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Diazinon, an organophosphate pesticide, becomes biotrans-
formed to a more potent oxon metabolite that inhibits acetylcho-
linesterase (AChE). Early life stages (els) of medaka, Oryzias
latipes, were used to determine how development of this teleost
affects sensitivity to diazinon. With developmental progression,
from day of fertilization to 7-day-old larvae, we found that the
96-h LC;, and AChE ICy, values decreased, indicating greater host
sensitivity to diazinon upon continued development. We then
examined changes in AChE activity, its inhibition by the active
metabolite diazoxon, and uptake and bioactivation of the com-
pound. AChE activity remained low during much of development
but increased rapidly just prior to hatch. In addition, in vitro
incubation of tissue homogenates from embryos or larvae showed
no differences in the sensitivity of AChE to diazoxon. Uptake
studies with '“C-diazinon revealed greater body burdens of "*C as
medaka developed. In addition, AChE IC;, values determined by
in vivo exposure to diazoxon were greater in larvae than in em-
bryos. Because diazinon is bioactivated by the P450 enzyme sys-
tem, two P450 inhibitors were used in vivo to explore the role of
metabolism in sensitivity. When exposure to diazinon occurred in
the presence of increasing amounts of piperonyl butoxide (PBO),
ACHhE inhibition decreased in a dose-response fashion and 2.0 x
10~ M PBO alleviated any difference in inhibition between larvae
and embryos. However, PBO did not alter total '“C uptake when
exposed simultaneously with '“C-diazinon, nor did it affect AChE
inhibition using diazoxon. Controls ruled out differential effects of
PBO on uptake and inhibition. In addition, a second general P450
inhibitor, 1-aminobenzotriazole, also decreased AChE inhibition.
Finally, using exogenous acetylcholinesterase as a trap for the
oxon metabolite, larval microsomes displayed greater bioactiva-
tion of diazinon than did a microsomal preparation from embryos.
Taken together, results suggest that uptake and bioactivation are
working to enhance diazinon sensitivity in this developmental
model of a teleost fish.
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Chemical manipulation of organophosphorus esters (OPsy
has resulted in selective pesticides with low environmental%
persistence (Ecobichon and Joy, 1994). However, under alkag
line pH, certain OPs including diazinon, a phosphorothionateg
OP, persist for significant periods in aquatic environments.g
This persistence raises concern over the toxicity of OPs tog
nontarget species, including early life stage (els) fishes (Bailey2
et al., 1994).

Diazinon is widely used to control pests in residential set- é
tings as well as commercial agriculture. Due to its varied andg
widespread use, diazinon release from nonpoint sources
significant (for a review see Larkin and Tjeerdema, 2000).3
Locally, diazinon has been detected in the Sacramento and S&h
Joaquin Rivers, their delta, and the upper San Francisco Bag
following dormant spray usage and at levels exceeding Nac
tional Academy of Science guidelines as far down as the Uppeg'
San Francisco Bay (Kuivila and Foe, 1995). Our laboratory %
monitored the toxicity of these ambient waters using tests withs.
the water fleaCeriodaphnia dubigWerneret al., 2000), and &
toxicant identification evaluations indicated diazinon as thef
causative agent in assays with surface waters containing runo
from urban and agricultural areas in the watershed (Kuivila andg
Foe, 1995).

OP toxicity results from inhibition of acetylcholinesterase
(AChE), and metabolic conversion of OPs to their oxon me-3
tabolite results in formation of potent AChE inhibitors. Meta- 5
bolic conversion of diazinon to diazoxon is mediated by the ™
cytochrome P450 monooxygenase system of fish (Fujii and
Asaka, 1982; Hogan and Knowles, 1972). Limited studies to
date demonstrate rapid increases in the activity of cytochrome
P450—mediated enzyme activity in fish as hatching approaches
(Binder and Stegeman, 1984; Bindet al., 1985; Wisk and
Cooper, 1992). Interestingly, the limited studies of phospho-
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factors affecting sensitivity of els fishes, including uptaker;onitored for dead organisms, solutions were Withdra\_/vn| and new solution
bioactivation, and the Sensitivity of AChE, remain undefined'@s added. Dead embryos or larvae were removed daily. At 96 h, exposures
Information on developmentally related changes in ui:),[(,:li(v(i_/}ere terminated, and the concentration required to kill 50% of the organisms

. . . . Was calculated.
biotransformation, and resultant toxic effect of OPs is neededExamination of developmental changes in the degree of AChE inhibition.

Medaka (Oryzias iatlpes)_, a surrogate species in the p.resgﬂ'[)ryos at stages 31, 32, 33, 34, and 35, and larvae that were 24 h or 7 days
study, are small fish native to Japan and other countries oif were exposed to diazinon for 24 h. Replicates=(5) of five individuals
Southeast Asia. Because of their transparent chorion, precigeh were placed in 2 ml ERM for control or test concentrations of 0.088, 0.88,
staging of the developmental processes is possible Withétft&d 17.6, 44-_1v|a”d 88lfm°'af_d'6|‘_z'”%”- After 24 hrdembfygs Wegfozr(‘:ins' |
invasion, making medaka particularly advantageous for embf§-ed t© crvovials, snap-frozen in liquid nitrogen, and stored at ~80°C unti

. . . . alysis of AChE activity (see above).
ological and developmental investigations (lwamatsu, 1994,

. .~ Determination of thein vitro sensitivity of AChE. A total of 100 stage 34
Kirchen and West, 1976)' Here we report on factors affecu%gnbryos and 100 24-h-old larvae were pooled and homogenized in 2 ml assay

the sensitivity of embryo-larval medaka to diazinon. buffer using an ice-chilled teflon glass homogenizer and brief sonication as
above. Homogenate (1Q4) was placed into glass test tubes with Q0Gssay
MATERIALS AND METHODS buffer to yield three repl'icate's per concentration.' Sufficient diazoxonuh 1

hexane was added to yield finamolar concentrations of 0.1, 0.5, 1, or 10. g
. . . S
Chericl. Diaainon (00O 2isopopy-4 ety priia] £E250 10 LoTeaite o andencaenec e e, 2
phosphorothioate), purity 99%, was purchased from Chem Services (Ph”a%Tlowing incubation, AChE activity of homogenates was determined (seeg.
phia, PA). Diazoxon (0.89 mg/ml in hexane) afi@-labeled diazinon (report ve) ' o}
ed as 99.0% radiochemical purity, 99.8% chemical purity, and specific activity ' g‘
of 16 uCi/mg) were kind gifts from Ciba-Geigy Corporation (now Novartis; 3
Greenshoro, NC). Acetylthiocholine iodide, 5,5'-dithio-bis (2-nitrobenzoi/Ptake _%

acid) (DTNB), tetraisopropyl pyrophosphoramide (iso-OMPA), and all other ke of diazinon. Embryos at stages 29, 33, and 35 or 24-h larvae were =

chemicals were purchased from Sigma Chemical Company (St. Louis, M@xposed to ERM or radiolabeled diazinon at 0.88, 3.53, or YJm®lar
Stock preparation. Diazinon was weighed in a glass boat and transferreconcentrations. In addition, 24-h-old larvae were exposed to the above con="

to a volumetric flask containing embryo-rearing medium (ERM) (Kirchen anckentrations of labeled diazinon with 2@ 10° molar piperonyl butoxide

West, 1976), and its concentration was confirmed by gas chromatograpfR80) in order to determine if PBO affected uptake. At 24 h, embryos and

analysis (Aston and Seiber, 1996). Measured concentration was within 5%af/ae were removed from solution, rinsed twice, and homogenized inb00

the nominal concentration. Dilutions of the defined stock solution were usefi0.1 M sodium phosphate buffer. From the homogenatepu¥®as trans-

for tests described below. ferred to a 7-ml scintillation vial containing scintillation fluid (Univer84l
Embryo collection and culture. Culture conditions for medaka have beenlCN, Costa Mesa, CA) and counted on a Beckman LS-5801 scintillation

described (Hamnet al., 1998). Briefly, broodstock were maintained in wategounter (Beckman Instruments, Inc., Irvine, CA).

reconditioned to U.S. Environmental Protection Agency moderately hard con4n vivo exposure to diazoxon. Replicates (n= 5) of stage 34 and 24-h-old

ditions (Horning and Weber, 1985) at 25°C under a 16L:8D photoperiod atglvae were exposed to 0.01, 0.10, 1, 10, and gA6®lar diazoxon for 24 h,

fed a purified, casein-based diet (DeKowemnal., 1992) supplemented with and AChE activity was analyzed.

brine shrimp nauplii. Embryos were collected from females and individuals

were separated by rolling clusters between fingertips to break connectii)igtaboiism

filaments (Martyet al., 1990). After cleaning, embryos were placed in ERM,

aerated, and maintained at 25°C until exposure. Piperonyl butoxide (PBO) studies. PBO, an inhibitor of P450, was used to

AChE measurement. Determination of AChE activity followed the inhibit bioactivation of diazinon. A range-finding experiment was run using
method of Ellmaret al. (1961) as modified for a 96-well microplate reader (se8@ge 34 embryos and 24-h-old Iaivae exposid to GrBBlar d|5a2|non in the
Hammet al., 1998 for details). Briefly, following homogenization in assayprésence or absence of 0, 27107, 2.0 X 1CT ,or 2.0 X 1q molar PBO
buffer (0.1 M sodium phosphate buffer, pH 8.0), samples were incubated fhree replicates per treatment). AChE activity was determined after exposur
15 min with 0.115 mM tetraisopropyl pyrophosphoramide (iso-OMPA) tfor 24 h. - o ] ] ]
inhibit nonspecific cholinesterases (BChE). Following incubation, 130 An additional P450 inhibitor, 1-aminobenzotriazole, was used to confirm
acetylthiocholine (10.7 mM) substrate was added, and with DTNB as chr#1dings with PBO. Replicates (r 3) of five larvae (24 h old) were expo33ed
mogen, activity was determined. Substrate blanks and tissue blanks were (j8¢¢t88 pmolar diazinon for 24 h in the presence or absence of 8, 10,

to standardize activity, and this value was normalized to protein concentratig » O 10° M 1-ABT. Following exposure, larvae were handled as above for
(see below). AChE analysis.

Developmental pattern of AChE. Embryos and larvae were pooled by The role of metabolic differences accompanying degreg of development was
developmental stage (Kirchen and West, 1976), snap-frozen, and stored 4o cd replicates (a 5) of stage 31 or 34 embryos or five 24-h-old larvae

o : 5
—80°C until analysis. Numbers of animals used for a homogenate vari\ggre exposed to diazinon for 24 h in the presence or absence of 20

. L . molar PBO, and AChE activity was determined. Diazinon concentrations were:
depending on amount of activity present, i.e., stage of development, rangiif, s 0 088 0.88. 3.53. 17.6. and Aqumolar

from 5 larvae to 20 early-stage embryos with three replicates per stage. To ensure the effects of PBO were not due to changes in uptake or

distribution of diazinon, 24-h-old larvae were exposed to the active metabolite

diazoxon with or without PBO. Replicates ¢n 4) of five larvae (24 h old)
LC, determination in embryos and larvae. Embryos at stages 11, 29, or Were exposed to 0, 0.1, 0.5, 1, and gfholar diazoxon in the presence or

34 and 24-h-old larvae were used. These were placed in 20-ml borosilic@Rsence of 2.0< 10°° molar PBO for 24 h and treated as above for AChE

vials (Fisher Scientific, Pittsburgh, PA) containing 2 mls ERM at pH 7.2—7 &halysis.

or a solution of diazinon in ERM. Replicates £n5) per concentration with at  In vitro bioactivation of diazinon. Bioactivation was measured by incu-

least five concentrations of diazinon were tested. At 24-h intervals, vials wdyating diazinon with microsomes and indirectly measuring levels of oxon
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produced by determining resultant AChE inhibition. The use of AChE inhibi- 400
tion to estimate levels of oxon metabolites gives comparable measures to gas 375 T
chromatographic analysis (Miret al., 1975) and has been used extensively
(Forsyth and Chambers, 1989). Our methods followed this approach with the 350+

following exceptionsa) magnesium chloride (5 mM) was eliminated because 325
it interfered with AChE determinations. As magnesium is a cofactor for P450,

metabolism in our system should be lower than in othgr3he concentration 300+
of NADP was decreased from 7.5 mM to 34M, with no recorded change in 2754

bioactivation.c) Incubation temperature was set at 35°C after initial tests .,
showed little to no metabolism in incubations at 25 or 3af\2-methoxyetha-

nol replaced ethanol as solvent for P450 inhibitors due to AChE inhibition withy= 2254
ethanol. 58

2504

200

Using the above conditions, incubations £n3 per developmental stage) (:6
were prepared on ice in a final volume of 5Q0using 0.1 M Tris-HCI (pH g 1754
7.4). Incubations consisted of microsomal protein (1&f) from either stage < 1504

31 embryos or 24-h-old larvae, 10 of the exogenous AChE source (see
below), an NADPH-generating system [NADP (378M), glucose-6-phos- 1254
phate (7.5 mM), glucose-6-phosphate dehydrogenase (0.5 I.U.)] and diazinon 1004
(50 uM) in 5 pul 2-methoxyethanol. A series of controls was incubated in

conjunction with each experiment. All controls had the AChE, NADPH- 75+
generating system and one of the following: solvent, diazinon, or microsomes. 504
Following set-up, incubation tubes were transferred to a shaking incubator for 25
30 min. After incubation, 3Q:l samples (in triplicate) were rapidly placed in
individual wells of a 96-well plate for AChE determination. 0 - T T T
Microsomal preparation. Microsomal preparation followed a modifica- 15 20 25 30 35 40

tion of Buckpitt and Warren (1983). Adult medaka, 6 months old, were
sacrificed by decapitation, and livers were quickly removed and transferred to
ice-cold 0.02 M Tris-1.15% KCI, pH 7.4 buffer. All subsequent procedures
were performed on ice. Pooled livers were removed from buffer, blotted, andryG. 1. Development of whole-body AChE activity in early life stage
weighed. Homogenization was in three volumes of ice-cold buffer (0.02 Medaka. Embryos were staged according to Kirchen and West (1976) wit
Tris, 1.15% KCI, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 15% glycerol, pH24-h-old larvae designated as stage 36. Embryos at each stage of developme
7.4), and resultant homogenate was centrifuged at 10;080or 30 min; the  the number varying depending on the degree of development, were pooled an

Developmental Stage

Mo [pi0x0° 19SX0)//:dNY WO} papeojumod

JGIS@J

supernatant was then removed and centrifuged at 105:080for 1 h. The  homogenized, and AChE activity was determined. Values represent mean €
microsomal pellet was resuspended in Tris/KCl buffer in approximately halfpy for three pooled samples per developmental stage. 8
the original volume and repelleted at 105,080g for 1 h. The final micro- g
somal pellet was resuspended in 0.1 M sodium phosphate buffer, pH 7.4. a
Protein content was determined as described below. Q.

)

For determination of developmental differencesinitro bioactivation, 500 increased in later embryonic stages and rose rapidly immedis

stage 31 embryos and 500 24-h-old larvae were separately pooled and miately prior to and following hatch on day 10 of development =
somes were prepared as above, with the exception that microsomes Vl(ﬁRJ 1)_ 5
resuspended in a final volume of 1p0

Preparation of exogenous AChE. Thirty adult medaka were decapitated

and their brains were removed and pooled in ice-cold 0.1 M Tris-HCI (pH 7.£Medaka Become More Sensitive to Diazinon As Developme

Tissues were transferred to 3 ml 0.1 M Tris-HCI and homogenized using 5—7'3'-09resses

passes of a chilled teflon glass homogenizer. Aliquots of L0@ere snap- L -
frozen in liquid nitrogen and transferred to a —80°C freezer for storage unftil Determination of 96-h L¢, values showed a S|gn|f|cant dI’Op

use. rom 111 wmolar in stage 34 embryos to 31/molar in
Determination of protein concentration. Protein concentration was mea- ?4'h'0|d larvae (Table 1). In a similar fashlon, AC_hE inhibition
sured in homogenates using a simplified procedure of Setigh. (1985), the in wWhole-embryo homogenates exposedivo to diazinon for
bicinchoninic acid protein assay (Sigma Chemical Company; St. Louis, MQY h revealed lowered kg values as medaka embryos devel
with bovine serum albumin as standard. oped (Fig. 2). Embryos between stages 31 and 34 showed little
Statistics. Levels of statistical significance were analyzed by ANOVAdifference in AChE Sensitivity. however. in stage 35 embryos

followed by a Scheffé’s F-test agp@st hodest to compare means between th . .
different treatment groups. Differences were considered significprti0.05. ?USt prior to hatch, the I¢; value decreased. This trend eon

LCs, values at 96 h with 95% confidence intervals were calculated using probifitied after hatch with 7-day-old larvae having the lowest.IC
analysis.

JT02 ‘ST Afenuer uoBexe ) Ui

Thein Vitro Sensitivity of AChE to the Active Metabolite
RESULTS Diazoxon Does Not Change with Development

Determination ofin vitro ICs, values using 15-min incuba
tions of stage 34 or larval homogenates with a range of diaz-

In staged, control embryos, AChE activity remained lowxon concentrations resulted in 0 to near 100% inhibition of
until stage 31. From this point, enzyme activity graduallAChE over the concentrations tested. However, no difference

AChE Activity Rises Rapidly around the Time of Hatch


http://toxsci.oxfordjournals.org/

DEVELOPMENTAL SENSITIVITY TO DIAZINON

307

TABLE 1 stage 34 embryos (Fig. 7) and increased thg i@lue from

Diazinon 96-h LCy, Values for Embryo-Larval Medaka

Developmental stadge 96-h LGy, (wmolar)

11 (day 1) 102 (90-110)
29 (day 5) 103 (91-115)
34 (day 8) 111 (101-121)
24-h-old larvae (day 11) 32* (27-37)

*The developmental stage at which exposure was initiated; the n“mberﬂévelopmental Increases in Vitro Bioactivation

parentheses represents the day of development.

®Values represent mean ¢ 5 replicates/concentration tested).

“The number in parentheses following LCvalue represents the 95%
confidence interval.

*Significantly different from other stages @ 0.05).

of Diazinon

0.232umolar in diazinon-only treated larvae to l#nolar, an
approximately 70-fold greater kg with PBO (Fig. 7). In
contrast to results obtained with diazinon, PBO did not affect
ICs, values determined in larvae exposed to diazoxon (Table
3). In addition, exposure of 24-h-old larvae f&€-diazinon in

the presence or absence of PBO confirmed that PBO did not
affect its uptake (Table 4).

Using microsomal protein from adult medaka liver, we
demonstrated that incubation of diazinon with microsomes

resulted in significantly greater AChE inhibition than did re- o
actions without microsomal protein, indicative of the metabolic g

in AChE sensitivity was noted between these two developmen-
tal stages, and the Lgvalues for both were approximately 18.8
uM (Table 2).

“C-Diazinon Reveals Developmental Changes
in 24-Hour Bioaccumulation

“C-diazinon was used to examine possible differences in the
uptake of the pesticide over a 24-h period. In our system,
diazinon undergoes metabolism, and as the chemical form ofg
the radioactivity was not determined, results are presented aéz
counts per min (cpm) per animal. For all stages tested, analysiss
of whole-animal homogenates showed dose-dependent in&
creases in the amount of radioactivity per animal. However, it §
was noted that with added development there was a graduaf
increase in uptake; hatchlings had a 1.5- to 2-fold greater level
of total radioactivity than embryos just prior to hatch (Fig. 3).

Similarly, in vivo studies with the diazinon metabolite dia-
zoxon suggested greater uptake with added development; lar-
vae showed significantly greater inhibition of AChE than did
similarly treated stage 34 embryos (Fig. 4).

P450 Inhibitors Decrease AChE Inhibition
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The P450 inhibitor PBO was used to determine if metabolic

Stage of Development

activation played a role in the observed increases in sensitivityiazinon
Exposure to 0.88wmolar diazinon resulted in 35 and 75 %) concenusaiion

34
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1 Day Larva 7 Day Larva
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AChE inhibition in stage 34 embryos and 24-h-old larva€gg,ios
respectively. However, over a range of PBO concentrationgg, -7

between 2.7x10 and 2.0X 10° M, PBO decreased AChE
inhibition in a dose-response fashion such that at>2.00°

molar PBO, AChE activity was no longer statistically different
from control animals (Fig. 5). A similar reduction in AChE
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1.76x1073

4.41x10°5
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inhibition was seen in larvae exposed to diazinon and the P4
inhibitor 1-aminobenzotriazole (Fig. 6).

FIG. 2. Comparison of AChE inhibition in early life stage medaka.

Using 2.0X 10° M PBO, AChE inhibition was examined Embryos at all stages were exposed to diazinon for 24 h. Following exposure,
over a range of diazinon concentrations in stage 31 and %whole-animal homogenate was prepared and AChE activity was determined

embryos as well as in 24-h-old larvae (Fig. 7). PBO did ng

as described in Materials and Methods. Values represent me&EM (n=
. (B) Statistical comparison of AChE inhibition. For a given diazinon

affect levels of AChE inhipition using S.tage 31 embryosoncentration, developmental stages that do not share the same letter are
However, PBO caused a slight increase in the, Malue for significantly different (p< 0.05). Diazinon concentration given in moles.
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TABLE 2

In Vitro Inhibition of Embryo and Larval AChE

AChE inhibitior

AND HINTON

110

100 4

—O0— Stage 34

90+  —— 24hourold larvae

Diazoxon concentration Stage 34 Larvae 80
. 704

Control 0.0+5.7 00+13 3§
Solvent contrd 33+83 -06+07 £ 604

0.1uM -3.4+38 -31+08 Z
0.5uM 213+ 4.6 248+31 B 501
1 uM 37355 31808 % 4

10 uM 101.5+ 3.8 101.4+15 %

2

304
Note.No significant differences were determined between the age group%o.
®Activity is expressed in terms of a percent difference from the stage-

specific control value.

®Values represent the mean SD (n = 3). 104
Solvent control was hexane (il/1 ml volume). 04
-10
conversion of diazinon to the more potent AChE-inhibiting 0.01 0.1 1 10

oxon metabolite (Forsyth and Chambers, 1989; Metal.,
1975). In addition, boiling or carbon monoxide pretreatment of

microsomal protein or removal of NADPH inhibited this reac- FIG.4. Invi ity to d Stage 34 emb - g
tion. Finally, using multiple microsomal samples, we demory, = & o 0 e O s oror someontiion (open circle) an
4-h-old larvae (X) were exposed to diazoxon concentrations ranging from 0.

strated the same degree of bioactivation was achieved Whghog ,molar for 24 h. Following exposure, AChE acitivity was determined

and expressed as percent inhibition of control activity. Values are means
SEM (n = 5). Asterisk indicates statistically significant difference from stage

Log Diazoxon Concentration
(umolar)

N e /B10'seuInolpiofXo’ 15sx03//:01y WOy papeojumoq

12000 34 (p< 0.05).
11000 4 —V— Stage 29 "'
—+——  Stage 33 % i .
10000 S 35 equivalent amounts of P450 were added to the reaction (datg
9000 w J not shown). g
& 24howroldlanac Incubation of microsomes derived from early life stage g
8000 1 medaka resulted in 7.3 2.7 and 28.3+ 1.1% inhibition, for ~ z
5 7000+ stage 31 embryos and 24-h-old larva, respectively. These res
.g 000 sults indicate a greater ability of the larval preparation to§'
S i generate the oxon metabolite vitro. §
[a™ S
& 5000 g
c
40004 DISCUSSION 3
30004 &
N
2000 4 This study demonstrates increased sensitivity of an embryog
1000 larval fish to an OP, diazinon, as a function of development.
] Similarly, Anguianoet al. (1994) examined toxicity of para-
0 T . . thion in the toadBufo arenarumHensel, and reported higher
0 0.5 1 15 2

AChE IC, and LG, values in embryos when compared to
larvae. In addition, Takimotet al. (1984a) reported that 96-h
LCs, values for fenitrothion decreased as medaka developed
FIG. 3. Uptake of “C-diazinon by early life stage medaka. Medaka affOm embryos to 28-day-old larvae. However, a thorough lit-
stage 29 (down triangle open), 33 (+), 35 (open circle) and 24-h-old larve¢ature search revealed a lack of studies aimed at understand-
(open triangle) were exposed tt€-diazinon for 24 h, and following exposure ing the factors affecting sensitivity to OPs during these life
they were rinsed and homogenized in PBS. Aliquots of the homogenate (ngt5qes of teleosts. Although additional factors, including de-
3)' were then placed in scintillation flwd, and total radloactlw'ty was dete?oxification pathways, may determine overall sensitivity of
mined. Values represent mean cpm in the homogenate per atir88l (n = ! e . .
3). Points followed by different numbers of asterisks are significantly differe@Mbryo-larval medaka to diazinon, the work completed in this
from other stages at the same diazinon concentratioa (p05). study demonstrates that increased uptake and bioactivation are

Diazinon Concentration
(umolar)
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125 reveals differences in sensitivity to OP compounds. These
differences in sensitivity have been correlated to metabolic
bioactivation and/or detoxification, A-esterase levels, and the
sensitivity of AChE to inhibition (for a review see, Chambers
and Carr, 1995). Benke and Murphy (1975) reported that
age-dependent changes in OP sensitivity of rat pups was cor-
related to changes in P450-mediated detoxification, levels of
glutathione, A-esterase levels, and binding to nontarget mole-
cules.

In addition to the factors listed above, exposures of fish
embryonated eggs must consider the role of uptake in toxicity.
Because these life stages are surrounded by the chorion, a
protective yet semipermeable barrier (for a review see Weis
and Weis, 1989), the question of uptake is even more impor-
tant. Helmstetter and Alden (1995) reported that the rate ofg
uptake of agents topically applied to medaka embryonated egg§
was proportional to their lipophilicity. OPs, including diazinon, &
with low water solubilities should be readily absorbed (Bow- 8
man and Sans, 1983). Medaka embryonated eggs exposed E)
radiolabeled fenitrothion showed rapid uptake, and subsequeré;r
autoradiography revealed distribution within internal organs=

Stage 34

24 hour old larvae

(per?e%a%é ocP glotXtrol)

-

and yolk sac of the embryo (Takimoét al., 1984b). Martyet %
0.0E+00 2 7E-07 2 0E-06 2 0E-05 al. (1990) studied the uptake of a series of radiolabelled com—é‘
Piperony! Butoxide E;
(molar) e
110 5
FIG. 5. Effect of piperonyl butoxide on AChE inhibition. For this exper- _g%
iment, groups of stage 34 embryos and of 24-h-old larvae were exposed to 0.88 100 - é
uM diazinon alone or in combination with varying concentrations of piperonyl 5
butoxide for 24 h, and AChE _activity was determir]_gd. Va!ues represents 00 c
meanst SD (n= 3). Asterisk indicates statistically significant difference from =
the unexposed stage 34 control<p0.05). + indicates statistically significant %_
difference from the unexposed larval control<p0.05). 80+ f
70 g
associated with the increasing sensitivity observed with incre- 5
mental development. 3 60 3
During the period of development examined, AChE activityzs §
rose rapidly, and this pattern appears similar to that report% 504 g
for rainbow trout (Uesugi and Yamazoe, 1964). Previous r%;" g
sults from this laboratory showed that histochemical staining 6 40 <
acetylcholinesterase activity appears in neural tissue along with 2 g
heavy staining of skeletal musculature (Hanetmal., 1998). i S
Higher levels of cholinesterase activity have been reported to 20
account for decreased sensitivity to OP pesticides in insects
(Fournieret al., 1993). However, in the current study, increas- 104
ing levels of AChE were associated with greater sensitivity. It
is possible that in early life stage teleosts the rapid develop- 0
ment of the cholinergic system fosters a dependence on this {00001 {0001 001
system, for example neurotransmission controlling gill move- 1-ABT Concentration

ment during respiration, that results in higher sensitivity to the (molar)

lethal effects of anticholinesterase pesticides. We showed thdtlG. 6. Effect of the P450 inhibitor 1-aminobenztriazole (1-ABT) on

with the development of the cholinergic system in the retinACNE inhibition in 24-h-old larvae. Larvae were exposed for 24 h to Q.8B
. . .. .diazinon alone (0 1-ABT) or simultaneously withx1 10" to 10° M 1-ABT.
cell death app.ear.ed at sites of cholinesterase activity fOlIOWI(}ques represent means SD (n = 3). Asterisk indicates statistically signif-
exposure to diazinon (Hamet al., 1998). icant difference from diazinon-only treatment €p0.05). ** indicates statis-
Comparison of vertebrates by species, sex, and age grotigagly significant difference from x 10°M 1-ABT (p < 0.05).
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100 . TABLE 4

——+——  Stage 31 *
Effect of Piperonyl Butoxide on Uptake of Diazinon
in 24-h-old Larvae

——O——  Stage 31 with PBO

Stage 34 Diazinon concentrationgmolar) Larvae Larvae with PBO
04 __4 i
’ e mao 0.882 782+ 42° 815+ 18
604 —se— 24houratd 3.53 2137+ 294 2109+ 220
larvac 17.6 9650+ 1360 9523+ 1376

504 —%— 24 hour old
farvae with PBO Note.No significant differences were determined.
Test solution contained 2.8 10°M PBO.

®Amounts reported as cpm/animal. Values represent the megl (n= 3).

Percent AChE Inhibition

in AChE inhibition between the developmental stages tested.
Finally, addition of 2.0X 10° M PBO, which significantly
decreases the toxicity of diazinon, to media containing 14C-3
diazinon did not alter the total radioactivity in larvae. This lack &
of effect by PBO on uptake, demonstrated herein, is in contrast
0.01 0.1 i 10 w0 to earlier reports that PBO altered toxicity due to decrease@?
MgDiﬂi?SIggggce““ation uptake (Kuoet al., 1983; Sriranet al., 1995); however, in the
previous cases, the investigators were not studying organo:
FIG. 7. 'n;“:ef(‘j?e of PB? on ‘(’i?zmongﬁic]eg f[ChE i”hibli“]o”- (’;"giar']‘aplgosphates but instead worked with ionized compounds.

were exposed 10 diazinon alone (stages , open circle] an -N-0 . . . . : -
larvae [>F<)]) or diazinon and 2.& 10’5l\% PBO (stages 31p[open diamond], 34 F_o_llowmg uptake an.d dlstrlb'lJtIO.n, a .key. component in the ¢
[open triangle], and 24-h-old larvae [*]; medaka treated with PBO are repr@X'Clty of phosphorothionates is bioactivation to oxon metab-
sented with dashed lines) for 24-h and AChE activity was measured. Valuektes. Differences in the capacity to bioactivate these com-g
represent means SEM (n = 5). Asterisk indicates statistically significant pounds affects toxicity (Chambers and Carr, 1995). Ma anda
difference from diazinon-only treatment ¢p 0.05). Chambers (1995) demonstrated that, in rat tissues, parathiof
was readily bioactivated by desulfuration, whereas chlorpyri-S

fos was readily detoxified by dearylation; these metabolic%
pounds of varying hydrophobicity. No differences were segfiferences correspond to the lower toxicity of chlorpyrifos.
until immediately prior to hatch, when uptake increased. k@ompared with mammalian species, fish are known to have a
contrast to this observation, our exposures*%0-diazinon |ow ability to metabolize OPs. Hitchcock and Murphy (1971) S
resulted in significantly greater uptake by more developeddied bioactivation of parathion and guthion by rat and by z
embryos (see Fig. 3; compare stage 29 to more develoR@g fish species, bullhead (Ictalurus melas) and winter floun-=
embryos). In addition, these differences in uptake occurredfdr (Pseudopleuronectes americanaisd noted that rat tissues @
diazinon concentrations that resulted in substantial differengggactivated both compounds 2- to 3-fold more than either fish®
species. However, when fish species are compared, data derg.-
onstrate that toxicity differences are related to host metabog
lism. Keizeret al. (1995) demonstrated that gupg@yoecilia <
reticulata), the most sensitive of several species they studiedﬁ
had the highest capacity to bioactivate diazinon, whereas car@

dny

10SXO1fY

pIoJx0

53)

TABLE 3
The Effect of Piperonyl Butoxide on AChE Inhibition
in 24-h-old Larvae by Diazoxon

AChE inhibitior? (Cyprinus carpio) were insensitive and had a low ability to
bioactivate diazinon. In addition, alternative pathways of me-
Diazoxon concentration Without PBO with PBO*  tabolism that produce more polar metabolites, presumably hy-

droxylated metabolites other than the oxon, were reported to

Control 0=17 03*11  zccount for the insensitivity to diazinon of adult medaka versus
0.1uM 227+ 38 236=13 | M licaudatugoh et al. 1991

0.5 M 671+ 7.6 769+ 29 loach (Misgurnus anguillicaudatygOh e al., ).

1uM 89.7+ 2.9 89.4+ 0.5 Our work demonstrated that as early life stage medaka
10 uM 98.6+ 1.2 98.4+ 0.7 developed (from fertilization to larvae), equimolar concentra-

tions of diazinon caused increasing amounts of AChE inhibi-
Note.No significant differences were determined to result from piperon;ﬂon_ However, when larvae were exposed to diazinon in com-

butoxide treatment. o L P . .
Activity is expressed as the percent difference from control activity. bination with either of tWQ P450 Inh!bltors’ plpgronyl butoxide
bTest solution contained 2.8 10°M PBO. (Anders, 1968) or 1-aminobenzotriazole (Knickle and Bend,

“Values represent the mean SEM (n = 4). 1992; Meschteet al., 1994), levels of AChE inhibition were
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greatly decreased. These data suggest that metabolisnirasit. Murphyet al. (1968) compared sensitivity to two OPs
present in these stages and, once formed, continues toabe found that fish had highém vivo sensitivity to gutoxon
important in later stages. Further, PBO provided greater ptitran paraoxon; this sensitivity paralleled the highervitro
tection from AChE inhibition with further development. Ank-sensitivity of fish brain cholinesterase to gutoxon. Finally, Keizer
ley et al. (1991) reported that agqueous exposures with PB® al. (1995) reported thah vitro sensitivity of AChE was a
decreased toxicity of four metabolically activated OPs, includleterminant of toxicity differences among four species of fish.

ing diazinon, but did not alter the toxicity of three OPs not In addition to species-specific differences in AChE, some
requiring bioactivation. Mireet al. (1977) demonstrated thathave suggested that developmental changes in the sensitivity of
PBO inhibited bioactivation and P450-mediated detoxificatiohChE explain differences in toxicity between age groups.
of methyl parathiorin vitro and resulted in a 40-fold decreaséAnguianoet al. (1994) demonstrated that toad embryos were
in toxicity following in vivo exposure. In contrast, PBO did notless sensitive than larvae to parathion, and AChE from an
affect thein vivo toxicity of the active metabolite methyl embryo homogenate had a highier vitro 1Cs, value with
paraoxon. In the present study, PBO had no effect og IGQaraoxon. AChE exists as several molecular forms, and the
values generated froin vivo exposures of early stage medakaistribution of these forms varies with development (for a
to diazoxon (Table 3), suggesting that inhibition of P45Qeview see Massoulie and Bon, 1982). Therefore, developmen¥
mediated detoxification steps has little influence on sensitivitgl changes in AChE inhibition could result from differences in 3
changes. PBO’s lack of effect on diazoxon was importattie sensitivity of these molecular forms. However, whereas;
because PBO is a nonselective inhibitor of P450 and inhibitéortensenet al. (1997) found differences in lgvalues be
the oxidative reactions that both bioactivate and detoxify didween tissues and during development in crude homogenates

14 popBo|uMa

zinon (Smithet al., 1974). incubated with chlorpyrifos-oxon, immunoprecipitation of %{
Further evidence for the role of metabolic activation in thAChE and subsequeiih vitro incubation resulted in similar =
sensitivity changes was obtained froim vitro metabolism ICg, values. The use of immunopurified AChE demonstrates%

studies. We used an incubation system in which inhibition dfiat the apparent sensitivity of this enzyme may result from ang
an exogenous AChE source is related to metabolic conversiateraction of oxon with nontarget molecules. Perhaps theo
of diazinon to the more potent AChE-inhibiting oxon metaktissue preparations used by Anguiagtoal. (1994) resulted in
olite. Using adult medaka hepatic microsomes, we showed tlaasimilar interaction with nontarget proteins. In this study, no
bioactivation in this system was inhibited by each of thredifference between embryos and larvaénivitro AChE inhi-
well-established ways to deactivate cytochrome P450 activityition by diazoxon was recorded (Table 2), further suggestings
a) boiling, b) exposure of microsomes to carbon monoxid;)or thatin vitro AChE sensitivity is not a factor in developmental <
removal of NADPH. These results demonstrated the essentibhnges. Similarly, Benke and Murphy (1975) reported devel-2
requirement of cytochrome P450 activity for conversion afpmental changes in the sensitivity of rat pups to parathion an
diazinon to a form that inhibits AChE. Microsomes fronmethylparathion, but did not detect changesnirvitro sensi-
medaka embryos were capable of bioactivating diazinon, atinity of AChE.
based on levels of AChE inhibition, 24-h-old larvae had sig- In conclusion, the present study shows that toxicity of dla—
nificantly greater capacity for bioactivation than did stage 31 amon to a model early life stage teleost increases markedlyg
earlier embryos. This apparent increase in metabolic capaditypund the time of hatch. Lower Lgvalues and greater AChE
immediately after hatch mirrors increases in cytochrome P45@hibition with added development were the evidence of this
mediated enzyme activity occurring in early life stage teleosthange. Over the period of development examined, both th
at this time (Binder and Stegeman, 1984; Bindeal., 1985; uptake of*‘C-diazinon and the AChE inhibition followini
Wisk and Cooper, 1992). Similarly, our measurements ®fvo exposure to diazoxon increased with added development®
ethoxyresorufin-O-deethylase activity, associated with cytmdicating at least some of the sensitivity was associated with2
chrome P450 1Al in teleosts (Stegeman, 1989), show a ragi@ater uptake of the compound. In addition, further develop-
increase around the time of hatch in medaka (unpublishewnt was associated with enhanced metabolism of diazinon.
observations in this laboratory). As medaka developed, P450 inhibitors had an increasing pro-
Once bioactivated, organophosphate pesticides target AChdgtive effect. Finally,in vitro metabolism studies demon-
and the sensitivity of this enzyme itovitro inhibition has been strated a higher rate of bioactivation with added development.
used to explain species sensitivity differences. Combining sutihese mechanistic investigations provide an improved under-
stantial original research and a review of the literature, Chastanding of organophosphate toxicity in early life stages of
bers and Carr (1995) assert tliawitro sensitivity of AChE to fishes.
oxon metabolites largely determinasvivo sensitivity of ju-
venilg and adult fish. Johnson and Wallace (.1.987) compared ACKNOWLEDGMENTS
species and noted that AChE from rats, a sensitive species, was
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