the slowly inactivating N-type
calcium channel but nifedipine has no effect [71].
These findings are supportive of a specific interaction
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of phenethylamine-type compounds at N-type cal-
cium channels in nerve.

Recently using whole cell patch clamp techniques
with neuroblastoma cells (N1E-115), Narahashi [72]
showed that type I pyrethroids block both Type I (T-
type calcium channels) and Type II (L-type calcium
channels) calcium currents. Type II pyrethroids had
no effect on either of these two types of calcium
channel in the neuroblastoma preparation. Although
the action of type I pyrethroids on calcium channels
of neuroblastoma cells correlates with our initial
findings that type I pyrethroids are not potent enhan-
cers of neurotransmitter release from rat brain synap-
tosomes [19], they are at odds concerning the action
of type II pyrethroids at presynaptic nerve terminals
presented in this work. A possible explanation for
the discrepancy may lie in the fact that N1E-115
neuroblastoma cells have only L-type and T-type
calcium channels and not the intermediately or
slowly inactivating N-type calcium channel [73]. In
many fully differentiated and functioning neurons,
neurotransmitter release is regulated by a Ca®*-trig-
gered event that undergoes slow inactivation, is sen-
sitive to Cd?*, but insensitive to dihydropyridines,
which are the same characteristics of the N-type
calcium channels [74]. Recently, Hirning et al. {75}
reported a dominant role of N-type calcium channels
in the depolarization-dependent release of NE from
sympathetic neurons. They also present the possi-
bility that Ca®* entry through N-type calcium chan-
nels may dominate the release of small synaptic
vesicles containing cholinergic and monoaminergic
neurotransmitters, whereas Ca®* flux via L-type cal-
cium channels may dominate the release of large
dense core vesicles containing peptide and hormonal
neurotransmitters. If the release of NE is controlled
by N-type calcium channels, the lack of effect of type
Il pyrethroids in the above neuroblastoma prep-
aration may be the result of the apparent absence of
N-type channels.

The fact that type 11 pyrethroids may interact with
both the sodium and calcium voltage-gated channels
should not be that contradictory to the existing
sodium channel theory in that there appears to be a
great deal of structural homology between them. As
Curtis and Catterall {76,77] point out, both the
isolated sodium channel ionophore [78] and the
dihydropyridine calcium antagonist receptor com-
plex of the voltage-gated calcium channel [79] are
large membrane glycoproteins of 200-300 kD which
consist of one large subunit and two smaller subunits.
Indeed, Tanabe ez al. [80] have reported close struc-
tural and primary sequence similarities of the
dihydropyridine receptor of the voltage-gated cal-
cium channel to the voltage-gated sodium channel in
support of this contention. Such overall structural
similarities indicate similar requirements for rapid
movement of ions across membranes via voltage-
gated ionophores and may indicate similar binding
regions for pyrethroids. This apparent commonality
in action has already been extended to the phen-
ethylamine class of calcium channel blockers which
also have an inhibitory action at other voltage-gated
channels including the sodium channel, although at
much higher dosages [81-84].

2243

Acknowledgements—This work was supported by research
grant RR07048-19, NIH-BRSG, and by the Massachusetts
Agricultural Experimental Station, UMASS, Ambherst,
MA.

REFERENCES

1. Lowenstein O, A method of physiological assay of
pyrethrum extracts. Nature 150: 760-762, 1942,

2. Gray AJ, Pyrethroid structure—toxicity relationship in
mammals. Neurotoxicology 6: 127-138, 1985.

3. Staatz CG, Bloom AS and Lech JJ, A pharmacologic
study of pyrethroid neurotoxicity in mice. Pestic Bio-
chem Physiol 17: 287-292, 1982.

4. Cremer JE, Cunningham VJ, Ray DE and Sarna GS,
Regional changes in brain glucose utilization in rats
given a pyrethroid insecticide. Brain Res 194: 278-282,
1980.

5. Gray AlJ and Richard J, Toxicity of pyrethroids to rats
after direct injection into the central nervous system.
Neurotoxicology 3: 25-35, 1982.

6. Ray DE and Cremer JE, The action of decamethrin (a
synthetic pyrethroid) on the rat. Pestic Biochem Physiol
10: 330-340, 1979.

7. Verschoyle RD and Aldridge WN, Structure-activity
relationships of some of the pyrethroids in rats. Arch
Toxicol 45: 325-329, 1980.

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

9. Narahashi T and Anderson NC, Mechanism of exci-
tation block by the insecticide allethrin applied exter-
pally and internally to squid giant axons. Toxicol Appl
Pharmacol 16 529-547, 1967,

10. Narahashi T, Mechanisms of action of pyrethroids on
the sodium and calcium channel gating. In: Neuro-
pharmacology and Pesticide Action {Eds. Ford MG,
Lunt GG, Reay RC and Usherwood PNR), pp. 36-60.
Ellis Horwood, Chichester, England, 1986.

11. Cremer JE and Seville MP, Comparitive effects of two
pyrethroids, deltamethrin and cismethrin, on plasma
catecholamines and on blood glucose and lactate. Tox-
icol Appl Pharmacol 66: 124-133, 1982,

12. Berlin JR, Akera T, Brody TM and Matsumura F, The
inotropic effects of a synthetic pyrethroid decamethrin
on isolated guinea pig atrial muscle. Eur J Pharmacol
98: 313-322, 1984.

13. Gammon DW and Sander G, Two mechanisms of
pyrethroid action: Electrophysiological and pharma-
cological evidence. Neurotoxicology 6: 63-86, 1985.

14. Leake LD, Buckley DS, Ford MG and Salt DW, Com-
parative effects of pyrethroids in neurones of target
and non-target organisms. Neurotoxicology 6: 99-116,
198S.

15. Clark JM and Brooks MW, Neutrotoxicology of
pyrethroids: Single or multiple mechanisms of action?
Environ Toxicol Chem 8(5): 1989.

16. Leake LD, Dean JA and Ford MG, Pyrethroid action
and cellular activity in invertebrate activity. In: Neuro-
pharmacology and Pesticide Action (Eds, Ford MG,
Lunt GG, Reay RG and Usherwood PNR), pp. 244
266. Ellis Horwood, Chichester, England, 1986.

17. Clark JM and Matsumura F, Membrane Receptors and
Enzymes as Target of Insecticidal Action, Plenum Press,
New York, 1986.

18. Lawrence LT and Casida JE, Pyrethroid toxicology:
Mouse intracerebral structure-toxicity relationship.
Pestic Biochem Physiol 18: 9-14, 1982.

19. Brooks MW and Clark JM, Enhancement of nore-
pinephrine release from rat brain synaptosomes by
alpha cyano pyrethroids. Pestic Biochem Physiol 28:
127-139, 1987.

20. Lund AE and Narahashi T, Kinetics of sodium channel



2244

21.

22.

23.
24.

25.

26.

27.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

modifications as the basis for the variation in the nerve
membrane effects of pyrethroids and DDT analogs.
Pestic Biochem Physiol 20: 203-216, 1983.
Ghiasuddin SM and Soderlund DM, Pyrethroid insec-
ticides: Potent, stereospecific enhances of mouse brain
sodium channel activation. Pestic Biochem Physiol 24:
200206, 198sS.

Ruigt GSF, Pyrethroids. In: Physiology, Biochemistry
and Pharmacology (Eds. Kerkut G and Gilbert L), pp.
194-251. Pergamon Press, New York, 1985.

Llinas RR, Calcium in synaptic transmitter release. Sci
Am 287: 56-194, 1982.

Mullins LJ, Calcium entry upon depolarization of
nerve. J Physiol (Paris) 77: 1139-1144, 1981.

Orrego F and Sanches-Armass S, Electrically induced
release of >H-NE from rat brain cortex slices: A kinetic
analysis of the dependence of extracellular calcium.
Pharmacol Res Commun 13: 949-954, 1981.

Aldridge WN, Clothier B, Forshaw P, Johnson MK,
Parker VH, Price RJ, Skilleter DN, Verschoyle RD
and Stevens C, The effect of DDT and the pyrethroids
cismethrin and decamethrin on the acetyl choline and
cyclic nucleotide content of rat brain. Biochem Phar-
macol 27: 1703-1706, 1978.

Eells JT and Dubocovich ML, Pyrethroid insecticides
evoke neurotransmitter release from rabbit striatal
slices. J Pharmacol Exp Ther 246: 514-521, 1988.

. Salgado VL, Irving SN and Miller TA, The importance

of nerve terminal depolarization in pyrethroid poison-
ing of insects. Pestic Biochem Physiol 20: 169-182,
1983.

Schouest LP Jr, Salgado BL and Miller TA, Synaptic
vesicles are depleted from motor nerve terminals of
deltamethrin-treated house fly larvae, Musca do-
mestica. Pestic Biochem Physiol 25: 381-386, 1986.
Killian MH and Frey HH, Central monoamines and
convulsive thresholds in mice and rats. Neuropharma-
cology 12: 681-692, 1973.

Maj I and Vetulani J, Some pharmacological properties
of N,N-disubstituted dithiocarbamates and their effect
on the brain catecholamine levels. Eur J Pharmacol 9:
183-191, 1970.

Whittaker VP, Michaelson IA and Kirkland RJ, The
separation of synaptic vesicles from nerve ending par-
ticles (synaptosomes). Biochem J 90: 293-303, 1964.
Hajos F, An improved method for the separation of
synaptosomal fractions in high purity. Brain Res 93:
485489, 1975.

Blaustein MP, Ratzlaff RW and Kendrick NK, The
regulation of intracellular calcium in presynaptic nerve
terminals. Ann NY Acad Sci 307: 195-212, 1978.
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

Orrego F, Jankelevich J, Ceruti C and Ferrera E,
Differential effects of electrical stimulation on release
of H-noradrenaline and !*C-a-aminoisobutyrate from
brain slice. Nature 251: 55-57, 1974.

Orrego F and Miranda R, Electrically induced release
of [°'HJGABA from neocortical thin slices. Effect of
stimulus waveform and of amino-oxyacetic acid. J
Neurochem 26: 1033-1038, 1976.

Levi G, Gallo V and Raiteri M, A reevaluation of
veratridine as a tool for studying the depolarization-
induced release of neutrotransmitters from nerve end-
ings. Neurochem Res 5: 281-294, 1980.

Helmuth DW, Ghiassudin SM and Soderlund DM,
Poly(ethylene glycol) pretreatment reduces pyrethroid
absorption to glass surfaces. J Agric Food Chem 31:
1127-1129, 1985.

. Godfraind T, Miller R and Wibo M, Calcium antag-

onism and calcium entry blockade. Pharmacol Rev 38:
321-416, 1986.

41

42

43

44

46

47

48

49

50

58

59

61

J. M. CLARK and M. W. BROOKS

. Mannhold R, Steiner R, Haas W and Kauffman R,
Investigations on the structure-activity relationships
of verapamil. Naunyn Schmiedebergs Arch Pharmacol
302: 217-226, 1978.

. Krueger BK, Forn J and Greengard P, Depolarization-
induced phosphorylation of specific proteins, mediated
by calcium ion influx, in rat brain synaptosomes. J Biol
Chem 252: 2764-2773, 1977.

. Matsumoto H and Ajmone Marsan C, Cortical cellular
phenomena in experimental epilepsy: Interictal mani-
festations. Exp Neurol 9: 286-304, 1964.

. Matsumoto H, Ayala GE and Gumnit RJ, Neuronal
behavior and triggering mechanisms in cortical epi-
leptic foci. J Neurophysiol 32: 688-703, 1969.

. Doerner D, Pacheco RM, Patridge LD and Pacheco
MF, The effect of pentylenetetrazole on spike broad-
ening and potassium inactivation. Comp Biochem
Physiol 79C: 441-445, 1984.

. Sugaya E and Onozuka M, Intracellular calcium: Its
release from granules during bursting activity in snail
neurons. Science 202: 11951197, 1978.

. Onozuka M, Kishii K, Furuichi H and Sugaya E,
Behavior of intracellular cyclic nucleotide and calcium
in pentylenetetrazole-induced bursting activity in snail
[Euhadra peliomphala) neurons. Brain Res 269: 277-
286, 1983.

. Onozuka M, Imai S and Sugaya E, Pentylenetetrazole-
induced bursting activity and cellular protein phospho-
rylation in snail neurons. Brain Res 262: 33-39, 1986.

. Zucker RS and Lando L, Mechanisms of transmitter
release: Voltage hypothesis and calcium hypothesis.
Science 231: 574-579, 1986.

. Kuffler SW, Nicholls JG and Robert AR, From Neuron
to Brain, pp. 153-154. Sinauer Assoc., Sunderland,
MA, 1984.

. Nestler EJ and Greengard P, Protein phosphorylation
in the brain. Nature 305: 583-588, 1983.

. Moore RY and Bloom FE, Central catecholamine
neuron systems: Anatomy and physiology of the nore-
pinephrine and epinephrine systems. Am Rev Neurosci
2: 113-169, 1979.

. Nicoll RA, The coupling of neurotransmitter receptors
to ion channels in the brain. Science 241: 545-551, 1988.

. Onozuka M, Imai S and Ozono S, Involvement of
pentylenetetrazole in synapsin I phosphorylation
associated with the calcium influx in synaptosomes from
rat cerebral cortex. Biochem Pharmacol 36: 1407-1415,
1987.

. Chanh PH, Navarro-Delmasure C, Chamh APH,
Cheav SL, Ziadee F and Samaha F, Pharmacological
effects of deltamethrin on the central nervous system.
Arzneimittelforschung 34: 175-181, 1984,

. Doerner D, Pacheco MF, Fowler JC and Partridge
LD, The role of calcium in pentylenetetrazole-induced
bursting. Comp Biochem Physiol 73C: 9-12, 1982.

. Hock DB and Wilson JE, Effects of calcium, strontium,
and barium ions on phosphorylation of hippocampal
proteins in vitro. J Neurochem 42: 54-58, 1984.

. Clark JM and Matsumura F, The action of two classes
of pyrethroids on the inhibition of btain Na/Ca and Ca
+ Mg ATP hydrolyzing activities of the American
cockroach. Comp Biochem Physiol 86C; 135-145,1987.

. Blaustein MP and Santiago EM, Effects of internal
and external cations and ATP on sodium—calcium and
calcium-calcium exchange in squid axons. Biophys J
20: 79-111, 1977.

. Carafoli E and Crompton M, The regulation of intra-
cellular calcium by mitochondria. Ann NY Acad Sci
307: 269-284, 1978.

.'Gill DZ, Cheuh SH and Whitlow CL, Functional
importance of the synaptic plasma membrane calcium
pump and sodium-calcium exchanger. J Biol Chem
259: 1080710813, 1984.



62.

63.

65.

67.

68.

69.

70.

71.

72.

73.

Site of action of deltamethrin at nerve terminals

Clark JM, Jones EL and Matsumura F, Char-
acterization of the ATP-promoted aspect of Na*-Ca?*
exchange present in squid retinal nerve axolemma.
Biochim Biophys Acta 860: 662-671, 1986.
Ferrendelli JA, Calcium antagonism and antiepileptic
drugs. In: Calcium Regulation by Calcium Antagonists
(Eds. Rahwan RG and Witiak DT), pp. 143-152. ACS
Symposium Series 201, Washington, DC, 1982.

. Erne P, Burgisser E, Buhler FR, Dubach B, Kuhnis

H, Meier M and Rogg H, Enhancement of calcium
influx in human platelets by CGP 28392, a novel
dihydropyridine. Biochem Biophys Res Commun 118:
842-847, 1984.

Triggle DJ, Chemical pharmacology of the calcium
antagonist, In: Calcium Regulation by Calcium Antag-
onists (Eds. Rahwan RG and Witiak DT), pp. 17-37.
ACS Symposium Series 201, Washington, DC, 1982.

. Lee KS and Tsien RW, Mechanism of calcium channel

blockade by verapamil, D600, diltiazem and nitren-
dipine in single dialysed heart cells. Nature 302: 790-
794, 1983.

Nayler WG, Calcium antagonist: Classification and
properties. In: Calcium Regulation by Calcium Antag-
onists (Eds. Rahwan RG and Witiak DT), pp. 1-16.
ACS Symposium Series 201, Washington, DC, 1982.

Ray DE, Changes in brain flood flow associated with
deltamethrin-induced chloreoathetosis in the rat. Exp
Brain Res 45: 269-276, 1982.

Nowycky MC, Fox AP and Tisen RW, Long-opening
mode of gating of neuronal calcium channels and its
promotion by the dihydropyridine calcium agonist Bay
K 8644. Proc Natl Acad Sci USA 82: 2178-2182, 1985.
Nowycky MC, Fox AP and Tsien RW, Three types
of neuronal calcium channels with different calcium
agonist sensitivity. Nature 316: 440443, 1985.

Boll W and Lux HD, Action of organic antagonists on
neuronal calcium currents. Neurosci Lett 56: 335-339,
1985.

Narahashi T, Neuronal target sites of insecticides. In:
Site of Action for Neurotoxic Pesticides (Eds. Hol-
lingsworth RM and Green MB), pp. 226-251. ACS
Symptosium Series 356, Washington, DC, 1987.

Fox AP, Hirning LD, Kongsamus S, McCleskey EW,

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

2245

Miller RJ, Olivera BM, Perney TM, Thayer JA and
Tsien RW, The interaction of toxins with calcium chan-
nel. In: Neurotoxins and Their Pharmacological Impli-
cations (Ed. Jenner P), pp. 115-131. Raven Press, New
York, 1987.

Miller RJ, Multiple calcium channels and neuronal
function. Science 235: 46-52, 1987.

Hirning LD, Fox AP, McCleskey EW, Olivera BM,
Thayer SA, Miller RJ and Tsien RW, Dominant role
of N-type Ca?* channels in evoked release of nore-
pinephrine from sympathetic neurons. Science 239: 57—
61, 1988.

Curtis BM and Catterall WA, Purification of the cal-
cium antagonist receptor of the voltage-sensitive calc-
ium-channel from skeletal muscle transverse tubules.
Biochemistry 23: 2113-2117, 1984.

Catterall WA, The molecular basis of neuronal excit-
ability. Science 223: 653-661, 1984.

Tamkun MM, Talvenheine JA and Catterall WA, The
sodium channel from rat brain. J Biol Chem 259: 1676~
1688, 1984.

Curtis BM and Catterall WA, Reconstitution of the
voltage-sensitive calcium channel purified from skeletal
muscle transverse tubules. Biochemistry 25: 3077-3083,
1986.

Tanabe T, Takeshima H, Mikami A, Flockevzi V,
Takahashi H, Kangawa K, Kojima M, Matsuo H,
Hirose T and Numa S, Primary structure of the receptor
for the calcium channel blocker from skeletal muscle.
Nature 328: 313-318, 1987.

Henry PD, Comparative pharmacology of calcium
antagonists: Nifedipine, verapamil and diltiazem. Am
J Cardiol 46: 1047-1058, 1980.

Atlas D and Adler M, S-Adrenergic antagonists as
possible calcium inhibitors. Proc Natl Acad Sci USA
78: 1237-1241, 1981.

Bregestovski PD and Iljin VI, Effect of calcium antag-
onists D-600 on the postsynaptic membrane. J Physiol
(Paris) 76: 515-522, 1980.

Miledi R and Parker I, Blocking of acetylcholine-
induced channels by extracellular or intracellular appli-
cation of D600. Proc R Soc Lond [Biol] 211: 143-150,
1980.



