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Fish in agricultural and remote areas may be exposed to endosulfan and its degradation products as a
result of direct runoff, atmospheric transport and deposition. The following study used the zebrafish
developmental model to investigate the responses to endosulfan I and endosulfan sulfate, the major
degradation product of endosulfan I and II. Embryos were dechorionated and waterborne exposed to the
endosulfan I or endosulfan sulfate from 6 to 120 h post-fertilization (hpf). Endosulfan I exposure concen-

'z(e{;w‘gd;: trations ranged from 0.01 to 10 pg/L and endosulfan sulfate from 1 to 100 w.g/L. Water solutions were
Eﬁ dl:susl fan renewed every 24 h and fish were scored for overt developmental and behavioral abnormalities. Chemical

analysis was performed on water, whole embryo, and larvae samples to determine waterborne exposure
concentrations and tissue concentrations throughout the 5-day period. The most sensitive toxicity end-
point for both endosulfan I and endosulfan sulfate was an abnormal response of the embryo/larvae to
touch, suggesting that endosulfan I and sulfate are developmentally neurotoxic. The waterborne expo-
sure ECsgs for inhibition of touch response for endosulfan I and endosulfan sulfate were 2.2 ug/L and
23 ng/L, respectively. The endosulfans were highly concentrated by the organisms, and the inhibition
of touch response tissue ECsg, determined from the measured tissue concentrations, was 367 ng/g for
endosulfan I and 4552 ng/g for endosulfan sulfate.
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1. Introduction

Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,3,4-benzodioxathiepin-3-oxide) is a cyclodiene
insecticide currently used throughout the world. It is applied as
a technical mixture of the I (o) and II () isomers in the ratios
of 2:1 to 7:3 on a wide variety of crops (Wan et al., 2005a). It
may enter the environment surrounding agricultural areas as a
result of atmospheric transport and field runoff with concentra-
tions ranging in the low part per billion measured in streams and
rivers bordering these areas (Hose et al., 2003; Wan et al., 2005a,b).
Endosulfans have also been measured in fish from remote lakes
throughout the U.S., Canada, and Europe where atmospheric trans-
port and deposition accounts for its presence (Simonich and Hites,
1995; McConnell et al., 1998; LeNoir et al., 1999; Vilanova et al.,
2001; Carrera et al., 2002; Stern et al., 2005; Usenko et al., 2007;
Ackerman et al., 2008). Upon entering the environment endosulfan
I and II are primarily converted to the diol form in water and the
sulfate form in soil and sediment (Hose et al., 2003). The endosul-
fan sulfate and diol further break down to the ether, hydroxyl ether,
lactone, and alcohol forms (Hose et al., 2003). Endosulfan sulfate is
the only breakdown product considered to be toxic (Berntssen et
al., 2008). The half-lives of endosulfan I and Il in water are on the
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order of days to months, whereas endosulfan sulfate is on the order
of weeks to years (Leonard et al., 2001; Wan et al., 2005a). In sedi-
ment, both forms are more persistent (Leonard et al., 2001; Wan et
al,, 2005a). Although fish tissue half-lives are on the order of days,
potential exists for aquatic organisms to be impacted by endosul-
fan exposure, especially in agricultural areas where organisms are
exposed to the highest environmental levels of endosulfan (Naqvi
and Vaishnavi, 1993; Hose et al., 2003; Wan et al., 2005b).
Endosulfan I and Il are highly toxic to aquatic organisms, includ-
ing fish. In laboratory studies, the fish LCsgs are in the range of
1-100 pg/L for endosulfan [, II, and the technical product (Jonsson
and Toledo, 1993; Hose et al., 2003). In some fish species, endo-
sulfan I is more toxic than endosulfan II and the technical product
(Devi et al., 1981; Wan et al., 2005a). Based on acute studies, endo-
sulfan sulfate appears to be as toxic as the parent isomers (Leonard
et al., 2001). However, its toxicity is not well-characterized.
Endosulfan I and II are neurotoxic, thought to act through
inhibition of the gamma-aminobutyric acid (GABA)-gated chlo-
ride channels (ATSDR, 2000; Jia and Misra, 2007). Symptoms of
neurotoxicity, including hyperactivity, erratic swimming, and con-
vulsions have been observed in adult fish (Jonsson and Toledo,
1993). Development is a particularly sensitive life stage, and fish
are often more vulnerable to the adverse effects of chemicals during
this period (Rosenthal, 1976; Lele and Krone, 1996). Few studies,
conducted in rodents, have investigated the developmental neu-
rotoxicity of endosulfan and reported possible neurotoxic effects
as a result of alterations in physical brain or neurotransmitter
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and amino acid measurements (EPA, 2007; Cabaleiro et al., 2008).
However, to our knowledge no studies have investigated the neu-
rotoxicity of endosulfan in developing fish.

Zebrafish (Danio rerio) are a model organism (Spitsbergen
and Kent, 2003) and are useful for studying developmental
toxicity because organogenesis is largely complete by 48 h post-
fertilization (hpf) (Kimmel et al., 1995). Other benefits of using
zebrafish in developmental studies include their transparency dur-
ing early development, which allows for direct viewing of biological
responses. Large clutch sizes and their small body size reduces the
supplies required and costs to conduct experiments (Hill et al.,
2005). The sequencing of the zebrafish genome is nearly complete
and this promises to enhance it as a tool to study the mechanisms
of developmental processes and how toxicants interfere with these
processes (Spitsbergen and Kent, 2003; Hill et al., 2005).

Relatively few studies have investigated the toxicity of endo-
sulfan sulfate despite its environmental persistence. In particular,
information gaps exist regarding the potential developmental or
developmental neurotoxicity of endosulfan. Endosulfan I was cho-
sen in this study because it has been reported in some cases to be
more toxic than endosulfan II. The objectives of this study were to
determine if early zebrafish life stages were sensitive to endosulfan
[ or endosulfan sulfate, to determine the most sensitive endpoint
of toxicity, and to define the relative developmental toxicity of
endosulfan sulfate to endosulfan I.

2. Materials and methods
2.1. Fish care and husbandry

Adult zebrafish wild-type (Danio rerio) of the strains AB and 5D
Tropical (5D) were reared at the Sinnhuber Aquatic Research Labo-
ratory (SARL) at Oregon State University. Fish were housed in 2.0L
polycarbonate tanks filled with reverse osmosis (RO) water con-
taining 0.6% instant ocean (Aquarium Systems, Inc., Mentor, Ohio)
in a recirculating system. The water temperature was maintained
at 28°C (£1°C), with a pH of 7.2 (£0.2), and the fish were kept
on a 14 h light/10 h dark photoperiod. Fish were group spawned
and embryos were collected at 2-3 h post-fertilization (hpf) and
rinsed with water. They were dechorionated in a glass petri dish at
5 hpf using pronase (50 mg/ml), rinsed thoroughly with water, and
allowed to recover 0.5-1 h before they were placed into exposure
solutions. Extensive comparative studies were completed between
the AB and 5D and there were no significant differences in the dose
response to endosulfan I and endosulfan sulfate (data not shown).

2.2. Waterborne exposures

Endosulfan I (99.5%) and sulfate (98.9%) were purchased from
ChemService (West Chester, PA). A master stock solution of each
chemical was prepared by dissolving the crystalline solids into
ethyl acetate to obtain a concentration of 1 mg/ml. The solutions
were stored at 4°C. A stock solution in DMSO was prepared for
each experiment by reducing the ethyl acetate solution to dryness
and immediately adding DMSO to the vial. Using the DMSO stocks a
serial dilution was prepared to obtain endosulfan I and endosulfan
sulfate DMSO solutions of varying concentrations. The final per-
centage of DMSO in the water solutions was 0.1%. Experiments were
conducted in 96-well styrene divinylbenzene plates, with 100 .l of
solution and one organism per well. Zebrafish embryos were staged
using the methods described in Kimmel et al. (1995) and exposed
to the chemicals from 6 to 120 hpf. Solutions were renewed with
freshly prepared endosulfan or fish water solutions at 24, 48, 72,
and 96 hpf.

Table 1
Associated behaviors for touch response scoring system.
Number Behavior
1 Normal: fish quickly swim away from the source of the
touch, move across the length of the well
2 Fish quickly respond to touch, includes prolonged
periods of swimming and fish acting disoriented
3 Fish are slower to respond to touch and swim a shorter
distance
4 Fish flick the tail in response to touch, but do not swim
5 Paralysis: fish do not move

2.3. Range finding experiments

Experiments were conducted to determine the waterborne con-
centration that produced mortality in 50% of the embryos (LCsg) and
to determine the embryonic response most sensitive to endosulfan
[ and endosulfan sulfate using a large range of concentrations. Con-
centrations between 0.01 and 1000 pg/L were tested for endosulfan
I and between 1 and 10,000 p.g/L were tested for endosulfan sul-
fate. The results from these experiments were used to determine a
concentration response curve for the most sensitive endpoint, an
abnormal response to touch, of endosulfan I and endosulfan sulfate
exposure in the embryos and larvae. Once an appropriate range for
the concentration response curve was determined the experiment
was repeated on three separate occasions. Final nominal concen-
trations were 0.01, 0.1,0.5, 1, 5, and 10 pg/L for endosulfanIand 1,
10, 20, 40, 80, and 100 pg/L for endosulfan sulfate.

2.4. Abnormality scoring and behavioral scoring system

Embryos and larvae were scored for developmental abnormal-
ities at 24, 48, 72, 96, and 120 hpf. Behavioral abnormalities were
scored at 48, 72, 96, and 120 hpf by using a touch response scor-
ing system, which was developed during the initial range finding
experiments. The touch response was conducted by touching a thin
needle head to the tip of the tail of the embryo or larvae and the
resulting behavior of the zebrafish was recorded using a score of 1
through 5. The behaviors associated with each score are detailed in
Table 1.

2.5. Chemical analysis

All solvents used in analysis were of Optima grade (Fisher Sci-
entific, Pittsburgh, PA). Water samples and tissue samples were
analyzed using isotope dilution gas chromatography (GC)/mass
spectrometry (MS). In order to determine the average concentra-
tions of endosulfan I and endosulfan sulfate in the organisms over
the course of the 5-day, static renewal (every 24 h) exposure, a
time course study was designed. Fish were exposed in groups of
12-24 inindividual wells of a 24-well styrene divinylbenzene plate
and exposure experiments were repeated in triplicate. The total
amount of endosulfan I and sulfate exposure was kept consistent
with dose response studies by adding 100 .l of exposure solution
per embryo/larvae.

The water and tissue extraction procedures were based on the
method developed by Isaacson et al. (2007). The samples were
extracted and analyzed as follows. Water samples were collected
(0.5ml) and added to a 2.0 ml centrifuge tube. Embryos and lar-
vae were anesthetized with tricaine amide methylsulfonate, rinsed
thoroughly with water, and added to a pre-weighed 2.0 ml cen-
trifuge tube (approximately 12-24 organisms pooled per sample).
Water surrounding the embryos/larvae was removed with a 10 pl
pipette and the tube was reweighed (Mettler B6 Analytical Bal-
ance, Hightstown, NJ). Embryos and larvae were ground using a
Teflon pestle. Water and tissue samples were stored at —20 °C until
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analysis. Samples were thawed and spiked with 5 jul of isotopically
labeled surrogate standards. In the case of water samples, 0.5 ml
of hexane was added to each sample. In the case of embryo and
larvae samples, 0.1 ml of glacial acetic acid was added to each sam-
ple, the tube was vortexed for 30s, and 0.25ml of ethyl acetate
and 0.25ml of hexane was added to the sample. The water and
tissue samples were vortexed for 1 min followed by centrifuga-
tion for 10 min at 14,000 rpm. One-half of the top layer of solvent
(0.25ml) was removed and added to a 2.0 ml amber glass GC vial.
The samples were solvent exchanged to ethyl acetate by reducing
the solvent under a steady stream of nitrogen gas to approximately
0.1 ml and adding 10 times the amount of ethyl acetate (repeated 3
times). The samples were then reduced to 95 I, spiked with 5 .l of
internal standards and run on an Agilent 6890 gas chromatograph
coupled to an Agilent 5973N mass selective detector in electron
capture negative ionization (ECNI) mode using selected ion moni-
toring (SIM). A 12 point, solvent based, calibration curve was used
for quantification. To monitor instrument performance, a standard
was analyzed for every 3-4 samples. Endosulfans were identified
using a standard based mass spectrometry library and matching
retention times (40.05 min). The GC/MS temperature method and
SIM details are reported elsewhere (Usenko et al., 2005). In the
case of the triplicate spike and recovery experiments the recov-
ery from water and tissue were determined by adding a known
concentration of endosulfan I and endosulfan sulfate (10 ng) to the
samples (triplicate) prior to extraction. Both isotopically labeled
surrogates and internal standards were added to the sample just
prior to instrumental analysis to determine the loss of endosulfan
I and endosulfan sulfate over the method.

2.6. Statistical analysis

A one-way ANOVA was performed in S-PLUS (version 8.0) to
determine if there was a significant relationship between the dose
and the response. Linear regression, using indicator variables for
endosulfan I and endosulfan sulfate, was used to determine if there
was a significant difference between the dose response curves
of the two compounds (log-log transformed) (S-PLUS). Sigmoidal
regression analysis was performed for endosulfan I and endosul-
fan sulfate dose response curves using Sigmastat (version 8.0) and
the resulting equation for the curve was used to calculate the ECs.
Fisher's exact test was used to determine if there was a significant
difference between the exposure groups and the control (S-PLUS)
for abnormal touch response and a one-way ANOVA followed by
Dunn’s multiple comparison procedure was used to determine if
there was a significant difference between the exposure groups
and the control for the touch score (Sigmastat version 11.0). For all
analyses, a p-value <0.05 was considered significant. Results are
presented as means =+ standard deviation unless otherwise stated.

3. Results

3.1. Abnormal touch response is the most sensitive endpoint
following endosulfan I and endosulfan sulfate exposure

Endosulfan I and endosulfan sulfate, even at relatively high con-
centrations did not produce visible or overt toxicity. No physical
abnormalities were observed in larvae exposed to nominal con-
centrations of 5 wg/L or less of endosulfan I. Pericardial and yolk
sac edema was observed in less than 20% of larvae exposed to
endosulfan I concentrations of 10 wg/L at 120 hpf. At the highest
concentrations tested, 100 and 1000 wg/L, pericardial and yolk sac
edema was visible in at least 80% of larvae, a curved body axis in
at least 40% of larvae, and a wavy notochord in at least 66% of lar-
vae. Larvae exposed to the highest concentrations of endosulfan

I also showed a less sensitive response to touch, reduced move-
ment, and in some cases paralysis. No physical abnormalities were
observed in larvae exposed to nominal concentrations of 40 w.g/L or
less of endosulfan sulfate at 120 hpf. Pericardial and yolk sac edema
were observed in 20-50% of larvae exposed to 80 and 100 p.g/L and
80-100% of larvae exposed to 1000 and 10,000 .g/L of endosulfan
sulfate (the highest concentrations tested). A curved body axis was
visible in 33-80% of larvae exposed to the highest concentrations of
endosulfan sulfate and in 33-60% of larvae wavy notochords were
also apparent. Like larvae exposed to the highest concentrations of
endosulfan I, those exposed to the highest concentrations of endo-
sulfan sulfate showed a less sensitive response to touch, reduced
movement, and in some cases paralysis. Mortality occurred in less
than 20% of the larvae exposed to the highest concentrations of
endosulfan I and endosulfan sulfate.

Preliminary range finding experiments indicated that endo-
sulfan I and endosulfan sulfate induced abnormal behavior and
reduced touch response in larval zebrafish. Endosulfan I and endo-
sulfan sulfate showed the same progression of abnormal behaviors
at the highest concentrations tested (100 and 1000 p.g/L of endo-
sulfan I and 1000 and 10,000 p.g/L of endosulfan sulfate) during
the range finding experiments, that is, fish first exhibited signs
with a score of 2 followed by more severe symptoms with a
score of 3, 4, and 5 as exposure time progressed (Table 1). The
abnormal touch response was the most sensitive toxicity end-
point, that is, it is the response that was observed at the earliest
developmental time point and at the lowest concentration, in
zebrafish exposed to endosulfan I or endosulfan sulfate. Further
concentration response studies more accurately determined the
nominal exposure concentration and time point at which the
abnormal touch response were produced (Fig. 1). An abnormal
touch response was recorded in 100% of tested individuals exposed
to a nominal concentration of 5 pg/L of endosulfan I and 40 pg/L
of endosulfan sulfate at 72 hpf and there were no overt develop-
mental abnormalities in the larvae from these exposure groups
through 120 hpf. The concentration was significantly related to
the abnormal touch response (one-way ANOVA) and the endo-
sulfan I and endosulfan sulfate curves were significantly different
when tested using linear regression (average of the 3 replicate
experiments was used (Fig. 1); endosulfan I and endosulfan II
were indicator variables). The ECsy for each endosulfan I and
endosulfan sulfate replicate experiment was calculated using the
following equations: for endosulfan I, y=100(1+e(~(x~1.1)/0-28))
y=89(1 +el-(x-41)/083)) 1, = 100(1 +e(-*~1-2)/034)y and for endo-
sulfan sulfate, y=100(1+e(~(x=20)/78)) 3 =100(1 +e(~(x—30)/34)),
y=102(1 +e(~(x~20)/86)) The average abnormal touch response
ECso for endosulfan I and endosulfan sulfate were determined to
be 2.2 +1.8 and 23 +5.8, respectively (Fig. 1). The no observable
adverse effect concentration (NOAEC), determined from the high-
est concentration not significantly different from the control, was
0.5 pg/L for endosulfan I and 1 pg/L for endosulfan sulfate (Fig. 1).
The lowest observable adverse effect concentration (LOAEC), deter-
mined from the lowest concentration significantly different from
the control, was 1 pg/L for endosulfan I and 10 p.g/L for endosulfan
sulfate (Fig. 1). Observed abnormal behaviors included prolonged
swimming and disorientation, spastic swimming behavior and in a
few cases a slower response and shorter distance swam in response
to touch (Fig. 1).

3.2. Concentrations of endosulfan I and endosulfan sulfate in
exposure water and zebrafish tissue

The analytical methods for measuring endosulfan I and endo-
sulfan sulfate in water and tissue provided good accuracy and
precision as determined by the average recovery and relative
standard deviation (RSD) from the triplicate spike and recovery
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Fig. 1. Concentration response curve for the nominal waterborne exposure concentration versus the % incidence of abnormal touch response at 72 hpf for endosulfan I and
endosulfan sulfate and the nominal waterborne exposure concentration versus the touch score for abnormal touch response at 72 hpf for endosulfan I and endosulfan sulfate,
averaged across 3 experiments. The error bars represent the standard error of the mean. * indicates significantly different from control group (p <0.01).

experiment. Spiked water samples had an average recovery of
87% + 2.3 (RSD) for endosulfan I and 105% =+ 3.6 for endosulfan sul-
fate, and fish samples had an average recovery of 91%+7.8 for
endosulfan I and 56% + 3.0 for endosulfan sulfate.

The endosulfan I and endosulfan sulfate water exposure solu-
tions were measured 3 times over the course of the 5-day exposure
by collecting water samples immediately following their prepara-
tion (0 hpf, 48 hpf, and 96 hpf). Endosulfan I and endosulfan sulfate
were not detected in fish or water samples of the control groups.
The measured concentrations for the nominally prepared exposure
concentrations of 0.1 wg/L, 2 pg/L, and 10 pg/L endosulfan I were
0.12+0.044 p.g/L, 1.7 £0.75 pg/L, and 7.0 +4.0 pg/L, respectively.
The measured concentrations for the nominally prepared exposure
concentrations of 1 wg/L, 20 wg/L, and 40 p.g/L endosulfan sulfate
were 1.6 £0.60 pg/L, 18 7.3 wg/L, and 51 &+ 19 pg/L, respectively.
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The embryos and larvae accumulated high concentrations of
endosulfan I and endosulfan sulfate, 30-5300 and 7-160 times
the exposure concentrations, respectively, over the course of the
5-day exposure (Fig. 2). The concentrations appeared to stabilize
in water and fish by 120 hpf (Figs. 2 and 3), and thus the bio-
concentration factor (BCF) for was calculated. To obtain BCF, the
concentration in the fish was divided by the concentration in the
exposure water at 120 hpf for each triplicate sample in each expo-
sure group, triplicate samples were averaged, and then the results
were averaged for all exposure groups. BCF was 94 + 9.9 for endo-
sulfan I and 69 + 5.4 for endosulfan sulfate. The estimated ECsq for
abnormal touch response in larvae (72 hpf), determined from the
measured tissue concentrations, was 370+ 54.6 for endosulfan I
and 4600 + 1300 ng/g wet weight (w.w.) for endosulfan sulfate. The
estimated NOAEC, determined from the measured tissue concen-
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Fig. 2. The average concentration (ng/g) in zebrafish embryos and larvae sampled over the course of a 5-day exposure to endosulfan I and endosulfan sulfate. Endosulfans
were not detected in control fish or water. The bars represent the standard deviation; n=3. The tissue ECso for abnormal touch response is shown.
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trations in the low exposure groups, was 38 +5.2 for endosulfan
I and 2104+ 60ng/g w.w. for endosulfan sulfate. The embryos at
36 hpf and larvae at 72 and 120 hpf appear to be capable of metab-
olizing endosulfan I. Endosulfan I was measured in fish exposed
to 7.0 pg/L at 36 hpf, in fish exposed to 1.7 and 7.0 pg/L at 72 hpf
and in fish exposed to 7.0 ug/L endosulfan I at 120 hpf (Fig. 4).
Endosulfan sulfate was measured in fish exposed to 1.7 pg/L at
72 hpf and fish exposed to 1.7 and 7.0 p.g/L endosulfan I at 120 hpf
(Fig. 4). The fish also excreted some endosulfan sulfate, at 120 hpf
a concentration of 0.12 +0.10 wg/L was measured in the water of
the 1.7 pg/L exposure group and 0.91 +0.30 pg/L was measured in
the water of the 7.0 pg/L exposure group. The measured endosul-
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fan I and endosulfan sulfate water concentrations showed similar
patterns when zebrafish were present and zebrafish were absent
(Fig. 3). Endosulfan sulfate concentrations in the wells with and
without the zebrafish present were lower than the exposure water
concentrations during the first 72 hpf of the endosulfan sulfate
experiment (Fig. 3). The concentrations in the water appeared to
stabilize by 120 hpf and reached concentrations closer to expo-
sure water concentrations (Fig. 3). In addition to uptake by the
organisms, some of the loss of endosulfan I and sulfate in the
water was attributed to loss by sorption to the polypropylene
wells and/or hydrolysis (Guerin and Kennedy, 1992; Isaacson et
al., 2007).
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Fig. 4. The average concentration of metabolites (endosulfan II and endosulfan sulfate) of endosulfan I in zebrafish embryos and larvae (ng/g) over the course of a 5-day
exposure to endosulfan I. Endosulfans were not detected in control fish or water. The bars represent the standard deviation; n=3, no bars present n=1. Only detections are

shown.
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4. Discussion

These studies were aimed at determining if endosulfan I and II
were developmentally toxic to zebrafish. The results indicated that
abnormal touch response was the most sensitive endpoint, indicat-
ing potential neurotoxicity, following endosulfan I and endosulfan
sulfate exposure. This was the first study, to our knowledge, that
investigated developmental neurotoxicity of these compounds in
fish. Behavioral abnormalities, associated with neurotoxicity, that
resulted from endosulfan I and sulfate included extended periods
of swimming and spastic behavior at the lower concentrations and
reduced motility and paralysis at the highest concentrations tested.

An endosulfan LCsq for adult zebrafish was reported as 1.6 p.g/L
compared to 0.8 wg/L for rainbow trout (Oncorhychus mykiss) and
1.7 pg/L for the bluegill sunfish (Lepomis macrochirus) (Jonsson and
Toledo, 1993; EPA, 2001). At the highest concentrations tested in
this study, 1000 p.g/L of endosulfan I and 10,000 p.g/L of endosulfan
sulfate, some larvae were paralyzed as a result of exposure. How-
ever, the occurrence of mortality was low. The lack of mortality in
the developing zebrafish is likely due to the ability of the devel-
oping zebrafish to obtain oxygen through cutaneous respiration
(Rombough, 2002) even after paralysis prevented gill ventilation.

Endosulfan, like other cyclodiene insecticides, has been pro-
posed to cause neurotoxicity through GABA-gated chloride channel
inhibition (Naqvi and Vaishnavi, 1993; ATSDR, 2000; Jia and Misra,
2007). Inhibition of these channels results in excitation because
the neuron is unable to repolarize (Jia and Misra, 2007). Associ-
ated symptoms of neurotoxicity include convulsions and eventual
paralysis. Studies in rats have shown that endosulfan I and Il inhibit
the influx of chloride and GABA-induced chloride influx across rat
brain membranes, with endosulfan I being a more potent inhibitor
than endosulfan II (Abalis et al., 1986; Gant et al., 1987). A muta-
tion in an insect GABA receptor subunit gene has been shown to
provide resistance to cyclodiene, including endosulfan, toxicity in
some insects (Ffrench-Constant et al., 2000).

Although GABA-gated inhibition is widely suggested as the
molecular endpoint underlying endosulfan neurotoxicity, the
molecular mechanism has yet to be confirmed. This work pro-
vides a basis to begin investigations to elucidate the mechanism
of endosulfan I and endosulfan sulfate neurotoxicity in developing
zebrafish.

Endosulfan I is 10 times more toxic than endosulfan sulfate to
zebrafish. For endosulfan I the BCF was calculated to be 94+9.9
and for endosulfan sulfate it was calculated to be 69 + 5.4. In com-
parison to the BCF for the technical mixture of endosulfan in adult
zebrafish, 2650 (Toldeo and Jonsson, 1993), the measured BCF for
endosulfan I and endosulfan sulfate is low. This may be the result
of differences in skin, gill or gut uptake, and metabolism between
adult and larvae; for example larvae may have less uptake from the
gills than adults; little is known about the time of gill development
in zebrafish (Rombough, 2002; ZFIN, 2008).

Developing zebrafish metabolized endosulfan I to endosulfan I
at 36 hpf and to endosulfan sulfate at 72 hpf (Fig. 4). The sulfate is
formed through oxidation by cytochrome P450s (CYP) (Lee et al.,
2006). In humans metabolism was reported to occur via enzyme
isoforms CYP3A4 and CYP2B6 (Lee et al., 2006). Developing organ-
isms have large numbers of P450s (Juchau et al., 1992; Stoilov,
2001). CYP1A1 was detected in developing zebrafish as early as
36 hpf (Andreasen et al., 2002), supporting our findings that some
metabolism of endosulfan I occurred at 36 hpf and cytochrome
P450s may be involved.

Total endosulfan (I, II, and sulfate) concentrations in fish from
agricultural areas were detected up to 310 ng/g w.w. and in remote
areas concentrations were <10 ng/g w.w. (Nowak, 1990; Ackerman
et al., 2008). The tissue NOAEC and ECsq for developmental toxicity
for endosulfan I was within the range measured in fish from agri-

cultural areas and, at a minimum, 4 (NOAEC) and 37 (ECsg) times
higher than concentrations measured in remote ecosystems. The
tissue NOAEC for endosulfan sulfate was within the range measured
in fish from agricultural areas and 20 times higher than measured
concentrations in fish from remote ecosystems. The ECsq for endo-
sulfan sulfate was, at a minimum 15 times higher than fish tissue
concentrations measured in agricultural areas and 450 times higher
than measured concentrations in fish from remote ecosystems. The
endosulfan I NOAEC and ECso and the endosulfan sulfate NOAEC
in this study were within the range of endosulfan concentrations
measured in fish from agricultural areas. Thus, the current work
demonstrated the potential for behavioral effects after exposure to
endosulfan in the environment.
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