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Abstract At military training sites, a variety of pollutants

such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), may

contaminate the area originating from used munitions.

Studies investigating the mechanism of toxicity of RDX

have shown that it affects the central nervous system

causing seizures in humans and animals. Environmental

pollutants such as RDX have the potential to affect many

different species, therefore it is important to establish how

phylogenetically distant species may respond to these types

of emerging pollutants. In this paper, we have used a

transcriptional network approach to compare and contrast

the neurotoxic effects of RDX among five phylogenetically

disparate species: rat (Sprague-Dawley), Northern bob-

white quail (Colinus virginianus), fathead minnow (Pim-

ephales promelas), earthworm (Eisenia fetida), and coral

(Acropora formosa). Pathway enrichment analysis indi-

cated a conservation of RDX impacts on pathways related

to neuronal function in rat, Northern bobwhite quail, fat-

head minnows and earthworm, but not in coral. As evo-

lutionary distance increased common responses decreased

with impacts on energy and metabolism dominating effects

in coral. A neurotransmission related transcriptional net-

work based on whole rat brain responses to RDX exposure

was used to identify functionally related modules of genes,

components of which were conserved across species

depending upon evolutionary distance. Overall, the meta-

analysis using genomic data of the effects of RDX on

several species suggested a common and conserved mode

of action of the chemical throughout phylogenetically

remote organisms.
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Introduction

The environment is constantly being challenged with an

increasing number of stressors that can have serious

adverse effects on wildlife. For instance, the release of

chemical compounds into various environmental matrices

represents a complex risk not only to wildlife, but also to

human health. 1,3,5-Trinitro-1,3,5-triazacyclohexane

(RDX) has been observed as an environmental contami-

nation primarily at munitions manufacturing plants, load

and park operations, firing ranges, and demilitarization

areas (Jenkins et al. 2001). Once it enters the environment,

RDX has the potential to affect many species. Impacts on

the nervous system have been observed in a variety of

species exposed to RDX including humans, dogs, rats,
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birds and earthworms (Goldberg et al. 1992; Talmage et al.

1999; Gong et al. 2008; Gust et al. 2009). Williams et al.

(2011) recently demonstrated that the molecular initiating

event for neurotoxicity is binding of RDX to the GABAA

(c-aminobutyric acid) receptor (GABAAR) where it blocks

membrane repolarization.

Chemicals released into the environment can affect very

specific targets, such as the endocrine or nervous system.

Drug and specific chemical receptors such as the GABAAR

are evolutionarily conserved; therefore the chemicals may

potentially affect many different species, even phyloge-

netically distant organisms depending on sequence con-

servation of binding sites (Gunnarsson et al. 2008). For

example, mechanisms for cell-to-cell communication in

pre-metazoan cells also serve as the molecular foundation

for the most complex communications network in multi-

cellular organisms, the nervous system (Tsang et al. 2007).

Given the known impacts of RDX exposure on nervous

system processes, investigation of the molecular functions

affected by RDX exposure, including GABAergic signal-

ing (Williams et al. 2011), constitute a key focus for

understanding the impacts of RDX across disparate phy-

logenetic lineages.

GABA receptors have been described in many different

phyla such as social amoeba (Dictyostelium discodeum),

cnidarians, mollusks, annelids, arthropods, nematodes, and

chordates (Kass-Simon and Pierobon 2007; Tsang et al.

2007; Kehoe et al. 2009; Fountain 2010). The GABAAR is

an ionotropic receptor and ligand-gated ion channel. When

activated, GABAAR conducts Cl- through its pore causing

a hyperpolarization of the neuronal membrane thereby

inhibiting neurotransmission. Several major insecticides,

such as a-endosulfane, lindane, fipronil or dieldrin, are

non-competitive antagonists for the GABAA receptor tar-

geting its b3 subunit (Ratra et al. 2001). Non-competitive

antagonists of the GABAA receptor can have a very wide

structural diversity such as pesticides, picrotoxin, a plant

convulsant; or thujone, the active component of absinthe, a

popular emerald-green liqueur in the 19th and early 20th

centuries (Olsen 2006). All of these non-competitive

antagonists are proposed to fit a single binding site in the

chloride channel lumen (Fig. 1; Chen et al. 2006). While

RDX has a different chemical structure, recent findings via

radio-ligand receptor-competition binding assays show that

it also acts as non-competitive antagonists through binding

to the picrotoxin binding site in the chloride channel of the

GABAA receptor (Williams et al. 2011).

Many receptors and biological systems are highly con-

served and operate similarly across different species and

conditions. Although still very challenging, cross species

analysis of microarray data can lead to insights that cannot

be obtained from the analysis of a single species (reviewed

in Lu et al. 2009). For example, Ueda et al. (2004)

identified dynamic expression patterns that are highly

conserved across species ranging from bacteria to human.

Lu et al. (2007) identified a core set of genes involved in

cell cycle across yeast, human, and plants. When com-

paring microarray datasets across multiple species,

researchers face both technological and contextual chal-

lenges in comparing expression of divergent genomes.

However, successful meta-analysis across species can be

used to leverage information in one species with that of less

studied species, as well as to find common expression

patterns that would reveal core gene functions.

Analysis across species can be divided into two types

(reviewed in Lu et al. 2009): expression and co-expression

meta-analyses. Expression meta-analysis studies the simi-

larity between expression profiles of homologous genes in

different species, while co-expression meta-analysis sear-

ches for conserved co-expressed gene clusters across spe-

cies. One of the advantages of co-expression meta-analysis

is that it allows the use of different conditions for the

different species studied. Direct cross-species comparison

of differentially expressed genes is particularly challenging

when trying to compare distant species. Instead, it can be

useful to look at enriched GO (Gene Ontology) terms that

are conserved across species (Lu et al. 2009). Subramanian

et al. (2005) proposed a more sophisticated approach called

gene set enrichment analysis (GSEA) to extract biological

insight from expression data. GSEA focuses on groups of

genes that share common biological function, chromo-

somal location, or regulation. This analysis can be exten-

ded to gene network enrichment analysis (GNEA), based

upon the idea that the cell is associated with a protein–

protein interaction network and each protein belongs to one

or more gene sets associated with biological processes or

molecular functions. When the cell is perturbed, some

subset of the interaction network becomes affected;

Fig. 1 Chemical structures of several compounds that are noncom-

petitive agonists against the chloride channel of the GABAA receptor
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therefore certain functional sub-networks may show sig-

nificantly altered activity (Liu et al. 2007). Other

researchers have used network analysis to identify con-

served genetic modules (Stuart et al. 2003) and conserved

patterns of protein interactions (Sharan et al. 2005).

In this study, we performed a meta-analysis of previously

conducted experiments to understand the neurotoxic effects

of RDX across five phylogenetically disparate species: rat

(Rattus norvegicus Sprague-Dawley), Northern bobwhite

quail (Colinus virginianus), fathead minnow (Pimephales

promelas), earthworm (Eisenia fetida), and coral (Acropora

formosa) using toxicogenomics. The rat was used as a model

species to examine clinical toxicology of chemicals, because

of the sequenced genome, and wealth of information at the

physiological level. Other species are environmentally rel-

evant and belong to very different ecosystems that could

potentially be exposed to RDX. Northern Bobwhite quail is

used as a model wildlife bird species, the earthworm E. fetida

is a standard toxicity test invertebrate for soils, fathead

minnow is a standard toxicity test fresh water fish, and coral

belongs to a marine environment where potential exposures

could occur. We applied pathway enrichment, GSEA and

network analysis to determine the degree to which the

impacts of RDX exposure are conserved among these dis-

tantly related phylogenetic relatives.

Materials and methods

Exposures

Several datasets contributed to the meta-analysis (Supple-

mentary Table 1). The following provides a brief summary

of each of the studies and accompanying datasets that

contributed to our current investigation comparing and

contrasting the impacts of RDX exposure across species. A

more detailed description of methods and materials for the

rat, fathead minnow, and coral exposures and microarray

measurements of gene expression can be found in Sup-

plementary File 4.

Rat

The effects of RDX on rat brain gene expression were

assessed by single gavage exposure of female Sprague-

Dawley rats (Habib et al. 2011). Briefly, five separate

exposures were conducted consisting of five adult female

rats were randomly assigned to an RDX dose administered

by oral gavage. Doses consisted of control (5% v/v DMSO

in corn oil), and RDX doses of 1.2, 12, 24, and 47 mg/kg in

5% DMSO in corn oil emulsion. Animals were euthanized

at 24 h, 48 h, 7 days, 14 days, 28 days, and 90 days post

gavage using CO2. Right and left hemispheres of brain

were flash frozen in liquid nitrogen. The left hemisphere

was reserved for analytical chemistry analysis and the right

hemisphere for RNA isolation. Concentration of RDX in

brain tissue was determined by HPLC as in Johnson et al.

(2007). Total RNA was extracted from homogenized right

hemisphere samples, labeled using an Array900 detection

kit (Genisphere, Hatfield, PA) and hybridized to 8 k Sigma/

Compugen rat 70-mer oligonucleotide libraries arrayed on

glass slides [http://www.cag.icph.or/]. Three biological

replicates at each dose including control were examined

using a two-color, interwoven loop design. Raw intensity

data was normalized using the R package LIMMA (Smyth

and Speed 2003) and loess normalization was applied for

each group. Channels were separated for each time point

and tested for differentially expressed genes by running

one-way ANOVA, followed by multiple pair-wise com-

parisons between the control and the four dose treatments

using LIMMA and MultiExperiment Viewer (Saeed et al.

2006). The dataset is available at NCBI GEO (http://www.

ncbi.nlm.nih.gov/geo/) with the accession number GSE27042

to be inserted.

Northern Bobwhite quail

The details of Northern Bobwhite quail exposures and

microarray analysis have been previously described in Gust

et al. (2009). This study included two sub-acute (14 days)

RDX-exposure bioassays including a high-dose range in

which all RDX doses elicited seizures and a low-dose range

where RDX induced seizures in a dose–response manner

(Johnson et al. 2007; Quinn et al. 2009; Gust et al. 2009).

Briefly, whole brain tissue was collected from RDX exposed

quail and homogenized. Concentrations of RDX were

experimentally determined in brain tissue homogenate as in

Johnson et al. (2007). RNA was extracted from brain

homogenate. Gust et al. (2009) created a custom 4,119

cDNA spotted microarray based on Northern bobwhite quail

brain-tissue RNA. This custom quail array was used with

two-color hybridizations and an interwoven loop experi-

mental design to assess RDX impacts on brain tissue gene

expression. Statistical analysis of the microarray data was

performed using Bayesian Analysis of Gene Expression

Levels software version 3.62 with default settings (Town-

send and Hartl 2002). Genes were considered differentially

expressed if the expression level was different from controls

using a 97.5% confidence level measure. The dataset is

available at NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/)

with the accession number GSE27653 to be inserted.

Fathead minnow

Three-day-old fathead minnow (Pimephales promelas)

fry were exposed to either control water or one of six
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concentrations of RDX: 0.9, 1.8, 3.5, 7.0, 13.8, or

27.7 mg/l, in 96-h exposures based on the U.S. EPA

(2002) acute testing method 2000.0 for fathead minnow

(Warner et al. 2011). The experimental design included

four exposure replicates per treatment with ten fish per

replicate. Concentration of RDX in exposure water was

experimentally determined by HPLC essentially as in

Johnson et al. (2007). Fathead minnow samples examined

for gene expression effects included solvent control, 0.9,

1.8, 7.0 and 13.8 mg/l RDX treatments. Five individual

fathead minnow were pooled together per exposure rep-

licate for RNA extraction. Total RNA was extracted,

labeled using the Agilent One-Color Quick Amp Labeling

Kit and hybridized to custom 8 9 15 K oligonucleotide

microarrays (Agilent Technologies, Santa Clara, CA;

NCBI GEO Platform GPL9248) using an Agilent gene

expression hybridization kit (Agilent Technologies) fol-

lowing manufacturer’s recommendations. RNA was

hybridized to arrays using a randomized block design.

Microarray data was analyzed using GeneSpring version

GX 11.0.2 (Agilent Technologies) to normalize data by

75th percentile shift and conduct baseline transformation

to the median of all samples. Statistical analysis was

performed using GeneSpring utilizing data from all

microarray probes and consisted of one-way ANOVA

with Benjamini–Hochberg multiple-testing corrections

and a 1.5 fold change cutoff to test for significant

expression. The dataset is available at NCBI GEO (http://

www.ncbi.nlm.nih.gov/geo/) with the accession number

GSE27067 to be inserted.

Earthworm

Earthworm (Eisinia fetida) exposures to RDX and gene

expression analysis have been described in detail by Li et al.

(2010) and Gong et al. (2010). Briefly, earthworm exposures

were conducted in a field collected silty loam soil in accor-

dance with the American Society for Testing And Materials

guideline (ASTM 1997). Earthworms were exposed to soil

spiked with RDX (0, 8, 16, 32, 64, or 128 mg/kg) for 0

(control only), 4 or 14 days. RNA from individual replicate

worms was hybridized to custom 15 K 60mer oligonucleo-

tide custom microarray (Agilent Technologies, NCBI GEO

platform accession number GPL9420) using the Agilent

One-Color Microarray Hybridization protocol as recom-

mended by the manufacturer. The dataset is available at

NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/) with the

accession number GSE18495. Differentially expressed

genes were identified using the Class Comparison Between

Groups of Arrays Tool in BRB-ArrayTools v.3.8 software

package (Simon et al. 2007).

Coral

The effects of RDX on coral gene expression were assessed

by exposure of the branched coral Acropora formosa in

aquaria (Gust et al. 2011). Briefly, five replicate coral

fragments of A. formosa (Oceans, Reefs and Aquaria, Fort

Pierce, FL) were exposed to RDX concentrations of 0.49,

1.77, and 7.18 mg/l (measured concentrations) in 10-gallon

aquaria for 5 days. RNA samples extracted from the

exposures were used to construct a normalized cDNA

library, sequenced, and used to develop a 15 K 60mer

oligonucleotide custom microarray (Agilent Technologies,

Design ID# 020980). Gene expression was measured using

Agilent One-Color Microarray Hybridization protocol as

recommended by the manufacturer. Microarray data were

normalized within array to the 50th percentile and then to

the median signal for each gene among arrays using

GeneSpring version 7.3 (Agilent Technologies, Sta. Clara,

CA). Differentially expressed genes were identified using

one-way ANOVA with Benjamini and Hochberg multiple

testing corrections (Benjamini and Hochberg 1995)

followed by a post-hoc test (volcano plot) including a

parametric t-test (p = 0.05) and fold change cutoff of

C1.5. The dataset is available at NCBI GEO (http://

www.ncbi.nlm.nih.gov/geo/) with the accession number

GSE27624.

Phylogenetic analysis

Sequences for different GABAA receptor subunits from

several species were obtained from NCBI databases (http://

www.ncbi.nlm.nih.gov) and their amino acid sequences

were aligned using ClustalW2 (http://www.ebi.ac.uk/

Tools/msa/clustalw2/; Chenna et al. 2003). When the

amino acid sequence was not available, the nucleotide

sequence was translated using the ExPASy Proteomics

server (http://expasy.org/tools/dna.html). ClustalW2 was

used to calculate the phylogenetic tree for each subunit

using the neighbor-joining method of Saitou and Nei

(1987). Distances were calculated first by calculating pair-

wise scores as the number of identities in the best align-

ment divided by the number of residues compared (gap

positions are excluded). Both of these scores were initially

calculated as percent identity scores and were converted to

distances by dividing by 100 and subtracting from 1.0 to

give number of differences per site.

Pathway analysis

All gene probes from microarrays were annotated with

gene accession numbers and mapped to gene symbols of

Human homologs and Zebrafish (Danio rerio) homologs

Conserved toxic responses across divergent phylogenetic lineages 583

123

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://expasy.org/tools/dna.html


using DAVID (Huang et al. 2009). Statistically significant

enriched pathways in differentially expressed gene data

sets were identified using SubpathwayMiner, an R-based

package (Li et al. 2009). p-values were calculated using a

hypergeometric distribution. The enriched pathways

obtained for each species are shown in Supplementary

File 1.

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA; Subramanian et al.

2005) was run on gene lists from each differentially

expressed gene data set representing a subset of genes

mapping to gene symbol homologs and corresponding

p-values with 100,000 permutations. A label permutation

was implemented to determine the significance of the

enrichment score accounting for differences in set size

while correcting for the number of gene sets tested. The

canonical pathways were obtained from three different

databases: BioCarta gene sets (BIOCARTA; http://www.

biocarta.com), Kyoto Encyclopedia of Genes and Geno-

mesgene sets (KEGG; http://www.genome.jp/kegg/), and

Reactome gene sets (REACTOME; http://www.reactome.

org/). GO terms were obtained from three different sets:

Biological Processes (BP), Cellular Components (CC), and

Molecular Function (MF). The MOTIF output contains

microRNA targets (MIR) and transcription factor targets

(TFT).

Network analysis

The information theory based algorithm Context Likeli-

hood of Relatedness (Faith et al. 2007) was used to infer a

transcriptional network from normalized expression data

of differentially expressed gene data set from rat brain

after exposure to RDX using all the genes present in the

array. The resulting network was filtered to create a

neurotransmission subnetwork (Suppl. Fig. 1) using a list

of genes (Suppl. Table 2) related to neurotransmission

from KEGG pathways and a few additional genes repor-

ted by other studies related to RDX exposure (obtained

using WhichGenes, Glez-Peña et al. 2009). The subnet-

work was filtered from the source network using the list

of genes from neurological functions as the seed nodes

and their first connected neighbors. Clusters or highly

interconnected regions in the subnetwork were identified

using MCODE, which measures the ‘‘cliqueness’’ of a

vertex (Bader and Hogue 2003), as implemented in Cy-

toscape (Cline et al. 2007). Genes from the six most

highly connected clusters were analyzed for GO and

Pathway enrichment using DAVID (Huang et al. 2009)

(Suppl. File 3).

Results

Physiological effects

The physiological effects observed in the different expo-

sures are summarized in Table 1. All species showed

bioaccumulation of the chemical. Many different physio-

logical effects were observed on rat, such as seizures,

lethargy, decreased weight gain, anemic effects, splenic

hemosiderosis, and alterations in white blood cells, lym-

phocytes, and total granulocytes. Acute exposures in

Northern bobwhite quail also produced seizures and ane-

mic effects, as well as altered blood chemistry. Liver

edema was observed in both quail and rat exposures

(Meyer et al. 2005; Johnson et al. 2007; Quinn et al. 2009)

while swelling/edema and constriction/autotomy was

observed in high dose exposures of earthworms (Gong

et al. 2008). Neurotoxicity symptoms observed in earth-

worms exposed to RDX include rigidity/shrinking (chlonic

seizure) and significantly reduced impulse conduction in

medial (MGF) and lateral (LGF) giant nerve fiber path-

ways (Gong et al. 2008). Quail and rat exposed to RDX

presented chlonic and tonic seizures (Johnson et al. 2007;

Meyer et al. 2005). No neurological effects were observed

in exposed fathead minnows and could not be measured in

coral. The effects of RDX exposure in coral included an

increase in mucocytes and altered bacterial community

composition inhabiting the coral surface microlayer (Gust,

personal observation). Observed impacts in fathead larvae

included spinal deformities and death whereas mortality

was the only affect observed in sub-adult exposures

(Warner, personal observation).

Relatedness of GABAAR subunits

The evolutionary relatedness of different GABAAR sub-

units—a1 (GABRA1), a6 (GABRA6), b1 (GABRB1), b2

(GABRB2), b3 (GABRB3), and d (GABRD)—were

examined to determine the similarity of different subunits

across species (Fig. 2). The phylogenetic analysis shows

that sequences from more closely related species, e.g.

mammals and avian species, tend to cluster together, while

species such as arthropods, annelids or cnidarians, are more

distant in the phylogenetic tree.

Pathway analysis

The differentially expressed gene data set for each organ-

ism was examined for biological pathways that might be

significantly impacted by RDX (Supplementary File 1).

The total number of enriched pathways for each species

was 148 for rat, 23 for quail, 74 for fathead minnows,

21 for earthworm, and 26 for coral. Only two general
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pathways were common to all species: Metabolic Pathways

and Glycolysis/Gluconeogenesis. Pathways related to

neurodegenerative diseases such as Alzheimer’s, Hunting-

ton’s, and Parkinson’s disease, were significantly enriched

in all species except coral. These pathways were also

present in coral but were not significantly enriched

(p-value [ 0.2). Glutathione metabolism was enriched in

all species except for quail. The gonadotropin-releasing

hormone (GnRH) signaling pathway was enriched in coral

as well as in quail and rat. No overlap was seen in homolog

gene names between all species and very few between any

given species.

Several of the exposures revealed an impact on path-

ways related to energy and metabolism function. Rat brain

transcriptional expression was enriched in metabolic

pathways related to Insulin signaling pathway, starch and

sucrose metabolism, ascorbate and aldarate metabolism,

PPAR signaling pathway, glycolysis/gluconeogenesis, type

I diabetes mellitus, tyrosine metabolism, arginine and

proline metabolism, tryptophan metabolism, galactose

metabolism, fructose and mannose metabolism, fatty acid

metabolism, and glycerolipid metabolism. Quail brain gene

expression was enriched in gastric acid secretion, meta-

bolic pathways, ribosomes, glycolysis/gluconeogenesis,

GnRH signaling pathway, and the insulin signaling path-

way. Fathead minnow was enriched several metabolic

pathways including amino sugar and nucleotide sugar

metabolism, purine metabolism, protein digestion and

absorption, galactose metabolism, glutathione metabolism,

fatty acid metabolism, PPAR signaling, glycine, serine and

threonine metabolism, carbohydrate digestion and absorp-

tion, glyoxylate and dicarboxylate metabolism, type II

diabetes mellitus, and glycolysis/gluconeogenesis. Earth-

worm differentially expressed genes were enriched in

metabolic pathways including tryptophan metabolism,

pyruvate metabolism, glycolysis/gluconeogenesis, ascor-

bate and aldarate metabolism, glycine, serine and threonine

metabolism, and propanoate metabolism. Coral gene

expression was enriched in metabolic pathways related to

the citrate cycle (TCA cycle), glycolysis/gluconeogenesis,

glyoxylate and dicarboxylate metabolism, and one carbon

pool by folate.

Gene set enrichment analysis

Enriched canonical pathways

Six Canonical Pathways were found enriched in the rat

dataset using GSEA (Supplemental File 2). The GnRH

signaling pathway was most highly enriched followed

by focal adhesion and integrin pathways. In quail, nine

pathways were significantly enriched related to glucose

Table 1 Physiological effects of RDX across species

Effects Rat Quail Fathead minnow Earthworm Coral

Impacted neuronal

function

Chlonic tonic seizuresa Chlonic tonic seizuresb NDc Chlonic seizuresd NA

Edema Livere Liverb NDc Whole bodyd NA

Mucocyte increase NA NA NA NA Hf

Altered blood chemistry He Hd NT NT NA

Spinal deformities NT NT Larvaeh NA NA

Toxic dose 100–187 mg/kg LC50e 8 mg/kg LC25b 10 mg/l 10 days

exposure LC50 Adultc;

3.5–13.8 mg/l 96 h

larvae LC50h

[10,000 mg/kg

Soilg
[8 mg/l 5 days,

no effect seenf

Lowest RDX concentration

with effect on central

nervous system

(seizures etc.)

25 mg/kga 8 mg/kgb \10 mg/l showed no

behavioural impact

reportedc

20 mg/cm2 filter

paperd
NA

a Burdette et al. (1988)
b Quinn et al. (2009)
c Gust et al. (2011)
d Gong et al. (2008)
e Meyer et al. (2005)
f Lotufo (2011)
g Simini et al. 2003
h Warner et al. (2011)

NA Not applicable, ND not detected, NT not tested
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metabolism and regulation of insulin secretion with a tenth

related to Alzheimer’s disease (Supplemental File 2).

Thirty-two pathways were significantly enriched in fathead

minnow, many of which are related to G-protein signaling

in addition to regulation of insulin secretion. Ten Canoni-

cal Pathways were significantly enriched in earthworm

including regulation of insulin secretion, Huntington’s

and Alzheimer’s disease. Five Canonical Pathways are

Fig. 2 Phylogenetic trees of different GABAA receptor subunits using

sequences of several species: Homo sapiens (GABRA1: NM_000806;

GABRA6: NM_000811; GABRB1: NP_000803); Pan troglodytes
(GABRA1: XM_001144938; GABRB1: XP_001154620.1); Bos Tau-
rus (GABRA1: DAA27203; GABRB1: NP_776969); Rattus norvegi-
cus (GABRA1: NM_183326; GABRA6: NM_021841; GABRB1:

NP_037088; GABRB2: NM_012957; GABRB3: NM_017065; GAB-

RD: NM_017289); Mus musculus (GABRA1: NP_034380; GABRA6:

AAI45159; GABRB1: NP_032095; GABRB2: NP_032096; GAB-

RB3: NP_032097; GABRD: NP_032098); Gallus gallus (GABRA6:

NM_205058; GABRB2: XP_414492; GABRB3: NM_205346; GAB-

RD: XM_001234040); Carassius auratus (GABRA6: X94342); Danio

rerio (GABRA6: NM_200731; GABRB2: NM_001024387; GAB-

RB3: XP_695300; GABRD: XP_700099); Acropora millepora
(GABRA6: EZ037104; GABRB2: EZ006261; GABRB3: EZ023821;

GABRD: EZ002403); Pimephales promelas (GARBR3: S26846347);

Eisenia fetida (GABRB3: SMContig_972); Anopheles gambiae
(GABRB3: XP_311123); Caenorhabditis elegans (GABRB3:

NP_499661); and Colinus virginianus (GABRD: Contig7366). The

numbers associated with genes are the genetic distance from a common

ancestor scores. Genetic distances were initially calculated as percent

identity scores and were converted to distances by dividing by 100 and

subtracting from 1.0 to give the number of differences per site
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enriched in coral including tight junction pathways, three

pathways associated with injury repair (Adenosine

diphosphate signaling through the P2Y Purinoreceptor 1,

Platelet activation triggers, and Signal amplification for

platelets), and Opioid signaling. The GSEA and pathway

analysis used different enrichment algorithms and many

pathways were identified by both methods, e.g., glycolysis,

Alzheimer’s disease, and Huntington’s disease.

Enriched gene ontology categories

In rat, we found 23 GO categories significantly enriched,

some of which were immune system process, cation

channel activity, and G protein coupled receptor activity.

There were 32 enriched GO terms in the fathead minnow,

such as metabolic process, apoptosis, and neurological

system process. The most enriched GO term in the earth-

worm was nervous system development, followed by

enzyme regulator activity and system development. No

significantly enriched GO terms were found in quail or

coral. The only GO terms found in common between

organisms were between fathead and earthworm data sets

(Anatomical Structure Development, System Develop-

ment, and Multicellular Organismal Development).

Transcriptional network analysis

We created a reference or ‘source’ network based on rat

gene expression responses to RDX in order to provide

functional context for genes impacted by RDX across all

species. The network was created using all the genes present

in the rat array with all the different values across all con-

ditions. We then filtered the source network to create a

‘neurotransmission subnetwork’ focusing on a list of genes

related to neurotransmission (Suppl. Fig. 1). The neuro-

transmission subnetwork was filtered from the source net-

work by using the list of genes related to neurotransmission

(Suppl. Table 2) as the seed nodes and their first connected

neighbors. Approaches using overlapping gene annotation

or pathways revealed little overlap between species, per-

haps due to several factors including incomplete coverage

of transcriptomes, inadequate annotation, and poor overlap

of microarray probes. Using the rat neurotransmission net-

work as a reference network, we mapped differentially

expressed gene lists from each organism onto the rat net-

work. By using this approach, we associated genes to a

common function/transcriptional context (neurotransmis-

sion) even with genes whose annotation does not overlap

with neurotransmission pathways or directly match genes

impacted by RDX in other species. Each organism had

significant percentages of differentially expressed genes

that mapped onto the rat neurotransmission pathway. Quail

shared 50.7% of its RDX affected genes with the rat net-

work. Fathead minnow shared 15.2% of its affected genes

with the rat network. Earthworm shared 13.7% of its

affected genes with the rat network. Finally, coral shared

20% of its affected genes with the rat network. The sig-

nificant overlaps of RDX affected genes in each species

suggests a common impact of RDX on components related

to neurotransmission in all species (Table 2).

The rat neurotransmission sub-network contained six

highly connected and enriched clusters (Fig. 3). Cluster 1

was enriched in genes related to oxidative phosphorylation,

Parkinson’s disease, Alzheimer’s disease, Huntington’s

disease, and Glucolysis/Gluconeogenesis. Cluster 2 was

enriched with genes related to proteasome, endocytosis,

and insulin signaling pathways. Cluster 3 was enriched

with genes related to TGF beta signaling pathway, cyto-

kine-cytokine receptor interaction and Jak-STAT signaling

pathways. Cluster 4 was enriched in neuroactive ligand-

receptor interaction. Cluster 5 was enriched in genes rela-

ted to oxidative phosphorylation, Parkinson’s disease and

Huntington’s disease. Finally, cluster 6 was enriched in

genes related to Parkinson’s, Alzheimer’s and Hunting-

ton’s disease, as well as oxidative phosphorylation.

An investigation of GABA-related genes relative to the

six highly connected and enriched clusters showed varying

degrees of network connectivity (Fig. 4). The results

demonstrated that the first and second neighbors connected

to GABA-related genes were highly concentrated in clus-

ters 1 and 5, were connected to a limited degree in cluster

2, and were minimally/not connected to all other clusters.

Table 2 Number of differentially expressed genes for all species, differentially expressed genes present in the sub-network, and differentially

expressed genes present in clusters 1 and 5 for all species

Species DEGs # DEGs in

sub-network

% Genes in

sub-network

Genes in

cluster 1 & 5

% Genes in

cluster 1 & 5

% Subnetwork

genes in cluster 1 & 5

Rat 1992 963 48.3 430 22 45

Quail 71 36 50.7 12 17 33

Fathead minnow 2095 419 20 84 4 20

Earthworm 356 49 13.76 13 4 27

Coral 243 37 15.23 6 2 16

DEG Differentially expressed genes (p \ 0.05)
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Fig. 3 Neurotransmission subnetwork created filtering the source

network using a list of genes related to neurotransmission and their

first connected neighbors. Clusters or highly connected regions were

identified using MCODE. Genes from the six most highly connected

clusters (Clusters 1–6 in the figure) were analyzed for GO and

Pathway enrichment using DAVID. Each cluster is highlighted with a

different color to differentiate from the other clusters

Fig. 4 All GABA-related genes

present in the neurotransmission

sub-network are marked with a

yellow triangle. Their first and

second neighbors (connected

genes) are highlighted in yellow
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Most notably GABRB3, the GABAAR subunit specifying

the binding site for RDX lies within cluster 5.

Since both GO term enrichment and GABAAR compo-

nent linkages indicated that genes in clusters 1 and 5 are

associated with neurotransmission and GABAAR expres-

sion, we explored whether genes affected by RDX in other

species would map to these regions. Rat homologs from

each differentially expressed gene data set for each species

were mapped onto genes present in clusters 1 and 5

(Fig. 5a, b) and 2, 3, 4 and 6 (supplemental Fig. 3). A large

number of genes present in the sub-network were also

differentially expressed in the other species, especially

genes included in clusters 1 and 5 with comparatively few

included in clusters 2, 3, 4 and 6 (Table 2).

Discussion

Through a combination of phylogenetic comparison of the

molecular initiating event for RDX toxicity (GABAAR,),

bioinformatic analysis of RDX impacts on pathways and

functions in brain and tissue in five different species, and

transcriptional network analysis of RDX impacts across

species, we have demonstrated that responses to RDX

exposure are highly conserved within closely related spe-

cies. As evolutionary distance increased, effects related to

the molecular initiating events, GABAAR interaction

decreased and more general effects on metabolic function

increased.

Conserved effects

Prior studies have shown RDX to cause similar toxicological

effects on a wide range of species from humans (Davies et al.

2007), rat (Burdette et al. 1988), Northern bobwhite quail

(Johnson et al. 2007), lizards (McFarland et al. 2009), to

earthworms (Gong, personal communication). While each

experimental condition had differences in exposure route,

dosages and delivery, comparison of rat, Northern bobwhite

quail, fathead minnow, earthworm and coral indicate that

RDX has some degree of toxicological effect on all species

tested (Table 1). Species with GABAAR more phylogenet-

ically related to rat tended to have greater similarity in tox-

icological effects. For example, at high concentrations of

RDX liver edema were observed in rat and quail and general

edema in earthworms. Seizures were reported as a sub-lethal

effect in rat, quail, and earthworms. While quail and rat

presented both chlonic and tonic seizures, earthworm only

presented chlonic seizures, suggesting that while there are

some phylogenetically conserved toxic effects, the evolu-

tionary distance can also be responsible for differences in

toxicity. Additionally, 10-d fathead minnow exposures did

not elicit seizure like effects although changes in brain gene

expression were observed (Gust et al. 2011). However,

Mukhi et al. (2005) reported behavioral effects such as

whirling movement and lethargic behavior in 96 h larval

acute toxicity tests of zebrafish. Overt toxicity due to RDX

exposure varied widely across species with earthworms

displaying reversible neurological effects at low levels of

RDX but no lethal effects to concentrations of 1,000 mg/Kg

RDX (Simini et al. 2003).

With the exception of fathead minnow, each of these

organisms has been observed to display similar acute effects

with high doses of RDX. Impacts on fathead minnow may

not have been observed as the maximal dosing examined was

10 mg/l. Sheepshead minnow bioaccumulate RDX by a

factor of 0.7 (Lotufo 2011), suggesting tissue concentrations

of RDX did not reach concentrations high enough to cause

seizures or behavioral effects. In other vertebrates, doses of

8–25 mg/kg body weight are required to elicit seizures.

Coral is the most evolutionarily divergent species and has the

least amount of similarity in terms of functions related to

cellular signaling. This helps demonstrate that the more

distant the species, the less conserved the effect if a chemical

receptor binding interaction is involved.

Functional analysis

While few differentially expressed genes were common

among the experiments examined, a number of pathways

and functional groups were found in common between

species. We used two different approaches to conduct

the functional analyses: GSEA and SubPathway Miner.

Although the two approaches utilize unique algorithms,

both approaches found glycolysis/gluconeogenesis, GnRH

signaling pathway, Alzheimer’s disease, Parkinson’s dis-

ease, Huntington’s disease or opioid signaling as highly

significant for most species. Results unique to each

approach include the observation of enrichment glutathione

metabolism (SubPathway Miner) and Guanine nucleotide

binding protein (G-protein) related pathways (GSEA).

In addition to neurological effects, there was a common

effect observed on significantly enriched Pathways related

to energy and metabolism function. Whether this is due to

general stress effects or a more direct effect of RDX

remains to be determined. General/oxidative/other stress

may be an indirect effect or due to oxidative stress. This

impact could be a larger component in overall responses

once the GABAAR becomes too divergent to bind RDX

and cause an effect.

Network analysis

A transcriptional subnetwork focusing on neurotransmis-

sion pathways was created from the rat dataset to compli-

ment the functional analysis describing the most common
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effects of RDX exposure among species (Fig. 3). This was

used for among-species comparisons to group differentially

expressed genes on to common functionally enriched

clusters on the rat transcriptional network. Six more highly

connected clusters of genes in the rat neurotransmission

network were enriched in pathways related to Parkinson’s,

Alzheimer’s, and Huntington’s disease; oxidative phos-

phorylation or glycolysis/gluconeogenesis, and others, in

concordance with the results from the functional analysis

(Fig. 3). A significant number of differentially expressed

genes for each species were mapped to the subnetwork

(50.7% for quail; 20% for fathead minnow; 13.8% for

earthworm; and 15.2% for coral). The relationship of

evolutionary distance of an organism to mapping on the rat

neurotransmission network is made difficult by the differ-

ences in microarrays in terms of common gene coverage,

however many functional responses to RDX exposure are

conserved from rat to coral.

The GABAAR is a known binding target for RDX

where it binds to the GABRB3 subunit in the chloride

channel (Williams et al. 2011). Therefore, we examined

the involvement of genes related to GABA receptors in

the rat neurotransmission subnetwork (Fig. 4). GABAAR

related genes are distributed throughout the transcriptional

network often in or near dense gene clusters. Genes

whose transcriptional responses appear to be connected to

the GABAAR related genes (first and second neighbors)

were highly enriched within Clusters 1 and 5 indicating

these groups are related to GABAAR and GABRB3

function. A significant number of differentially expressed

genes from each species mapped to these clusters indi-

cating conservation of RDX effects (Fig. 5a and b,

Table 2). Given that the network was inferred from rat

data, all genes were affected in the rat exposures. Many

of these genes are related to ATPases and ATP synthesis,

crucial for energy release and ion exchange. Another

important gene present in these clusters is calmodulin,

which has been linked to the regulation of neuronal

excitability (Gust et al. 2009; Marsden et al. 2010). Some

of the genes present in the sub-network belong to the

heat-shock protein family (271 Da, 70 kDa, and 90 kDa).

Heat-shock proteins play a neuroprotective role against

harmful insults in the central nervous system (Kiang and

Tsokos 1998; Akbar et al. 2003). The network approach is

suggesting new connections and targets that could be

affected by RDX exposure.

Evolution meets mechanisms of action

Neuronal action potentials are essential for nervous system

signaling and depend on a continuous supply of glucose

to support overall neuronal physiology (Sokoloff 1977).

Endogenous phosphorylation is required for maintaining

the GABAA currents. Laschet et al. (2004) identified

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as

the kinase responsible for this endogenous phosphoryla-

tion. GAPDH has a dual role: as a dehydrogenase in the

glycolysis cascade contributing to ATP production, and as

a kinase phosphorylating the GABAA receptor. The ATP

produced locally is consumed for the phosphorylation.

Laschet et al. (2004) also demonstrated that GABAA

responses are maintained by a glycolysis-dependent phos-

phorylation, providing a molecular mechanism for the

direct involvement of glycolysis in neurotransmission.

Furthermore, dysfunction of GABAA receptor glycolysis-

dependent modulation has been linked to epileptic seizures

(Laschet et al. 2007).

These observations, in conjunction with the results of

our network analyses identifying cross-species impacts on

glycolysis/gluconeogenesis confirms the important role

that glycolysis may play in RDX toxicity in all species

investigated. Additionally implicated in both the func-

tional and network analyses, Parkinson’s, Huntington’s

and Alzheimer’s disease have also been linked to GABAA

receptor and GABAergic neurons (Cepeda et al. 2004;

Rissman et al. 2007). Also related to GABA signaling,

GnRH (gonadotropin releasing hormone) signaling path-

way was also significantly impacted in RDX exposures.

GnRH is synthesized and released from neurons within

the hypothalamus, and GABA and GABAA receptor have

been shown to be involved in the release of GnRH and

subsequent gonadotropin hormones activation and release

(Han et al. 2002). Glutathione metabolism was found

significantly enriched in most species by the functional

approach. Glutathione plays a crucial role in many met-

abolic and biochemical reactions such as DNA synthesis

and repair, amino acid transport or enzyme activation and

is recognized as major mechanism for mitigating oxida-

tive stress (Schulz et al. 2000; Fernández-Checa et al.

1998). RDX exposure has been implicated as a potential

source of oxidative stress in the brain tissue of fathead

minnow (Gust et al. 2011). Further, glutathione metabo-

lism has been linked to anomalies in GABAergic neurons,

Parkinson’s disease, and chronic seizures (Cabungcal

et al. 2006; Zeevalk et al. 2007; Lin et al. 2010). The

GSEA approach also highlighted the importance of

G-protein related pathways in most species. G-proteins

(Guanine nucleotide binding protein) are membrane-

associated heterotrimeric proteins that together with their

receptors (GPCRs) form one of the most prevalent sig-

naling systems. G-protein signaling pathway has been

linked to regulation of seizures (Mazarati et al. 2006).

Our results suggest that both methods are very useful

in detecting important pathways, and they are also

complementary.
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Methodology caveats

The brain is composed of many different specialized sub-

regions each with potentially different responses to a

stimulant, chemical or drug. The experiments with rats and

quail were done prior to understanding where the site of

action of the chemical is. Whole brains were examined to

capture effects on the brain as a whole and to develop

working hypothesis for further investigation. Investigations

into impacts on genes involved in neuronal function in the

brain were performed using brain homogenate to remove

any spatial heterogeneity in expression. Under these con-

ditions we have essentially pooled the different sections of

the brain to examine all potential changes in gene expres-

sion. By doing so we have been able to detect changes in

many specific genes consistent with a chemicals mode of

action. The network is essentially constructed based upon

gene expression going up or down. The edges are a corre-

lation not a direct interaction, therefore one gene can

influence another genes expression indirectly by via sig-

naling and other mechanisms even if they are in different

cell types. Nevertheless, we believe that a more specific

exposure would provide more accurate information.

The principle goal of the analysis was to use this net-

work approach to build hypothesis about effects across

widely different species. The papers analyzed used samples

ranging from whole brain to whole animal. Therefore we

have made an endeavor to examine on common pathways

and components present in the system with a focus on

neurotransmission.

Our analysis is an exploratory analysis in applying

network analysis to gain a greater understanding of

potential function through clustering of expressed genes.

Genes of related function have been observed to form

coherent clusters in transcriptional networks, much as

proteins with common functions are observed to form

modules in protein:protein interaction networks. Indeed,

we find that the networks does have functional enrichment

of genes in the modules 1–6 described in the paper in areas

specifically relating to functions that RDX may impact.

These modules are statistically enriched for these func-

tions. While admittedly speculative, we have used a ‘‘guilt

by association’’ hypothesis building approach that genes

mapping to these functionally enriched modules have a

significant likelihood of being involved in this function.

Additional support is given by the connectivity of modules

1 and 5 to GABAAR genes. However promising that

appears we realize that the network construction is likely

imperfect with many false positive edges. Nevertheless, we

hope that this approach will be useful when new experi-

ments are planned as well as help with the development of

the methodology.

Conclusions

Although there were complicating factors in integrating

diverse experimental datasets such as dosing, exposures,

species, and array platform, toxicogenomics and network

analyses were able to detect common mechanisms under-

lying toxic effects among these five phylogenetically dis-

tant species. Each species has effects consistent with a

common molecular initiating event, binding to the

GABAAR or GABAA-like receptor, even in species with no

organized neuronal system. Furthermore, our analysis also

suggested potential impacts on GnRH hormone signaling

and glycolysis/gluconeogenesis that might represent

underlying mechanisms for indirect effects. In addition to

neurological effects, there is a common effect on signifi-

cantly enriched Pathways related to energy and metabolism

function. Whether this is due to general stress effects or a

more direct effect of RDX remains to be determined. Our

results indicate that toxicogenomics and network analysis

are very useful and complementary tools in comparative

genomics studies that examine the extrapolation potential

of chemical toxicity across phylogenetically diverse and

distant species.
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Glez-Peña D, Gómez-López G, Pisano DG, Fdez-Riverola F (2009)

WhichGenes: a web-based tool for gathering, building, storing

and exporting gene sets with application in gene set enrichment

analysis. Nucleic Acids Res 37:W329–W334

Goldberg DJ, Green ST, Nathwani D, McMenamin J, Hamlet N,

Kennedy DH (1992) RDX intoxication causing seizures and

widespread petechial rash mimicking meningococcaemia. J R

Soc Med 85:181

Gong P, Guan X, Inouye LS, Deng Y, Pirooznia M, Perkins EJ (2008)

Transcriptomic analysis of RDX and TNT interactive sublethal

effects in the earthworm Eisenia fetida. BMC Genomics 9(Suppl

1):S15

Gong P, Pirooznia M, Guan X, Perkins EJ (2010) Design, validation

and annotation of transcriptome-wide oligonucleotide probes for

the oligochaete annelid Eisenia fetida. PLoS One 5:e14266

Gunnarsson L, Jauhiainen A, Kristiansson E, Nerman O, Larsson DG

(2008) Evolutionary conservation of human drug targets in

organisms used for environmental risk assessments. Environ Sci

Technol 42:5807–5813

Gust KA, Pirooznia M, Quinn MJ Jr, Johnson MS, Escalon BL, Indest

KJ, Guan X, Clarke J, Deng Y, Gong P, Perkins EJ (2009)

Neurotoxicogenomic Investigations to Assess Mechanisms of

Action of the Munitions Constituents RDX and 2,6-DNT in

Northern Bobwhite (Colinus virginianus). Toxicol Sci 110:

168–180

Gust KA, Wilbanks MS, Guan X, Pirooznia M, Habib T, Yoo L,

Wintz H, Vulpe CD, Perkins EJ (2011) Investigations of

transcript expression in fathead minnow (Pimephales promelas)

brain tissue reveal toxicological impacts of RDX exposure.

Aquat Toxicol 101(1):135–145

Habib T, Willbanks MS, Thodima VJ, Escalon BL, Guan X, Elasri M,

Meyer S, Perkins EJ (2011) Investigating RDX neurotoxicity in

rat brain using the gene expression analysis and transcriptional

network modeling (In preparation)

Han SK, Abraham IM, Herbison AE (2002) Effect of GABA on GnRH

neurons switches from depolarization to hyperpolarization at

puberty in the female mouse. Endocrinology 143:1459–1466

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and

integrative analysis of large gene lists using DAVID Bioinfor-

matics Resources. Nat Protoc 4:44–57

Jenkins TF, Pennington JC, Ranney TA, Berry TE Jr, Miyares PH,

Walsh ME, Hewitt AD, Perron NM, Parker LV, Hayes CA

(2001) In Characterization of explosives contamination at

military firing ranges. ERDC TR-01-5. Final/Technical report.

Engineering Research and Development Center US Army Corps

of Engineers, Hanover, NH

Johnson MS, Quinn MJ, Bazar MA, Gust KA, Escalon BL, Perkins EJ

(2007) Subacute Toxicity of Oral 2,6-Dinitrotoluene and 1,3,5-

trinitro-1,3,5-triazine (RDX) Exposure to the Northern Bobwhite

(Colinus virginianus). Environ Toxicol Chem 26(7):1481–1487

Kass-Simon G, Pierobon P (2007) Cnidarian chemical neurotransmis-

sion, an updated overview. Comp Biochem Physiol A 146:9–25

Kehoe J, Buldakova S, Acher F, Dent J, Bregestovski P, Bradley J

(2009) Aplysia cys-loop glutamate-gated chloride channels reveal

convergent evolution of ligand specificity. J Mol Evol 69:125–141

Kiang JG, Tsokos GC (1998) Heat shock protein 70 kDa—molecular

biology, biochemistry, and physiology. Pharmacol Ther 80:183–201

Laschet JJ, Minier F, Kurcewicz I, Bureau MH, Trottier S, Jeanneteau

F, Griffon N, Samyn B, Van Beeumen J, Louvel J, Sokoloff P,

Pumain R (2004) Glyceraldehyde-3-phosphate dehydrogenase is

a GABAA receptor kinase linking glycolysis to neuronal

inhibition. J Neurosci 24:7614–7622

Laschet JJ, Kurcewicz I, Minier F, Trottier S, Khallou-Laschet J,

Louvel J, Gigout S, Turak B, Biraben A, Scarabin JM, Devaux

B, Chauvel P, Pumain R (2007) Dysfunction of GABAA

receptor glycolysis-dependent modulation in human partial

epilepsy. Proc Natl Acad Sci USA 104:3472–3477

Li C, Li X, Miao Y, Wang Q, Jiang W, Xu C, Li J, Han J, Zhang F,

Gong B, Xu L (2009) SubpathwayMiner: a software package for

flexible identification of pathways. Nucleic Acids Res 37:e131

Li Y, Wang N, Perkins EJ, Zhang C, Gong P (2010) Identification and

optimization of classifier genes from multi-class earthworm

microarray dataset. PloS One 5:e13715

Lin Y, Han Y, Xu J, Cao L, Gao J, Xie N, Zhao X, Jiang H, Chi Z

(2010) Mitochondrial DNA damage and the involvement of

antioxidant defense and repair system in hippocampi of rats with

chronic seizures. Cell Mol Neurobiol 30:947–954

Liu M, Liberzon A, Kong SW, Lai WR, Park PJ, Kohane IS, Kasif S

(2007) Network-based analysis of affected biological processes

in type 2 diabetes models. PLoS Genet 3(6):e96

Lotufo GR (2011) Whole-body and body-part-specific bioconcentra-

tion of explosive compounds in sheepshead minnows. Ecotoxicol

Environ Saf. 2011 Jan 19. [Epub ahead of print])

Lu Y, Mahony S, Benos PV, Rosenfeld R, Simon I, Breeden LL, Bar-

Joseph Z (2007) Combined analysis reveals a core set of cycling

genes. Genome Biol 8(7):R146

Lu Y, Huggins P, Bar-Joseph Z (2009) Cross species analysis of

microarray expression data. Bioinformatic 25:1476–1483

Marsden KC, Shemesh A, Bayer KU, Carroll RC (2010) Selective

translocation of Ca2?/calmodulin protein kinase IIalpha (CaM-

KIIalpha) to inhibitory synapses. Proc Natl Acad Sci USA

107(47):20559–20564

Mazarati A, Lundström L, Sollenberg U, Shin D, Langel U, Sankar R

(2006) Regulation of kindling epileptogenesis by hippocampal

galanin type 1 and type 2 receptors: the effects of subtype-

selective agonists and the role of G-protein-mediated signaling.

J Pharmacol Exp Ther 31:700–708

McFarland CA, Quinn MJ Jr, Bazar MA, Talent LG, Johnson

MS (2009) Toxic effects of oral hexahydro-1,3,5-trinitro-1,3,

Conserved toxic responses across divergent phylogenetic lineages 593

123



5-triazine in the western fence lizard (Sceloporus occidentalis).

Environ Toxicol Chem 28:1043–1050

Meyer SA, Marchand AJ, Hight JL, Roberts GH, Escalon LB, Inouye

LS, MacMillan DK (2005) Up-and-down procedure (UDP)

determinations of acute oral toxicity of nitroso degradation

products of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX).

J Appl Toxicol 25:427–434

Mukhi S, Pan X, Cobb GP, Patiño R (2005) Toxicity of hexahydro-

1,3,5-trinitro-1,3,5-triazine to larval zebrafish (Danio rerio).

Chemosphere 61(2):178–185

Olsen RW (2006) Picrotoxin-like channel blockers of GABAA

receptors. Proc Natl Acad Sci USA 103:6081–6082

Quinn MJ Jr, Bazar MA, McFarland CA, Perkins EJ, Gust KA,

Johnson MS (2009) Sublethal Effects of Subacute Exposure to

RDX (1,3,5-trinitro-1,3,5-triazine) in the Northern Bobwhite,

Colinus virginianus. Environ Toxicol Chem 28(6):1266–1270

Ratra GS, Kamita SG, Casida JE (2001) Role of human GABAA

receptor b3 subunit in insecticide toxicity. Toxicol Appl Pharma-

col 172:233–240

Rissman RA, De Blas AL, Armstrong DM (2007) GABA(A) receptors

in aging and Alzheimer’s disease. J Neurochem 103:1285–1292

Saeed A, Bhagabati NK, Braisted JC, Liang W, Sharov V, Howe EA

(2006) TM4 micorarray software suite. Methods Enzymol 411:

134–193

Saitou N, Nei M (1987) The neighbor-joining method: a new method

for reconstructing phylogenetic trees. Mol Biol Evol 4:406–425

Schulz JB, Lindenau J, Seyfried J, Dichgans J (2000) Glutathione,

oxidative stress and neurodegeneration. Eur J Biochem 267:

4904–4911

Sharan R, Suthram S, Kelley RM, Kuhn T, McCuine S, Uetz P, Sittler

T, Karp RM, Ideker T (2005) Conserved patterns of protein

interaction in multiple species. Proc Natl Acad Sci USA 102(6):

1974–1979

Simini M, Checkai RT, Kuperman RG, Phillips CT, Kolakowski JE,

Kurnas CW, Sunahara GI (2003) Reproduction and survival of

Eisenia fetida in a sandy loam soil amended with the nitro-

heterocyclic explosives RDX and HMX: the 7th international

symposium on earthworm ecology Cardiff Wales 2002. Pedo-

biologia 47:657–662

Simon R, Lam A, Li MC, Ngan M, Menenzes S, Zhao Y (2007)

Analysis of gene expression data using BRB-array tools. Cancer

Inform 3:11–17

Smyth GK, Speed TP (2003) Normalization of cDNA microarray

data. Methods 31:265–273

Sokoloff L (1977) Relation between physiological function and

energy metabolism in the central nervous system. J Neurochem

29:13–26

Stuart JM, Segal E, Koller D, Kim SK (2003) A gene-coexpression

network for global discovery of conserved genetic modules.

Science 302(5643):249–255

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL,

Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES,

Mesirov JP (2005) Gene set enrichment analysis: a knowledge-

based approach for interpreting genome-wide expression pro-

files. Proc Natl Acad Sci USA 102:15545–15550

Talmage SC, Opresko DM, Maxwell CJ, Welsh CJE, Cretella FM, Reno

PH, Daniel FB (1999) Nitroaromatic munitoin compounds:

environmental effects and screening values. Rev Environ Contam

Toxicol 161:1–156

Townsend JP, Hartl DL (2002) Bayesian analysis of gene expression

levels: statistical quantification of relative mRNA level across

multiple strains or treatments. Genome Biol 3(12):RESEARCH

0071

Tsang SY, Ng SK, Xu Z, Xue H (2007) The evolution of GABAA

receptor-like genes. Mol Biol Evol 24(2):599–610

Ueda HR, Hayashi S, Matsuyama S, Yomo T, Hashimoto S, Kay SA,

Hogenesch JB, Iino M (2004) Universality and flexibility in gene

expression from bacteria to human. Proc Natl Acad Sci USA

101(11):3765–3769

U.S. Environmental Protection Agency (U.S. EPA) (2002) Methods

for measuring the acute toxicity of effluents and receiving waters

to freshwater and marine organisms. Washington DC: EPA-821-

R-02-012

Warner CM, Gust KA, Stanley JK, Habib T, Wilbanks MS, Perkins

EJ (2011) Comparison of genomic, morphological and behav-

ioral responses among fathead minnow and zebrafish to acute

RDX exposure (In preparation)

Williams LR, Aroniadou-Anderjaska V, Qashu F, Finne H, Pidoplichko

V, Bannon DI, Braga MF (2011) RDX binds to the GABAA

receptor-convulsant site and blocks GABAA receptor-mediated

currents in the Amygdala: a mechanism for RDX-induced

seizures. Environ Health Perspect 119(3):357–363

Zeevalk GD, Manzino L, Sonsalla PK, Bernard LP (2007) Charac-

terization of intracellular elevation of glutathione (GSH) with

glutathione monoethyl ester and GSH in brain and neuronal

cultures: relevance to Parkinson’s disease. Exp Neurol 203:

512–520

594 N. Garcia-Reyero et al.

123


	Conserved toxic responses across divergent phylogenetic lineages: a meta-analysis of the neurotoxic effects of RDX among multiple species using toxicogenomics
	Abstract
	Introduction
	Materials and methods
	Exposures
	Rat
	Northern Bobwhite quail
	Fathead minnow
	Earthworm
	Coral

	Phylogenetic analysis
	Pathway analysis
	Gene set enrichment analysis
	Network analysis

	Results
	Physiological effects
	Relatedness of GABAAR subunits
	Pathway analysis
	Gene set enrichment analysis
	Enriched canonical pathways
	Enriched gene ontology categories

	Transcriptional network analysis

	Discussion
	Conserved effects
	Functional analysis
	Network analysis
	Evolution meets mechanisms of action
	Methodology caveats

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


