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Abstract

Considerable progress has been made over the past couple of decades concerning the molecular

bases of neurobehavioral function and dysfunction. The field of neurobehavioral genetics is

becoming mature. Genetic factors contributing to neurologic diseases such as Alzheimer’s disease

have been found and evidence for genetic factors contributing to other diseases such as

schizophrenia and autism are likely. This genetic approach can also benefit the field of behavioral

neurotoxicology. It is clear that there is substantial heterogeneity of response with behavioral

impairments resulting from neurotoxicants. Many factors contribute to differential sensitivity, but

it is likely that genetic variability plays a prominent role. Important discoveries concerning

genetics and behavioral neurotoxicity are being made on a broad front from work with

invertebrate and piscine mutant models to classic mouse knockout models and human

epidemiologic studies of polymorphisms. Discovering genetic factors of susceptibility to

neurobehavioral toxicity not only helps identify those at special risk, it also advances our

understanding of the mechanisms by which toxicants impair neurobehavioral function in the larger

population. This symposium organized by Edward Levin and Annette Kirshner, brought together

researchers from the laboratories of Michael Aschner, Douglas Ruden, Ulrike Heberlein, Edward
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Levin and Kathleen Welsh-Bohmer conducting studies with Caenorhabditis elegans, Drosophila,

fish, rodents and humans studies to determine the role of genetic factors in susceptibility to

behavioral impairment from neurotoxic exposure.
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1. Introduction

This symposium organized by Edward Levin and Annette Kirshner brought together

researchers pursuing Caenorhabditis elegans, Drosophila, fish, rodent and human studies to

determine the role of genetic factors in susceptibility to behavioral impairment from

neurotoxic exposure studies. The laboratories of Drs. Michael Aschner, Douglas Ruden,

Ulrike Heberlein, Edward Levin and Kathleen Welsh-Bohmer all contributed to this work.

Behavioral neurotoxicology has been instrumental in identifying and characterizing the

functional consequences of neurotoxicants on the function of both experimental animals and

humans. In the past, the search for mechanisms of behavioral toxicity focused mainly on

neurochemical and neuropathological studies. Advances in molecular neurobiology have

opened the way for determining genomic mechanisms of behavioral neurotoxicology. The

availability of a variety of technological and methodological advances to aid in the

development of appropriate animal models and systems will do much to move the field of

behavioral neurotoxicology forward. Experts in behavioral genetics and behavioral

neurotoxicology need to inform each other of the potential use that new methods,

technologies and tools could have on the field of behavioral neurotoxicology in establishing

a more mechanistic basis for the role of neurotoxic exposure in behavioral dysfunction.

Considerable progress has been made over the past couple of decades concerning the

molecular bases of neurobehavioral function and dysfunction. The field of neurobehavioral

genetics is becoming mature. Genetic factors contributing to neurologic diseases such as

Alzheimer’s disease have been found and evidence for genetic factors contributing to other

diseases such as schizophrenia and autism are likely. This genetic approach can also benefit

the field of behavioral neurotoxicology. There is great potential to rapidly advance the field

of behavioral neurotoxicology by accessing the tools of molecular biology both for

discovery of mechanisms and for better understanding of individual differences in

neurotoxic response. It is clear that there is substantial heterogeneity of response concerning

the behavioral impairments from neurotoxicant exposure. Many factors contribute to

differential sensitivity, but it is likely that genetic variability plays a prominent role.

Important discoveries concerning genetics and behavioral neurotoxicity are being made on a

broad front from work with invertebrate and fish mutant models to classic mouse knockout

models and human epidemiologic studies of polymorphisms. Discovering genetic factors of

susceptibility to neurobehavioral toxicity not only helps identify those at special risk, it also

advances our understanding of the mechanisms by which toxicants impair neurobehavioral

function in the larger population.
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A symposium on the genetic aspects of behavioral neurotoxicology was conducted at the

International Neurotoxicology Conference in Rochester, NY, October 13–17, 2008. The

goal of the symposium was to highlight the advantage of diverse animal models to elucidate

the genetic basis of behavioral neurotoxicology. Each of the presenters highlighted the

benefits of their model in studying aspects of genetic alteration on behavior.

Dr. Aschner presented the utility of C. elegans in studying mechanisms of toxic effects on

the nervous system. He cited the advantages of C. elegans, its small size (adults are ~1 mm

long), ease of maintenance, speedy generation time (3 days), and large brood size (>300

progeny per hermaphrodite) for its use in cellular, molecular, and genetic analyses. In

addition, its genome and biosynthetic and metabolic pathways are highly conserved with

mammals. Additional advantages are the ability to assess, among other endpoints, the

behavior and genetic effects from a variety of exposures including metals and pesticides.

One can also model various human neurodegenerative disorders in C. elegans using either

mutant strains or chemical exposure. C. elegans also lends itself to modern technological

approaches such as high-throughput analysis, microfluidics, and quantitative trait locus

mapping to identify relevant genes and behaviors.

Dr. Ruden presented the merits of studying the genetics and genomics of neurotoxicology in

Drosophila melanogaster (D. melanogaster). There are thousands of wild type and mutant

strains available in which hundreds of developmental and behavioral mutations have been

identified along with homologous genes for over 70% of known human disease genes. This

availability allows for very sophisticated techniques to knockout, reduce or overexpress

almost any gene in the genome. In addition, quantitative genetics will permit in D.

melanogaster, deep sequencing, a newer analytic technology which can characterize

individually rare polymorphisms. This will allow the study of the role of normal genetic

variation in phenotypic differences, the technology of which eventually can be used to

identify a quantitative trait (drug response) useful in “personalized medicine”. Lastly, fruit

flies are useful in identifying genes that may be resistant or sensitive to a toxicant exposure

(Gene × Environment or G × E interaction) using a technique that he calls “genetical toxico

genomics” which may have major implications in the role of natural variation in nervous

system development in a toxic environment.

Dr. Heberlein expanded on the usefulness of the Drosophila model in which to study the

genes and pathways that mediate acute and chronic behavioral responses to environmental

exposure, in this case ethanol. She pointed out that multiple hypotheses have been presented

to explain ethanol-induced brain damage. The mechanisms proposed vary from the

consequences of thiamine deficiency to the production of reactive oxygen species (ROS)

and increased production of polyamines depending on cell type and developmental stage to

explain the types of damage induced. Finally, ethanol is known to bind to N-methyl-D-

aspartate (NMDA) and it is thought that this interaction may explain many of the drug’s

neurotoxic effects. Using flies, they have shown that acute ethanol exposure leads to

widespread cell death in the antennae, the primary olfactory organs of flies. Ethanol-induced

death of Drosophila olfactory neurons is apoptotic in nature, requires shaggy (sgg), the

Drosophila homolog of GSK-3β, can be prevented by treatment with the GSK-3β inhibitor

LiCl, and can be blocked by electrical silencing of the olfactory neurons, demonstrating that
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ethanol-induced death in these cells is due to excitotoxicity, requires NMDA receptors in the

olfactory neurons, and that sgg and the NMDA receptor are likely acting in concert to

mediate this effect. They hope to use their model for ethanol-induced neuronal cell death to

identify genes and mutations involved in sensitivity to ethanol neurotoxicity allowing a

greater understanding of the molecular processes of neuronal death, which is seen in

alcoholic dementia.

Dr. Levin and co-workers have used zebrafish and rodent models to investigate the

behavioral neurotoxicology of environmental toxicants. Primarily, they have concentrated

on toxic effects on cognitive function and other aspects of behavioral plasticity. Zebrafish is

the piscine model most widely used to study the molecular bases of development in general

and neurodevelopment in particular. Their clear chorion and reporter systems allow

continuous visualization of developmental processes. The variety of mutant models and the

availability of morpholinos in which parts of the genome can be reversibility suppressed

during early development provide ways to test the role of genetic factors in

neurodevelopment. The Levin lab and others have developed a variety of behavioral tests to

provide assessment of the functional consequences of neural impairment. Their behavioral

tests assessing spatial learning and memory detected the persisting impairment caused by

early developmental exposure to low doses of the pesticide chlorpyrifos. Chlorpyrifos also

caused significant hyperactivity in a rapid test of motor reaction to a tactile startle.

Chlorpyrifos-induced behavioral impairment have been related to alterations in

neurochemical indices of dopamine and serotonin neurotransmitter systems in zebrafish.

Levin et al. have also worked with the classic mouse knockout model for testing genetic

influences on behavior. In particular they have used metallothionein 1 and 2 knockout mice

and tested the interactions with developmental exposure to mercury. Metallothionein 1 and 2

knockouts themselves have cognitive impairment. They also potentiate the persisting

learning impairment caused by early postnatal mercury exposure at a dose that does not

affect wild-type control mice. Metallothionein × mercury interactions in dopamine levels

that were detected may be important in explaining the differential response to mercury in

terms of cognitive function.

Dr. Welsh-Bohmer discussed the possible gene × environment interaction in Alzheimer’s

disease (AD) in human studies. While one of the most influential risk factors for AD is

inherited disease susceptibility factors, genes may not be solely responsible for AD risk and

symptom onset in most cases of AD. Some of the more speculative risk factors for AD are

environmental toxicants, such as pesticides, organic solvents, air-borne pollutants, and

heavy metals, have been linked to a number of neurological disorders including Parkinson’s

disease and multiple sclerosis. Since few studies have been conducted as to these

neurotoxicants’ significance in AD, the risk relationships of these exposures are not well

established. However, the epidemiological work being conducted in the Cache County

Memory Study (CCMS) in an aging population, examines both the genetic and

environmental (pesticides) contributions to AD risk and their effects on the expression of the

disease. While the study cannot distinguish between classes of pesticides, the

organophosphates and organo-chlorines were the most commonly reported pesticide

exposures in those who developed incident dementia.
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These presentations highlight the advantages of studying a variety of species to determine

genomic mechanisms of behavioral neurotoxicity.

Caenorhabditis elegans in neurotoxicology

Michael Aschner and Kirsten Helmcke

Department of Pediatrics, Vanderbilt University Medical Center, Nashville, TN, USA

Experimental models that allow live in vivo analysis with resolution of single neurons offer

a great advantage in providing insight into mechanism/s of neuronal injury. There is also

increased need for reproducible high-throughput approaches that address the interactions

between genetic mutations and environmental insults on biological networks. The

extraordinary conservation of both genetic elements and differentiation processes between

mammals and non-mammalian organisms have led to the use of Caenorhabditis elegans (C.

elegans) in deciphering mechanisms of neurotoxicity. Its genome and biosynthetic and

metabolic pathways are highly conserved with mammals, yet the small size (adults are ~1

mm long), ease of maintenance, speedy generation time (3 days), and large brood size (>300

progeny per hermaphrodite) allow for a nearly limitless supply of worms for cellular,

molecular, and genetic analyses. This allows for the dissection of operative neurotoxic

mechanisms as well as high-through put studies on changes associated with chemical insults.

The transparency of the worm and the ease of making reporter gene fusions further facilitate

visualization of neuronal morphology and protein expression patterns within the living

nervous system. Moreover, the availability of a complete three-dimensional map of the 302-

cell nervous system allows for the identification of most synapses between neurons (Hobert,

2005). The self-fertilizing hermaphrodite permits quick and easy homozygosity of

mutations; males can be used to set up crosses of strains with different genetic backgrounds,

allowing for the generation of lines with multiple mutations. The completed sequence of the

genome, the ability to perform whole animal PCR and the existence of a high-density

polymorphism map of a related strain of the wild-type C. elegans allows for quick and easy

mapping of mutations within practically any gene. Gene knockdowns can be generated with

RNAi techniques and loss-of-function mutants can be produced by site-directed

mutagenesis.

C. elegans was originally developed as an experimental model to study nervous system

development (Brenner, 1974). Its nervous system has been systematically investigated and

differentiation and migration patterns have been described (Sulston, 1983; Sulston et al.,

1983). Furthermore, the main neurotransmitter systems in this organism are phylogenetically

conserved thus permitting the analysis of changes in neurotransmitter expression in response

to assorted variables, including mutations and toxic insults. In addition, knowledge gained

on the C. elegans life-cycle and behavior facilitates the use of these animals in

understanding the developmental and behavioral effects of physical and chemical

interventions, including neurotoxicants. C. elegans has been effectively used in aging

research, and has elucidated pathways involved in increased longevity through the discovery

of mutant strains with significant increases in lifespan (Arantes-Oliveira et al., 2003) and the

ability of mild heat shock to induce an increased lifespan (Cypser et al., 2006). Several well-

characterized behaviors of C. elegans have been studied, and these (thrashing, pharyngeal

Levin et al. Page 5

Neurotoxicology. Author manuscript; available in PMC 2014 July 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



pumping, mating and others) can be easily evaluated with computerized video tracking

systems. Numerous studies have elucidated effects of toxicants on locomotion, including a

decrease in body bends and head thrashes following exposure to various metals (Xing et al.,

2009) and pesticides (Ruan et al., 2009), and alterations in feeding and reproduction after

exposure to neurotoxicants (Boyd et al., 2009).

Toxicity of various types of toxicants, including metals and pesticides, has been studied in

C. elegans and has been evaluated as a model for various neurodegenerative disorders

(Berkowitz et al., 2008; Silverman et al., 2008). The extensive advantages of using a C.

elegans model system have given researchers the capability of examining various endpoints,

many of which assess nervous system functioning. These include examining the

morphology, behaviors, and gene expression of the C. elegans nervous system. Importantly

high-throughput approaches can be applied to these lines of experimentation, using such

tools as computer tracking software to assess behavior and biosorters and microfluidics to

manipulate large numbers of worms quickly, efficiently, and precisely (Hulme et al., 2008;

Peterson et al., 2008).

The toxicity of many metals including aluminum, arsenic, barium, cadmium, copper, lead,

mercury, uranium, and zinc has been investigated using the C. elegans model system,

looking for behavioral and morphological alterations upon toxicant exposure (Leung et al.,

2008). Behavioral tests can be particularly enlightening when using the C. elegans model

due to the extensive body of knowledge describing specific circuits responsible for specific

behaviors. For example, the pharyngeal nervous system of C. elegans is a circuit of its own

including M3, M4, MC, NSM, RIP, and I neurons (Larsen et al., 1995). Therefore, the

decrease in feeding noted when C. elegans were exposed to cadmium or mercury (Boyd et

al., 2003; Jones and Candido, 1999) indicates that there may be alterations in this circuit,

which could direct investigators’ efforts to examine the involvement of specific neurons in

this effect.

Pesticides, such as paraquat, rotenone, and organophosphates, have also been assessed in the

C. elegans model, revealing novel neurotoxic mechanisms through which these agents exert

their effects (Leung et al., 2008). While studying paraquat toxicity, several strains have been

generated that have either increased (Ishii et al., 1990) or decreased (Fujii et al., 2005)

sensitivity to the herbicide. The identities of many of the proteins encoded by the genes that

cause these alterations are unknown and the knowledge about their involvement in paraquat

toxicity is forthcoming. However, researchers have found that alterations in antioxidants

such as superoxide dismutase can cause alterations in the response of C. elegans to paraquat.

More specifically, mutants that lack these enzymes display increased sensitivity (Yang et al.,

2007) while those that overexpress these enzymes display decreased sensitivity (Yanase et

al., 2002; Burmeister et al., 2008).

Models for various neurodegenerative disorders have been elucidated and exploited in C.

elegans, including Duchenne muscular dystrophy (DMD), Parkinson’s disease (PD),

Huntington’s disease (HD), and Alzheimer’s disease (AD). For example, the

DYSTROPHIN gene, responsible for DMD, is conserved in C. elegans and study of mutants

has revealed progressive muscle degeneration (Gieseler et al., 2000). Parkinson’s Disease is
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mimicked by C. elegans exposed to 1-methyl-4-phenylpyridinium (MPP+) (Braungart et al.,

2004) or 6-hyrdroxydopamine (6-OHDA) (Nass et al., 2002), resulting in damage to the

dopaminergic nervous system. The understanding of Huntington’s disease has been

increased by using C. elegans. By expressing polyQ Huntingtin variants in C. elegans,

discoveries have been made revealing genes interactions with Huntingtin as well as axonal

defects and protein aggregation (Parker et al., 2001; Holbert et al., 2003). The investigation

into AD has been advanced using mutant worms and transgenic strains and these have

helped to elucidate the mechanisms of disease progression. By expressing human APP

Abeta (1–42) or TAU in C. elegans, researchers were able to gain insights into disease

progression and the involvement of other genes (Boyd-Kimball et al., 2006). Additionally,

new potential therapeutics for AD have been tested using the C. elegans model, as it allows

for relatively quick and easy drug screening in a full animal model as opposed to a cell line

(Wu et al., 2006; Arya et al., 2009).

In summary, C. elegans is a model amenable to providing answers to a multitude of

biological questions, including those that stem from investigations into toxicology and

neurotoxicology. Investigators have been able to reveal toxicity mechanisms of numerous

toxicants by exploiting the many advantages of the C. elegans model system. Extensive

reviews of the studies using C. elegans as a toxicological model are available (Leung et al.,

2008; Peterson et al., 2008). Understanding these mechanisms of toxicity will elucidate

ways in which exposure to toxicants can be best remedied and various therapeutic solutions

can be tested in a manageable fashion.

Drosophila melanogaster in neurotoxicology research

Douglas M. Ruden, Helmut V.B. Hirsch, Greg Lnenicka, Lang Chen, Grier P. Page, Debra

Possidente, and Bernard Possidente

Department of Environmental Health Sciences, Wayne State University, Detroit, MI, USA

Drosophila melanogaster (D. melanogaster) is an ideal model to study the genetics and

genomics of neurotoxicology. Its genetics has been studied and refined for almost 100 years

and thousands of wild type and mutant strains are available from the stock centers

(www.flybase.org). Homologs for over 70% of human disease genes are present in D.

melanogaster, and those 30% that are not present can often be studied by ectopically

expressing them in the whole organism or specific tissues (www.homophila.org). Classical

studies of D. melanogaster have identified hundreds of developmental and behavioral

mutations, and balancer chromosomes allow the maintenance of lethal alleles without

selection (Lindsley and Zimm, 1992). Large transposon insertion screens have been

performed that knockout or reduce expression of over 80% of D. melanogaster genes

(Thibault et al., 2004). Also, small isogenic deficiencies (~100,000) have been generated

that uncover over 90% of the unique sequences in the genome (Ryder et al., 2007). The

GAL4-UAS 2-component expression system has been widely used in D. melanogaster such

that almost any gene can be over-expressed in almost any tissue (or brain region) by

crossing two strains together and analyzing their progeny (Duffy, 2002). The GAL4-UAS

system has also been used to knockout nearly any gene in all tissues of more than 22,000
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stains containing dsRNA under the control of the GAL4-UAS. These strains are available

from the Vienna stock center (Dietzl et al., 2007).

D. melanogaster is also a powerful model for quantitative genetics. In standard quantitative

trait locus (QTL) mapping experiments, one studies only one or a small number of traits at a

time, such as bristle number or triglyceride levels (Falconer and Mackay, 1996; De Luca et

al., 2005). Most QTL mapping experiments in D. melanogaster involve analyzing

recombinant inbred lines (RILs) that were derived by inbreeding F2 offspring from two

parental laboratory strains. For example, the “roo lines” were derived from Oregon R (ORE)

and Russian 2B (2B), which have an estimated 600,000 sequence polymorphisms (SNP rate:

~1/250 nucleotides). New generation sequencing technologies will soon allow the re-

sequencing of dozens or even hundreds of wild-type strains, which will allow one to study

the role of normal genetic variation in phenotypic differences within a species (Drosophila

Board Reference Panel White Paper 2008; www.flybase.org).

Such deep sequencing within a species, such as in D. melanogaster, will allow investigators

to identify “quantitative trait nucleotides” that are responsible for a quantitative trait, which

is one of the goals of “personalized medicine” (Ruden, 2007). Personalized medicine is one

of the primary goals of pharmacology, in which one goes from an individual’s genetic

makeup and disease phenotype to an optimal drug and dose that is customized for the

individual. Having an individual’s complete genomic sequence, which will soon be provided

as a standard laboratory protocol, will potentially allow one to determine the individual

differences in response to drugs and susceptibility to disease. Having multiple whole-

genome sequences allows the identification of quantitative trait nucleotides (QTN), which

are the sequence polymorphism(s) that are responsible for a phenotype (De Luca et al.,

2003).

In addition to individual variation in the response to drugs, people also differ in sensitivity to

other environmental insults such as infections or toxins. This phenomenon is known as a

genotype-by-environment (G × E) interaction (Mackay and Anholt, 2007). The best-known

G × E interaction is the sickle-cell-anemia allele of hemoglobin providing resistance to the

malarial parasite Plasmodium falciparum (Fig. 1A). The general characteristic of G × E

graphs, which are also know as “reaction norm graphs,” is that there is significant “crossing

of the lines” as determined by analysis of variance (ANOVA) (Mackay and Anholt, 2007).

We have investigated G × E interactions on a genomic scale, characterizing over 18,000

traits at once by investigating natural variation in fruit fly gene expression. Global gene

expression levels were measured in fruit flies raised in control and lead-exposed

environments. We have identified several thousand genes that have significant G × E

interactions in which the genotypes are ORE and 2B and the environments are plus or minus

lead (Fig. 1B). Both genes have similar expression levels in the absence of lead. In the

presence of lead ORE expression is decreased but 2B is not. This technique is called

“genetical genomics” (Jansen and Nap, 2001) and we call our neurotoxicology variation of

this approach “genetical toxicoge-nomics” (Page and Ruden, 2005). We show that multiple

regulators of several neurodevelopmental genes have evolved sensitivity to lead. We believe

that our study has major implications in the role of natural variation in nervous system

development in a toxic environment.
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By assessing differential behavioral responses to developmental lead exposure among RILs

we identified a G × E interaction for a behavioral trait (locomotor activity of adult flies)

affected by lead. We observed a significant statistical association between the effect of lead

on average daytime locomotor activity across lines and one marker locus, 30AB, on

chromosome 2; we defined this as a Quantitative Trait Locus (QTL) associated with

behavioral effects of developmental lead exposure. When 30AB was from 2B, lead

significantly increased locomotor activity, whereas, when 30AB was from ORE, lead

decreased it. 30AB contains about 125 genes among which are likely “candidate genes” for

the observed lead-dependent behavioral changes. To the best of our knowledge, this is the

first identification of a portion of the D. melanogaster genome that is involved in a

behavioral response to lead (Hirsch et al., 2009). Using D. melanogaster, we have identified

a “critical period” (the first 4 days of adult life) during which lead affects adult behaviors.

We are thus able, in this species, to study behavioral (Hirsch et al., 2003), synaptic (Morley

et al., 2003) and genetic changes resulting from chronic lead exposure during development.

Drosophila as a model for ethanol-induced behavior and neurotoxicity

Ulrike Heberlein1,2, 3, Ammon B. Corl1, Karen Berger3, Selena Bartlett3, and Rachael

French2

Program in Neuroscience1, Department of Anatomy2, University of California, San

Francisco, CA, and Ernest Gallo Research Center3, Emeryville, CA, USA

The Epidermal Growth Factor (EGF) receptor pathway regulates ethanol-induced

behaviors in Drosophila and rodents. Alcohol is one of the most highly consumed and

abused drugs in the world. Its pleasurable effects have been enjoyed by humankind for

thousands of years. For some, however, alcohol consumption leads to addiction, a

devastating illness with enormous medical and societal costs. In the United States,

approximately 7–10% of adults suffer from alcohol use disorders (AUDs), costing the

country over $200 billion per year and leading to over 75,000 deaths (Diamond and Gordon,

1997; Volpicelli, 2001). A better understanding of the genetic and environmental factors that

contribute to the development of AUDs would therefore provide considerable benefits to

those who suffer its direct consequences and to society in general.

The fruit fly, Drosophila melanogaster (D. melanogaster), has proven to be a useful model

systemin which to study the genes and pathways that mediate acute and chronic behavioral

responses to ethanol (Guarnieri and Heberlein, 2003; Wolf and Heberlein, 2003). Upon

acute ethanolexposure,flies exhibit behaviors similar to those observed in mammals: low

ethanol doses result in hyperactivity, whereas higher doses cause decreased activity and

eventual loss of postural control and sedation(Singh and Heberlein, 2000; Wolf et al., 2002).

Unbiased genetic approaches and candidate gene analyses have provided insight into various

molecules and biochemical pathways that regulate the ethanol response in Drosophila

(Moore et al., 1998; Park et al., 2000; Corl et al., 2005; Wen et al., 2005; Rothenfluh et al.,

2006) as well as the responsible neuroanatomical loci (Rodan et al., 2002; Urizar et al.,

2007). Several of the molecules implicated in ethanol-related behaviors in Drosophila, such

as protein kinase A (PKA), calcium-dependent adenylate cyclase (Moore et al., 1998) and

the fly orthologue of neuropeptide Y, NPF (Wen et al., 2005), have been shown to have

Levin et al. Page 9

Neurotoxicology. Author manuscript; available in PMC 2014 July 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



similar roles in mammals (Thiele et al., 2000, 2002; Maas et al., 2005), validating

Drosophila as a valuable tool for identifying molecular pathways underlying the behavioral

response to ethanol.

To expand our knowledge of the molecular components underlying the behavioral effects of

ethanol, we conducted a genetic screen in Drosophila and identified a mutant, happyhour

(hppy), due to its resistance to the sedative effects of ethanol. Although the Hppy protein

shows strong homology to mammalian Ste20-family kinases involved in Jun N-terminal

kinase signaling, genetic manipulations of this pathway did not alter ethanol sedation.

However, perturbations of the Epidermal Growth Factor receptor (EGFR) pathway in

specific neuronal populations, particularly dopaminergic neurons and insulin-producing

cells, strongly affected sensitivity to ethanol-induced sedation. Genetic and biochemical

experiments suggest that Hppy functions as an inhibitor of the EGFR pathway (Fig. 2).

Finally, acute pharmacological inhibition of the EGFR in adult animals caused altered acute

ethanol sensitivity both flies and mice, and in reduced ethanol consumption in a preclinical

rat model of alcoholism. Inhibitors of the EGFR or components of its signaling pathway are

thus potential pharmacotherapies for alcoholism (Corl et al., 2009).

A Drosophila model for ethanol-induced neurotoxicity. It has long been known that heavy

alcohol consumption leads to neuronal death and neurobehavioral pathology (Martin et al.,

1986; Bengochea and Gonzalo, 1990; Phillips, 1990; Arendt, 1994; Agartz et al., 1999;

Obernier et al., 2002a,b; Rupp et al., 2003), Approximately 10% of alcoholics develop

alcoholic dementia, Wernicke–Korsakoff’s syndrome and other cognitive disorders (Eckardt

and Martin, 1986; Martin et al., 1986; Fadda and Rossetti, 1998). Alcoholic brains display

atrophy in many areas, including the frontal lobes, diencephalon, basal forebrain,

hippocampus, cerebellum, and basal ganglia (Martin et al., 1986; Bengochea and Gonzalo,

1990; Fadda and Rossetti, 1998; Agartz et al., 1999). In humans and rats, chronic alcohol

exposure leads to cholinergic neuron loss in the basal forebrain, leading to memory

impairment (Arendt, 1994; Fadda and Rossetti, 1998). In addition, both alcoholic humans

and rodent alcoholism models show olfactory damage; in rodent models, two days of acute

ethanol exposure causes the death of olfactory neurons, followed by retrograde degradation

in the temporal dentate gyrus and regions of the hippocampus known to be involved in

olfaction and memory (Switzer et al., 1982; Collins et al., 1996; Obernier et al., 2002b),

while in one study, more than half of alcohol-dependent humans could be classified as

hyposmic (Rupp et al., 2003).

Multiple hypotheses have been presented to explain ethanol-induced brain damage. The

mechanisms proposed vary depending on cell type and developmental stage (Fadda and

Rossetti, 1998). For example, alcoholism frequently leads to thiamine deficiency. When

thiamine deficiency is induced experimentally in rodent models, it leads to neurological

damage similar in some respects to that seen in chronic alcoholics (Fadda and Rossetti,

1998; Gibson and Zhang, 2002). Nevertheless, thiamine deficiency does not mimic all types

of damage induced by chronic alcohol use, such as hippocampal abnormalities, shrinkage of

the cerebral cortex, and cholinergic loss in the basal forebrain. Other mechanisms proposed

to explain these effects are production of reactive oxygen species and increased production

of polyamines, both of which are known to occur in response to alcohol exposure (Fadda
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and Rossetti, 1998; Sun et al., 2001). Finally, ethanol is known to bind to N-methyl-D-

aspartate (NMDA) receptors, and it is thought that this interaction explains many of the

drug’s neurotoxic effects (Weight et al., 1993; Faingold et al., 1998; Wirkner et al., 1999;

Woodward, 1999). Chronic ethanol exposure inhibits NMDA receptors, leading to a

compensatory increase in glutamatergic neurotransmission (Lancaster, 1992; Fadda and

Rossetti, 1998). These neurons are thus hyperexcitable upon ethanol withdrawal, and this

leads to excessive intracellular Ca2+, mitochondrial damage, and, ultimately, activation of

apoptotic pathways (Fadda and Rossetti, 1998). In addition, acute ethanol-induced death in

cortical neurons is enhanced by treatment with the NMDA receptor agonist MK-801 (Corso

et al., 1998), indicating that, in some cell types, ethanol directly exerts an acute excitotoxic

effect.

Glycogen synthase kinase 3β (GSK-3β) was first identified for its ability to phosphorylate

glycogen synthase (Embi et al., 1980), and has since been shown to have many functions in

development and behavior, including both inhibition and activation of cell death pathways

(Beurel and Jope, 2006). In models of neurode-generative disease, GSK-3β is required for

both β-amyloid-associated neurotoxicity (Takashima et al., 1993; Alvarez et al., 1999) and

tau-mediated neurodegeneration (Lucas et al., 2001; Jackson et al., 2002). In addition,

GSK-3β can mediate excitotoxic cell death (Facci et al., 2003; Takadera et al., 2004) as well

as ethanol-induced apoptosis of cultured neurons (Takadera and Ohyashiki, 2004).

In flies, we have shown that exposure to even a single sedating dose of ethanol leads to

widespread cell death in the antennae, the primary olfactory organs of flies (Fig. 3). Ethanol-

induced death of Drosophila olfactory neurons is apoptotic in nature, requires shaggy (sgg),

the Drosophila homolog of GSK-3β, and can be prevented by treatment with the GSK-3β

inhibitor LiCl. In addition, we show that the neurotoxic effects of ethanol exposure can be

blocked by electrical silencing of the olfactory neurons, demonstrating that ethanol-induced

death in these cells is due to excitotoxicity. Finally, we demonstrate that ethanol-induced

neuronal death requires NMDA receptors in the olfactory neurons, and that sgg and the

NMDA receptor are likely acting in concert to mediate this effect (French and Heberlein, in

revision) (Fig. 4).

In vivo studies of the effects of acute ethanol exposure on the adult nervous system have

been rare, and while previous studies have shown links between ethanol exposure and

activity-dependent neuron death, or between GSK-3β and excitotoxicity (Acquaah-Mensah

et al., 2002; Ikonomidou et al., 2000; Olney et al., 2000, 2002), to our knowledge, ours is the

first work to link activity-dependent or excitotoxic death, ethanol-induced neuronal

apoptosis, and GSK-3β function in a single, adult, in vivo system. Finally, while the

incidence and severity of alcoholic neurodegeneration is clearly affected by genetic

background (Martin et al., 1986; Becker et al., 1996; Gilliam et al., 1997; Olney et al., 2002;

Crews and Braun, 2003; Crews et al., 2004; Goodlett et al., 2005; Warren and Li, 2005),

there has been limited success identifying the genes involved, due to the limited range of

genetic techniques available in most vertebrate models. By comparison, Drosophila is

amenable to unbiased, rapid, and complex genetic manipulations. Thus, we hope to use our

model for ethanol-induced neuronal cell death to identify genes and mutations involved in
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sensitivity to ethanol neurotoxicity. In addition, our model will allow greater understanding

of the molecular processes of neuronal death in alcoholic dementia.

Zebrafish and mouse models and genetic approaches to behavioral neurotoxicology

Edward D. Levin, Donnie Eddins and Elwood Linney

Department of Psychiatry & Behavioral Sciences and Department of Microbiology &

Genetics, Duke University Medical Center, Durham, NC, USA

A hierarchy of animal models is necessary to accurately determine the neural and molecular

mechanisms of toxicity underlying behavioral dysfunction. These can be used in a

complementary fashion. Vertebrate animal models are needed in addition to the study of

invertebrate species to provide complex systems more closely resembling human

neurobiology. Piscine models including zebrafish have proven to be valuable because of

their continuous visual access during early development due to their clear chorion and

because of the wide variety of mutants available for study and the availability of

morpholinos, which allow specific aspects of genetic suppression during early development.

Mouse models have long been used to understand genetic aspects of neurobehavioral

function. The availability of various gene knockouts provides models with which to study

the roles of those factors for neurobehavioral function and effects of toxicants on those

functions. Both zebrafish and mouse models have been quite valuable in our studies of the

developmental neurotoxic effects on later behavioral function.

Zebrafish models of the behavioral toxicity of developmental chlorpyrifos. Zebrafish have

recently become widely used for determining molecular mechanisms for neurotoxic effects

on behavior. Zebrafish have a well-established literature concerning the molecular bases of

development in general and neurodevelopment in particular. There are a wide variety of

mutant zebrafish lines available which facilitate the discovery of critical molecular

mechanisms of nervous system development. The morpholino technique in zebrafish

provides a way to reversibly suppress a genetic factor during early development and is

particularly useful in helping determine the critical molecular targets for developmental

neurotoxicants. Recently, advances have been made in the behavioral assessment of

zebrafish, particularly concerning neurobehavioral plasticity from elementary sensorimotor

habituation and locomotor adaptation through more complex associative learning and

memory processes. Computerized video tracking systems have been quite helpful in this

effort. For example, we have found that a morpholino preparation in zebrafish which

specifically inhibits acetylcholinesterase (AChE) is very useful for determining the degree to

which AChE inhibition vs. other mechanisms are responsible for the persisting behavioral

neurotoxicity of developmental chlorpyrifos exposure (unpublished data).

Zebrafish are becoming widely used to study neurodevelopmental defects associated with

toxicant exposure (Scholz et al., 2008) as well as neurological diseases (Best and Alderton,

2008). Zebrafish have many neurobehavioral systems in common with mammals. Like rats

and mice, proper cholinergic functioning in developing zebrafish is key for the normal

development of the nervous system (Best and Alderton, 2008). Other transmitter systems

such as dopamine, norepinepherine and serotonin are also represented in zebrafish (Drapeau

Levin et al. Page 12

Neurotoxicology. Author manuscript; available in PMC 2014 July 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



et al., 2002; Kaslin and Panula, 2001; McLean and Fetcho, 2004; Wullimann and Mueller,

2004). Zebrafish have extensive cognitive abilities and can learn spatial and color

discrimination (Arthur and Levin, 2001; Colwill et al., 2005; Levin and Cerutti, 2008; Levin

and Chen, 2004; Levin et al., 2003, 2006a; Williams et al., 2002). Zebrafish models of the

neurobehavioral effects of development can be important complementary models for

understanding neurotoxicity. Together with classic rodent and primate models as well as

other non-mammalian models, zebrafish could help elucidate the mechanistic bases for

neurotoxicant-induced behavioral impairment.

We have developed test methods for indexing behavioral function in adult zebrafish. Spatial

and color discrimination learning can be effectively assessed in a three-chamber choice task

(Arthur and Levin, 2001; Levin and Chen, 2004; Levin et al., 2003, 2006a). The three-

chamber task is particularly effective for differentiating response latency from choice

accuracy since the same response (albeit in a different direction) is required for a correct as

for an incorrect choice. With the three-chamber task we have shown that adult zebrafish

developmentally exposed to chlorpyrifos (CPF) at tank water concentrations of 10 or 100

ng/ml on days 0–5 post-fertilization, had persisting defects in both delayed spatial

alternation accuracy and latency of response (Levin et al., 2003). This study was important

in showing the persisting neurobehavioral effects after early developmental exposure,

however, the delayed spatial alternation task takes considerable periods of training. To

increase the rate of testing we developed an automated assessment of startle response and its

habituation. Startle response was chosen because it provides a quick measure of both

sensory and motor integration and it shows a rapid habituation curve with repeated trials,

which gives information concerning neuroplasticity. Startle response and habituation in

rodents is very well characterized, neural mechanisms are known and it is a sensitive

indicator of pharmacological and toxicological treatments (Karl et al., 2003; Swerdlow et

al., 2001). We have found that postnatal exposure of rats to parathion an organophosphate

(OP) pesticide significantly decreased startle response (Timofeeva et al., 2008). In zebrafish,

both startle response and its habituation have been studied in embryos (Best et al., 2008;

Burgess and Granato, 2007; Weber, 2006). Developmental mercury exposure was shown to

increase startle reactivity (Weber, 2006). We developed a startle response test for adult

zebrafish to determine the persisting effects of developmental toxicant exposure. We found

that ten trials with a 1-min interval provided a rapid but reliable measure of startle response

and its habituation. The hypothesis of this study was that the automated characterization of

startle response in zebrafish would provide a rapid and sensitive indicator of persisting

neurobehavioral impairment caused by early developmental exposure to chlorpyrifos at a

dose that previously had been shown to cause a learning impairment (Levin et al., 2003).

The benchmark 0.29 mM dose (100 ng/ml) of CPF was chosen because it had been

previously shown to cause marked impairment in memory function without causing

increases in mortality or obvious morphological malformations. As shown in Fig. 5, this

CPF dose caused significant increase in startle response (Eddins et al., 2009). The main

effects of CPF exposure and trial number on startle response without a significant interaction

between the two factors, though there did appear to be a suggestion of slower habituation in

the CPF-exposed group. CPF inhibits acetylcholinesterase, which provides indirect agonist

effects at nicotinic and muscarinic acetylcholine receptors. Thus, we tested the persisting
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impacts of developmental exposure to direct agonists of these receptors nicotine and

pilocarpine. Effects of developmental exposure to these drugs were tested at doses

subthreshold for causing morphologic malformation and lethality in the embryos. Both

nicotine and pilocarpine caused persisting increased startle response but at much higher

concentrations than CPF (Eddins et al., 2009). In a rodent study we found another OP

parathion to significantly decrease startle response (Timofeeva et al., 2008), but this was a

consequence of briefer exposure during the postnatal period rather than the continuous

exposure to CPF from conception through the first 5 days of development in zebrafish.

Finally, the effects of developmental CPF exposure on the monoaminergic neurotransmitters

dopamine, norepinepherine and serotonin were tested both immediately after exposure (day

6) and long after exposure (approximately 20 weeks) since monoaminergic systems have

been shown to be affected by developmental CPF exposure in rats (Aldridge et al., 2005,

2003; Johnson et al., 1998; Slotkin and Seidler, 2005, 2007; Slotkin et al., 2002). This

neurochemical analysis was conducted to determine the possible involvement of these

transmitters in the neurobehavioral impairments. In adult zebrafish after developmental CPF

exposure brain dopamine but not serotonin or norepinepherine was significantly decreased.

In young fish just after the end of exposure all three transmitters dopamine, serotonin and

norepinepherine were significantly lowered.

Methallothionein knockout mice and cognitive effects of mercury. Mice are classic models

for determining gene × environment interactions in general as well as with behavioral

neurotoxicity in particular. Knockout mice can be especially useful for determining critical

molecular mechanisms for neurobehavioral toxicity. If an essential mechanism for a toxicant

is knocked out the neurobehavioral effect should be eliminated. Critical targets for some

classes of toxicants such as metals can be complex. Not only multiple targets, but also

distributional mechanisms must be considered in the gene × environment interactions.

Metallothioneins (MT) are a group of small proteins which bind a variety of transition

metals including mercury, primarily in the inorganic form. We have found that mice with

knockouts of MT types 1 and 2 are more susceptible to the early learning deficits caused by

developmental mercury compared to wild-type control mice (Eddins et al., 2009).

Metallothioneins are known to be key in the physiology of transition metals, but their roles

in neurobehavioral function have not yet been well characterized. Alterations in

metallothionein function could alter neural function in ways that would impair behavioral

function. For example, the hippocampus, which plays a central role in cognitive function

depends on the actions of zinc in the hippocampal mossy fiber system (Daumas et al., 2004).

Metallothioneins 1 and 2 protect against the adverse effects of both zinc underload and zinc

overload (Kelly et al., 1996). MT 1 appears to play a greater role in metal metabolism

whereas MT 2 appears to play a greater role in cell growth (Kobayashi and Sayato-Suzuki,

1988). In the striatum, alterations of copper functions can lead to cognitive and behavioral

impairments seen in Wilson’s disease (Portala et al., 2001). Other transition metals such as

mercury have no identified normal physiological role, but are environmental contaminants,

which have known neurotoxic actions, which result in behavioral abnormalities including

cognitive impairment (Goulet et al., 2003; Peixoto et al., 2007; Yoshida et al., 2005).
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Abnormalities in metallothionein function could alter neurobehavioral function through

dysregulation of these transition metals.

To begin determining the potential roles metallothioneins may play in neurobehavioral

function we have tested the effects of knocking out metallothionein 1 and 2 genes on

cognitive function. The impact of metallothionein 1 and 2 knockout on choice accuracy and

locomotor behavior in the 8-arm radial-arm maze was determined during acquisition and

maintenance of response, with drug treatment and after toxicant challenge.

In our initial set of studies we found that mice with null mutations for metallothionein 1 and

2 from Jackson Labs showed a significant impairment in choice accuracy on the 8-arm

radial maze test of spatial learning and memory (Levin et al., 2006b). This was seen both in

younger adult and older adult mice (Levin et al., 2006b). Interestingly, the impairment of the

metallothionein knockout mice vs. their wild-type controls (129 strain) was significantly

ameliorated by acute nicotine treatment (Levin et al., 2006b). This indicated that the

metallothionein knockout-induced impairment was not due to learning per se because the

effect of nicotine was immediate and did not depend on further training in the maze. More

likely to attentional or memory aspects of the task which could be immediately changed

from session to session as the nicotine treatments changed.

In a recent study we have shown that metallothionein knockout mice show a greater adverse

effect of neonatal mercury (HgCl2) exposure (Eddins et al., 2008). In that study, a

significant impairment in choice accuracy on the radial-arm maze was seen in

metallothionein knockout mice with a history of neonatal mercury exposure during the

initial phase of training. During this initial phase neither mercury alone nor the

metallothionein knockout alone caused impairment but the combination did.

Developmental exposure to metals such as mercury has long been known to impair cognitive

function. The mechanisms controlling metal distribution such as the metallothioneins can

influence actions of neurotoxic metals as well as essential metals. To characterize the role of

metallothionein in learning and memory, mice with null mutations (knockout) of genes for

metallothionein 1 and 2 were trained on a win-shift task in the 8-arm radial maze.

Metallothionein 1–2 knockout mice had a similar choice accuracy levels as wild-type

controls in the early stage of training, but had impaired choice accuracy during the later

stages of training (Levin et al., 2006b). To determine the influence of metallothionein on

developmental mercury neuro-behavioral toxicity, mercuric chloride was injected (0, 2 and 5

mg/kg, sc) on days 7, 14 and 21 after birth (Eddins et al., 2008). As shown in Fig. 6, during

the early stage of training (sessions 1–6) the metallothionein knockout l mice exposed to 5

mg/kg mercuric chloride had significantly lower accuracy scores than either wild-type mice

exposed to the same mercury dose or metallothionein knockout mice not exposed to

mercury. The entries to repeat measure of choice accuracy indexed the number of

consecutive correct arm entries before the first repeated arm entry (error). This takes into

account the fact that this radial-arm maze task becomes more difficult as session progresses

and there are fewer correct choices remaining. During the later part of the training sequence

the effect of selective mercury-induced impairment in the methallothionein knockout

animals gave way to a more general metallothionein knockout-induced impairment in both
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mercury treated and unexposed animals. In addition there were persistent neurochemical

effects. Dopamine (DA) in the frontal cortex was differentially affected by developmental

mercury exposure in metallothionein knockout and wild-type mice. The 5 mg/kg dose of

mercury caused a significant increase in frontal DA levels in the wild-type mice. This effect

was not seen in the metallothionein knockout mice. The increase in frontal DA may have

been key in preventing functional impairment by mercury in the wildtype mice by increasing

the role of the frontal cortex in solving the task. The lack of this response in the MT

knockout mice may have limited their compensation for mercury-induced damage.

Metallothionein knockout significantly increased frontal cortical levels of serotonin and its

metabolite 5-HIAA regardless of mercury condition. Metallothionein knockout mice were

more sensitive to the persisting adverse cognitive effects of developmental mercury

exposure. Alterations in frontal cortical DA response may be related to the functional

impairment.

Metallothioneins play important roles in neural systems relating to cognitive function.

Significant impairments of radial-arm maze choice accuracy are seen with knockouts of

metallothioneins 1 and 2. This accompanied by substantial increases in frontal cortical

serotonin, which may be related to the cognitive impairment. The acute reversibility of the

methallothionein knockout-induced choice accuracy deficit with nicotine indicates that the

cognitive deficit was not one of impaired learning but more likely involved memory or

attentional impairment. Metallothionein 1 and 2 knockout made mice more sensitive to the

lasting adverse effects of mercury on radial-arm maze acquisition. This increased sensitivity

to mercury effects may be related to a diminished response of dopamine systems in the

frontal cortex.

Zebrafish and mice along with a spectrum of other species are valuable for determining gene

× environment interactions in the basis of neurobehavioral toxicity. The use of morpholino

and knockout techniques to assess the impact of genes of interest have provided important

mechanistic information. Further advances in molecular analytic techniques will permit

broad screens of the contribution of many polymorphisms to increase or decrease

susceptibility to neurobehavioral damage after developmental toxicant exposure.

Prevention of Alzheimer’s disease and cognitive decline: the role of genes and
environment

Kathleen A. Welsh-Bohmer and Kathleen M. Hayden, for the Cache County Study

Investigators

Department of Psychiatry and Behavioral Sciences, Joseph and Kathleen Bryan Alzheimer’s

Disease Research Center, Duke University, Durham, NC 27710, United States

Alzheimer’s disease (AD) is a recognized global public health problem, cutting across

cultural, economic and demographic lines (Brookmeyer et al., 2007). It is estimated that 24

million people are currently affected worldwide with dementia. This is expected to climb to

42.3 million in 2020 and 81.1 million in 2040. The etiology of AD and the factors that

influence the onset of disease symptoms are not yet resolved, but likely involve a complex

interaction between genetic predisposing factors and environmental exposures acquired
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across the lifespan, from early development through midlife and later old age. The

epidemiological work we are conducting in an exceptionally long-lived population in Utah,

the Cache County Memory Study (CCMS), examines both the genetic and environmental

contributions to AD risk and their effects on the expression of the disease. We summarize

here recent findings suggesting a role of the environment in modifying risk, symptom onset,

and disease expression over time.

Genetic factors. By far the most influential risk factors for AD are inherited disease

susceptibility factors. Three causative genes for AD related to amyloid processing have been

identified (PS1, PS2, and APP), but together they explain only a small percentage (5–10%)

of AD cases. Beyond these genes, a number of candidate “susceptibility” genes have been

suggested that may act to modify risk and disease expression (Mayeux, 2003; Pericak-Vance

et al., 2000; Perls, 2002). Apolipoprotein E (APOE) has been now firmly established as a

major AD susceptibility gene (Strittmatter et al., 1993). Found in nearly half of all patients

with AD, presence of an APOE ε4 allele confers an overall enhanced risk of AD dementia at

the population level, as well as an earlier age of disease onset (Corder et al., 1993).

However, unlike the known causative genes for AD, possession of the ε4 genotype does not

confer absolute risk of developing AD. Substantial proportions of elderly even with ε4/ ε4

and ε3/ε4 genotypes may not develop AD in late old age (Khachaturian et al., 2004;

Saunders et al., 1993). Other disease susceptibility genes and perhaps genes that confer

cognitive robustness into late life, have been suggested by centenarian studies (Perls, 2002),

family history investigations of dementia (Kaye, 1997; Mayeux, 2006) and recent genome

wide association scans (Bertram et al., 2007). However, few of the associations and SNPs

reported, with the exception of the recent report of variants in the SORL1 neuronal sorting

receptor (Lee et al., 2007; Rogaeva et al., 2007), have yielded consistent findings, likely due

in part to small effect sizes.

Environmental, gender and temporal modifiers. It is clear that genes are not solely

responsible for AD risk and symptom onset (Gatz et al., 1997; Plassman et al., 2006). A

number of environmental factors appear to exert substantial effects on the population’s

variation in predisposition to AD (Breteler et al., 1991). Some of the factors implicated are

not considered modifiable (e.g. advancing age and female gender). Others are considered

treatable or avoidable, such as head injury (Plassman et al., 2000), thyroid disease (Heyman

et al., 1984), and health conditions, including stroke and vascular risk conditions (e.g.

diabetes, hypertension) (Esiri et al., 1999; Hofman et al., 1997; Skoog, 1998). A number of

more tentative links have been made between common pharmacological exposures and

lifestyle variables that may delay onset of dementia, presumably by affecting the trajectory

of cognitive decline (Dosunmu et al., 2007; Larson et al., 2006). Included here are

medications (Fotuhi et al., 2008; Zandi et al., 2002, 2004, 2005), cognitive engagement

(Fratiglioni et al., 2004) and education (Gatz et al., 2001) across the lifespan, and some non-

pharmacological lifestyle habits (e.g. diet and exercise) (Cotman and Berchtold, 2002;

Scarmeas et al., 2001, 2006; Wengreen et al., 2007). These potentially modifiable factors

have appeal as they suggest possible strategies for disease prevention.

Environmental toxicants. Among the more speculative risk factors for AD are environmental

toxicants, such as organic solvents, air-borne pollutants, and heavy metals. These have been
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linked to a number of neurological disorders including Parkinson’s disease and multiple

sclerosis (Baldi et al., 2003; Kamel et al., 2007). A role for these compounds in AD has been

suggested, but very few studies have been conducted and the risk relationships of these

exposures with AD are not well established (Santibanez etal., 2007). If related to AD risk,

they have implications for understanding the pathogenesis of the disease and may point to

treatment strategies.

In the CCMS study of AD and related dementias (5092 participants, aged 65+), we have

examined a number of common environmental toxicants and their influence on overall AD

risk, onset of dementia, and cognitive decline in old age. Among the toxic exposures we

have examined are pesticides and herbicides. At the baseline visit in 1995, detailed

occupational exposure questionnaires were collected which tabulated information about

exposures to these compounds and the types used. With the benefit of over 10 years of

observation and two additional waves of diagnostic assessment (3 and 8 years after

baseline), we have been able to explore the relationship between prior pesticide exposure

and the risk of incident dementia and AD. Preliminary analyses have been conducted in the

4012 individuals without dementia who at the baseline visit provided complete information

on occupational exposures. In this population of older adults, significantly more men

reported exposures than women (p < 0.0001). Because so few women reported the exposures

of interest, we restricted the analysesto the men in the cohort sample (n = 1929). No

significant age or education differences were observed between the exposed (n = 682) and

unexposed groups (n = 1247).

At follow-up 8 years later, 78 individuals had developed dementia. In logistic regression

models adjusted for baseline age, education, and APOE genotype there was no observed risk

for all cause dementia among individuals exposed to pesticides (Odds Ratio (OR): 0.97,

95%, Confidence Interval (CI) 0.73–1.29). However, when the outcome was restricted to

AD, an increased risk was observed (OR: 1.99, 95% CI: 1.12–3.56). There was a trend

towards an interaction between exposure to pesticides and APOE ε4 genotype (OR = 1.81

CI: 1.0–3.22), suggesting that the combination of genotype and exposure may influence the

risk of incident AD. Further evaluation in larger samples may help clarify this association.

Likewise, the effects of different classes of pesticides could not be examined meaningfully

given the small number of individuals with exposures to particular classes and events.

However, we note that organophosphates and organochlorines were the most commonly

reported exposures in those that developed incident dementia.

The findings of from this initial analysis of the Cache data suggest an increased risk

relationship between prior pesticide use and the later development of AD dementia (Hayden

et al., 2009). The strength of the study is the extended observation period (8–10 years)

which allows for more dementia events and hence the capability of examining relationships

in a population with low exposure to the toxins of interest. Other similar population based

studies with long intervals of follow-up, in France (Baldi et al., 2003) and Manitoba Canada

(Tyas et al., 2001), report similar increased risk relationships between pesticides and AD.

However, a case–control study from Quebec found no relationship after adjusting for

education and APOE (Gauthier et al., 2001). Understanding the role of different classes of

environmental toxins in AD onset and the interaction of these exposures with genetic
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predisposition will require much larger samples of exposed individuals, followed over

extended periods of time, with good quantification of exposure. Work in large cohorts

comprised of agricultural workers, as has been done in Parkinson’s disease (Kamel et al.,

2007) would be ideal for furthering our understanding of the role of pesticide exposures in

relation to AD. With advances in genetic analysis, investigation can proceed beyond

candidate genes to include the role of individual single nucleotide polymorphisms and their

interactions.

2. Conclusions

The ultimate goal of this symposium was to foster the development of a program that would

encourage the use of powerful genetic and technological approaches and sophisticated

behavioral assessments to determine the influence of environmental neurotoxicants in the

gene-behavioral interrelationship. It is becoming obvious that good correspondence exists

between the neurobehavioral toxicity seen in mammalian models and that seen in human

epidemiologic studies. The recent advances in molecular biology have provided tools for

understanding the roles of genetic expression in neurobehavioral toxicity. Genetic methods

are being used in both human epidemiological studies as well as experimental mammalian

models. Even greater progress can be made by incorporating complementary experimental

models such as C. elegans, Drosophila and zebrafish. These more elementary models have

considerable advantages for understanding the relationship between toxicant actions on

genetic expression and neurobehavioral function. New molecular technologies will continue

to emerge. The field of behavioral neurotoxicology benefits from the new molecular

information garnered with transdisciplinary collaborations between behavioral scientists and

molecular researchers providing new mechanistic information underlying behavioral

toxicity. Behavioral scientists can play a key role in the development of sensitive,

economical and reliable techniques to assess the behavioral function of the non-mammalian

models. Especially important is the interchange between new models and traditional rodent

models. As discussed at the symposium the new models offer the promise of high-

throughput and detailed molecular information but they will not replace the traditional

rodent models or human studies. Rather these new models can enhance the usefulness of

these studies by discovering novel mechanisms of toxicity to be tested. Encouraging these

types of interdisciplinary research is a priority in behavioral neurotoxicology.
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Fig. 1.
Genotype-by-environment interactions. (A) Heterozygosity for the sickle cell anemia allele

of hemoglobin (S/+) confers resistance to malaria. Homozygosity for wild-type hemoglobin

(+/+) confers susceptibility to infection by Plasmodium, and this leads to increased

mortality. (B) Drosophila genes with GxE-eQTL have similar expression levels in the

absence of lead (−Pb), but have a decrease in expression in the presence of lead (+Pb) in one

genotype but not the other. Shown is repression by lead when the genotype is ORE but not

2B.
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Fig. 2.
Models for EGFR- and HPPY-regulation of ethanol sensitivity. The EGFR pathway

promotes resistance to ethanol-induced sedation and HPPY functions to counteract this

effect by inhibiting the EGFR pathway. Ethanol may act on the EGFR

directlyorondownstream signaling molecules, including ERK. (A) Amodelinwhich HPPY is

directly inhibitedby EGFR activation, (B) amodelinwhich HPPY function as a constitutive

inhibitor of the pathway. Red intersecting lines represent inhibitory interactions, green

arrows represent activating interactions. EGFR = Epidermal Growth Factor Receptor, ERK

= Extracellular signal-Regulated Protein Kinase, HPPY = Happyhour protein (For

interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.).
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Fig. 3.
Ethanol exposure causes death or olfactory receptor neurons. Confocal images of third

antennal segments are shown. Olfactory receptor neurons (ORNs) are labeled with

greenfluorescent protein (GFP). Asingle sedating doseof ethanol is sufficient to induce the

loss of ORNs (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.).
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Fig. 4.
Model for ethanol-induced cell death. Ethanol, possibly acting through NMDA receptors

(NMDAR) activates GSK3 (Shaggy/Sgg in Drosophila) to promote cell death. Lithium

chloride inhibits GSK3 thus preventing ethanol-induced death.
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Fig. 5.
Zebrafish exposed to chlorpyrifos during development and startle response. Exposure of

zebrafish during the first 5 days post-fertilization significantly (p < 0.025) increased

swimming activity after a repeated tactile startling stimulus (Eddins et al., 2009).
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Fig. 6.
Mice with knockouts of metallothionein exposed to mercury during development.

Metallothionein 1 and 2 knockout mice showed significantly (p< 0.05) greater radial-arm

maze choice accuracy impairment resulting from postnatal mercury (HgCl) exposure

(Eddins et al., 2008). The choice accuracy measure is entries to repeat, the number of

consecutive correct arm entries before the first repeat error.
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