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There is a spectrum of approaches to neurotoxicological science from high-throughput in vitro cell-based assays, through a variety of experimental animal models to human epidemiological and clinical studies. Each level of analysis has its own advantages and limitations. Experimental animal models give essential information for neurobehavioral toxicology, providing cause-and-effect information regarding risks of neurobehavioral dysfunction caused by toxicant exposure. Human epidemiological and clinical studies give the closest information to characterizing human risk, but without randomized treatment of subjects to different toxicant doses can only give information about association between toxicant exposure and neurobehavioral impairment. In vitro methods give much needed high throughput for many chemicals and mixtures but cannot provide information about toxicant impacts on behavioral function. Crucial to the utility of experimental animal model studies is cross-species translation. This is vital for both risk assessment and mechanistic determination. Interspecies extrapolation is important to characterize from experimental animal models to humans and between different experimental animal models. This article reviews the literature concerning extrapolation of neurobehavioral toxicology from established rat models to humans and from zebrafish a newer experimental model to rats. The functions covered include locomotor activity, emotion, and cognition and the neurotoxicants covered include pesticides, metals, drugs of abuse, flame retardants and polycyclic aromatic hydrocarbons. With more complete understanding of the strengths and limitations of interspecies translation, we can better use animal models to protect humans from neurobehavioral toxicity.
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INTRODUCTION

The field of neurotoxicology has grown steadily over the last 50 years as demonstrated by a search on the term neurotoxicity in PubMed. In 1927 only 1 paper cited used the term neurotoxicity, in 1970 that number was 138, whereas in 2019 the number was 3,756. Much has been accomplished but much remains to be discovered. It is useful at this juncture to look at where the field is and ahead to ask how we can develop the field further.

Neurotoxicity may occur in humans, animals, or cell culture. To determine the risk that a chemical is neurotoxic to humans, human data are the most important but also reflect that people have already been harmed. To prevent neurotoxicity in humans, animal data and in vitro cell culture data are used to predict and prevent injury. There are advantages and limitations of all levels of analysis. For children, the data come from developmental epidemiological studies. These studies are time-consuming, expensive, and not experimental since subjects are not randomly assigned to groups, have different histories, have experienced influences not relevant to the study, and have complex and uncontrolled exposures that are difficult to identify and measure. These factors lead to interpretations that are rarely definitive. Epidemiological studies establish associations between an exposure and neurobehavioral impairment, but they cannot prove causation or mechanism of action. Generally, multiple epidemiological studies are needed to establish a chemical as a human neurotoxicant. A drawback to human studies is that people were exposed to the agent in question first, which is too late to prevent harm. Furthermore, human development is protracted relative to other species, taking many years to obtain reliable evidence about a potential neurotoxicant. At the other end of the spectrum, neurotoxic effects in older people are difficult to study let alone trace back to a cause if it originated during early development. These characteristics make animal studies advantageous provided they predict human toxicity.

Experimental studies in animals have advantages beyond their shorter life-span: subjects can be randomly assigned to groups, exposure history is controlled, genetic background is more uniform, a range of doses can be tested, invasive procedures related to mode of action are feasible, ADME can be determined, experimenters can be blinded to treatment groups, and sample size can be chosen to fit the study design (Cory-Slechta et al., 2001). Consequently, the risk of neurotoxicity can be determined before damage to people occurs. For these reasons, animal studies are critical for neurotoxicity assessment. However, experimental studies have limitations, too, primarily with respect to cross species extrapolation.

Most of the time, determination of neurotoxicity depends on animal and human data. A problem arises, however, when human data are missing, sparse, or equivocal. In vitro data can enhance animal data but can be difficult to extrapolate to intact organisms because cells out of context (their microenvironment) respond differently than in an intact organism (Nebert and Ingelman-Sundberg, 2016), therefore, in vitro data are generally not decisive by themselves. Consequently, regulatory authorities throughout the world, rely on animal data to determine the safety of drugs, pesticides, occupational chemicals, and environmental contaminants.

The detection of neurotoxicity is different from other toxicities because of the complexity of the brain (Heyer and Meredith, 2017). This complexity makes identifying the site of damage within the brain and subsequently determining the mode of action for neurotoxic agents challenging. In part this is why neurotoxicity assessments often rely on behavioral evidence along with neuropathological and/or neurochemical evidence (Bolon et al., 2011). Another reason behavioral assessment is used is because it represents the integrated output of the brain and is often a sensitive index of whether a significant effect on brain function has occurred (Piersma et al., 2012; Foster, 2014; Fisher et al., 2019). These factors, together with the fact that most of the human data are behavioral has led to behavior being a major component of developmental neurotoxicity testing (DNT) assessments. Moreover, even if cellular damage is detected, assessing behavior is important since only by measuring behavior can the functional consequences of a cellular effect be determined. Some types of cellular damage induce clear behavioral abnormalities, while others do not change behavior, pointing to the fact that cellular and behavioral effects sometimes do not correlate with one another. Hence, animal data, including behavioral data, are key to hazard identification, dose-response analysis, and overall risk assessment. If unreasonable risk is determined, the chemical becomes the province of risk management.



REGULATORY NEUROTOXICITY

Protecting people from toxic chemicals originated with U.S. Congressional passage of the Pure Food and Drug Act in 1906 and later the Food, Drug and Cosmetic act of 1938. These statues established the Food and Drug Administration (FDA) and gave it authority to regulate drug safety and efficacy. To implement this authority the FDA required manufacturers of drugs to submit animal data before human trials (Fisher et al., 2019). The Food, Drug and Cosmetic Act was amended in 1962 after thalidomide. This resulted in expanded use of animals to assess toxicity and these guidelines are now standard. For effects on development, they take the form of pre- and postnatal developmental toxicity studies (Bailey et al., 2009), including a newer juvenile toxicity study (Cappon et al., 2009; Piersma et al., 2012; Fisher et al., 2019) for drugs and food additives (Sobotka et al., 1996). These methods are not perfect but have worked well for nearly a century.

For other chemicals, the U.S. Environmental Protection Agency (EPA) was created in 1970. The EPA operates under multiple laws, the two most relevant here are the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Toxic Substances Control Act (TSCA). Under these statutes, animal test guidelines were established, including those for adult neurotoxicity (ANT) and DNT. In the EU, guidelines occur through the Organization for Economic Cooperation and Development (OECD) (Makris et al., 2009). From the outset there were advocates for alternatives to animal studies as early as 1959 [Cited in Stephens (2009)]. These evolved into the 3Rs, i.e., replace, reduce, and refine toxicity methods to eliminate and/or minimize animal testing.

The search for alternates to animal testing is an active area of research (Wetmore et al., 2015; Fritsche et al., 2018; Hatherell et al., 2020; Marx-Stoelting et al., 2020; Paparella et al., 2020). However, these approaches are not yet ready for routine use, especially for brain. Recently, the EPA Administrator “mandated” the elimination of animal testing by 2035. However, it is unclear if this is feasible. Much is still unknown about mechanisms of toxicity in general and particularly for neurotoxicity, given the complexities of the brain and even greater complexity of brain development (Heyer and Meredith, 2017). Even if an in vitro system for brain became available and even if tested with a set of positive and negative controls (Bal-Price et al., 2018), significant issues would remain, such as, would negative results be trusted or would validation be needed with animals to ensure that a negative was a true negative? What would be done with hits when an in vitro screen found evidence of neurotoxicity? Would verification be required using animals? What happens if discrepancies occur between in vitro and animal results? How will it be resolved? Would both need to be repeated? What if replication failed to resolve a discrepancy? Will discrepancies be resolved in favor of in vitro or in vivo results? What will be done about misses, i.e., cases where the in vitro screen was negative but human data later uncovered neurotoxicity? Would doubt be cast on the in vitro system? Would it be shelved? Would further research be required to determine why it failed? The underlying assumption of in vitro screens is that there are a defined number of key molecular events that if altered, adversely affect CNS development and function. Given the complexity of the CNS, how will we know if all important effects are captured by some set of molecular events (adverse outcome pathways or AOPs) (Pistollato et al., 2020)? Who decides when an in vitro test system is sufficient to rely on it? How does one know what remains unknown? Would an in vitro test battery be used in conjunction with a test system in lower animals, such as zebrafish? These issues have no easy answers and until they are addressed, ANT and DNT tests in animals will be needed.

Species used in neurotoxicological assessment range from invertebrates like c. Elegans and Drosophila, to zebrafish, rodents (mice and rats), non-human primates, and people. Each level of analysis has advantages and disadvantages, but the goal is to determine human risk before people are harmed. Therefore, the development of better methods to detect neurotoxicity in animals would provide better protection to people by identifying hazards before they adversely affect humans. Part of improving animal assessments is improving the translation of animal data to humans.



ZEBRAFISH NEUROTOXICITY

A species of growing importance for neurobehavioral toxicology is zebrafish. Zebrafish provide an important complementary model intermediate between high throughput in vitro cell-based assays and rodent models. There are extensive genetic data available for zebrafish, they have a short life cycle, prolific reproduction, a transparent embryonic stage, a vertebrate brain, and can be tested behaviorally (Bailey et al., 2013). Zebrafish have a clear chorion which permits visualization of neurodevelopmental processes with a variety of reporter systems available (Langheinrich, 2003). There are abundant mutant zebrafish strains, as there are with mice, that can facilitate investigation of gene x environment interactions (Talbot and Hopkins, 2000). Finally, there is a wide variety of behavioral tests that are available to assess neurotoxic impacts on zebrafish behavior including, sensorimotor response, emotion, cognition, and social interaction and are suitable for developmental neurobehavioral toxicology (Bailey et al., 2013). We and others use these behavioral assays to assess the consequences of early developmental exposure to low doses of different toxicants including pesticides, drugs of abuse, flame retardants, heavy metals, and polycyclic aromatic hydrocarbons. For several chemicals, nicotine, chlorpyrifos, diazinon and benzo[a]pyrene, we have assessed the long-lasting effects of early-life exposure to low doses in zebrafish and rats so that direct comparisons can be made.



COMPARATIVE NEUROTOXICITY: ZEBRAFISH AND RODENTS

Given the long history of rodent testing in experimental psychology and neuroscience, and the emergence of the zebrafish as a model species, it is no surprise that zebrafish behavioral batteries were developed to compliment the features of similar rodent batteries. Although these tests were adapted to the unique ethology of social fish, several important parallels can be drawn between fish and rodents.


Exploration and Anxiety-Like Behaviors

Among the most common tests used in these species are tests of activity and anxiety-like behavior, which consist of open-fields or mazes that allow measurement of exploratory behaviors, locomotor activity, and preferences that correspond with anxiety-like or anti-predation functions. Although there is not full consensus on what constitutes anxiety in non-verbal species, anxiety-like behavior generally refers to unconditioned escape or avoidance behaviors which naturally take place in the presence of particular stimuli or environmental conditions, as opposed to the subjective emotional state described by humans. For rats and mice, prototypical tasks include the open-field, elevated plus or zero maze, figure-8 maze, and light-dark test (Takao and Miyakawa, 2006; Walf and Frye, 2007; Bailey and Crawley, 2009). In each case, locomotor activity and exploration are measured through distance moved and transitions between different regions within the test space. Open-fields for fish consist of novel fish tanks (Levin, 2011) and light-dark structures (Stewart et al., 2011; Blaser and Rosemberg, 2012), with constituent behaviors scored in similar ways to their rodent counterparts. Both rodents and zebrafish show spontaneous exploration. Rodents characteristically stay close to exterior walls and enclosed spaces, a pattern known as thigmotaxis, which limits predation risk from X and Y dimensions (i.e., from the sides). Zebrafish show a similar preference for the bottom of a novel tank and reduce their risk of predation in the “Z” dimension (i.e., from above and below). Additionally, both rats and zebrafish show a preference for a dark area over one in the light, again reducing the risk of predation. These varying stimuli and responses can be used to detect neurotoxicant-induced changes in psychomotor and affective processes.



Fear and Reflexes

Other responses include fear-like and elicited reflex behaviors, such as acoustic startle and responses to aversive or predatory cues. As with anxiety, fear cannot be objectively measured in non-verbal species, so fear-like behavior generally refers to escape or avoidance in the presence of explicitly threatening stimuli, such as electrical shocks, loud noises, or moving objects, and fear-like learning would refer to changes in behavior based on prior interactions with these stimuli. For rats and mice, fear-like and reflexive behaviors are often leveraged to study a variety of responses and learning patterns such as prepulse-inhibition, eyeblink conditioning, and active and/or passive avoidance (Green et al., 2002; Timofeeva et al., 2008; Ohta et al., 2012). With respect to acoustic startle, rodents show characteristic freezing responses, bodily contraction and immobility (Santos et al., 2005), which presumably reduce the detection of the rodent by predators. Higher-order fear-like responses consist of shifts in behavior based on experience with aversive cues, such as foot-shock and loud sounds. Zebrafish have some of the same features, although they present in species-specific ways. Zebrafish are commonly tested for acoustic startle, although their response consists of stereotyped movements rather than freezing, such as the C-start exhibited by larval fish (Lopez-Schier, 2019) or a locomotor spike seen in adult fish (Zeddies and Fay, 2005; Eddins et al., 2010). As with other species, these responses rapidly habituate with repeated presentations. Zebrafish also show fleeing or other anti-predation behaviors in response to cues like fast moving objects, videos of predatory fish, and alarm pheromones (Speedie and Gerlai, 2008; Luca and Gerlai, 2012; Ladu et al., 2015). These stimuli and responses can be used to detect neurotoxicant-induced changes in fear-like and reflexive startle responses, as well as adaptive processes related to these functions.



Social Behavior

Rats, mice, and zebrafish are all ethologically social species, and have characteristic responses to conspecifics. Rodents have a wide range of sniffing, following, aggressive, and copulatory behaviors (Blanchard et al., 2003; File and Seth, 2003; Kaidanovich-Beilin et al., 2011; Brock et al., 2013) that can demonstrate social interest, reactivity, and engagement. Zebrafish, while less interactive than rodents, are selectively attracted to other zebrafish, and tend to stay in close proximity to related fish, whether physically in the same tank, separated by clear barriers, visible in a mirror, or presented as a video on a screen (Pham et al., 2012; Qin et al., 2014). These varying behaviors can be used to detect toxicant-induced changes in social attraction and engagement.



Cognition

Among the testing types presented here, the most prominent disparities between neurobehavioral batteries in rodents and zebrafish are on tests of cognitive function. A myriad of cognitive tests exist for rodents covering attention, recognition memory, classical conditioning, operant response learning, navigation, and higher order spatial behaviors, and aspects of cognitive flexibility such as reversal learning and set shifting (Dudchenko, 2004; Bushnell and Strupp, 2009; Tait et al., 2014; Vorhees and Williams, 2014; Braun et al., 2015). Zebrafish exhibit cognitive behaviors as well, although tests are generally limited to lower-level learning and memory, such as reflex-habituation, spatial alternation, conditioned place preference, and basic learning from consequences paradigms, as in the operant three-chamber test (Arthur and Levin, 2001; Levin, 2011; Mathur et al., 2011; Hawkey et al., 2020). This disparity is largely due to practical difficulties in measuring motivated behaviors equivalent to operant chamber lever pressing, foraging, and Morris water maze (MWM)-like behaviors. For example, zebrafish do not manipulate objects as rodents do, but they swim back and forth in a stereotypic, non-goal directed manner, and are highly susceptible to stress from repeated handling. Additionally, zebrafish cannot be reliably identified as individuals, and so cannot complete multiple days of testing as rodents can. Methods development are underway to create tasks that work around these obstacles, but at present, these data remain limited.




DEVELOPMENTAL NEUROTOXICITY IN ZEBRAFISH VS. RATS

Zebrafish provide unique opportunities to investigate neurotoxicity, although their broader benefit depends on their ability to predict and/or complement similar studies conducted with other model systems, particularly in rats and mice. We have conducted studies of the persistent behavioral effects of a variety of chemicals on behavioral function in zebrafish and rats, including nicotine, chlorpyrifos (CPF), diazinon (DZN), and benzo[a]pyrene (BAP), and a number of labs have investigated these compounds in one or the other of these species. We review the effects of these compounds below, with the intention of highlighting the degree to which compounds with established neurotoxicity in mammals also produce behaviorally relevant disruptions in zebrafish. Other chemicals including ethanol, lead, and mercury were assessed in both zebrafish and rats by others. A summary of these comparative effects is also included.



TRANSLATING ZEBRAFISH EFFECTS TO RATS


Nicotine

Nicotine, the primary psychoactive chemical in tobacco, has been shown in a variety of studies including our own to cause persisting behavioral dysfunction after early developmental exposure. Zebrafish with embryonic nicotine exposure exhibit changes in larval locomotor, photomotor, and startle functions (Parker and Connaughton, 2007; Ali et al., 2012; Gauthier et al., 2020; Holden et al., 2020), as well as persistent changes in startle responsivity in adulthood (Eddins et al., 2010). It was also noted that chronic exposure to nicotine later in development leads to persistent changes in neurobehavioral function, including anxiety-like responses in a novel tank and shoaling (Stewart et al., 2015). Correspondingly, we find that rats with fetal exposure to nicotine have a range of neurobehavioral effects, including hyperactivity, increased nicotine self-administration, and impairments in attention and memory [e.g., (Cutler et al., 1996; Levin et al., 2006; Hall et al., 2016; Hawkey et al., 2019)]. These data also complement a broader rodent literature that show early exposure to nicotine leads to lasting changes in brain and behavior [e.g., (Ernst et al., 2001; Vaglenova et al., 2004; Schneider et al., 2011)]. Using these two models, it is apparent that developmental exposure to nicotine is neurotoxic in both species, likely due to strongly conserved cholinergic mechanisms.



Chlorpyrifos

CPF is a widely used organophosphate insecticide that causes significant long-term behavioral effects in rats and zebrafish. Zebrafish with embryonic CPF exposure exhibit changes in larval locomotor and motor functions (Levin et al., 2004; Tilton et al., 2011; Yang et al., 2011; Padilla et al., 2012) and persistent behavioral effects in adulthood, including hyperactivity, enhanced startle responses, altered response latencies, and impaired operant learning (Levin et al., 2003; Eddins et al., 2010; Sledge et al., 2011). In rats, fetal exposure to CPF is associated with a range of neurobehavioral effects, including altered locomotor habituation trends, impaired spatial alternation, and radial arm maze performance [e.g., (Levin et al., 2002; Icenogle et al., 2004)]. We similarly found neonatal CPF exposure leads to long lasting behavioral effects, including locomotor habituation trends, open arm preference in the elevated plus maze, and increased error rates in the radial arm maze (Levin et al., 2001; Aldridge et al., 2005). Other labs similarly showed behavioral changes in mice following CPF exposure [e.g., (Ricceri et al., 2003, 2006; Venerosi et al., 2006)]. Taken together, rodent and fish work suggests that developmental exposure to CPF is broadly neurotoxic and can impact many aspects of behavioral function in both species. This complements the previously discussed effects of nicotine in both species, as organophosphates can also influence cholinergic function during development, albeit through different mechanisms.



Diazinon

DZN is another organophosphate insecticide that continues to be widely used after the curtailment of chlorpyrifos use. Zebrafish with embryonic DZN exposure exhibit changes in larval locomotor behavior (Padilla et al., 2012; Cao et al., 2018), as well as hyperactivity and reduced anxiety-like diving in the novel tank in adulthood (Bailey et al., 2013). Rats with prenatal or postnatal DZN exposure exhibit a wide variety of behavioral effects, including alterations in multiple affective behaviors, hyperactivity, impaired spatial alteration, recognition memory, prepulse inhibition, and working memory errors in the radial arm maze (Roegge et al., 2008; Timofeeva et al., 2008; Hawkey et al., 2020). As with CPF, developmental exposure to DZN is neurotoxic in both species and can lead to persistent changes in behavior.



Benzo[a]pyrene

Benzo[a]pyrene (BAP) is a common polycyclic aromatic hydrocarbon pyrolysis product widely distributed in the environment. Zebrafish with embryonic BAP exposure exhibit changes in larval locomotor behavior, as well as deficits in learning in adulthood (Knecht et al., 2017). Rats with fetal exposure to BAP have lasting neurobehavioral effects, including hyperactivity in adolescence and adulthood and disruptions of typical sex-differences in novel-environment suppressed feeding (Hawkey et al., 2019). Other labs similarly show persistent behavioral changes following early BAP exposure in rats or mice, including deficits in the righting reflex, hyperactivity, enhanced open arm time in the elevated plus maze, and impairments in learning tests like the Y-maze and MWM (Chen et al., 2012a; Zhang et al., 2016). These studies indicate that BAP is neurotoxic in both species and can impact several aspects of behavior, while acting through quite different mechanisms (e.g., aryl-hydrocarbon receptor) than the previously mentioned insecticides.



Ethanol

Developmental ethanol exposure produces one of the most well-characterized syndromes of developmental neurotoxicity, the fetal alcohol syndrome. Developmental ethanol exposures are associated with a diverse array of neurobehavioral outcomes, including hyperactivity, affective symptoms, and cognitive or learning deficits. This is seen in humans (Mattson et al., 2019), rodent models (Barron et al., 2016), and zebrafish (Fernandes et al., 2018). In collaboration with Cole et al. (Bailey et al., 2015), we found that a brief embryonic exposure to ethanol produces long-term behavioral impairments in zebrafish, including hyperactivity and reduced anxiety-like behaviors. Others found complementary long-term effects, such as reduced anxiety-like diving in the novel tank, hyperactivity, and shoaling deficits [e.g., (Fernandes and Gerlai, 2009; Baiamonte et al., 2016; Burton et al., 2017)]. Ethanol exerts developmental neurotoxicity through several mechanisms, including direct modulation of excitatory and inhibitory activity across the brain, and its risk to the neurobehavioral function is readily detected across these model species.



Metals

Another major area of study are neurotoxic metals, including lead, cadmium, and methylmercury. Like ethanol, developmental exposures to these compounds are associated with a range of developmental, behavioral, and cognitive symptoms in humans (Sanders et al., 2015; Karri et al., 2016; Caito and Aschner, 2017), and corresponding deficits in rodents [e.g., (Lucena et al., 2010; Abu-Taweel et al., 2013; Weston et al., 2014; Basha and Reddy, 2015)] and zebrafish (Lee and Freeman, 2014). In zebrafish, metals produce multiple effects. For example, Tu et al. (Tu et al., 2017) reported that lead, cadmium, and manganese dose-dependently produced locomotor hypoactivity in larvae with embryonic exposure. Further, early exposure to lead leads to disruptions in startle (Rice et al., 2011), social (Weber and Ghorai, 2013), and learning functions in zebrafish (Chen et al., 2012b). Similarly, exposure to methylmercury can lead to disruptions in swimming and learning or memory in a T-maze (Strungaru et al., 2018) and spatial alternation (Smith et al., 2010). Metals can interfere with a variety of intracellular processes, and their influence on behavioral functions later in life are readily detected across these model species.



Predictive Validity of Zebrafish Models

As zebrafish are an economical model for screening of potentially neurotoxic compounds, there is a natural interest in using zebrafish as an intermediate model to identify which candidates should be prioritized in future rodent work. However, such a decision requires a robust predictive relationship between zebrafish and mammalian models. At minimum, it must be reasonable to predict that compounds which are toxic in the zebrafish nervous system are also toxic in the mammalian nervous system. The studies reviewed above generally support this claim, as toxicants with varying properties and mechanisms of action produce behaviorally relevant disruptions in both zebrafish and rodents. Ideally, the exact manifestations of those disruptions would match up between the two, in much the same way that the tests designed to analyze zebrafish behavior were designed to model behavioral functions in rodents. However, as evidenced by the review above, this is not necessarily the case. So, profiles of impairment observed in zebrafish should be interpreted with care and within a framework that is sensitive to the specific neurobiological and behavioral context of the animal. In short, attempts to translate neurobehavioral toxicity from fish to mammals should focus on aspects of these analyses which have strong predictive validity, such as the relative vulnerability of the nervous system to a toxicant, relevance of underlying changes to behavioral outputs, and well-conserved mechanisms of toxicity.




SUMMARY OF ZEBRAFISH AS A MODEL

Zebrafish are a complementary model species that can allow hypotheses about the potential toxicity of a compound to be tested in a setup which preserves many advantages offered by both higher and lower models of toxicity. For example, zebrafish offer an intact, vertebrate nervous system and behavioral repertoire which cannot be matched by in vitro techniques, while providing practical, cost and throughput advantages over mammalian models like rats. At present, there are many thousands of chemicals which lack developmental toxicity testing, and this backlog cannot reasonably be addressed using rodents alone, so there are many incentives for including zebrafish in the arsenal of techniques. However, it is important to be clear about their placement within the hierarchy of available models and their applicability to human health concerns following developmental chemical exposures.

As vertebrates, zebrafish share many genetic, developmental, neural, pharmacological, and behavioral attributes with humans and other mammals. However, notable differences exist which affect the translation of zebrafish data to mammalian toxicity.

One of the principal points of concern is for sex differences in neurotoxic response. Sex differences in toxicant vulnerability are present in the rodent literature and to a certain degree within zebrafish studies as well. However, sex characteristics are determined quite differently in teleost fish than in mammals, so we and others have been careful not to interpret sex differences in zebrafish as predictors of human sex differences in vulnerability.

Another difference between these species concerns brain architecture. The predominant covering layer in zebrafish brain is the optic tectum whereas in the brain of rats as with all mammals it is the neocortex. Zebrafish have little telencephalon with the main structure being the midbrain, whereas the midbrain in the rat is relatively small. Surprisingly, there is a degree of confluence of neurotoxic effects in zebrafish and rats. This may have to do with similarities in the cellular and synaptic structure of the two species. If the principal target of a neurotoxic agent is cellular and synaptic rather than being dependent on brain region that agent should have similar effects in zebrafish and rats. In contrast, if a brain region is targeted and that region has different presence in zebrafish then that agent would be predicted to have different expression in the two species. Specification of a conserved neurobiological mechanism, such as a cellular structure, protein, or neurotransmitter, is then critical for a detailed translation of zebrafish toxicity to mammals.

An additional difference is in physiology and genetics. For example, the ectothermic nature of zebrafish allows temperature to regulate physiology, development, biological rhythms and even toxicity to a substantial degree. These effects may be influential within this model, but do not have obvious homologs in mammals. Additionally, an estimated 70% of zebrafish genes are homologous with mammalian genes, which provides a wide array of translatable mechanistic pathways and mechanisms of action within neurodevelopment and toxicity, but also provides non-homologous genes whose influence is not directly relevant to humans. This is complicated further by the genome duplication that is characteristic of teleost fish. As with brain structure, molecular mediators of toxicity must be investigated with attention to well-conserved mechanisms of risk, rather than assuming that, all elements necessarily translate to mammals.

A final consideration is pharmacokinetics, which influences the translation of a particular chemical exposure protocol from one species to another. Rats and other mammals are generally exposed to toxicants through their diet or through manual administration (i.e., gavage, injection), each of which has its own impact on dose, absorption, and metabolism. During pregnancy, the placenta acts as a secondary barrier which influences the pharmacokinetic distribution to fetal tissues. Zebrafish, by contrast, are immersed in a toxicant-laced medium, and absorb it directly from the media and/or through a porous chorion which surrounds the embryo during the earliest portions of development. These differences influence the distribution of the toxicant to the animal and make it difficult, though not impossible, to generate rat-equivalent doses of a toxicant of interest.

In summary, zebrafish offer a valuable complement to rats for assessing behavioral toxicity. They can be very useful for screening many chemicals and mixtures in preparation for follow-up studies in rodent models. The behavioral test batteries developed for zebrafish provide analogous assessments to rodent sensorimotor, emotional, and cognitive functions. In addition, zebrafish can provide valuable mechanistic information concerning the neurodevelopmental processes affected by toxicant exposure that lead to behavioral dysfunction. In providing a basis for rodent studies, it is important that the unique biology and behavioral repertoire of the zebrafish is taken into account and that relevant mechanisms of toxicity are sufficiently conserved to support the predictive validity of the model.



TRANSLATING FROM RATS TO HUMANS

Rodent neurotoxicological research relies on the investigator's knowledge of animal behavior, brain anatomy, and physiology. Investigators use methods they know to test chemicals and drugs they suspect may have adverse effects. All known developmental neurotoxicants were found through curiosity-driven experimentation of this kind. This was the case for lead, methylmercury, PCBs, manganese, insecticides, cocaine, methamphetamine, isotretinoin, fenfluramine, antiepileptics, fluoride, tetrachloroethylene, chlorpyrifos, brominated diphenyl ethers and others (Grandjean and Landrigan, 2006, 2014; Vorhees et al., 2018). Despite using varied methods, data accumulated to the point that animal and human data were sufficient for regulatory action to be taken. Once a developmental neurotoxicant is identified, its regulation depends on the type of chemical it is. For drugs, the FDA has a variety of options. They can decline to approve it if it is a new drug that exhibits developmental neurotoxicity in preclinical experiments or approve it with warnings about potential developmental neurotoxicity if it is intended for use in adults, or if such effects are found after approval, the drug may be withdrawn from the market. For illicit drugs that pose neurotoxicity risks in addition to abuse liability, law enforcement and public health warnings are used. For pesticides and other chemicals, animal and/or in vitro tests are required that may trigger the need for DNT. If developmental neurotoxicity is identified, it becomes the province of EPA risk management. Historically, most of the known developmental neurotoxicants have long-term epidemiological studies showing adverse effects in children and animal data before regulatory actions were taken. If animal and in vitro methods were to be improved, however, adverse outcomes in children could be prevented rather than reacted to after the fact.

For animal studies, the process of identifying developmental neurotoxicants has not been helped by the broad range of methods used in different laboratories. One may ask, is this the most effective approach. Or would a few standardized tests used across labs be helpful? Is the current unstandardized lab to lab variation in methods even a problem? One piece of evidence that it is, may be found in regulatory guidelines from EPA and OECD. After 40 years, these agencies remain uncertain what tests to recommend, unlike in other areas of toxicity assessment. The field is stuck on the issue of whether guidelines should be proscriptive, generic, or somewhere in between, such as outlining test features without proscribing specific tests. Should methods be left to the investigator to use their scientific judgment or mandated? At present, most guidelines leave much leeway to the investigator. The result is a body of data using tests of unclear sensitivity, reliability, reproducibility, validity, and no inter-laboratory comparability.

An issue when it comes to behavior is the large range of tests and testing protocols available. This is evident in the literature and why the field can be difficult to sort out because one can find studies on the same chemical resulting in behavioral changes that are different across studies or even opposite from one another. Is it time to change the approach and specify a core set of more standard methods but still leave room for investigator judgment? This is not intended for basic research, only for regulatory studies. Academic labs should always be open to innovation, but regulatory studies need to emphasize sensitivity, reliability, reproducibility, and validity using methods that translate to humans as much as possible. Given the goal of protecting human health, it follows that the starting point for regulatory studies should be to make use of existing human data as the basis for choosing best fit-to-purpose animal methods (Lanzoni et al., 2019). This was not possible 50 years ago, but it is feasible today because there is a significant literature on human developmental neurotoxicants. These data can and should be used to select animal methods that tap homologous functions in both species and incorporate them into guideline studies. Working backwards from the human data is it possible to identify animal tests that reflect the same underlying processes that are affected in children? Is this possible given how different rodents are from people? We suggest it is eminently possible. For example, in humans there are different kinds of memory mediated by different brain regions (Buzsaki and Moser, 2013; Ferbinteanu, 2020), and these relationships are well-characterized. For instance, there is working or short-term memory and reference or long-term memory. Reference memory consists of explicit and implicit memory. Explicit memory consists of episodic, spatial, and declarative memory. Implicit memory consists of egocentric/procedural and stimulus-response memory. Egocentric memory consists of path integration and route-based memory.

Are the structures and functions comparable in both species? Within limits, they are. Rats have homologous forms of memory as people. Rats have working and reference memory. Reference recall in rats consists of explicit and implicit memory as in humans. Rats have episodic and aspects of declarative memory as well. In people declarative memory is for people, places, things, and events. Rats do not have memory for people obviously, but they do for things, events, and places. Therefore, if a chemical impairs memory for places in children, then the inference is that this type of memory will be affected in rats, and more importantly the converse is highly likely, if place/spatial memory is impaired in rats, it will be affected in children, a testable hypothesis, although ideally it will never be tested if the animal data prevent children from being exposed.

Comparisons such as this are based on research on brain-behavior relationships from neuroscience. The hippocampus and surrounding structures (subiculum, entorhinal cortex, perirhinal cortex) are areas that mediate spatial navigation and recognition memory in rats, non-human primates, and people. Not only is there a correspondence between these structures across species, test methods developed in rats have been adapted to humans (Cornwell et al., 2008; Brown et al., 2014, 2016). For example, the MWM developed for rats was modified to a virtual spatial maze for people that in combination with fMRI show homologous regions activated in both species during navigation (Brown et al., 2014). Adaptation of other tests exist for working and egocentric memory (Baumann and Mattingley, 2010; Cullen and Taube, 2017). In rats, working memory may be assessed with methods such as the radial-arm maze. In people, a method that assesses working memory looks different but relies on the same concept, such as digit span and letter-number sequencing. In both species these tasks activate the hippocampus and prefrontal cortex (PFC). In rats path finding can be assessed using the Cincinnati water maze (CWM) and in people using virtual city-scape maps. In both species these tasks activate the neostriatum (Jog et al., 1999; Hartley et al., 2003; DeCoteau et al., 2004; Botreau and Gisquet-Verrier, 2010; Delcasso et al., 2014). In combination with such behavioral evidence there are electrophysiological and neuropharmacological data in rodents that corroborate these relationships. These relationships form the foundation for animal tests that better correspond to those human brain functions identified in children after exposure to developmental neurotoxic agents.

Epidemiological data show that memory is affected in children from a number of developmental neurotoxicants (Grandjean and Landrigan, 2006, 2014; Vorhees et al., 2018), therefore, the correspondence between human findings and homologous brain structure-function tests in rats is a sound basis for better assessment and will provide leads for where to search for cellular effects. Unfortunately, most of the human epidemiological and animal behavioral data are disconnected. Importantly, the most frequently identified effects in children are for higher cognitive functions. They are not for urination frequency, salivation, ear twitch, whisker movement, paw placement, reaching, edge avoidance, muscle tone, foot splay, etc. Nor for surface righting, inclined plane, pivoting, bedding orientation, swimming ontogeny, wire hanging, auditory startle emergence, etc. Rather the effects are on complex forebrain functions. Most of the human effects are on learning, memory, attention, and executive functions. Rats can perform executive functions, sometimes in mazes, or using schedule-controlled operant conditioning. With operant methods, after training, rats can be put on complex schedules of reinforcement and assessed for discrimination, delayed matching, and delayed non-matching to sample, differential reinforcement of low rates of responding (DRL), vigilance, signal detection, delayed discounting, and others. However, these methods come with a cost. They require extensive training and extended testing. Moreover, there can be large inter-individual differences in performance that make analyzing group data using these methods challenging. Water mazes cannot assess all these functions, but for those they can assess they are much more efficient than operant methods.



HUMAN DEVELOPMENTAL NEUROTOXICITY FINDINGS

To see what functions are affected in children exposed to neurotoxic chemicals a literature review was undertaken (Vorhees et al., 2018). The literature review was not intended to be exhaustive but rather to identify the major behavioral effects for the best-known developmental neurotoxicants. The compounds were lead, methylmercury, manganese, pesticides, PCBs, PBDEs, bisphenol A, airborne particulates, cocaine, alcohol, marijuana, methamphetamine, and nicotine. For these compounds, the most frequently identified effects were cognitive. They include effects on memory, attention, spatial processing, learning, executive function, IQ, and increased rates of attention deficit hyperactivity disorder (ADHD). Less frequently effects were found on motor coordination, anxiety, and social function/cognition. Can rodents, model all these functions? Within limits, yes. To the extent this has not been done so far can be traced to how basic research labs operate compared with contract labs. Contract labs have more capacity than academic labs to test large numbers of animals. Up until now contract labs have not focused on rat-to-human comparability. Consequently, we find the field divided. At one end, basic research labs focus on discovery using sensitive tests that map to human traits using methods they often develop and at the other end, contract labs focus on standardized methods not based on brain structure-function relationships. We suggest that in a regulatory context a better way is to incorporate methods from neuroscience into contract lab studies with brain structure-function comparability as the guide to which tests to select. Some standardization might benefit academic laboratory comparisons as well. This change could strengthen cross-species comparisons and increase the reliability and validity of animal testing at predicting human developmental effects.



RECOMMENDATIONS

In the following, the authors offer suggestions on how regulatory DNT studies might be improved. The purpose is to stimulate discussion of how best to restructure DNT studies, so they better reflect the human data using brain-behavior relationships as a means for selecting rodent methods that parallel the domains most affected in children. However, what follows is not intended to be prescriptive but to stimulate discussion.

What tests have sufficient data to recommend them to meet this objective? In considering this there are practical and theoretical issues. The approach we suggest is not to pile on more and more tests. To do so runs the risk of making a DNT battery that is cumbersome, expensive, and impractical. Rather we argue for the selective rescission of some methods, streamlining test ages, and adding a few carefully chosen evidence-driven tests that provide better animal to human comparability.

As noted, epidemiological studies find most of the effects in children from neurotoxic exposures are on working memory, spatial memory, procedural memory, attention, i.e., ADHD-like behavior, and IQ. Tests suitable for assessing these functions in rats are numerous and include for working memory tests such as the radial-arm maze (RAM: appetitive or water), spontaneous alternation (Y- or T-maze), novel object recognition (configured for short-term retention), and contextual fear conditioning (which also taps amygdala function). For spatial learning and memory, tests include the MWM, the Barnes maze, some T-maze methods (Ferbinteanu, 2020), and novel object recognition (configured for long-term memory). For procedural/egocentric learning and memory, tests include the Cincinnati water maze (CWM) (Vorhees and Williams, 2016), Whishaw retrieval test (Whishaw and Maaswinkel, 1998), proximal cue water mazes, and cued T-mazes (Ferbinteanu, 2020).

Tests that might be reduced from the EPA DNT would be those assessing rudimentary functions, such as observational methods that rely on subjective ratings for attributes with no relationship to findings in children and have unknown neural substrates (Cory-Slechta et al., 2001). Automated open-field locomotor activity should be kept but reduced to one or two test ages. Acoustic startle should be kept but changed to include prepulse inhibition of startle to obtain more information for essentially the same test time it takes to run startle habituation and reduce the number of test ages. Other than removing observational methods, most of the streamlining would be through reducing some of the pre- and peri-weaning testing. What is the basis for this recommendation?

What is the value of early assessment in a DNT regulatory context? If one is modeling children, early assessment may be viewed as modeling child development. There is no question that early testing in children is valuable. The question is whether that value translates equally to animals. There are limitations to the comparison between rats and humans for early assessments. First, an early effect in animals may be transient, and not an enduring effect. If it is a transient delay that returns to normal without consequence, then it has no probative value; in fact, it is counterproductive because it uses resources that could be used elsewhere. If the delay continues and is present in adults, then it added nothing to hazard identification since it occurred in the animals as adults. Second, since DNT exposure is pre- and postnatal up to weaning, preweaning testing is done while the compound is on-board. This makes it difficult to determine if effects are acute or enduring. Since the goal of regulatory DNT testing is to determine if there are long-term consequences, effects from concurrent compound exposure complicates interpretation.

Why are early tests done in developmental epidemiological studies? Much of the data on the detrimental effects of lead, for example, were obtained from prospective studies of children and these data were of great value because they were uncovered long before the children reached adulthood. Because of this steps were taken to restrict and later eliminate consumer exposure to lead. Lead adversely affects child development at all stages but in different ways and therefore different age-appropriate tests and interventions were undertaken. But it takes decades to conduct longitudinal studies in children, and it would be a lost opportunity not to evaluate them until they are adults. Second, cognitive abilities change over the course of development. Different abilities appear at different ages and some require later stages of brain maturity before they can be assessed. There are cognitive abilities that children (and young rats) cannot master until later in life, testing for that ability before it is developed is ineffective. While children can learn more than once thought, some of the tests developed to ascertain these early capacities have no homologous method in rodents. The FDA supports the view that early testing with drug on-board is not relevant to risk assessment when it comes to determining long-term neurotoxicity. If an early effect is found from a new drug but disappears later, little weight is placed on it. If an effect is not found early but appears later, it is a concern. If effects are found early and late, the late effect is used for risk determination.

Why does the EPA DNT require multiple early test ages and one when the animals are adults? Perhaps it is left-over from when the field expected that early tests would predict adult outcomes. However, this is not what decades of studies using preweaning testing found. As a result, few academic laboratories use the rudimentary early tests, such as surface righting, air righting, inclined plane, cliff avoidance, pivoting, coordinated walking development, auditory startle emergence, etc., because these tests proved to be poor predictors of later outcome.

Several tests of learning and memory were mentioned above, leading to the question of, how well do young rats learn tests such as the MWM, CWM, or RAM? Young rats can learn the MWM if the pool is small and the platform large, but even then the learning curve is often shallow if the rats are under 25 days of age (P25) (Schenk, 1985; Rudy et al., 1987; Rudy and Paylor, 1988; Tonkiss et al., 1992; Carman et al., 2002; Vorhees and Williams, 2014). Since spatial difficulty in a search task is a function of search area relative to target area it is easy to configure a maze with a small surface to platform ratio that young rats can learn, but the question becomes, what strategy are they using, is it spatial or non-spatial? There are data showing that when the ratio of pool to platform area is small, rats use non-spatial strategies (Braun et al., 2015). This can become a problem if rats use a non-spatial strategy and the experimenter does not realize it and mistakenly interprets it a spatial deficit. It is safer to use mazes that are large enough to avoid such problems. Rats become proficient at spatial searching tasks by P50. Pool diameters for adult rats of 183 cm diameter are suitable, but diameters 200–213 are preferable, and larger ones of 244 cm are even more sensitive to spatial impairments in rats with 10 cm diameter or smaller platforms; pool sizes of 150 cm and smaller in rats, while they show learning, are subject to non-spatial strategies (Schenk, 1985).

For the CWM, when run in complete darkness to prevent use of distal cues thereby forcing rats to use internal (egocentric) cues, cannot be learned before P40. Even when the maze is simplified to 5 or 6 multiple Ts rather than 9–10, young rats find the task difficult and some never learn it. This test works best at P50 or older.

The change in perspective we suggest is overdue in regulatory studies. The outmoded idea that if a test battery has “a” test, any test, of learning and memory then that is sufficient to cover learning and memory is incorrect. This view is slowly changing but it remains in some quarters including by some regulatory bodies. Many neurotoxicity test batteries have a single test of learning and memory. Sometimes the same test is given twice or a simpler one is used in young animals and somewhat more challenging one in adults. Discussions about EPA DNT guidelines have not addressed this issue. We suggest that three tests, one for each type of learning and memory is needed and well-justified by decades of neuroscience research.

The future of in vivo rodent DNT guidelines should scale-back current preweaning tests. They are less productive, subjective, and not predictive. Testing should start at P50-60 with the following tests: (1) automated open-field locomotor activity, (2) startle with prepulse inhibition (acoustic or tactile pulses with acoustic or light prepulses), (3) a test of working memory, (4) a test of spatial learning and reference memory, (5) a test of egocentric/procedural learning, and (6) a test of attention; the latter may be part of one of the tests of learning and memory. The requirement to include males and females balanced by litter is essential and all data should be analyzed with sex as a factor, not by separate analyses on each sex.

For these types of memory systems, we suggest a RAM (appetitive or water) for working memory, or spontaneous alternation, short retention interval novel object recognition, or MWM using a matching to sample method, but not passive avoidance. The key to a good working memory test is that responses are trial-dependent, i.e., after a choice, the next choice depends on memory of the one preceding it. For mazes there are advantages of swimming tasks compared with those that are appetitive (Kant et al., 1988). For spatial learning/reference memory we suggest the MWM with a probe trial 24 h after the last platform trial to test reference memory. We favor conducting the test in phases to assess spatial navigation and cognitive flexibility (an executive function) because there are data showing that second and third phase procedures can unmask effects that may not be seen in the first phase (acquisition) (Pitzer et al., 2019). If one sets up the MWM, then with a little additional effort much more data can be gained by these subsequent phases. The phases we recommend are acquisition, reversal (platform in the opposite quadrant), shift (platform in a third, adjacent quadrant), and cued-random. The latter is a control procedure to ensure that rats see and can navigate directly to a visible platform when distal cues are blocked from view. For egocentric learning, we currently use the 10-T CWM, but we used the 9-T version for many years, and it works well. The CWM is best run in the dark. Rats are given 2 trials/day for 18–24 days. But before maze trials, it is necessary to train rats the day before by giving them 4 trials in a straight swimming channel (e.g., 15 × 244 cm). This can be run in the light with a submerged platform at one end and the start at the opposite end. Straight channel trials teach rats how to escape which is essential before they enter the maze. By timing latency to traverse the length of the channel, data are captured that reflect whether all groups are equal in swimming ability and motivation to escape. Without this training, failure rates in the CWM are high, which defeats the purpose of the test. When setting up the CWM, it is crucial that control rats be tested in pilot experiments to ensure they can learn it before running a major experiment. If failure rates among controls do not decline after 9 days, then something is amiss in how the maze is setup. In that case, it is advisable to seek advice. Alternatively, appetitive T-mazes can be used but only if appropriate protocols are used (Ferbinteanu, 2016).

Why do we recommend water mazes? Rats are natural swimmers and unlike mice will search assiduously, whereas mice often display off-task behaviors. Mice may float, display thigmotaxis, mount the platform then jump off, touch the platform then swim away, get on the platform, and jump toward the edge of the pool, fall back in the water, and start searching again (and should be removed immediately). Rats rarely do these things, but water escape is motivating, requires minimal (CWM) or no (MWM) training, unlike appetitive tasks that can require extensive training (Delis et al., 2016), and if configured properly rodents have excellent learning curves with intermediate slopes reflecting that the task is in the optimal, not-to-hard, not-to-easy, range. If properly conducted, all control rats reach proficiency in a few days (5–6 with 4 trials/day for the MWM, 2 days for the RWM, and 18 days for the CWM, 2 trials/day in the dark or 5 days when tested in the light). The only concerns expressed against water mazes is that they are stressful. While correct, so are appetitive tasks. Forcing rats to lose 15% of their body weight by food deprivation is also stressful. Foot-shock based tests, such as active and passive avoidance tests, are even more stressful but for some reason remain in widespread use without criticism, while water mazes that are less stressful than shock are criticized around stress. This view contradicts the evidence and is not credible. When it comes to swimming, the fact is that rats habituate to the swimming experience, and the stress it causes in the beginning, based on corticosterone measurements taken after removal from a MWM (Skelton et al., 2007), declines. Across test days, MWM performance improves, escape paths become more direct and efficient and trial times decline. An important factor mitigating stress in water mazes is the fact that locus of control is with the animal. As rats learn to escape, they become more efficient at swimming directly to the goal. This contrasts with the forced swim test (FST) where the task is designed to be stressful by placing the animal in a container from which no escape is possible. Removal of locus of control induces defeat or “behavioral despair” (Porsolt et al., 1978). It is confinement with no possibility of escape that induces the high corticosterone levels, not swimming to an escape platform. It may be that some concerns about water mazes stem from association with the FST, a test designed to induce stress that is not germane to solvable water mazes. Given that water mazes are not highly stressful, are sensitive, reliable, and efficient, they merit further consideration in regulatory testing guidelines.

For the CWM, it is ideally run in the dark. It is a multiple T-maze with 9 or 10 decision points, with each branch being a T-shaped cul-de-sac. It is a task of sufficient difficulty that some control rats reach the 2-min trial limit for the first 4–5 days. However, once the goal is found, performance improves steadily. The CWM is one of the few tasks able to differentiate striatal from hippocampal effects. Effective learning in the CWM is dopamine-dependent. We have tested compounds that impair performance in the MWM but not the CWM and vice versa or that cause more severe deficits in one compared with the other. Absolute separation is uncommon, but disproportionate effects are often seen, and there are reciprocal connections between the striatum and hippocampus that presumably account for such overlap (Ferbinteanu, 2020). We find this in rats with 6-hydroxydopamine striatal lesions. These lesions severely impair CWM learning but cause effects on MWM learning as well (Braun et al., 2012, 2015, 2016). In genetically engineered knock-out rats, in which latrophilin-3 is disrupted (the LPHN3 protein is expressed primarily in striatum and to a lesser degree in hippocampus) severe learning deficits are observed in the CWM that are more severe than in the MWM (Regan et al., 2020). Differences between the mazes are also found with drugs that deplete striatal dopamine more than 5-HT vs. those that deplete 5-HT more than dopamine. Dopamine-depleting drugs produce greater CWM than MWM impairments whereas predominantly 5-HT depleting drugs affect MWM performance more than CWM performance (Vorhees et al., 2011). That different water mazes measure different types of learning and memory mediated by different brain regions is an advantage that could be exploited to if used in regulatory studies.

When it comes to other tests, concerns arise about some of them. These include the water M-maze (and variants) and passive avoidance. The problem with M or other two-choice water mazes is that rats have strong side preferences, stronger than seen in dry T-mazes. Even if reinforced to the non-preferred side the turning bias is not neutralized and leads to errors of habit rather than from the process of learning. A second problem is that the cost of an error is too low in two-choice water mazes, such that no matter how many times a rat chooses the incorrect arm, it can correct the error quickly with no significant consequence from the mistake. Confinement in the incorrect arm helps, but a better solution is to use a complex water maze where turning bias is not an issue because the number of choice points dilutes turning bias background.

For passive avoidance, there are also concerns. First, is that the dependent measure is not an action but the absence of an action, i.e., the rat not crossing to the dark side. Rats may remain on the lighted side for many reasons, only one of which is related to memory. Other factors may be fear, heightened shock reactivity, hypoactivity, or failure to notice the divider door had opened. Passive avoidance data are highly variable, making error variance an issue that compromises test sensitivity. Trials to criterion compared with one-trial methods are better, but the data are still variable. If stress is a concern, foot-shock is the most stressful motivator of all. If there is a task where stress may interact with an experimental treatment, passive avoidance poses a greater risk confounding than mazes. Additionally, shock tasks need to include a test of shock threshold to ensure equal reactivity across groups, yet this is virtually never done in guideline studies. If the chemical changes shock thresholds, it is not possible to determine if a retention deficit is from impaired recall or a change in pain threshold. For these and other reasons the fact is that passive avoidance is insensitive. We tested rats in passive avoidance after developmental methamphetamine treatment. Developmental methamphetamine reliably impairs CWM and MWM performance, but passive avoidance is unaffected (Jablonski et al., 2015, 2017). Other tasks with some issues include appetitive RAM, spontaneous alternation, and novel object recognition. These tests can be used if done carefully but are not as robust as water mazes. One caution attends novel object recognition. If not carefully configured and test conditions not tightly controlled, the test is prone to variable results and for that reason may not be well-suited to regulatory studies.

The goal is to improve DNT and ANT test batteries. This should be a high priority to facilitate better translation of rodent data to humans. The focus should be on tests that assess homologous brain/memory systems across species. The field should abandon approaches and test ages because they are in guidelines written decades ago. Labs should urge regulators to accept better approaches and incorporate structure/function tests from above and seek regulatory permission to use them. It is time to rethink what is being done and use the epidemiological data from developmental studies in children from the past 40 years to improve animal guideline studies for safety assessment.

While the approach for drugs and food additives from FDA, EFSA (European Food Safety Authority), and EMA (European Medicines Agency) are different from those for pesticides and other chemicals under the jurisdiction of the EPA and OECD, all rely on animal data to assess hazard, and all need updating while high-throughput methods are under development. For the foreseeable future, rodent studies are the primary method of predicting human risk. Next in line are species such as the zebrafish; zebrafish can fill an important gap in the process by fitting between in vitro and rodent studies and thereby reduce the use of rodents. In the meantime, rat studies for DNT should not wait to be updated. We recommend that this be done using human neurodevelopmental epidemiological data to guide the choice of tests of higher cognitive functions. An example of what a cross-species set of tests might be like from children to rats to zebrafish is illustrated in Table 1.


Table 1. Human to rat to zebrafish tests assessing homologous functions.

[image: Table 1]



CONCLUSIONS

The future of neurotoxicology involves two areas: those for regulatory studies and those for basic research. Changes are needed for both areas but are most needed in regulatory neurotoxicity because current approaches are obsolete. The guidelines for ANT and DNT by EPA have not been significantly updated in >30 years and this has resulted in suboptimal data being submitted to the Agency. Therefore, changes are overdue at EPA and OECD (Makris and Vorhees, 2015; Vorhees and Makris, 2015). Unfortunately, the changes that are made by OECD with endorsement by EPA do not improve cognitive assessment, the area the human data show is the most often adversely affected. In fact, in the extended one-generation reproductive toxicity guidelines from OECD cognitive testing has been eliminated (Beekhuijzen et al., 2016) and this protocol is intended to replace the use of separate guidelines for developmental, reproductive, general, and neurotoxicity by rolling them into one large “everything” study. This represents a disconnect between human data in children and the goal of improving regulatory guidelines aimed at protecting children.

This dichotomy is moving regulatory guidelines in the wrong direction, reducing emphasis on neurocognitive assessments in contradistinction to the data from children harmed by compounds such as lead, and many others cited above. It runs contrary to what is known about the inherent vulnerability of the brain during development, something that has been firmly established by 50 years of research. Instead, cost and time considerations dominate deliberations about how to revise existing guidelines.

Another need is more attention to high throughput screening methods that rely on species such as zebrafish. We illustrated the wide range of attributes of zebrafish that make them a valuable tool for screening and basic research. The value of this model is increasingly recognized, and they should play a role in ANT and DNT screening.

The future of basic neurotoxicological research, we suggest, would benefit from a core set of standard behavioral methods that should also align with the findings from human studies, because they would facilitate investigations of the cellular and molecular mechanisms that underlie behavioral findings. At present, studies showing behavioral and cellular effects tend to be correlational and often these correlations are low because they are non-specific. Advances in molecular genetic tools will help, but help would also accrue to using tests that map to brain regions and circuits that mediate the behavioral effect observed in rats, e.g., MWM deficits and hippocampal/parahippocampal damage. As such research progresses, improved brain regional molecular and behavioral relationships will facilitate the development of AOPs suitable for use in high throughput in vitro systems. Hence, if the learning tests we suggest were incorporated, the cellular basis for behavioral effects could be advanced since effects on these mazes point toward the brain regions and pathways likely to be affected.

The future of neurotoxicology, lies in methods better aligned to human findings. We offer here our view on how this might be done in the hope that discussion of where the field should go will continue.
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Fear Laboratory temperament assessment Conditioned freezing Predator avoidance test
battery (Lab-TAB) Novetty suppressed feeding
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