
TOXICOLOGICAL SCIENCES 121(1), 146–159 (2011)

doi:10.1093/toxsci/kfr028

Advance Access publication February 23, 2011

Chlorpyrifos-Oxon Disrupts Zebrafish Axonal Growth and Motor
Behavior

Dongren Yang,*,† Holly Lauridsen,† Kalmia Buels,‡ Lai-Har Chi,§ Jane La Du,{ Donald A. Bruun,† James R. Olson,§

Robert L. Tanguay,{ and Pamela J. Lein*,†,1

*Department of Molecular Biosciences, University of California Davis School of Veterinary Medicine, Davis, California 95616; †Center for Research on

Occupational and Environmental Toxicology; ‡Department of Physiology and Pharmacology, Oregon Health & Science University, Portland, Oregon 97239;

§Department of Pharmacology and Toxicology, School of Medicine and Biomedical Sciences, The State University of New York, Buffalo, New York 14214; and
{Department of Environmental and Molecular Toxicology and the Environmental Health Sciences Center, Oregon State University, Corvallis, Oregon 97331

1To whom correspondence should be addressed at Department of Molecular Biosciences, University of California Davis School of Veterinary Medicine, One

Shields Avenue, 1120 Haring Hall, Davis, CA 95616. Fax: (530) 752-4698. E-mail: pjlein@ucdavis.edu.

Received December 16, 2010; accepted January 26, 2011

Axonal morphology is a critical determinant of neuronal con-

nectivity, and perturbation of the rate or extent of axonal growth

during development has been linked to neurobehavioral deficits in

animal models and humans. We previously demonstrated that the

organophosphorus pesticide (OP) chlorpyrifos (CPF) inhibits

axonal growth in cultured neurons. In this study, we used

a zebrafish model to determine whether CPF, its oxon metabolite

(CPFO), or the excreted metabolite trichloro-2-pyridinol (TCPy)

alter spatiotemporal patterns of axonal growth in vivo. Static

waterborne exposure to CPFO, but not CPF or TCPy, at

concentrations ‡ 0.03mM from 24- to 72-h post fertilization

significantly inhibited acetylcholinesterase, and high-performance

liquid chromatography detected significantly more TCPy in

zebrafish exposed to 0.1mM CPFO versus 1.0mM CPF. These

data suggest that zebrafish lack the metabolic enzymes to activate

CPF during these early developmental stages. Consistent with

this, CPFO, but not CPF, significantly inhibited axonal growth of

sensory neurons, primary motoneurons, and secondary motoneur-

ons at concentrations ‡ 0.1mM. Secondary motoneurons were the

most sensitive to axonal growth inhibition by CPFO, which was

observed at concentrations that did not cause mortality, gross

developmental defects, or aberrant somatic muscle differentiation.

CPFO effects on axonal growth correlated with adverse effects on

touch-induced swimming behavior, suggesting the functional

relevance of these structural changes. These data suggest that

altered patterns of neuronal connectivity contribute to the

developmental neurotoxicity of CPF and demonstrate the

relevance of zebrafish as a model for studying OP developmental

neurotoxicity.
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Organophosphorus pesticides (OPs) are currently the

most commonly utilized pesticides worldwide (Zaim and

Jambulingam, 2009). There is widespread exposure of children

to these compounds (Adgate et al., 2001; Barr et al., 2004;

Curl et al., 2003; Davis and Ahmed, 1998; Eskenazi et al.,
1999; Landrigan et al., 1999; Lu et al., 2001; Whyatt and Barr,

2001), and low-level OP exposure has been linked to

behavioral and cognitive problems in infants and school-aged

children (Engel et al., 2007; Eskenazi et al., 2007; Jacobson

and Jacobson, 2006; Kofman et al., 2006; Lizardi et al., 2008;

Rohlman et al., 2005; Rosas and Eskenazi, 2008). Experimen-

tal animal data confirm that exposure during critical stages of

brain development can cause persistent neurobehavioral

deficits (reviewed by Costa, 2006; Eaton et al., 2008; Slotkin,

2004b). These observations underscore the need to better

understand the cellular and molecular mechanism(s) of OP

developmental neurotoxicity.

One of the OPs most extensively studied in the context of

developmental neurotoxicity is chlorpyrifos (CPF), which is

also one of the most widely used OPs in both developing

and industrialized countries, including the United States (Zaim

and Jambulingam, 2009). In animal models, CPF exposure

during development causes learning deficits and altered

locomotor activity at doses that do not elicit acute cholinergic

toxicity or significant downregulation of cholinergic receptors

(Jett et al., 2001; Levin et al., 2001, 2002). These findings

suggest that developmental neurotoxicity is mediated by

mechanisms other than those implicated in acute OP

neurotoxicity (Abou-Donia, 2003; Costa, 2006; Ecobichon,

1994). It is postulated that the neurobehavioral deficits

associated with developmental CPF exposure reflect altered

neuronal connectivity in the developing brain (Bigbee et al.,
1999; Brimijoin and Koenigsberger, 1999; Slotkin, 2004a).

A critical determinant of neuronal connectivity is axonal

growth, and interference with either temporal or spatial aspects

of axonal growth can result in functional deficits (Barone et al.,
2000; Berger-Sweeney and Hohmann, 1997; Cremer et al.,
1998). In vitro studies demonstrate that CPF and its oxon
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metabolite (CPFO) inhibit neurite outgrowth in neural cell

lines (Das and Barone, 1999; Li and Casida, 1998; Sachana

et al., 2001; Song et al., 1998) and axonal outgrowth in

primary neuronal cell cultures (Howard et al., 2005; Yang

et al., 2008). Perinatal exposure of rats to OPs alters brain

morphometry (Veronesi and Pope, 1990) and the ratio of

membrane protein to total protein in the brain (Qiao et al.,
2003), the latter considered by the authors to be a surrogate

measure of axonal outgrowth. Similarly, a recent report

suggests that OPs interfere with sensory neuron morphogenesis

in zebrafish (Jacobson et al., 2010). However, definitive

evidence that OPs interfere with axonal growth in vivo is

lacking and whether aberrant axonal growth correlates with

OP-induced behavioral deficits has yet to be demonstrated.

The objective of this study, therefore, was to utilize

a zebrafish model to address these gaps in the database.

The rationale for using zebrafish for developmental

neurotoxicity studies derives from the consensus that funda-

mental processes and mechanisms of neurodevelopment are

remarkably conserved across species (Lein et al., 2005).

Significant advantages of zebrafish relative to rodent models

for studies of axonal growth include: (1) zebrafish embryos

develop externally, which eliminates maternal toxicity as

a confounding factor and (2) zebrafish are optically transparent,

which allows for the use of simple microscopic techniques

to resolve individual neuronal cells in vivo across a broad range

of developmental stages. Resolution is increased by using

transgenic zebrafish that express fluorescent reporter genes in

individual neurons of specific lineages. Additional advantages

of zebrafish include their small size, rapid embryonic de-

velopment, and short life cycle (Dodd et al., 2000; Udvadia

and Linney, 2003; Wixon, 2000). Similar to observations of

CPF developmental neurotoxicity in rodent models,

developmental exposure to CPF causes persistent deficits in

learning and locomotor activity in zebrafish (Eddins et al.,
2010; Levin et al., 2003, 2004). The data reported herein

demonstrate that axonal growth is inhibited in zebrafish

exposed to CPFO, and this effect correlates with deficits in

touch-induced swimming behavior. These data indicate that

altered patterns of neuronal connectivity contribute to the

developmental neurotoxicity of CPF.

MATERIALS AND METHODS

Fish lines and husbandry. Four lines of zebrafish were used in this study:

the wild-type AB line; Tg(isl1:GFP), referred to as islet-1 from this point

forward, which expresses green fluorescent protein (GFP) in secondary

motoneurons and their axons; Tg(NBT:MAPT-GFP)zc1, referred to as NBT

from this point forward, which expresses GFP in primary motoneurons and

their axons; and Tg(-8.4neurog1:GFP), referred to as Neurog-1 from this

point forward, which expresses GFP in Rohon-Beard and dorsal root ganglia

(DRG) sensory neurons and their axons. All lines were raised on a 14:10

light:dark cycle in polycarbonate tanks on a recirculating system in which the

water was maintained at 28�C and a pH of 7.0. Fish care was in accordance

with approved Institutional Animal Care and Use Committee protocols at

Oregon State University. For all the described experiments, newly fertilized

eggs were staged according to previously described methods (Kimmel et al.,

1995).

Pesticide exposures. CPF (O, O-diethyl O-phosphorothionate, 99.5%

purity), CPF-oxon (CPFO, 99.5% purity), and 3,4,5-trichloro-2-pyrindinol

(TCPy, 99.5% purity) were purchased from Chem Service (West Chester, PA)

and stored as recommended by the manufacturer. All embryos were exposed

to OPs using a static waterborne method. It was recently reported that

CPFO has a half-life of 1 day in fish water at 28�C (Jacobson et al., 2010);

therefore, for exposures lasting more than 1 day, pesticides were replaced

daily by transferring zebrafish to new plates with fresh pesticide diluted in

fish water. Pesticide stock solutions in dimethyl sulfoxide (DMSO) (Fisher

Scientific, Fair lawn, NJ) were made up each day and diluted 1:1000 directly

into fish water to give final concentrations ranging from 3nM to 1lM. The final

concentration of DMSO was 0.1% across all treatment groups. For OP uptake

studies, AChE activity assays and morphometric analyses of axonal growth,

embryos were exposed to vehicle (DMSO at 0.1%), CPF, CPFO, or TCPy, in

10-ml glass vials sealed with Teflon-lined lids (Fisher Scientific International,

Pittsburgh, PA) to prevent losses from volatilization. For behavioral studies,

fish were placed in 96-well plates that were sealed after addition of the OP; fish

were maintained in these OP-containing solutions during behavioral assess-

ments. With the exception of the OP uptake studies in which a subset of

exposures were initiated at 6-h post fertilization (hpf), all exposures were

initiated at 24 hpf, which corresponds to the first wave of axonal outgrowth of

spinal neurons. Exposures were terminated at 24, 48, or 72 hpf. At the end of

the exposure period, embryos were rapidly washed several times with fish water

and either snap-frozen (for OP uptake studies or AChE activity assays) or fixed

with 4% paraformaldehyde (for morphometric analyses). For the axonal

growth recovery assays, zebrafish larvae were washed and transferred to

OP-free fish water in which they were maintained until 96 or 120 hpf at

which time they were fixed for axonal measurements.

Quantification of CPF, CPFO, and TCPy in zebrafish embryos. To

assess OP uptake and metabolism in embryonic and larval zebrafish, CPF,

CPFO, and TCPy levels in extracts of whole fish were quantified by

reverse-phase high-performance liquid chromatography (HPLC). Zebrafish

were exposed to either CPF at 1lM beginning at 6 hpf and terminating at

24, 48, or 72 hpf or to CPFO at 0.1lM from 24 to 72 hpf. At the end of the

exposure period, zebrafish were snap-frozen and stored at �80�C until

analyzed.

Frozen tissues were thawed on ice and sonicated in 0.5 ml homogenizing

buffer (10% NaCl, 25mM Tris, 2.5mM MgCl2, pH 7.4). Spiked samples were

prepared using Coho salmon eggs containing 0.25 or 2.5 lg of CPF, CPFO, and

TCPy per sample. Sonicated samples were mixed with hydromatrix and then

extracted with ethyl acetate using a Dionex Automated Solvent Extraction

system (model ASE300; Dionex, Sunnyvale, CA) programmed as follows:

temperature at 60�C, pressure at 1500 psi, 5-min heat cycle, two cycles of

5-min stat cycle, 150% flush volume, 90 s purge time. Extracts were collected

and concentrated to approximately 1 ml under ultrapure nitrogen using

a Zymark TurboVapII Concentration System (Caliper Life Sciences,

Hopkinton, MA). Concentrates were loaded onto an acid-conditioned florisil

solid-phase extraction cartridge (500 mg; Waters Corporation, Milford, MA).

Sequential elution with ethyl acetate (15 ml) and 50% acetonitrile (2 ml) was

performed to collect CPF and CPFO in the ethyl acetate fractions, which

were subsequently dried under nitrogen and reconstituted in 1 ml 50%

acetonitrile, and TCPy in the acetonitrile fractions, which were further

concentrated under nitrogen as necessary.

Chromatographic analysis was performed using a HPLC system (HP1100

series; Agilent, Santa Clara, CA) equipped with a degasser (model G1322A),

quarternary pump (model G1311A), autosampler (model G1313A), and photo

diode array detector (model G1315A). Sample (50 ll) was injected onto an

Ascentis C-18 analytical column (4.6 3 250 mm, 5 lm size particles; Supelco,

Bellefonte, PA) equipped with Ascentis C-18 guard column (4.6 3 20 mm, 5

lm size particles; Supelco) and eluted at a flow rate of 1 ml/min with a mobile

phase consisting of solvent A (5% acetonitrile and 0.2% H3PO4 in water) and
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solvent B (100% acetonitrile). The elution gradient was 75% solvent A/25%

solvent B for 3 min after injection followed by a 5-min linear gradient to

40% A/60% B, which was held for 10 min and then a 5-min linear gradient to

100% B, which was held for 8 min. Columns were re-equilibrated between

samples to initial conditions for 20 min. All HPLC solvents were filtered

through a 0.2-lm nylon filter. The eluates were monitored at 290 nm for CPF

and CPFO and 300 nm for TCPy. Each analyte was quantified against its

corresponding standard calibration curve established with each batch run.

For TCPy and CPFO, the calibration curve was from 1.25 to 500 ng per

50 ll; for CPF, it was 2.5 to 500 ng per 50 ll. Two spike samples were

included in each batch run, and the overall recovery for TCPy, CPFO, and CPF

was 93, 72, and 92%, respectively.

Acetylcholinesterase (AChE, EC 3.1.1.7) activity assay. At the end of

the exposure period (as indicated in Fig. 1), 10 embryos from each

experimental group were euthanized by incubation on ice for 5 min. Each

embryo was lysed in 120 ll PBS containing 1% Triton X-100 by passing the

whole embryo through a 26-gauge needle 10 times. Lysates were snap-frozen

FIG. 1. CPFO, but not CPF or TCPy, inhibits AChE activity in wild-type zebrafish at 48 and 72 hpf. (A) Zebrafish (AB line) were exposed to varying

concentrations of CPF, CPFO, or TCPy beginning 24 hpf, and AChE activity was determined at 48 or 72 hpf using the Ellman assay. Neither the parent

compound CPF (B and C) nor the metabolite TCPy (F and G) significantly inhibited AChE activity at 48 (B and F) or 72 hpf (C and G). In contrast, the

oxon metabolite CPFO (D and E) significantly inhibited AChE activity in a concentration-dependent manner at both 48 (D) and 72 hpf (E). *Significantly

different from vehicle control at p < 0.05; **p < 0.01 (n ¼ 10 per experimental condition).

148 YANG ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/121/1/146/1638978 by guest on 23 April 2024



and stored at �80�C until analyzed. On the day of analysis, lysates were

thawed on ice, aliquoted into triplicate samples, and AChE activity quantified

using the standard Ellman assay (Ellman et al., 1961) with 5,5#-dithio-bis-2-

nitrobenzoic acid (DTNB) and acetylthiocholine iodide (ASChI) as the

substrates (Sigma-Aldrich, St Louis, MO). Assays were run against blanks

containing DTNB. After a 5-min equilibration, the reaction was started with

the addition of ASChI. ASChI hydrolysis was determined by monitoring the

change in absorbance at 405 nm, and AChE activity was normalized using

total protein concentration as determined using the BCA assay (Pierce,

Rockford, IL). This method accurately measures AChE activity in zebrafish

embryos as early as 24 hpf (Behra et al., 2002).

Teratology screening. Zebrafish were screened for gross teratogenic

responses by observers blinded to treatment using a Nikon dissecting

microscope. Zebrafish were scored with respect to the following teratogenic

endpoints: (1) absence of eyes; (2) structural malformation of the snout, jaw,

otic vesicles, notochord, somite, or fin; (3) edema in the heart, brain,

pericardial, and yolk sac region; (4) curvature of the body axis; and (5)

reduced pigmentation as previously described (Svoboda et al., 2002).

Assessment of swimming behavior. Zebrafish (24 per experimental group)

were separated into individual wells of 96-well plates to monitor individual

fish swimming behavior. Zebrafish were exposed to vehicle or varying

concentrations of CPF or CPFO starting at 24 hpf; swimming behavior was

evaluated at 72hpf. Because zebrafish larvae at 48–72 hpf are generally

inactive with only occasional episodes of spontaneous ‘‘burst’’ swimming

(Brustein et al., 2003), we assessed early swimming behavior by touching the

caudal trunk region with a fine eyelash probe. Control fish consistently

responded to this stimulus by swimming at least twice around the perimeter

of the well. Exposure to OPs did not alter the tendency of zebrafish to swim

along the wall of the well; however, it did affect swimming distance.

Therefore, as a semiquantitative assessment of swimming behavior, an

observer blinded to treatment noted the number of circles completed (to the

nearest half circle) by each zebrafish in response to touch. This parameter was

subsequently converted into distance by multiplying the number of circles

completed by the circumference of the well (20 mm).

Morphometric analyses of neuronal development. Whole-mount

immunohistochemistry was performed in fixed zebrafish larvae as previously

described (Svoboda et al., 2002) using well-characterized antibodies to

visualize specific subsets of neurons and their axons. Primary motoneurons

were immunolabeled using znp-1 (Developmental Studies Hybridoma Bank,

University of Iowa); secondary motoneurons were immunolabeled using

zn-5 (Developmental Studies Hybridoma Bank). Endogenous GFP fluorescence

or fluorescence emitted by tagged secondary antibodies used in whole-mount

immunohistochemistry was visualized using a Spot digital camera and

Spot image acquisition software (Diagnostic Instruments Inc., Sterling Heights,

MI). An observer blinded to the experimental conditions performed all

morphometric analyses. To calculate innervation frequency, a minimum of six

segments (segments 7–14) were analyzed in the trunk region of each spinal

cord spanning the yolk sac extension. Innervation frequency was expressed as

the number of segments exhibiting znp-1 or zn-5 immunopositive axons

relative to the total number of segments analyzed. Axonal length was quantified

using Spot image analysis software, and the average axonal length from

each fish was normalized to its body width. To determine body width,

a straight line was drawn across the trunk region above the end of the yolk

extension.

Immunohistochemical staining of axial muscle. To evaluate differenti-

ation of axial musculature and organization of myofibers, the muscle-specific

F59 and F310 antibodies (Developmental Studies Hybridoma Bank, University

of Iowa) were used for whole animal immunohistochemistry at a 1:10 dilution

as previously described (Behra et al., 2002; Birely et al., 2005). Rhodamine-

conjugated a-bungarotoxin (BTX; 1:1000 dilution; Molecular Probes, Eugene,

OR) was used to label neuromuscular junctions as previously described (Behra

et al., 2002).

Statistical analysis. All data are presented as the mean ± SEM unless

stated otherwise. The chi-squared (X)2 test followed by Fisher’s exact test was

used to determine statistically significant differences between treatment groups

with respect to the frequency of segmental innervations and the percentage of

developmental defects. All other data were analyzed by one-way ANOVA for

treatment effects, and if significant treatment effects were identified (p < 0.05),

Tukey’s multiple comparison test was used post hoc to identify statistically

significant differences between treatment groups.

RESULTS

Uptake of CPF and CPFO in Zebrafish Following Static
Waterborne Exposure

To determine uptake of CPF and CPFO into zebrafish

following static waterborne exposure, we analyzed the

concentrations of CPF, CPFO, and TCPy in homogenates of

whole wild-type (AB line) zebrafish following incubation for

varying periods of time in fish water supplemented with CPF

or CPFO. As shown in Table 1, exposure of zebrafish to CPF

at 1lM resulted in detectable tissue levels of CPF and these

levels increased with increasing exposure time. CPFO was

not detected in CPF-exposed zebrafish, whereas TCPy was

detected but at very low levels, ranging from 0.4 to 0.8% of

CPF tissue levels at 24 and 72 hpf, respectively. CPFO was

also not detected in zebrafish embryos exposed directly to

CPFO at 0.1lM for 48 h. However, zebrafish exposed to CPFO

did have detectable levels of TCPy that were twice the highest

levels of TCPy detected in zebrafish exposed to CPF (Table 1).

To further assess the bioavailability of CPF and CPFO

following static waterborne exposure, AChE activity was

measured in wild-type zebrafish exposed to varying concen-

trations (3nM–1lM) of CPF, CPFO, and TCPy for 24 or 48 h.

OP exposures were initiated at 24 hpf and zebrafish were

collected at 48 or 72 hpf for AChE activity assays (Fig. 1A).

AChE activity was significantly inhibited in a concentration-

dependent manner in zebrafish exposed to CPFO for 24 or

48 h (Figs.1D and E). In contrast, exposure to either CPF

(Figs. 1B and C) or TCPy (Figs. 1F and G) over the same

concentration range and exposure periods had no significant

effect on AChE activity.

TABLE 1

Levels of CPF, CPFO, and TCPy Detected in Zebrafish Exposed

to Either CPF or CPFO During Early Developmental Stages

Exposure

Exposure

duration

(hpf)

CPF

(ng/embryo)

CPFO

(ng/embryo)

TCPy

(ng/embryo)

TCPy

(ng/mg)a

CPF (1lM) 6–24 11.06 BDL 0.04 0.044

CPF (1lM) 6–48 32.48 BDL 0.16 0.18

CPF (1lM) 6–72 36.86 BDL 0.29 0.32

Vehicle 24–72 — BDL BDL BDL

CPFO (0.1lM) 24–72 — BDL 0.60 0.67

Note. BDL, below the detection limit.
aWeight wet.
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OP Exposures and Zebrafish Teratology

To screen for gross teratogenic effects, wild-type zebrafish

exposed from 24 to 72 hpf to CPF, CPFO, or TCPy at

concentrations ranging from 0.01 to 1lM were scored for (1)

absence of eyes; (2) structural malformation of the snout,

jaw, otic vesicles, notochord, somite, or fin; (3) edema in the

heart, brain, pericardial, and yolk sac region; (4) curvature of

the body axis; and (5) reduced pigmentation as previously

described (Svoboda et al., 2002). Of these, the only teratogenic

effects observed under these exposure conditions were

pericardial edema, curvature of the body axis, and pigmenta-

tion (Table 2). Significant increases in the percentage of

zebrafish exhibiting defects in these endpoints relative to

vehicle controls were only observed in the group exposed to

CPFO at 1lM (Table 2). None of the exposures, including

1lM CPFO, significantly increased mortality relative to

vehicle controls (Table 2).

CPFO but not CPF or TCPy Alters Swimming Behavior

Motor activity develops in a stereotypic sequence in

developing zebrafish and consists of an early period of

transient spontaneous coiling contractions, followed by

twitching responses to touch beginning at 27 hpf, and

a vigorous swimming response to tactile stimulation by 36–

42 hpf (Granato and Nusslein-Volhard, 1996; Ribera and

Nusslein-Volhard, 1998; Saint-Amant and Drapeau, 1998).

Thus, to determine whether developmental exposures to OPs

alter swimming behavior, wild-type zebrafish were exposed

from 24 to 72 hpf to CPF, CPFO, or TCPy at concentrations

ranging from 0.01 to 1lM. At the end of the exposure period,

touch-induced swimming behavior was assessed by quantify-

ing the distance swam by individual zebrafish in response to

tactile simulation (Fig. 2B). CPFO exposure caused a concen-

tration-dependent decrease in swimming path length with

significant effects observed at concentrations � 0.1lM (Fig. 2C).

In contrast, exposure to either CPF or TCPy over the same

concentration range and exposure period had no significant effect

on touch-induced swimming behavior (data not shown).

CPFO, but not CPF, Alters Axonal Growth in Neuronal Cell
Types That Regulate Touch-Induced Swimming Behavior

The deficits in touch-induced swimming behavior in

zebrafish treated with CPFO suggested a problem with

TABLE 2

Developmental Abnormalities Observed Among Zebrafish

Exposed to OPs From 24 to 72 hpf

OP

(lM) Mortalityab
Pericardial

edemab
Curvature of

body axisb
Reduced

pigmentationb

CPF

0 1 1 0 0

0.01 0 1 0 0

0.1 2 1 1 0

1 0 0 0 0

CPFO

0 2 2 2 0

0.01 7 6 2 0

0.1 5 6 6 0

1 13 16* 74*** 42***

TCPy

0 0 0 0 0

0.01 3 0 0 0

0.1 1 0 3 0

1 1 0 0 0

aZebrafish were scored as dead if there was no sign of a visibly beating heart

and the fish failed to move in response to touch.
bValues represent the % of zebrafish exhibiting the defect (n ¼ 43–54 fish

per group).

*p < 0.05, ***p < 0.001 relative to vehicle control as determined using X2

test followed by Fisher’s exact test.

FIG. 2. CPFO decreases the touch-induced swimming burst in wild-type

zebrafish. (A) Swimming behavior was assessed in zebrafish (AB line) exposed

to varying concentrations of CPFO for 48 h beginning at 24 hpf. Swimming

behavior was assessed at 72 hpf. (B) Representative traces of the swim path in

response to touch in zebrafish exposed to vehicle (0lM) or varying

concentrations of CPFO. (C) Quantification of the swim path length confirms

that CPFO causes a concentration-dependent decrease in the distance swam.

**Significantly different from vehicle control at p < 0.01; ***p < 0.001 (n ¼
24 per experimental condition).
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neuromusculature function and/or perception of touch stimuli.

Rohon-Beard and DRG sensory neurons are early sensory

neurons that detect touch stimuli and initiate an escape

response in developing zebrafish (Clarke et al., 1984). Because

we previously demonstrated that CPF and CPFO interfere

with axonal outgrowth of sensory neurons cultured from

embryonic rat DRG (Yang et al., 2008), we first examined

whether exposure to CPF or CPFO from 24 to 72 hpf altered

patterns of axonal growth in transgenic Neurog1 zebrafish that

express GFP in Rohon-Beard and DRG sensory neurons. CPF

at concentrations ranging from 0.01 to 1lM had no effect on

either the length or the trajectory of GFP-positive axons in

Neurog1 zebrafish (data not shown). In contrast, CPFO at 1lM

significantly decreased the length of GFP-positive axons in

these transgenic zebrafish (Fig. 3B).

Deficits in touch-induced swimming behavior were observed

at CPFO concentrations less than 1lM; therefore, we next

analyzed effects of CPF and CPFO on the axonal growth of

motoneurons to determine whether these neuronal cell types

were more sensitive than sensory neurons to the axon

inhibiting effects of CPFO. Transgenic zebrafish expressing

GFP under the control of either the NBT or the islet-1 promoter

were used to assess axonal growth patterns in primary and

secondary motoneurons, respectively. As observed in sensory

neurons, exposure from 24 to 72 hpf to CPF at concentrations

ranging from 0.01 to 1lM had no effect on GFP-positive axons

in either NBT or islet-1 transgenic zebrafish (data not shown).

However, CPFO inhibited axonal growth of GFP-positive

neurons in both transgenic lines. Significantly decreased

lengths of both ventral and dorsal neurons of primary

motoneurons were observed in NBT zebrafish exposed to

CPFO at 1lM (Figs. 3C and D). In islet-1 zebrafish, CPFO

similarly inhibited axonal growth (Figs. 4E and F), but

significant effects were observed at the lower concentration

of 0.1lM, corresponding to the same concentration range

observed to impair touch-induced swimming behavior (Fig. 2).

To confirm that CPFO exposure was not interfering with GFP

expression, islet-1 zebrafish exposed to CPFO from 24 to 72

hpf were immunostained for zn-5, which is a marker of

secondary motoneurons axons (Beattie et al., 1997; Fashena

and Westerfield, 1999). The growth of zn-5-immunopositive

axons was significantly inhibited in islet-1 zebrafish exposed to

CPFO at either 0.1 or 1lM (Fig. 4). Dorsal axons were more

susceptible to this effect than were ventral axons as determined

by both a shift in the concentration-effect relationship to the left

for dorsal versus ventral axons and a more dramatic effect on

dorsal relative to ventral axons at 1lM CPFO (Fig. 4).

CPFO Effects on Somatic Muscle Development and Number
of Secondary Motoneurons

Signals derived from somatic muscle influence axonal

growth of motoneurons during embryonic development

(Beattie, 2000; Zeller et al., 2002); therefore, we investigated

FIG. 3. CPFO inhibits axonal growth in sensory neurons and primary

motoneurons. (A) Transgenic Neurog1 zebrafish that express GFP in Rohon-

Beard and DRG sensory neurons and transgenic NBT zebrafish that express

GFP in primary motoneurons were exposed to varying doses of CPFO from 24

to 72 hpf. Zebrafish were fixed at 72 hpf for subsequent morphometric

analyses. (B) Quantification of the length of the peripheral axon of GFP-

positive sensory neurons indicated that CPFO at 1lM significantly decreased

axonal length in Neurog1 zebrafish. CPFO at 1lM similarly inhibited axonal

outgrowth in GFP-positive primary motoneurons in NBT zebrafish, as indicated

by a significant decrease in the length of znp-1 immunoreactive ventral (C) and

dorsal (D) axons. ***Significantly different from vehicle control at p < 0.001

(n ¼ 12–13 per experimental condition).
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the effects of CPFO on the differentiation of the axial

musculature by immunostaining islet-1 zebrafish exposed to

CPFO with antibody F59, which predominantly recognizes

slow muscle myosin fibers (Behra et al., 2002), and antibody

F310, which specifically recognizes the myosin heavy chain of

fast muscle fibers (Birely et al., 2005). Subtle alterations in the

arrangement and integrity of myofibers as determined by F59

and F310 immunostaining were apparent in zebrafish exposed

to CPFO at 1lM from 24 to 72 hpf; however, in zebrafish

exposed to CPFO at 0.1lM over the same developmental time

frame, the pattern of F59 and F310 immunoreactivity was

comparable with that observed in vehicle controls (Fig. 5B). To

determine whether CPFO alters the development of neuromus-

cular junctions, somatic muscle was labeled with rhodamine-

conjugated a-BTX, which specifically binds to the nicotinic

acetylcholine receptor (nAChR). Exposure to CPFO at either

0.1 or 1lM had no obvious effect on the number, size, or

distribution of nAChR relative to vehicle controls (Fig. 5B).

To distinguish between the possibilities that CPFO generally

depressed secondary motoneuron development versus specif-

ically inhibited axonal growth, we assessed the effect of CPFO

on the number of GFP-positive neuronal cell bodies in the rostral

spinal cord of islet-1 zebrafish. As illustrated in Figure 5C,

exposure from 24 to 72 hpf to CPFO at 1lM had no effect on

the apparent density of secondary motoneuron cell bodies. Quan-

tification of the number of GFP-positive neurons per hemi-

segment confirmed that CPFO did not alter the density of

secondary motoneurons in the rostral spinal cord (Fig. 5D).

CPFO Effects on Axonal Growth of Secondary Motoneurons
Are Reversible

To determine whether shorter exposures to CPFO inhibit

axonal growth and whether the inhibitory effects are transient,

we examined axonal growth of GFP-positive neurons in islet
zebrafish that were exposed to CPFO at 0.1 or 1lM for either

24 or 48 h and then transferred to fresh water not supplemented

with CPFO for an additional 24 or 48 h prior to fixation for

morphometric analyses. Exposure to CPFO at 0.1 and 1.0lM

from 24 to 48 hpf for a total exposure time of 24 h was

sufficient to significantly decrease the percentage of zebrafish

with intact dorsal axons (Fig. 6B) as well as the length of both

ventral and dorsal axons (Fig. 6C) when measured at 72 hpf.

As observed, following a 48-h exposure to CPFO (Fig. 4), the

dorsal axons of secondary motoneurons were impacted to

a greater extent than ventral axons following a 24-h exposure to

CPFO (Fig. 6C). By 96 hpf (48 h after CPFO exposure ended),

axonal growth had completely recovered to vehicle control

levels (Fig. 6D). Similarly, the effects of a 48-h exposure to

CPFO at 0.1 or 1lM on the percentage of dorsal segment

innervated (Fig. 6F), and the length of dorsal axons (Fig. 6G)

was largely reversed by 48 h after the end of CPFO exposure.

DISCUSSION

We previously reported that CPF and CPFO inhibit axonal

growth in primary neurons in vitro (Howard et al., 2005; Yang

et al., 2008). In this study, we provide novel data demonstrat-

ing similar effects on axonal growth in vivo coincident with

neurobehavioral deficits. Specifically, in zebrafish exposed to

CPFO from 24 to 72 hpf, axonal growth was significantly

decreased in sensory neurons and primary motoneurons at

1.0lM and in secondary motoneurons at � 0.1lM, and touch-

induced swimming response was significantly attenuated at

concentrations � 0.1lM.

Our observations of inhibited axonal growth are consistent

with recently published photomicrographs illustrating aberrant

axonal projection pathways of Rohon-Beard neurons in

zebrafish exposed to CPFO at 0.3lM from 3 to 72 hpf

(Jacobson et al., 2010). Our quantitative analyses of CPFO

effects on axon outgrowth confirm and extend these earlier

quantitative data to indicate that secondary motoneurons are

more susceptible to axon growth inhibition by CPFO than

either sensory neurons or primary motoneurons as evidenced

by a shift in the concentration-effect relationship to the left for

secondary motoneurons relative to sensory neurons and

primary neurons. Among secondary motoneurons, dorsal axons

were more susceptible to inhibition than ventral axons, as seen

by not only a shift in the concentration-effect curve to the left

but also a more robust inhibition of their growth relative to that

of ventral axons. The differential concentration-effect relation-

ship between neuronal cell types and between processes within

a specific neuronal cell population suggests that CPFO

inhibition of axonal growth is not due to a general cytotoxic

effect on neurons. In support of this conclusion, CPFO

inhibited axonal growth at concentrations that did not cause

mortality, gross developmental defects, or reduced numbers of

secondary motoneurons, and the effects on axonal growth were

reversible upon termination of CPFO exposure. Collectively,

FIG. 4. CPFO inhibits axonal growth in secondary motoneurons. (A) Transgenic islet1 zebrafish that express GFP in secondary motoneurons were exposed to

varying concentrations of CPFO from 24 to 72 hpf. Zebrafish were fixed at 72 hpf for subsequent morphometric analyses. (B) Representative photomicrographs

illustrating zn-5 immunopositive axons in dorsal and ventral trunk regions. The dotted lines indicate the common path along which secondary motoneurons

migrate; the upper dotted line indicates the origin of both the dorsal and the ventral axon. Innervation frequency and the length of both ventral and dorsal axons

were quantified in the trunk region (a minimum of six segments). CPFO exposure caused a concentration-dependent decrease in axonal outgrowth of secondary

motoneurons as evidenced by a significantly decreased percentage of zebrafish larvae with intact dorsal axons (C), a decreased percentage of dorsal segments

innervated by secondary motoneuron axons in any given zebrafish larva (D), and a significant decrease in the length of both dorsal (E) and ventral (F) axons.

*Significantly different from vehicle control at p < 0.05; **p < 0.01; ***p < 0.001 (n ¼ 15 per experimental condition). Bar ¼ 50 lm.
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these observations suggest that CPFO targets specific molec-

ular cues that regulate axonal growth.

Interactions with target tissue influence axonal growth of

sensory neurons and motoneurons during embryonic develop-

ment (Beattie, 2000; Zeller et al., 2002); therefore, we

determined whether exposure to CPFO interfered with de-

velopment of somatic muscle, which is a major target of the

neuronal cell types whose axonal growth was altered by CPFO.

Immunohistochemical analyses indicated that although 1.0lM

CPFO did cause subtle changes in the myofibril organization of

axial somatic muscle, 0.1lM CPFO did not cause notable

changes relative to vehicle controls. Moreover, the distribution

and density of nAChR were not altered by any of the

concentrations of CPFO used in these studies. These

FIG. 5. CPFO has minimal effect on axial muscle development and number of secondary motoneurons. (A) Transgenic islet1 zebrafish were exposed to

varying concentrations of CPFO from 24 to 72 hpf. (B) Representative photomicrographs of somatic muscle stained with antibody F310 (fast muscle fiber marker),

F59 (slow muscle fiber marker), or BTX (neuromuscular junction marker). Expression patterns of fast and slow muscle myosin are not noticeably altered by

exposure to CPFO at 0.1lM relative to controls, but subtle changes are apparent in zebrafish exposed to CPFO at 1lM. Exposure to CPFO at either concentration

does not cause significant changes in either the distribution or the density of nicotinic neuromuscular junctions in the same trunk region. Comparable data were

observed in four of four zebrafish examined per treatment group. (C) Representative photomicrographs of endogenous GFP fluorescence in the rostral spinal cord

of islet1 zebrafish exposed to vehicle or 1lM CPFO. (D) CPFO exposure did not affect the average number of secondary motoneurons in segments 7–12 of the

spinal cord region (n ¼ 4 fish per experimental condition). Bar ¼ 50 lm.
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FIG. 6. The inhibitory effects of CPFO on axonal growth are reversible. (A) Transgenic islet1 zebrafish were exposed to varying concentrations of CPFO from

24 to 48 hpf. At 48 hpf, zebrafish were transferred to fresh fish water containing no CPFO. A subset of these fish was fixed at 72 hpf and the remainder at 96 hpf for

morphometric analyses. Analyses of the percentage of segments with intact axons in GFP-positive neurons (B) and the length of zn-5 immunopositive axons at 72

hpf (C) indicated that the inhibitory effects of CPFO on axonal outgrowth in secondary motoneurons persisted 24-h post-exposure in zebrafish exposed to CPFO at

1 but not 0.1lM. By 48-h post-exposure (96 hpf), the percentage of segments innervated by either ventral or dorsal axons of secondary motoneurons did not differ

between treatment groups (D). (E) Islet zebrafish were exposed to varying concentrations of CPFO from 24 to 72 hpf and then transferred to fresh CPFO-free fish

water for 48 h prior to being fixed for morphometric analyses at 120 hpf. No statistically significant differences were noted between treatment groups with respect

to either the percentage of dorsal segments innervated by zn-5 immunopositive axons (F) or the length of the dorsal axons of secondary motoneurons (G).

*Significantly different from vehicle control at p < 0.05; **p < 0.01; ***p < 0.001 (n ¼ 15 per experimental condition).
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observations are consistent with previous reports that zebrafish

exposed to CPFO at 0.3lM from 3 to 72 hpf exhibited normal

muscle fiber formation as analyzed by birefringence and

normal nAChR cluster formation as determined by quantitative

analyses of a-BTX staining (Jacobson et al., 2010). Collec-

tively, these data suggest that inhibition of axonal growth is not

an indirect effect of CPFO disruption of muscle development

but rather CPFO targets neurons directly to inhibit axonal

growth. This conclusion is supported by our previous studies

demonstrating that CPFO inhibits axonal growth of cultured

neurons (Howard et al., 2005; Yang et al., 2008).

Our earlier studies of axonal growth inhibition by CPF and

CPFO in primary neuronal cell cultures derived from

embryonic rat pups suggested that these OPs interfere with

the morphogenic activity of AChE (Howard et al., 2005; Yang

et al., 2008). This conclusion was based in part on observations

that axonal growth was inhibited at concentrations of CPF and

CPFO that did not inhibit the enzymatic activity of AChE. In

contrast, in zebrafish, axonal growth was inhibited only at

CPFO concentrations that also inhibited the enzymatic activity

of AChE. Acetylcholine is a morphogen (Lauder and

Schambra, 1999), so it is possible that in zebrafish, the

inhibitory effects of CPFO on axonal growth are mediated by

increased levels of acetylcholine secondary to inhibition of the

enzymatic activity of AChE. Such a mechanism would be

consistent with reports that (1) transient exposure to nicotine

alters axonal pathfinding of secondary motoneurons in

embryonic zebrafish (Svoboda et al., 2002) and (2) expression

of an ache mutation that completely abolishes AChE enzymatic

activity in the zebrafish embryo causes abnormal targeting of

motoneuron axons, and this phenotype is rescued by

homozygous expression of a loss-of-function allele of the

a-subunit of the nAChR (Behra et al., 2002). However, the

effects of transient nicotine exposure on secondary motoneuron

axons were persistent (Svoboda et al., 2002), in contrast to the

reversible effects of transient CPFO exposure on axonal

growth, and the inactivation of nAChR in the ache mutant

zebrafish did not rescue morphogenic defects in sensory

neurons (Behra et al., 2002). These observations suggest that

mechanisms other than inhibition of AChE enzymatic activity

contribute to axonal growth inhibition by CPFO in zebrafish.

An alternate explanation that would be consistent with our

current findings in zebrafish and previous evidence demon-

strating noncholinergic mechanisms of CPF developmental

neurotoxicity (Costa, 2006; Slotkin, 2004a), including our

previous observations of cultured rat neurons (Howard et al.,
2005; Yang et al., 2008), is that CPFO inhibits axonal growth

by interfering with the morphogenic activity of AChE but that

the relative dose-response relationships for inhibition of the

morphogenic versus enzymatic activities of AChE overlap in

zebrafish but not in rat-derived neuronal cell cultures. Several

lines of evidence support this possibility. First, there is

evidence that AChE is an axonal morphogen in zebrafish:

AChE is expressed in motor neurons and sensory neurons of

zebrafish during early embryonic stages, and AChE is required

for normal axonal projections of these neuronal cell types

(Behra et al., 2002). Second, interactions between the acylation

site and peripheral anionic site are thought to influence the

morphogenic activity of AChE (Sternfeld et al., 1998; Yang

et al., 2008). Various OPs, including CPF and CPFO, bind to

not only the acylation site but also the peripheral anionic site,

and ligand binding to either site influences functionally

significant conformational interactions between these sites

(De Ferrari et al., 2001; Kousba et al., 2004; Rosenfeld and

Sultatos, 2006). These interactions may have different kinetics

in zebrafish versus rodents: Species-specific differences have

been documented in the amino acid sequence and protein

structure of AChE (Bertrand et al., 2001) as well as in the

kinetics of OP inhibition of AChE enzymatic activity (Wang

and Murphy, 1982; Johnson and Wallace, 1987). Although

further testing is required to confirm that CPFO inhibits axonal

growth in zebrafish by interfering with the morphogenic

activity of AChE, these findings suggest the novel hypothesis

that age-related differences in AChE function contribute to the

age-related vulnerability to OP neurotoxicity.

An interesting finding of this study is that CPF has no effect

on either axonal growth or touch-induced swimming response

in zebrafish at 72 hpf. HPLC analyses indicated that the lack of

effect is not due to inability of zebrafish to take up CPF from

the water. An alternative explanation is that at early

developmental stages, zebrafish lack the metabolic enzymes

needed to activate CPF. In support of this possibility, Linney

and colleagues have reported that CPF does not significantly

inhibit AChE in zebrafish during the first 72 hpf, although this

activity is manifested by 96 hpf (Aschner et al., 2010).

Similarly, we observed that CPFO but not CPF inhibits AChE

enzymatic activity in zebrafish at developmental ages < 72 hpf.

To explore this further, we used HPLC to quantify CPFO and

TCPy levels in zebrafish exposed to the parent or oxon OP.

CPFO was not detected in zebrafish exposed to CPF; however,

CPFO was also not detected in zebrafish exposed to CPFO.

These findings are consistent with previous studies of animals

treated with these compounds (Barron et al., 1991; Drevenkar

et al., 1993; Hunter et al., 1999; Ivey, 1979; Mann et al., 1973;

McKellar et al., 1976) and likely reflect the highly reactive

nature of CPFO. An alternative approach to assessing CPF

metabolism is to measure the inactive metabolite TCPy.

However, TCPy is generated not only by paraoxonase-

mediated detoxification of CPFO but also by cytochrome

P450-mediated dearylation of CPF (Foxenberg et al., 2007). To

distinguish between these possibilities, we compared levels of

TCPy in zebrafish exposed to CPF at 1.0lM for 24, 48, or 72

hpf versus zebrafish exposed to CPFO at 0.1lM from 24 to 72

hpf. If zebrafish were capable of metabolically activating CPF,

then exposure to CPF at a concentration 10 times that of CPFO

would be expected to result in TCPy tissue levels in the CPF-

exposed fish that were significantly greater than the levels

observed in the CPFO-exposed fish. However, our findings were
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contrary to this prediction: TCPy levels in CPFO-exposed

zebrafish were more than two times higher than those detected in

CPF-exposed zebrafish. Collectively, these data indicate that at

< 72 hpf, zebrafish lack the metabolic capacity to activate CPF.

Our data suggest that changes in axonal growth contribute to

the motor deficits observed in zebrafish exposed to CPFO. The

critical target appears to be secondary motoneurons because the

concentration-effect relationship for CPFO inhibition of axonal

growth in secondary motoneurons was comparable with that

for CPFO attenuation of the touch-induced swim response.

Studies in rodent models have shown that experimental

manipulations that delay but do not prevent cortical axons

from innervating target tissue cause persistent behavioral

deficits (Berger-Sweeney and Hohmann, 1997). So even

though adverse effects on axonal growth were reversible upon

removal of CPFO, the transient inhibition of axonal growth

could be a mechanism contributing to the persistent neuro-

behavioral deficits observed in fish and rodent models

following developmental exposure to CPF (Jett et al., 2001;

Levin et al., 2001, 2002, 2003, 2004). Transient changes in

axonal growth resulting in persistent changes in neuronal

connectivity could also provide a unifying mechanism to

explain the neurochemical changes across multiple neurotrans-

mitter systems that have been documented in various animal

models of developmental CPF exposure by Slotkin and

colleagues (Slotkin and Seidler, 2007, 2008; Slotkin et al.,
2001, 2002, 2004, 2008).

In summary, our data suggest that altered patterns of

neuronal connectivity contribute to the developmental neuro-

toxicity of CPF and demonstrate the relevance of zebrafish as

a model for studying OP developmental neurotoxicity.
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