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Abstract

Chemical exposures in fish have been linked to loss of olfaction leading to an inability to detect

predators and prey and decreased survival. However, the mechanisms underlying olfactory

neurotoxicity are not well characterized, especially in environmental exposures which involve

chemical mixtures. We used zebrafish to characterize olfactory transcriptional responses by two

model olfactory inhibitors, the pesticide chlorpyrifos (CPF) and mixtures of CPF with the

neurotoxic metal copper (Cu). Microarray analysis was performed on RNA from olfactory tissues

of zebrafish exposed to CPF alone or to a mixture of CPF and Cu. Gene expression profiles were

analyzed using Principal Component Analysis and hierarchical clustering, whereas gene set

analysis was used to identify biological themes in the microarray data. Microarray results were

confirmed by real-time PCR on genes serving as potential biomarkers of olfactory injury. In

addition, we mined our previously published Cu-induced zebrafish olfactory transcriptional

response database (Tilton et al., 2008) for the purposes of discriminating pathways of olfaction

impacted by either the individual agents or the CPF-Cu mixture transcriptional signatures. CPF

exposure altered the expression of gene pathways associated with cellular morphogenesis and

odorant binding, but not olfactory signal transduction, a known olfactory pathway for Cu. The

mixture profiles shared genes from the Cu and CPF datasets, whereas some genes were altered

only by the mixtures. The transcriptional signature of the mixtures was more similar to that in

zebrafish exposed to Cu alone then for CPF. In conclusion, exposure to a mixture containing a
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common environmental metal and pesticide causes a unique transcriptional signature that is

heavily influenced by the metal, even when organophosphate predominates. Our findings support

using zebrafish microarray analysis to elucidate mechanisms of olfactory loss and to identify the

components of mixtures which most strongly contribute to olfactory injury.
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Introduction

Exposure to several classes of chemicals has been linked to impaired chemosensory function

and loss of olfaction in vertebrates (Deamer and Genter, 1995; Tierney et al., 2007b;

Tierney et al., 2008). The inhalation of certain metals such as copper (Cu) (Trombley and

Shepherd, 1996; Horning and Trombley, 2001), cadmium (Rydzewski et al., 1998) and zinc

(van Denderen et al., 2001; Slotnick et al., 2007), as well as solvents and other occupational

chemicals (Yu et al., 2004) can result in olfactory epithelial injury and loss of sense of

smell. Chemical neurobehavioral injury in fish resulting from exposures to pesticides and

metals can be problematic due to the loss of olfactory-driven behaviors such as homing,

predator avoidance, prey selection and reproduction which are critical for survival (Sandahl

et al., 2004; Sandahl et al., 2005; Tierney et al., 2010). The mechanisms by which pollutants

may cause these chemosensory injuries are complex and are poorly understood, especially in

the context of mixture exposures, a common scenario in aquatic environments.

The multi-tissue olfactory system of fish extends from the olfactory rosettes that are in

contact with the outside environment, to the olfactory bulb (OB) and neuronal networks

within the brain. Odorant binding to olfactory receptors in the olfactory epithelium triggers a

conserved G-protein signaling cascade. This process of olfactory signal transduction (OST)

produces electrical impulses in peripheral sensory neurons that are propagated to the OB for

processing and integration prior to the relay of sensory information to more central networks

(Laberge and Hara, 2001). Despite the complexities and data gaps underlying the olfactory

system of fish, the neuroanatomy and physiology of the olfactory system in zebrafish is

comparatively well described, and includes recent insights into the understanding of calcium

signaling in the olfactory bulb (OB), neuronal connections with the brain, and olfactory cell

regeneration (Byrd and Brunjes, 2001; Tabor et al., 2004; Sato et al., 2007). Accordingly,

zebrafish provide a powerful experimental tool to advance our understanding of chemically

induced olfactory injury in mammals as well as in ecological studies.

Although a number of toxicants can disrupt olfactory processes in vertebrates, metals and

pesticides are among the most strongly linked to olfactory injuries in aquatic species

(Lurling and Scheffer, 2007). The common trace metal Cu potently disrupts olfaction in

salmonids (Baldwin et al., 2003; Sandahl et al., 2004; McIntyre et al., 2008), and we have

shown in a microarray study using zebrafish that Cu-olfactory impairment may be largely

attributed to a transcriptional repression of conserved signal transduction genes in the

zebrafish olfactory system (Tilton et al., 2008). The pesticide chlorpyrifos (CPF) is an
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organophosphate pesticide that alters neuronal development, synaptic stability and growth in

rat and human neuronal cells (Garcia et al., 2002; Howard et al., 2005; Chen et al., 2008;

Roegge et al., 2008) and is highly toxic to the fish olfactory system (Sandahl et al., 2004;

Tierney et al., 2007a). In the current study, we investigated gene expression patterns

underlying olfactory injury caused by exposure to CPF alone, or as a binary mixture in

combination with Cu. In addition, we analyzed zebrafish olfactory transcriptional signatures

associated with CPF with those from our previous dataset obtained on exposure to Cu

(Tilton et . al, 2008) to better understand mechanisms of olfactory injury, and to characterize

the contribution of the two agents toward olfactory injury in the mixture. Specifically, we

exposed zebrafish to a series of CPF concentrations to establish a molar equivalent

transcriptional response in the olfactory system in order to compare to a mixture response

using the more widely studied trace metal Cu. By mining our previously published Cu-

induced zebrafish olfactory transcriptional response database (Tilton et al., 2008), we were

able to identify and discriminate biochemical pathways of olfaction impacted by either the

individual agents or the CPF-Cu mixture transcriptional signatures generated from this

study.

Materials and Methods

Animal care and maintenance

One year old adult AB strain zebrafish were a generous gift from Dr. Robert Tanguay at

Oregon State University. The animals were maintained in 10 gallon aquaria with re-

circulating filtration at a density of 4 animals/L. Fish were fed flake food in the morning and

artemia in the afternoon. Ammonia, nitrite, pH, and temperature were recorded at least once

daily. The water source was city municipal water that was passed through a treatment

system containing 0.2 μm filtration, activated carbon, and ionic- and mixed-bed filters. The

resulting water pH was 5.5 and devoid of conductivity and chlorine. Water for fish was

reconstituted freshwater using Instant Ocean® salts at 1000±100 μS, and the pH was

adjusted to 7.0 using Na2HCO3 and heated to 27°C in a holding reservoir. Tanks received a

20% daily water change or more as necessary.

Exposures

Zebrafish were exposed for 24 hr in three replicate groups of five animals for each

experimental concentration and control group. Exposures were conducted in 3L of water

held in a sealed 3.5L glass jar maintained at 28°C using a water bath. A CPF stock solution

(ChemService Inc., West Chester, PA) was made up in dimethylsulfoxide (DMSO). The

final concentration of DMSO for each exposure (i.e. CPF alone, Cu alone, CPF + Cu) as

well as for controls was 0.001%. Zebrafish were exposed to nominal CPF concentrations of

0.1, 0.25 or 0.6 μM (35, 88 or 220 ug/L). Although the CPF concentrations used in this study

were higher than typically encountered in surface waters (0.1-10 ppb) (Gilliom, 2007), the

doses were selected to create molar ratio exposures between Cu and CPF in this study in

which Cu predominated the mixture, CPF dominated the mixture, or the molar ratios of the

two compounds were equivalent (described below). The exposure jars were pretreated with

the respective CPF concentrations for 24 hr prior to use and reused for each of the

treatments of CPF to minimize loss to glass surface adherence. Water samples were
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collected and analyzed for the concentrations of CPF and CPF-oxon by the Pacific

Agricultural Laboratory (Portland, OR). Our previous study confirmed a close association

among the nominal and actual Cu exposure concentrations (Tilton et al., 2008).

For the binomial mixtures, the CuCl2 (Alpha Aeser, Ward Hill, MA) stock solution was

prepared in distilled water and exposure concentrations were held constant at 0.25 μM (16

ug/L) in combination with each of the three CPF concentrations. As a result, this

experimental design allowed us to expose zebrafish to three mixture scenarios in which, 1)

Cu was in molar excess (Mix A, 2.5:1 for Cu:CPF), 2) Cu was equimolar (Mix B, 1:1), and

3) CPF was in excess (Mix C, 1:2.5). All Cu exposures were also spiked with 0.001%

DMSO to control for possible carrier solvent effects. Exposures were conducted in sealed

glass jars, maintained at 26°C for 24 hr, and were staggered by 1 hr to allow for tissue

collection. Each replicate pool had 2 males and 3 females (or vice versa) that were alternated

so that the ratios across replicates approximated 1:1 (males: females). After 24 hr of

exposure, water quality parameters (pH, dissolved oxygen, and temperature) were recorded.

Water quality parameters did not appreciably change over the course of the experiment.

Olfactory tissue collection and total RNA isolation

Individual fish were euthanized by cervical dislocation. The olfactory rosettes, OB, and

telencephalon were removed by dissection, immediately placed in Trizol (Invitrogen,

Carlsbad, CA), and stored at -80°C until processing for total RNA isolation. Olfactory RNA

was isolated from tissue pooled from 5 animals in each group. A total of 3 replicate pools of

RNA were generated for each experimental condition resulting in a total of 21 pooled

samples, each of which was arrayed separately. Total olfactory RNA was isolated, purified

and quantitated as described previously (Tilton et al., 2008). RNA quality was determined

with an Agilent 2100 Bioanalyzer (Santa Clara, CA) prior to further processing. All

olfactory RNA samples were devoid of contamination or RNA degradation.

Microarray analysis

5 μg of pooled total RNA was processed and hybridized to Affymetrix GeneChip Zebrafish

Genome Arrays (Affymetrix, Inc., Santa Clara, CA). Zebrafish Genome coverage for this

array was selected from the following public data sources: RefSeq (July 2003), GenBank®

(release 136.0, June 2003), dbEST (July 2003), and UniGene (Build 54, June 2003). The

array was designed in collaboration with representative members of the Zebrafish

community and the National Institutes of Health. Sample and microarray processing,

scanning and feature extraction were conducted as described previously (Tilton et al., 2008).

All samples arrayed for the current and our previously published study (Tilton et al., 2008)

were processed simultaneously to minimize the number of control animals, arrays, and

technical variability between studies. This approach allowed for a direct comparison of the

microarray analyses from this and our previous investigation into the olfactory toxicity of

Cu alone. Microarray data were processed with several Bioconductor software packages

(http://www.bioconductor.org/) (Gentleman et al., 2004). Stringent microarray data quality

control was carried out and included visual inspection of the GCOS DAT chip images as

well as the chip pseudo-images generated with the Bioconductor affyPLM package,

assessment of percent present calls and average background signals with the Bioconductor
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Simpleaffy package, inspection of histograms of raw signal intensities, and comparison of

the relative log expression and normalized unscaled standard errors using the Bioconductor

affyPLM package. The data were normalized with the Bioconductor gcrma package Ananth.

The Bioconductor limma package (Gentleman et al., 2004) was used to calculate fold-

changes and p-values. P-values were adjusted for multiplicity with the Bioconductor

package q value (Tusher et al., 2001), which allows for selecting statistically significant

genes while limiting the estimated false discovery rate. Principal component analysis (PCA)

was carried out with JMP Genomics software (SAS Institute Inc., Cary, NC). Hierarchical

clustering was performed with the Bioconductor stats package. This type of unsupervised

clustering visualizes how the samples cluster together based on Cu and CPF content, as

shown in Figure 1b. Pearson correlations were calculated with GraphPad Prism (GraphPad

Software, La Jolla, CA). Functional annotations were based on the published zebrafish

literature, ZFIN (www.zfin.org) zebrafish expression database, and putative homology from

Gene Ontology (GO; www.geneontology.org) and/or OMIM™ (www.ncbi.nlm.nih.gov/

omim/) databases.

Gene ontology (GO) analysis

The hypergeometric distribution method was used to determine enhanced GO categories

(Camon et al., 2003) using the Bioconductor package topGO (Alexa et al., 2006). Using the

classic, elim, and weighted method approaches, we determined the number of GO terms that

were significantly different from controls (p<0.05) for each treatment.

Gene set analysis (GSA)

We used the freely available GSA R-code to identify categories of genes showing

coordinated changes in individual gene expression over the experimental conditions

(Subramanian et al., 2005). In contrast to the cumulative hypergeometric distribution

method described above for GO analysis, GSA considers all genes in the experiment and

identifies gene sets/pathways with genes that show concordant changes in expression, even

if such changes are modest. We used three databases for GSA: GO Biological Process, GO

Molecular Function (Camon et al., 2003), and C2 from the Molecular Signatures Database.

We also conducted GSA analysis of custom designed olfactory signal transduction pathway

gene sets. The Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/

kegg) specifies 16 genes that are involved in the olfactory signal transduction cascade. We

identified 110 Affymetrix probe set IDs that share sequence similarity with these 16 genes

(OST-110, supplemental table 1). The 110 probe set IDs formed the basis for custom

designing six additional gene sets covering various aspects of the olfactory signal

transduction pathway by removing genes least likely to contribute to OST within the

olfactory neurons of the olfactory rosettes, or by applying increasing stringency of sequence

similarity (see (Tilton et al., 2008) for a more detailed explanation). One of these included

all possible genes found on the array with similarity to the 5 genes making up the

fundamental signal transduction pathway (OST-root) (i.e. olfactory receptors, adenylate

cyclase, g-proteins, cyclic-nucleotide and chloride channels) and another gene set contained

all possible genes which act as inhibitors within the OST pathway (OST-Inhib). The

aforementioned custom designed olfactory gene sets were included in the BP gene ontology

database and for GSA.
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SybrGreen quantitative real-time PCR confirmation of microarray data

Primers for microarray validation were designed using the Affymetrix probe set sequence

and Oligo Primer Analysis Software, v. 6.71 (Cascade, CO) (Supplemental table 2). Genes

found to be significantly differentially expressed by microarray analysis, or genes with

utility as potential molecular biomarkers of olfactory impairment were selected for

quantitative PCR analysis. Each primer pair produced a single PCR product as evidenced by

melt curve analysis and gel electrophoresis. Expression of β-actin did not differ among

treatments based on either microarray analysis or quantitative real time–PCR (qPCR) and

was used for qPCR data normalization.

Results

Waterborne CPF and Cu concentrations

CPF concentrations in water were determined at 0 and 24 hours of exposure. At 24 hours,

CPF concentrations in exposure jars containing fish had decreased by more than 80% for

each concentration, whereas they were essentially unchanged in control jars which did not

contain fish (Supplemental Table 3). These findings indicate that CPF was taken up

effectively by the zebrafish. In addition, only a small amount of CPF-oxon was detected at

the different CPF concentrations (0.6-2% of nominal CPF concentrations measured at 0

hours; data not shown). The measured Cu concentrations generally agreed closely with the

nominal Cu concentrations (Tilton et al., 2008). None of the exposures were lethal.

Principal component analysis and hierarchal clustering of CPF, Cu and CPF/Cu mixture
transcriptional profiles

We previously reported the effects of Cu exposures on olfactory transcription in zebrafish

(Tilton et al., 2008). The experimental conditions and methods used in the previous and

current studies were identical and thus allowed for a direct comparison of the CPF, Cu and

Cu/CPF mixture transcriptional profiles. In the current study, we used principal component

analysis (PCA) to investigate how the CPF, Cu and Cu/CPF mixture transcriptional profiles

inter-related. PCA reduces a complex data set to a lower dimension that can reveal hidden,

simplified structures in the data. Data from all the genes on the array were included in the

current analysis, without any prior filtering. Figure 1A. shows the principal components of

the CPF, Cu and CPF/Cu-mixtures in 3 dimensions. PCA clearly separates the Cu exposed

microarray data sets from those originating from the CPF exposures. PCA also indicates that

the Cu/CPF mixture data points associated closer with the Cu treatments than the CPF

treatments.

Data for genes exhibiting at least 1.8-fold differential expression at p<0.05 in any of the

treatment groups relative to controls were used in hierarchical cluster analysis. This analysis

included our previous Cu dataset (Tilton et al., 2008). As observed in Figure 2, there was a

distinct clustering among CPF and Cu transcriptional profiles, reflecting unique

transcriptional signatures and suggesting distinct biochemical mechanisms of olfactory

perturbation. Consistent with the PCA (Figure 1A), the CPF/Cu mixture samples clustered

with the medium dose Cu (Cu-M) samples, but not with any of the CPF samples.
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Single gene analysis

The low (0.1 uM; CPF-L), medium (0.25 uM; CPF-M) and high (0.6 uM; CPF-H) pesticide

doses significantly (p<0.05) modulated the expression of 215, 213, and 366 transcripts,

respectively, using a 1.5-fold cutoff. The choice of a 1.5-fold cut-off was based on our

previous experience with the Affymetrix array platform; i.e. we could confirm the majority

of gene expression changes of 1.5-fold or greater with q-PCR, but not changes that were

smaller than 1.5-fold. Of these aforementioned genes, 108 transcripts were affected by all

three CPF doses (Figure 1B). The majority of the responses associated with the low and

medium doses were shared with at least one other CPF dose (i.e. 80% of 215 differentially

expressed genes in the CPF-L exposure group, and 67% of 213 differentially expressed

genes in the CPF-M exposure group). The exception was the high CPF dose with 51%

unique transcriptional changes (187 of 366 differentially-expressed genes). In addition, we

observed a dose-dependent increase in the number of unique transcripts with 44, 71, and 187

of each at the low, medium, and high doses respectively (Figure 1B).

The number of transcripts uniquely associated with each of the three mixtures (Mix-A, 0.1

uM CPF+0.25 uM Cu; Mix-B 0.25 uM CPF+0.25 uM Cu; Mix-C, 0.6 uM CPF+0.25 uM

Cu) decreased as the CPF concentration increased (Figure 1C). At the same time, expression

of 152 common transcripts was changed by each of the three mixtures. Many transcripts

were only affected by the combined CPF/Cu treatments and not by exposure to either

constituent alone (Figure 1D). Transcript changes associated with each mixture treatment

were shared proportionally more with Cu relative to CPF treatments. Specifically, mixtures

A, B and C shared 1.95-fold, 1.84-fold and 1.26-fold more transcripts, respectively, with the

corresponding Cu exposures than for CPF. Complete lists of all differentially regulated

genes (≥1.5-fold, p < 0.05) for all CPF and mixture treatment groups are available as

supplemental data [Supplemental Tables 4 and 5].

To evaluate the mixture relationships, Pearson correlation coefficients were determined

between the mixture treatments and their respective constituents (Figures 3A-C). All the

mixtures showed strong correlations to Cu, with Pearson coefficients of R = 0.92, 0.90, and

0.85 for Mix A, Mix B and Mix C, and two-tailed linear regression values of r2 = 0.84, 0.81,

and 0.72, respectively. The correlation to the respective CPF treatment in each mixture was

not nearly as strong (R = 0.81, 0.71, 0.75 and r2 = 0.65, 0.50, 0.56, respectively). Data

presented in Figures 3D-G represent an evaluation of whether the mixture responses were

reflective of a theoretical additive response of Cu and CPF constituents. Many of the

mixture transcriptional responses were less than predicted for the theoretical additive value

of the constituents suggesting they largely resulted from exposure to one of the two

constituent compounds. As observed, virtually no transcripts showed greater than additive

responses (Figures 3E-G).

Identification of gene pathways altered by mixtures and their components

Unlike single gene analysis, category analysis allows for determination of statistical

significance of gene pathways and identification of biological themes. We used two

complementary category analysis methods, including Gene Set Analysis (GSA) and the

cumulative hypergeometric distribution method topGO. In contrast to the cumulative
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hypergeometric method, GSA does not require filtering (p-value and/or fold-change cutoffs)

to define differentially expressed genes that can be further analyzed while evaluating all

genes in the experiment (Subramanian et al., 2005).

GSA was employed to identify Biological Process (BP) and Molecular Function (MF) Gene

Ontology gene sets that were statistically significant in the CPF and CPF/Cu mixture data

sets relative to the controls (Figure 4 and Supplemental Tables 6, 7, 8, 9). Morphogenesis

processes were disproportionately represented in the CPF treatments (18% of 118 gene sets,

p ≤ 0.01) (Figure 4A), and the majority of these gene sets had a negative score, indicating a

coordinated downregulation of genes in these pathways. Furthermore, exposure to CPF

largely downregulated transcription of gene sets related to metabolic processes, cell growth

or replication, and olfactory sensory cell function (Figure 4). The number of altered gene

sets related to morphogenesis, cell growth, and cell replication increased as CPF

concentrations increased (Figure 4E). In contrast, the number of metabolic and catabolic

process gene sets decreased as CPF concentration increased (Figure 4E). The addition of Cu

strongly impacted the transcriptional signature of CPF in the mixtures, resulting in gene sets

with primarily positive scores and up-regulation of transcription (Figure 4B). Specifically,

‘metabolic processes’ gene sets showed positive relationships between CPF and mixtures

(99 total gene sets, p ≤ 0.01). In contrast to the CPF exposures, GSA did not identify impact

on morphogenesis gene sets in mixtures exposures. In general, the transcriptional effects of

the mixtures are more consistent with those previously observed with Cu alone.

Analysis of gene regulation in CPF-exposed zebrafish using the MF Gene Ontology

database revealed gene sets associated with DNA-, RNA-, metal- and protein- binding that

were significantly altered by CPF alone (73 total gene sets, p ≤ 0.05; Figure 4C) or by CPF

in combination with Cu (71 total gene sets, p ≤ 0.01; Figure 4D). Furthermore, gene sets

related to olfactory signal transduction (OST), including receptor and channel groupings,

were also significant in both treatment groups. No gene set in the MF database showed a

clear dose response to CPF alone. However, channel gene sets (e.g. related to ion channel

activity, calcium channel activity, voltage-gated ion channel activity; for detailed list see

supplemental tables 6, 7, 8, 9) were more affected with increasing CPF concentrations in the

mixture treatments (Figure 4E).

TopGO analysis identified between 8 and 22 BP and MF gene ontology categories that were

significantly (p <0.05) enriched within the three CPF treatment groups (Figure 4,

Supplemental tables 10, 11). Interesting examples of over-enriched GO terms include

neuron migration, morphogenesis, and ion homeostasis related gene sets. However, a

consistent pattern in the gene sets was not readily apparent. Among the mixture treatments,

GO terms which were significantly over-enriched (24 to 37 GO terms), included calcium

and other ion binding or homeostatic processes. Also present were OST related gene sets.

Interestingly, the presence of gene sets related to neuron migration, positive regulation of

axon extension, neural plate morphogenesis and integrin-mediated signaling pathway

suggest impairment to neuronal growth and possibly to neuronal regeneration pathways in

the mixture group.
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GSA of custom designed olfactory signal transduction pathway gene sets

We used GSA to investigate seven custom-designed gene sets targeting different numbers of

genes found on the array with strong similarity to the 16 genes generally considered the core

of olfactory G-protein signaling (i.e. the OST pathway (Supplemental Table 1). Using these

custom gene sets no discernable coordinated shift by CPF was observed (Table 1) Upon

closer inspection several genes within the pathway were impaired by CPF relative to

controls and in some cases differently compared to the CPF/Cu mixture or Cu alone (e.g.

CLC, OR2 G-proteins and arrestins (Supplemental table 12). These data indicate that the

OST pathway showed greater impairment with increasing CPF only in the presence of Cu.

In all Cu/CPF mixture groups, gene sets were generally down-regulated significantly in a

manner similar to that previously observed with exposure to Cu alone (Tilton et al., 2008).

Quantitative PCR studies and analysis of olfactory biomarkers

Several genes identified as potential markers of olfactory cellular injury and functional

impairment were investigated by qPCR. Overall, the more sensitive qPCR technique

confirmed the microarray response detecting even greater transcriptional changes than found

by array, which has been reported (Morey et al., 2006). The expression of gefiltin 3 (gef), a

neuronal intermediate filament protein important in neuronal regeneration in olfactory

epithelial tissue (Niloff et al., 1998), was significantly repressed by CPF (the opposite

response from the Cu-induced transcriptional induction reported previously [22]). As

observed in figure 5A, exposure to CPF appeared to drive the transcriptional response of gef

in the mixtures. Another marker under investigation, Neuropeptide FF-amide peptide

precursor-like mRNA (npffl), encodes a protein belonging to a group of neuromodulatory

peptides (Panula et al., 2006). Exposure to the lowest CPF concentration or to the mixtures

induced npffl, consistent with the response to Cu alone (Tilton et al., 2008) (Figure 5A).

Another gene purported to be highly expressed in the OB, ferritin (Connor et al., 1990)

showed little response to CPF, but was induced on exposure to Cu alone, and also by the

Cu/CPF mixtures (Figure 4B). The pvalb8 protein is important in maintaining calcium ion

balance in neuronal cells (Mukhopadhyay et al., 2009). As observed in figure 5B, expression

of the pvalb8 transcript was impacted by CPF, but was much more repressed in the presence

of Cu. Interestingly, the transcriptional response to Cu alone was nearly identical to the

response of the mixtures for both ferritin and pvalb8 (Figure 5B). Furthermore, the modest

depression (<2-fold decrease) of olfactory receptor 2.1 on exposure to CPF as evidenced by

qPCR was substantially different than the significant repression (> 10-fold) of this gene

observed by the mixture exposures (Figure 5C). Transcripts of calbindin 2-like(calb2), a

calcium binding protein in the olfactory epithelium, were not affected by CPF exposure. In

contrast, the mixtures (or Cu alone) decreased calb2l mRNA levels significantly (> 5-fold)

relative to controls (Figure 5C). Two other markers, olfactory marker protein(omp) and s100

encode proteins important in the cellular function of sensory cells (Bastianelli et al., 1995).

Exposure to CPF decreased the expression of these genes, and this inhibitory transcriptional

effect was increased in the mixture exposures (Figure 5D). Collectively, our qPCR analyses

yielded results that were consistent with those from the microarrays and reinforced a role for

Cu as the primary driver for the transcriptional changes in the zebrafish olfactory system.
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Discussion

In the present study, we have shown that exposure to the pesticide olfactory toxicant CPF

alters the expression of a diverse number of transcripts in the olfactory system of zebrafish,

and have identified important gene pathways preferentially targeted by CPF exposure. We

previously reported that exposure to Cu, another common environmental pollutant and

olfactory toxicant, depresses the transcription of key gene elements comprising the zebrafish

olfactory signal transduction pathway consistent with inhibitory effects of Cu on the

responsiveness of olfactory receptor neurons to natural odorants. The fact that exposure to

binary mixtures of the two agents resulted in olfactory transcriptional signatures that were

strongly influenced by Cu, regardless of its molar ratio with CPF, has implications for

exposures of chemical classes comprising complex mixtures and identifying those chemicals

responsible for functional chemosensory deficits. Specifically, the fact that the presence of

Cu caused the CPF response to shift towards the transcriptional profile produced by

exposure to Cu alone suggests that it may be the major driving force in olfactory

transcriptional responses in the zebrafish. We would be interested if similar results are

observed with mixtures of other metal and organophosphate neurotoxicants.

The use of two complementary bioinformatics approaches (i.e. TopGO analysis and GSA)

revealed molecular interactions among biochemical pathways impacted by exposure to our

model neurotoxicants. The observed downregulation of gene sets related to morphogenesis

pathways, cell growth and replication, and neuronal processes with increasing CPF

concentrations by GSA suggests a CPF-induced loss in the regenerative capacity of the

olfactory system. This may include, for example, the replacement of receptor neurons in the

peripheral sensory epithelium. In this regard, the olfactory bulb and telencephalon also

contain a host of neuronal cell types that undergo regeneration. This process occurs as a

result of toxicant exposure, but also under homeostatic physiological conditions as part of

normal maintenance and development (Byrd and Brunjes, 2001; Grandel et al., 2006). The

fact that exposure to CPF alone reduces the expression of genes encoding specific neuronal

proteins such as gefiltin, which is linked to neuronal regeneration, neurogenesis, and axonal

outgrowth, is consistent with a previous study showing that CPF inhibits axonal outgrowth

in rat sympathetic neurons and sensory neurons (Yang et al., 2008). Conversely, the fact that

exposure to Cu alone induced gefiltin mRNA expression is illustrative of how the two

toxicants may have distinct and even opposite effects on regeneration in the olfactory

system, and indicate that multiple processes, both shared and unique, are impaired by these

two very different olfactory toxicants. Our results are also supportive of a role of monitoring

gefiltin mRNA expression as a potential biomarker of nerve regeneration following injury.

Furthermore, while the doses of the two agents used in our study were likely not cytotoxic,

the high dose of Cu employed approximated concentrations shown to elicit cell death in the

olfactory epithelium of fish (Julliard et al., 1993). Accordingly, the observed Cu-induced

positive modulation of gefiltin mRNA expression may have been associated with an active

regeneration of olfactory sensory neurons resulting from a toxic effect under higher Cu

concentrations.

A more detailed analysis of gene pathways underlying the functional properties of sensory

neurons was accomplished by monitoring a custom collection of conserved gene sets
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belonging to the OST cascade. We specifically focused on the expression of genes that code

for proteins essential for odorant binding or the electrochemical cascades that underlie

olfactory signal transduction (Tilton et al., 2008). These pathways are strongly impacted on

exposure to Cu and appear to be an important mechanism by which Cu interferes with fish

behaviors that depend on a normally functioning olfactory system (Tilton et al., 2008).

Although we did not detect significant net impacts or shifts in gene expression following

exposure to CPF, it is important to note that we did observe a differential expression of some

genes within the OST pathway. This suggests that olfactory impairment by the

organophosphate may involve effects on signal transduction, which would be consistent

with the previous finding that CPF inhibits olfactory responses to chemical cues (e.g., bile

salts and amino acids (Sandahl et al., 2004)) that activate non-overlapping olfactory receptor

proteins in fish. The fact that OST genes impacted by CPF are in some cases different than

those impacted by Cu, and in many cases are positively regulated (as opposed to

downregulated), is supportive of different mechanisms of olfactory injury by these two

classes of chemicals.

We used qPCR to assess the effect of CPF on the expression of several genes that code for

cellular markers in the OB and olfactory epithelium, including known components of the

olfactory signal transduction cascade. Overall, CPF exposure elicited relatively few

significant changes in expression of OB genes elicited by exposure to Cu, including putative

ferritin heavy chain or pvalb8 protein. However, there was a negative trend similar to that

observed by the mixture exposures. Olfactory receptors and the calcium binding protein

calbin2-like were unresponsive to CPF despite being strongly repressed in the mixtures.

Interestingly, other receptors found on the array such as OR 5.1, showed decreases with CPF

exposure (Supplemental table 12). The genes encoding olfactory marker protein, a marker

of mature olfactory neurons important in modulation of cAMP levels in OST signaling

(Bastianelli et al., 1995; Reisert et al., 2007), as well as s100 protein (Yamagishi et al.,

1994), a marker for mature olfactory crypt cells, showed little change in the array

experiment. Although the fact that relatively high environmental concentrations of CPF

caused little modulation of zebrafish olfactory signal transduction gene pathways, it will be

important to determine the functional significance of CPF on zebrafish olfactory signal

transduction.

Our microarray results for the CPF/Cu mixtures provide some insight into how toxic

mechanisms can shift when contaminants co-occur in mixtures. The effects of CPF/Cu

mixtures on gene expression were closely correlated with the effects of Cu alone and, to a

lesser extent, to CPF, indicating a dominating effect by Cu. Furthermore, there were many

interesting gene targets shared between both Cu and CPF, including those in gene sets

related to ion transport, ion binding, and channel activities. These functional groups share

many of the same gene sets, as well as a similar direction of the relative shift in transcription

from controls. Metals such as zinc and Cu are known to interact with voltage- and ligand-

gated ion channels, including calcium channels (Horning and Trombley, 2001). Altered gene

sets related to the binding of different cations including calcium in the mixture treatments

point to alterations in ion balance and membrane potentials as potential targets for both of

these classes of contaminants. There is recent evidence to suggest that cytotoxicity from
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organophosphates observed in primary neuronal cultures involves disturbances in

intracellular homeostasis of calcium (Giordano et al., 2007). Collectively, the evidence

presented herein is supportive of the hypothesis that metals and organophosphates likely

target similar processes such as calcium ion balance and specifically ion binding and

channels. Additional studies addressing the impacts of Cu and CPF on neuronal ion balance

in sensory neurons of the olfactory system could more closely define and differentiate

molecular impacts from these two chemical classes.

In conclusion, CPF exposure to zebrafish impairs cellular pathways and gene sets related to

morphogenesis, growth and other neuronal processes in the olfactory system. Therefore, this

organophosphate insecticide may modulate multiple biochemical pathways that underlie the

normal electrochemical transduction of olfactory sensory information as well as genes

required for neuronal maintenance and regeneration. Although exposure to Cu and CPF both

affect olfactory function and depress olfactory mediated behaviors, these compounds appear

to act via different mechanisms. Moreover, relative to CPF, the effects of Cu on gene

transcription in olfactory networks are much more pronounced. Exposure to mixtures of the

two toxicants produced a unique transcriptional signature that is heavily influenced by Cu.

Collectively, the results of the study provide a basis for understanding mixture effects on

olfactory toxicity and also mechanisms of action of neurotoxic metals and pesticides. Future

studies will investigate the effects of Cu, CPF and a mixture on olfactory mediated behavior

and olfactory injury.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principal component analysis (PCA), hierarchical clustering and Venn diagrams of
chlorpyrifos (CPF), copper (Cu), and binomial mixture (Mix) microarray data
A) PCA reduces a complex data set to a lower dimension that can reveal hidden, simplified

structures in the data. Data from all genes on the array were included in the PCA and the

three top principal components were used to generate the three dimensional figure shown.

Red circles represent controls, green circles CPF, blue circles Cu, and yellow circles

mixtures. PCA clearly separates the Cu exposed microarray data sets from those originating

from the CPF exposures. This separation is partially obscured by the two dimensional

representation of the three dimensional Figure 1A and the following description is intended

to remedy this limitation. The data points representing Cu treatments (blue) move forward

and to the lower right of the figure with increasingly higher doses, whereas the CPF data

points (green) extend to the back and to the upper left of the figure. By contrast, the controls

and the samples treated with the low Cu or low CPF concentrations congregate along the

center dotted line. The mixture data points (gold dots) associated closer with the Cu

treatments. B-D) Venn diagrams showing the number of shared genes between treatments

significantly affected (p<0.05) in at least one treatment at >1.5 fold greater than controls. B)
Between 213-366 total transcripts were perturbed by CPF at any one concentration, and 108

differentially expressed transcripts were shared between all three CPF concentrations. C)

Although the mixtures altered the expression of a roughly similar number of transcripts

(228-349 transcripts), the number of altered genes decreased as the concentration of CPF in

the mixtures increased. The majority of altered transcripts were shared (152) among all three

mixtures or between any two combinations. Each mixture exhibited a unique response which

decreased as the concentration of CPF in the mixtures increased. D) Venn diagrams of

mixture treatments compared to the signatures of individual constituents. Overall Mix A

(upper left) and Mix B (upper right) have similar relationships between treatments while

Mix C (bottom) differs.
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Figure 2.
Hierarchical clustering of transcripts significantly changed (p<0.05 and ≥1.8 fold) vs.

controls. The cluster labeled “Mix” contains the CPF and Cu mixture exposures and the

three Cu-M (medium dose copper) samples are indicated with horizontal black lines.
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Figure 3. Correlations of gene profiles from each binomial mixture relative to individual
components and to a theoretical expectation of response-addition
Values are expressed as fold change (Log2) compared to vehicle-treated controls and were

plotted to generate Pearson correlation coefficients (R) among treatments and least-squares

linear regression (r2 values, p <0.0001). A) Mix A versus CPF-L or Med Cu, B) Mix B

versus Med CPF or Med Cu, C) Mix C versus Hi CPF or Med Cu, D) theoretical additive,

greater-than-additive, or less-than-additive response of the actual binomial mixtures relative

to theoretical mixture values calculated from addition of each constituent, E) Mix A versus

theoretical additive Mix A, F) Mix B versus theoretical additive Mix B, and G) Mix C

versus theoretical additive Mix C. All binomial mixtures show a less-than-additive response.
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Figure 4. Gene Set Analysis (GSA) identification of Gene Ontology categories significantly over
represented in the CPF or Cu/CPF mixture treatments relative to controls
Pie graphs show the percentage of gene sets altered by category. Color indicates the shift of

the treated gene sets based on the GSA score and the intensity reflects the overall shift of all

the gene sets within the category. Dark green, all gene sets in group were significantly down

regulated. Lime green, a majority of down regulated gene sets in the categorization. Yellow,

no dominant pattern either up or down in the categorization. Red, all gene sets in the

categorization were significantly up-regulated. Orange, a majority of gene sets in the

categorization were up-regulated. Other unrelated gene sets totaling <3% each were

included in the Other category (grey). A) Percentage of BP gene sets altered by category out

of a total of 118 unique gene sets, p <0.01, with CPF treatment. B) Percentage of biological

process (BP) gene sets altered by category out of a total of 99 unique gene sets, p <0.01, in

the mixture treatments. C) Percentage of molecular function (MF) gene sets altered by

category out of a total of 73 unique gene sets, p<0.05, with CPF treatment. D) Percentage of

MF gene sets altered by category out of a total of 70 unique gene sets, p<0.01, in any

mixture treatment. E) Comparison of number of gene sets related to morphogenesis, cell

growth and cell replication, ion channel activities, and cellular metabolic and catabolic

processes affected by CPF or the CPF/Cu mixture (L, M and H refer to the low, medium and

high doses of CPF respectively).
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Figure 5. Quantitative real-time PCR confirmation of the microarray data
Values are expressed as average fold change (Log2) with standard error compared to

controls. The array response (shaded bars) for each treatment is grouped with the qPCR

results (white bars) and the two methods compare favorably in both the direction and

magnitude of the response. A) neuropeptide FF-amide peptide precursor-like (npffl) and

neuronal protein gefiltin (gef); B) parvalbumin 8 (pvalb8) and a putative ferritin heavy chain

(ferritin); C) calbindin 2, like (calb2l) and olfactory receptor 2.1 (or2.1); D) S100 protein

(s100) and olfactory marker protein (omp). Dashed line across all data illustrates 1.5-fold

change from controls.
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