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Abstract—The inhibitory action of synthetic pyrethroids and some chlorinated hydrocarbon insecticides
on the neural calcium—calmodulin-dependent protein phosphatase, calcineurin, was studied using one
radiotracer and two colorimetric methods. It was found that all insecticidal Type II pyrethroids
(cypermethrin, deltamethrin and fenvalerate) are potent inhibitors of isolated calcineurin from bovine
brain. Their I1Cs, values were approximately 107° to 10~'! M. By contrast, neither noninsecticidal chiral
isomers of these pyrethroids, neuroactive Type I pyrethroids nor neuroactive chlorinated hydrocarbon
insecticides showed comparable potencies against this enzyme. To confirm the action of Type II
pyrethroid in situ, isolated intact rat brain synaptosomes were incubated with [*?P)phosphoric acid and
subsequently depolarized in the presence and absence of 0.1 uM deltamethrin. As expected, there was
a sharp rise in protein phosphorylation due to the action of calcineurin. Deltamethrin caused a distinct
delay in the dephosphorylation process. The results clearly indicate that calcineurin is specifically
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inhibited by Type II pyrethroids.

Pyrethroids are very potent insecticides which are
now widely used [1]. Among them highly modified
Type II pyrethroids are particularly known for their
chemical and biological stability and the unusual in
vivo symptoms they cause.

That DDT and pyrethroids primarily attack the
sodium channel has been well established [2—4]. The
latter compounds, particularly those classified as
Type 11, are known to cause prolonged Na* current
[5, 6], indicating their effects on both inactivation
and tail current processes of the gate operation.
However, it has been noted by several groups of
scientists [3, 7, 8] that there are roughly two different
types of pyrethroid actions, and that the newly
developed compounds (termed Type II pyrethroids)
affect animals in a way different from that of the
older compounds (Type I pyrethroids). One of the
most recognizable effects of Type II compounds is
profound stimulation of neurotransmitter release at
the synapse [4, 9-11]. A part of such stimulation is
caused by their effect on the sodium channel itself
[10, 12], but there is still a significant part of the
stimulation in the rat brain and the squid synapses
that cannot be abolished by treatment with
tetrodotoxin (0.1 to 1 uM) [13, 14]. As to the cause
of this portion of the Type II pyrethroid action,
Brooks and Clark [11] have shown that it does not
involve the initial depolarization process, since the
phenomenon is not observed unless the transmitter
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release process is first triggered using high K*,
veratridine or high Ca?* (initiated by A23187). Such
initial stimulatory actions may be followed, at least
in some instances, by synaptic blockage. Electron
microscopic observations have revealed that in
treated synapses the synaptic vesicles move toward
the synaptic gap upon depolarization, and even after
cessation of depolarizing signals they remain piled
up at the terminal region of the presynaptic com-
plex [15].

It has been clearly established that protein
phosphorylation—-dephosphorylation processes play
vital roles in synaptic transmission [16, 17]. Upon
depolarization by high K* or veratridine (or by any
other depolarizing treatments, for that matter), the
rate of protein phosphorylation within the presynaptic
terminal promptly rises as originally reported by
Schulman and Greengard [18]. After reaching the
peak (in about 15 sec, depending on the protein),
relatively slow dephosphorylation processes take
over which last for about 3-5min [19]. Such
phosphorylation—dephosphorylation activities are
very sensitive to the changes in the external
concentration of Ca2?*. Recently, we have shown
that deltamethrin, a typical Type II pyrethroid,
causes a significant and persistent rise in protein
phosphorylation in intact synaptosomes from the
brain [20] which appears to be causally related to its
stimulatory action on the neurotransmitter releasing
process. In the current work we have further studied
the biochemical cause of this phenomenon and found
that Type II pyrethroids produce a group-specific
inhibition on an important phosphatase, calcineurin.

EXPERIMENTAL PROCEDURES

Materials. [y-32P]ATP (~3000 Ci/mmol) and [32P]-
H;PO, (200mCi/mmol) were purchased from
Amersham. Bovine brain calmodulin (CaMt),
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bovine brain calcineurin (500 units, 3000 units/mg
protein), p-nitrophenylphosphate (pNPP), MOPS
(3-[ N-morpholino]propanesulfonic acid) free acid,
O-phospho-DL-tyrosine, HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid), malachite

green hydrochloride, ammonium molybdate, Triton.

X-100, protein kinase-catalytic subunit (500 units,
0.023 mg protein), histone from calf thymus (Type
II-S) and all other chemicals were purchased from
the Sigma Chemical Co. Phosphocellulose paper was
purchased from Whatman International Ltd., Maid-
stone, England (P-18 type). Young male Sprague-
Dawley rats were used.

Assay of calcium—calmodulin-dependent protein-
phosphatase  (calcineurin) activity. Calcineurin
activity was measured using either colorimetric
methods or radiotracer techniques. Calorimetric
assays for p-nitrophenol or inorganic phosphate were
carried out according to the methods of Martin et
al. [21], with slight modifications as follows.

Assay for p-nitrophenol. The activity of partially
purified, bovine brain calcineurin on the artificial
substrate p-nitrophenylphosphate was measured by
the release of the p-nitrophenolate anion. Using this
method, 1-1000 nM concentrations of insecticides
were used against calcineurin activity. Each
insecticide was incubated with calcineurin (0.5 ug
protein) for 10min at 30° in a reaction mixture
containing 25 mM MOPS buffer (pH 7.0), 0.3 mM
CaCl,, and 25 nM CaM. Thereafter, 7mM p-nitro-
phenylphosphate was added to each tube, giving a
final volume of 100ul, and incubated for an
additional 30 min at 30°, and the absorbance was
read at 410 nm. The reaction mixture was diluted to
1.0 mL with 0.1 M glycine (pH 9.5). iC5; Values were
determined for the active and inactive forms of
deltamethrin and fenvalerate.

Assay for inorganic phosphate. The release of P;
was assayed when O-phospho-DL-tyrosine was used
as a substrate for calcineurin. Several concentrations
of each insecticide were incubated with calcineurin
for 10 min at 30° under the same conditions as above.
Tyrosine phosphate (1 mM, final concentration) was
added to each tube giving a final volume of 100 uL,
and incubated for an additional 40 min at 30°. The
reaction mixtures were diluted to 900 pL with the
malachite green reagent [21]. The samples were
mixed, and the absorbance was measured at 660 nm
after 10 min. ICsy Values were determined for all the
insecticides that gave over 50% inhibition at
approximately 1nM in a preliminary study. The
activity of the enzyme was expressed as the
micromolar concentration of P; released in 100 uL
volume per 40 min.

Radiotracer techniques. The purpose of this assay
was to measure the dephosphorylation rate of the
phosphorylated (*?P) protein substrates (either
artificial or naturally occurring). The different
methods we used are described below.

Preparation of [3*P} phosphohistone. Histone Type
11-S (30 mg) was dissolved in S mL of HEPES buffer
at pH 7.4 (50 mM HEPES, 10 mM MgCl, and 1 mM
dithiothreitol). To this preparation, 10 ug of cAMP-
dependent protein kinase (catalytic subunit), 5 uM
ATP and 30 uCi of [y-3?P]ATP were added. This
mixture was incubated at 25° for 1 hr in a shaking
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water bath, followed by overnight dialysis (mol. wt
cutoff of 6000-8000) in 2 L of 5 mM HEPES buffer
(pH 7.4) at 4°. The labeled phosphohistone was
divided into 250-uL aliquots and frozen at —80° until
used.

In vitro (cell-free system) studies of rat brain
calcineurin. The lysed rat brain synaptosomal
membrane fraction was used as a source of rat brain
calcineurin [22]. A 100 ug protein portion of this
preparation was incubated for 10 min at 30° with
1077 M deltamethrin (dissolved in 1 uL ethanol) in
a reaction mixture containing 50 mM HEPES buffer
(pH7.4), 0.3 mM CaCl, and 25 nM calmodulin in a
total volume of 100 uL. The reaction was initiated
by adding 100 uL of [*’P]phosphohistone, and the
mixture was incubated for different time intervals of
0, 1, 3, 5, 10 and 30 min at 30°. The control tubes
received the same volume of ethanol (1% of the
total volume of the reaction) as the treated tubes.
After an appropriate incubation period, each tube
received 50 uL of the stop solution [0.3M EDTA
(disodium salt) containing 2 mg/mL bovine serum
albumin] followed immediatety by the addition of
1mL of ice-cold 20% trichloroacetic acid (TCA)
[23]. After 10 min at 4°, the tubes were centrifuged
at 1000 g for 2 min. The precipitate was redissolved
in 100 uL. of 0.1 N NaOH, and reprecipitated by
adding 1 mL of 209% TCA. This process was repeated
two times. The final precipitate was redissolved in
200 uL of 0.1 N NaOH and transferred into a scin-
tillation vial containing 5 mL of liquid scintillation
solution for radioassay to assess the amount of [*?P]-
phosphohistone that remained. _

Effect of deltamethrin on the phosphorylation—
dephosphorylation of endogenous phosphorylated
lysed membrane proteins. A 100 ug protein sample
of the lysed membranes of rat brain synaptosomes
was incubated with 10~7 M deltamethrin for 10 min
at 30° exactly as described above. The control tubes
received the same volume of ethanol. To each tube,
0.04 uCi of [y->’P]ATP was added and incubated at
30° for time intervals of 0, 15, 30, 60 or 600 sec.
The phosphorylation-dephosphorylation system was
stopped by the addition of 4X-SDS treatment buffer
[20]. The samples were mixed and boiled in a water
bath for 2 min and then cooled. The entire volume
of the reaction product in each tube was transferred
to the well of a 7% sodium dodecyl sulfate (SDS)-
polyacrylamide slab gel [24] and electrophoresed as
described by Enan and Matsumura [20]. The dried
gel was exposed to X-ray film for 2 weeks before
developing. The autoradiograms obtained were
scanned using a densitometer connected to an HP
3396 A Integrator to determine the level of
phosphorylation on each protein band.

In situ effect of deltamethrin on calcineurin. The
fresh rat brain synaptosomes (300 ug Erotein) were
phosphorylated with 0.2uCi of [**P]H,PO, as
described previously [25]. After 30 min of incubation
at 37°, 1077 M deltamethrin in 1 uL/mL of ethanol
was added to the synaptosomes (control received
the same volume of ethanol). The incubation
continued for an additional 15 min at 37°. A 50-uL
aliquot from either treated or control tubes was
transferred into another test tube containing 50 uL
of the depolarizing buffer (high K*, 62 mM) [20]
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Table 1. Effects of a 107® M concentration of different insecticides on bovine
brain calcineurin activity using p-nitrophenylphosphate as substrate (7 mM)

% Calcineurin

p-Nitrophenol* activity
Insecticides (uM/30 min) remaining*

Control 7.50 = 0.18% 100
Type I pyrethroids

Pyrethrins 7.01 £0.17 93.5

Allethrin 7.50 £ 0.16 100

Resmethrin 7.25+0.14 96.7

cis-Permethrin 7.25x0.16 96.7

trans-Permethrin 7.50 = 0.10 100
Type II pyrethroids

Cypermethrin 3.50 £ 0.10% 46.7

Fenvalerate (Aa) 435 +0.12% 58.0

Fenvalerate (Bf) 6.53 £ 0.09 87.0

Deltamethrin (1R) 425 +0.07% 56.7

Deltamethrin (15) 7.13£0.18 95.0
Chlorinated hydrocarbons

DDT 6.75 £ 0.17 90.0

Heptachlor epoxide 6.50 = 0.16 86.7

* All the values are averages for four independent experiments.

t Mean = SD.

1 Significantly different from the control value at P < 0.01.

Table 2. Effect of a 10~° M concentration of some insecticides on bovine brain
calcineurin activity using 1 mM O-phospho-DL-tyrosine as substrate

Calcineurin activity*

P % Calcineurin activity
Insecticides (uM)/40 min remaining
Control 6.6 £ 0.9% 100
Type I pyrethroids
Pyrethrins 54x0.6 82
Resmethrin 6.2+1.0 94
cis-Permethrin 58+1.2 88
trans-Permethrin 56x1.6 85
S-Bioallethrin 45+22 68
Bioallethrin 43+1.2 65
Tetramethrin 5614 85
Type II pyrethroids
Cypermethrin 1.3+0.2% 20
Fenvalerate (Aa) 4.1+0.9% 62
Fenvalerate (Bf) 58+1.8 88
Deltamethrin (1R) 29=x0.8f 44
Deltamethrin (15) 50x1.6 76
Chlorinated hydrocarbons
DDT 47=x1.1 !
Heptacholar epoxide 57x1.6 86

* All the values are averages of four independent experiments.

t Mean * SD.

% Significantly different from the control value at P < 0.01.

and incubated for 60 sec at 37°. The depolarization
reaction was stopped by diluting the system ten times
with 50 mM HEPES buffer (pH7.4) containing
25 nM calmodulin and 0.3 mM CaCl,. This mixture
was homogenized and the phosphatase reaction was
assessed by further incubation for 0, 30, 300 and
600 sec. After incubation, a 20-uL aliquot was taken

out and spotted onto a piece of phosphocellulose
paper (2cm X 1cm) which was allowed to dry at
room temperature for 6 min. The papers were rinsed
in 3 mL of 85 mM H;PO, twice (3 min each time).
After drying, the papers were transferred into
scintillation vials for radiocounting.

A parallel experiment was carried out with fresh
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rat brain synaptosomes but without [*?PJH,PO,.
In this experiment deltamethrin (10~7M final
concentration) was incubated first with intact rat
brain synaptosomes (1 mg protein) for 15 min at 37°.
The reaction product was diluted 10-fold (5mL)
with 50 mM HEPES buffer (pH 7.4) and sonicated
for 5sec twice. The sonicated synaptosomes were
centrifuged at 20,000g for 30min at 4° using a
Sorvall high speed cooling centrifuge. A 50-ug
protein portion of the supernatant was incubated
with 25 nM calmodulin, 0.3 mM CaCl; and 100 ug
of 32P-labeled phosphohistone in a total volume of
100 uLL for 0, 30, 60, 180, 300 and 600 sec at 30°.
After incubation, 20-uL aliquots were taken out and
spotted onto phosphocellulose paper (2cm X 1 cm).
These papers were treated exactly as described above
and radioassayed.

For electrophoresis studies, the same experiment
was repeated using a 10~ M concentration of other
insecticides. The supernatant from the sonicated
synaptosomes was incubated with calmodulin, CaCl,
and [*?P)phosphohistone in the presence and absence
of insecticides. The reaction product was centrifuged
at 100 g for 3 min, and 100 uL of the supernatant
was mixed with 50 uL of 4X-SDS treatment buffer
[20]. After boiling for 2min, the product was
transferred to the well of a 7% SDS-polyacrylamide
slab gel and electrophoresed as described above.
The dried gel was scanned using a computerized
radioscanner (Ambis Systems Inc., San Diego, CA).

RESULTS

Effect of synthetic pyrethroid insecticides on isolated
bovine brain calcineurin. The effects of a 107°M
concentration of Type I and Type II pyrethroids on
calcium/calmodulin-dependent protein phosphatase
activity were compared colorimetrically using p-
nitrophenylphosphate as a substrate (Table 1).
Inhibition of calcineurin by active forms of Type II
synthetic pyrethroids, compared to the control, was
statistically significant (P =< 0.01, Student’s r-test).
By contrast, none of Type I pyrethroids, DDT or
heptachlor epoxide exhibited a significant inhibi-
tory action against the enzymatic hydrolysis of p-
nitrophenylphosphate. The concentration responses
of calcineurin toward active and nonactive optical
isomers of deltamethrin and fenvalerate were studied
using the same substrate (Fig. 1). The ICs, value was
found to be approximately 3 X 10~° Mfor fenvalerate
(A« active form), but for inactive isomers the values
were higher than 10~ M. The response of calcineurin
to the active isomer of deltamethrin (1R) appeared
to be biphasic, but the overall Is; was about
3 x 107! M, assuming a monophasic relationship.

Table 2 contains measured values for calcineurin
responses to pyrethroids (preincubated for 10 min
at 30° with Type I or Type II pyrethroids) using
dephosphorylation of O-phospho-DL-tyrosine as a
parameter. Again there was a distinct group
difference between Type I and Type II pyrethroids
with regard to their inhibitory actions on this enzyme.
One minor difference between the two assay methods
is that bioallethrin (10~°M), a type I pyrethroid,
markedly reduced (to 65%) calcineurin activity only
when tyrosine phosphate was the substrate. However,
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Fig. 1. Concentration—inhibitory activity relationship
between Type II pyrethroids and calcineurin. Different
concentrations of the active and nonactive forms of these
insecticides were incubated for 10 min with purified bovine
brain calcineurin, and the activity of this enzyme was
assayed by measuring the release of p-nitrophenol from p-
nitrophenolphosphate through spectroscopic means. Data
are expressed as relative percentages to control values
(=100) which were obtained by preincubating with the
same volume of ethanol. Each point is the mean + SD of
four independent experiments, each determined in
duplicate. The control value (=100) was 7.5 = 0.18 uM p-
nitrophenol/30 min.

the 1Cs value for bioallethrin was much higher than
those of Type II synthetic pyrethroids (i.e. >10"°M
for bioallethrin as compared to 107!'M for
cypermethrin and deltamethrin 1R and 1078 M for
fenvalerate Aa) (Fig. 2), indicating a profound
potency difference between these two groups of
pyrethroids. In addition, the inhibitory powers of
DDT and heptachlor epoxide were found to be very
low (Table 2). These in vitro data led us to postulate
that this difference in enzyme inhibition could be a
good probe for differentiating the action patterns of
Type II synthetic pyrethroids from other neuroactive
insecticides including Type I pyrethroids and
organochlorine insecticides. To support this hypoth-
esis, however, it is necessary to measure the
inhibitory potencies of these insecticides within an
intact cellular system containing an active calcium/
CaM-dependent protein phosphorylation—dephos-
phorylation system. Furthermore, it is necessary to
show that such inhibitory actions result in actual
changes in phosphorylation levels of vital proteins
whose functions are known under relevant physio-
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Fig. 2. Concentration-inhibitory activity relationship be-
tween certain pyrethroids, and calcineurin. Experimental
conditions were the same as those described in the legend
of Fig. 1 except for the use of O-phospho-DL-tyrosine as a
substrate. Released P; was measured by the malachite
green-colorimetric assay as described in Experimental
Procedures. Data points are the means += SD of four
independent experiments, each determined in triplicate.
The control value (=100) was 6.6 = 0.9 uM P, released/
40 min.

logical conditions. For this purpose, we selected rat
brain synaptosomes for further studies.
Dephosphorylation of exogenous phosphorylated
substrates by rat brain synaptosomal calcineurin. To
assess the rat brain synaptosomal dephosphorylation
activity [*?P)phosphohistone was incubated with
deltamethrin-pretreated lysed synaptosomal mem-
branes for various time periods (0~30 min) (Fig. 3).
The remaining amount of [*?P]phosphohistone was
determined by the TCA precipitation method [23].
There was an initial rapid release of 32P; which
corresponds to the release of noncovalently bound
32p,. This was followed by a slow but steady increase
in the amount of 32P; release from 32P-labeled histone
which is likely to be due to the action of phosphatase.
Dephosphorylation of endogenous phosphorylated
proteins. >?P-Labeling of synaptosomal membranes
and SDS-polyacrylamide slab gel electrophoresis
techniques were employed to study the changes of
intrasynaptosomal calcium/CaM-dependent protein
kinase-phosphatase levels under the influence of
107M deltamethrin. The lysed synaptosomal
membranes were incubated with deltamethrin for
10 min at 30°, and then with {y-32P]JATP (0.04 uCi)
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Fig. 3. Dephosphorylation of [*’P]phosphohistone at
different time intervals. Protein (100ug from the
synaptosomal lysed membrane was incubated with 10-"M
deltamethrin for 10 min prior to the addition of 100 ug of
[*?P]phosphohistone. The reaction was stopped after
different time intervals (0-30min) as described in
Experimental Procedures. The remaining labeled phos-
phohistone in the precipitate was counted. Each point is
the mean * SD of five independent experiments, each
determined in triplicate.

for 15-600sec. The reactions were stopped using
SDS and the resulting 3?P-labeled phosphoproteins
were analyzed on electrophoresis. The resulting
autoradiograms indicated that, in all cases, there
was an initial increase in phosphorylation due mostly
to calcium/calmodulin-dependent protein kinase
activity. After a 10-min incubation period, however,
the level of 3?P-labeled protein was reduced in
all tests because of the action of endogenous
phosphatases. The rate of decline was faster in
the control than in the deltamethrin-pretreated
preparation (Fig. 4).

In situ effect of deltamethrin on calcineurin activity.
In this in situ experiment, we studied the action of
deltamethrine and other insecticides on the calcium/
CaM-dependent protein phosphorylation~dephos-
phorylation process using rat brain labeled with
[**P]H;PO,. As shown in Fig. 5, the initial
dephosphorylation rate of synaptosomal proteins
prelabeled with [32PJH;PO, was much faster in the
control during the first 300 sec in the presence of
Ca?* and calmodulin than the rate of the delta-
methrin-treated synaptosomes. The same pattern of
deltamethrin inhibition of the rat brain phos-
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Fig. 4. Action of deltamethrin (107"M) on the phos-
phorylation-dephosphorylation of endogenous lysed mem-
brane proteins from rat brain synaptosomes. Deltameth-
rin-preincubated lysed synaptic membranes were phos-
phorylated with 0.04 uCi [y-*?P]JATP. The reaction was
stopped at different time intervals (0-600sec) (see
Experimental Procedures). The samples were electro-
phoresed using a one-dimensional SDS-polyacrylamide gel
and autoradiographed. The X-ray was scanned using a
computerized image scanner (Ambis), and the data were
plotted as means = SD for the results of three independent
experiments.

phatase was observed when [*?P]phosphohistone
was used as a substrate in place of the endogenous
[**P]phosphoproteins (Fig. 6). These observations
indicate that the source of [>2P]phosphoproteins is
not important in observing the inhibitory power
of deltamethrin (10-7M) on the calcium/CaM-
dependent protein phosphatase activity in the rat
brain synapse.

Finally, selected synthetic pyrethroids and DDT
were incubated with fresh rat brain synaptosomes
for 15 min at 37°, and the dephosphorylation rate of
[32P]phosphohistone was studied as above using 7%
SDS-polyacrylamide slab gel electrophoresis. The
data in Fig. 7 demonstrate that Type II synthetic
pyrethroids were good inhibitors of calcineurin,
whereas Type I synthetic pyrethroid (allethrin) and
DDT had no inhibitory power on this enzyme.

DISCUSSION

The most compelling result of these experiments
is that inhibition of calcineurin appears specific to
Type 11 pyrethroids. Type I pyrethroids, even those
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Fig. 5. In situ effect of deltamethrin on rat brain
synaptosomal calcineurin. Intact rat brain synaptosomes
were phosphorylated with 0.2 mCi of [*?P]H,;PO, for 45 min
with the last 15 min in the presence and absence of 10~'M
deltamethrin. The synaptosomes were depolarized for
60sec and diluted and homogenized immediately using
HEPES buffer containing CaM and CaCl,. The reaction
product was spotted onto phosphocellulose paper for
detection of [*?P]phosphoproteins remaining. The data are
the means + SD of five independent experiments, each
determined in triplicate.

chemically similar to Type II (e.g. permethrins), did
not affect this enzyme significantly, nor did some
neuroactive chlorinated hydrocarbon insecticides.
Moreover, the sensitivity of calcineurin toward Type
1I pyrethroids was limited to only those optical and
geometric isomers that are known to be insecticidal.
The difference in potencies between insecticidal and
noninsecticidal isomers within the given Type II
pyrethroid in this regard was enormous. Thus, there
was a strong correlation between the order of
potency to inhibit calcineurin and insecticidal
activities among these pyrethroids tested.

These observations are consistent with results
from other studies on the toxicity of deltamethrin in
rat brain synaptosomes. It was reported previously
that 10~ M was the lowest effective concentration
that caused a significant stimulation of neuro-
transmitter release [11, 20]. In the current study, a
significant increase in protein phosphorylation as a
result of calcineurin inhibition in intact sznaptosomes
was also observed at the 1078 to 1071 M range of
deltamethrin.

As previously reported [26], calcineurin is
composed of two subunits, 61 and 15 kD, proteins.
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Fig. 6. Dephosphorylation of [32P]phosphohistone by using
preincubated synaptosomal calcineurin from rat brain. The
experimental conditions were exactly as given for Fig. 5,
except that the synaptosomes were not *2P-phosphorylated,
but after isolation of synaptosomes they were immediately
incubated for 10min with 10~’M deltamethrin before
dilution and homogenization with HEPES buffer without
CaM or CaCl,. Then, the lysed membrane was separated
(see Experimental Procedures) and 100 yg protein of
this preparation was incubated with 100ug of [3?P]-
phosphohistone. Aliquots of the reaction products were
analyzed on phosphocellulose papers as before. The data
are the means * SD of five independent experiments, each
determined in triplicate.

The former subunit is known to interact with
calmodulin in a Ca?*-dependent fashion and the
latter to directly bind with Ca?*. The biphasic
response of calcineurin to 1R-deltamethrin (Fig. 1)
could be related to its separate action on each
subunit. Also at very high concentrations (>10"° M)
1R-deltamethrin is known to inhibit the Ca®* binding
capacity of calmodulin {27].

The toxicological meaning of this inhibitory
interaction is completed by the vast roles of phos-
phatases, which participate in many diverse cellular
functions, including signal transduction pathways
[28]. Therefore, in this discussion only the events
related to synaptic transmitter releasing processes
will be considered.

The functional importance of depolarization-
induced protein phosphorylation and dephos-
phorylation processes in the transmitter-releasing
processes has been well established [13,19,25].
While there could be some other minor and specific
phosphatases in the synapse, calcineurin is the most
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Fig. 7. Effects of different insecticides on synaptosomal
calcineurin from rat brain. The synaptosomes pretreated
with a 10"®M concentration of the test insecticides, as
shown in Fig. 5, were diluted and homogenized, and the
lysed membrane was separated as described before. A
100 ug portion of this membrane was incubated for 60 min
with CaM, CaCl, and 100 ug [**P]phosphohistone. The
incubated mixture was centrifuged and 100 ul. of the
supernatant was mixed with 50 ulL of 4X-SDS treatment
buffer and electrophoresed (see Fig. 4 caption). Fenvalerate
active used was A« and inactive was BB. Values are means
+ SD of three experiments.

dominant and wide spectrum Ca?*—calmodulin-
stimulated phosphatase [28]. It is known to be the
main force in bringing the transmission-induced
changes back to the resting state. Therefore, the
expected consequence of inhibition of calcineurin is
sustained neurotransmitter release and eventual
blockage. Failure to return phosphoproteins to their
dephosphorylated state (i.e. resting) renders them
unable to respond to the next stimulus. For example,
we have reported previously that one of the pro-
teins that is phosphorylated upon stimulation by
deltamethrin is synapsin I [20]. It is actually
dephosphosynapsin 1 that is functionally active,
preventing synaptic vesicles from moving toward the
synaptic terminal. Thus, the failure of dephos-
phorylating this protein after the release of synaptic
vesicular contents would not allow the synapses to
terminate the discharging processes.

In conclusion, this calcium/calmodulin-dependent
protein phosphatase system appears to be highly
sensitive toward deltamethrin and other Type II
pyrethroid insecticides. The specific inhibition of
calcineurin may provide a biochemical basis
for understanding the increased and prolonged
neurotransmitter release in the CNS due to the basic
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difference in toxic actions of Type I and Type II
pyrethroids.
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