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Abstract

:

Behavioral development occurs together with the development of the nervous system. Studies on mammals indicate that exposures to some chemicals during embryonic development at concentrations that do not produce anatomical malformations may nevertheless produce behavioral deficits later in life, an example of delayed effects. There have been reports of delayed effects in aquatic organisms. Delayed behavioral effects of mercury, chlorinated and other pesticides, polycyclic aromatic hydrocarbons (PAHs), and some synthetic hormones in the environment have been reported in fishes and invertebrates; in some cases behavioral effects are manifested years after the exposure. Another type of delayed behavioral effect results from exposure of mature females before fertilization (maternal exposure). Even when embryos and larvae are reared in clean water, offspring may manifest abnormal behaviors following maternal exposure. The reported behavioral changes are generally deleterious and compromise the fitness of the animal in its natural environment. Delayed effects and their impacts on fitness are not considered in standard short-term embryo bioassays, which will therefore underestimate neurotoxicity. The literature in the field is scattered and has not been reviewed. The objective of this paper is to review and synthesize what is known about delayed behavioral effects in aquatic biota.
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1. Introduction


Behavioral development is a result of the development of the nervous system. Studies on mammals showed that exposures to some chemicals during embryonic development at concentrations lower than those produce anatomical malformations may nevertheless result in behavioral alterations later in life [1]. The study of behavioral abnormalities resulting from embryonic toxicant exposures has been called “behavioral teratology”, and is an example of delayed effects. Behavior is a particularly sensitive response to environmental contaminants [2]. Exposures during certain stages of development may be particularly sensitive, though not many studies have examined this with respect to delayed effects. Observable differences in behavior may be found at concentrations of chemicals lower than those that affect biochemical biomarkers or physiology. Since behavior is a link between underlying physiological/biochemical processes and an animal’s ecology [3], it is a particularly important type of response for animals in the field. As it is likely to occur in nature it can have effects at the population and community level [4]. Since exposure to some chemicals during early life stages can produce behavioral changes that are manifested later suggests that standard toxicity tests, which are terminated shortly after hatching and do not examine behavior, underestimate the toxicity of various toxicants.



Behaviors that have been examined include locomotor activity, as well as more complex behaviors such as predator/prey interactions, reproductive and social behaviors, which are particularly likely to have ecological repercussions that could affect populations. The transition from dependence on yolk to feeding is a critical stage for larval stages of many animals [5]. The ability to capture food effectively and to avoid being eaten are literally matters of life and death for organisms in nature.



There have also been reports of transgenerational effects in which adults are exposed to toxicants and responses seen in their offspring. For example, in one (nonbehavioral) study, offspring of killifish or mummichogs, Fundulus heteroclitus fed mercury-contaminated food were less able to successfully reproduce and had altered sex ratios [6]. These delayed and transgenerational behavioral effects are the subject of this review, which focuses primarily on fishes. In recent years the zebrafish, Danio rerio, has become a favored model organism for early life toxicity studies because of knowledge of its genome. However, other species such as killifish (Fundulus heteroclitus), fathead minnows (Pimephales promelas), medakas (Oryzias latipes), and sticklebacks (Gasterosteus aculeatus) have been studied over a longer time period and it is important to understand effects on a variety of species with different life histories, behaviors, and ecology. It is likely that the majority of D. rerio studies have been motivated by considering the fish as a “model” organism (comparable to the laboratory rat), while many of the studies on other species have been motivated by interest in the aquatic environment and its residents.



In this paper, delayed behavioral effects of environmental chemicals on aquatic organisms are reviewed in Part One, and then potential underlying mechanisms are discussed in greater depth in Part Two. The majority of papers cited focus on fishes with relatively few covering invertebrates because of a paucity of such studies on invertebrate taxa.




2. Environmental Chemicals


2.1. Mercury


Metals released from mining and industrial processes are among the major contaminants in aquatic environments. Mercury, the most toxic, is also released into the atmosphere from burning coal, where it can be transported long distances before being deposited far from its source. Mercury and especially its organic form methylmercury (meHg) is particularly neurotoxic, so effects on behavior have been intensively studied. Mammalian studies indicate mercury is a behavioral teratogen [7]. In addition to numerous experimental studies in laboratory animals, there is epidemiological evidence. The town of Minamata Japan, where in the 1950s and ‘60s a factory discharged Hg into the bay from which people ate fish that had accumulated the contaminant, was a site of Hg poisoning of the human population. Prenatally-exposed individuals exhibited brain damage, mental retardation and/or psychomotor retardation [8]. There was a high frequency of cerebral palsy and other neurological problems in children, including those whose mothers did not exhibit symptoms. Some of their mother’s body burden of methylmercury (meHg) had been transferred through the placenta to the fetus, and symptoms appeared after birth. Minamata was a “wake-up call” that made people aware of the risks of eating fish with high mercury levels.



Studies have shown that mercury exposure of fish embryos can produce behavioral changes in larvae after hatching, even though the larvae are maintained in clean water. In some cases, the effects are temporary and disappear over time. Weis and Weis [9] examined behavior of mummichog or killifish (Fundulus heteroclitus) larvae after embryonic exposure to 5 and 10 µg/L meHg, concentrations lower than those that produced anatomical malformations in this species. Larvae were maintained in clean water. Prey capture ability of early larvae was impaired when they first began to feed, but after about one week after hatching the prey capture ability was comparable to controls, showing that this effect was temporary. Authors speculated that the exposure may have caused a retardation of neurological development that was subsequently compensated for, and therefore no long lasting effects were produced. Larvae that had been exposed as embryos were also more susceptible to predation by grass shrimp (Palaemonetes pugio) or adult mummichogs [10]. Larvae that had been exposed to meHg as embryos generally had increased activity levels, which could serve to attract a predator resulting in increased susceptibility to capture [11]. Exposure of larvae themselves to meHg was relatively ineffective in producing behavioral changes, but after exposure of both embryos and larvae, effects on prey capture were greater than embryonic exposure alone [12]. Larvae from parents taken from a Hg-contaminated site were more resistant to the effects of meHg exposure [13]. Social behavior, in terms of incipient schooling, was also impaired in larvae that had been exposed to meHg as embryos [14]. When maintained in groups, these larvae had a greater frequency of collisions (bumped into each other more often) than controls. This response also disappeared by four weeks after hatching, indicating that the effect was reversible.



In contrast, Samson et al. [15] exposed zebrafish (Danio rerio) embryos to 0, 5, 10 or 15 µg meHg/L for varying amounts of time. Larvae were kept in clean water. Continuous embryonic exposure to 15 µg/L resulted in delayed mortality: by day 3 post-hatch, activity was reduced; by day 5, post-hatch larvae were moribund with faint heartbeat, edema and vertebral flexures. Most embryos were dead by Day 6 post hatch. Shorter embryonic exposures (24-hours) to 15 µg/L caused reduced activity and impaired prey capture; by day 4 ph, larvae showed signs of delayed mortality. Continuous exposure or exposure during only the last 24 h of development to 10 µg/L reduced activity, which did not improve. Prey capture was impaired after continuous embryo exposure to 10 µg/L, even after four days in clean water. Single-day embryonic exposures to 10 µg/L did not affect activity or prey capture of larvae, however, showing that shorter exposure periods caused less severe effects. Thus, in contrast to the mummichog experiments, the delayed effects seen here did not appear to be reversible. This was supported by reports that adult zebrafish that had been exposed to as little as 0.01 μMmeHg as embryos showed decreased learning ability [16,17]. Learning was studied in adults (4 months after developmental exposure) using food delivery on alternating sides of the aquarium. Low concentrations of meHg (<0.1 µM) delayed learning, while fish exposed to higher concentrations were unable to learn the task.



Alvarez et al. [18] fed adult female Atlantic croaker meHg-contaminated food at three levels for one month. Fish were then induced to spawn and meHg levels in the eggs were measured. Behavioral performance of maternally-exposed and control larvae was measured at different developmental stages: end of yolk absorption, end of oil absorption, and 4 and 11 days after oil absorption. Behaviors analyzed included survival skills related to foraging and predator evasion: routine behavior (rate of travel, active swimming speed, activity) and startle response to a visual and a vibratory stimulus (responsiveness, reactive distance, response distance, response duration, average response speed, and maximum response speed). Maternally-transferred meHg impaired these behaviors, which were considered survival skills, since they relate directly to feeding and to predator avoidance.



Fjeld et al. [19] found long-delayed effects of embryonic meHg exposure. Embryos of grayling (Thymallus thymallus) were exposed to meHg during the first 10 days of development. Three years later impaired feeding efficiencies and reduced competitive abilities were found in fish from groups which had accumulated Hg > 0.27 µg·g−1. Exposed fish were 15%–24% less efficient than controls. In competition experiments, controls captured 2–6 times as many prey as fish exposed as embryos three years prior to the analysis. Therefore, the authors concluded that embryonic exposures caused some irreparable alterations in the brains of the fish, since effects were seen long after exposure. The concentration of 0.27 µg·g−1 Hg, which appeared to be a threshold for this effect, can be found in eggs of piscivorous fishes in lakes with substantial atmospheric deposition of Hg.




2.2. Other Metals


While lead (Pb) is a well known neurotoxicant, there are relatively few studies on delayed behavioral effects of this metal on aquatic organisms. Rice et al. [20] exposed newly fertilized zebrafish embryos to lead (as PbCl2) at 0, 10, or 30 nM for 24 h. They then tested larvae at 168 h post fertilization for response to a mechanosensory stimulus (taps on the tank) and recorded the startle response. Larvae responded in a concentration-dependent pattern for latency (time lag) to react, maximum turn velocity, time to reach Vmax and escape time. At higher exposure concentrations, more larvae failed to respond or stopped responding before control larvae. When fish exposed as embryos became adults, they were tested for visual responses to a rotating black bar. Visual responses were significantly reduced after embryonic exposure to 30 nM.



Decreased pH in freshwater was a concern in previous decades due to acid rain, and numerous studies of effects of this environmental problem were performed [21]. Acidity mobilizes aluminum from soils, where it is a natural constituent and not a pollutant. The combination of low pH and accompanying aluminum in freshwater can impair the development of gill Na+, K+-ATP-ase, (the enzyme primarily responsible for osmoregulation) and thus salinity tolerance, which is essential for salmon to develop before migrating to saline waters [22]. Exposures as short as 12 h to relatively mild acidity (pH 5.2, 31 mg·L−1 aluminum) can compromise salinity tolerance [22]. Atlantic salmon (S. salar) smolts (the stage that begins to migrate downriver) released into an acidic river in Norway often had no adult returns and had only one-tenth the returns of smolts transported to and released at the mouth of the river or in a nearby limed river [23]. These return rates were strongly correlated with the effect of acidity on gill Na+, K+-ATPase activity and osmotic balance of fish held in cages at the different sites. Therefore, the smolt stage appears to be particularly sensitive to acid rain and other pollutants. By affecting the development of salinity tolerance, migration to the sea can be impaired, although whether this impaired migration is a “behavioral effect” might be questionable.



Tributyltin, formerly commonly used in anti-fouling paints on ships, is a well-known and potent androgenic endocrine disruptor, with mollusks being the most sensitive taxonomic group. Fish are also sensitive. In addition to its androgenic effects, TBT has been shown to have delayed (transgenerational) behavioral effects. Japanese medaka (Oryzias latipes) were fed daily [24] on diets containing tributyltin (TBT), polychlorinated biphenyls (PCBs), a combination of TBT and PCBs, or a control diet with nothing added. Contaminant doses were 1 μg/g body weight per day for 3 weeks. In addition to adverse effects on reproductive success of these adults, TBT significantly reduced embryo and larval survival in eggs from females from the TBT diet, indicating transgenerational toxicity. The percentages of larval swim-up behavior in TBT-treated groups were significantly lower than those of controls, and hatched larvae exhibited erratic swimming or lack of activity. PCB produced similar but less severe effects compared to TBT. With both TBT and PCB exposures, additive effects were found on spawning success but effects on success of eggs and swim-up behavior of larvae were antagonistic.



Powers et al. [25] exposed zebrafish from 0 to 5 days post-fertilization (embryos plus early larvae) to different concentrations of silver to assess effects on embryonic development. They then tested whether lower concentrations altered larval behavior and subsequent survival. Concentrations ≥ 3 µM reduced embryonic survival, while 1 µM delayed hatching but did not affect survival. Concentrations as low as 0.1 µM delayed inflation of the swim bladder and impaired swimming activity, which persisted past the time when swim bladders inflated.



Steele [26] found that 72-hour embryonic exposures of sea catfish (Arias felis) and sheepshead (Archosargus probatocephalus) to copper initially caused hyperactivity and altered the frequency and degree of turning. However, after one week in clean water exposed fish of both species showed extreme hypoactivity, which was the opposite of the behavior shortly after exposure and different from that of control fish. Delayed effects of copper exposure on orientation exacerbated the abnormal turning behavior seen immediately following exposure.




2.3. Pesticides


Dichlorodiphenyltrichloroethane (DDT) is a chlorinated organic pesticide. For years it was the most popular pesticide in the world because it could kill hundreds of different kinds of insects and was relatively stable so that a single application could continue to kill insects for a long time. Its environmental persistence and its toxic effects on non-target organisms eventually led to its banning in most countries in the 1970s. Because of its persistence, it remains in aquatic sediments and continues to cycle through ecosystems decades later. It is toxic to aquatic organisms, including fish that were frequently killed by agricultural spraying. At lower concentrations it can cause behavioral effects, including developmental neurotoxic effects. Parental exposure to DDT (2.0 or 10.0 µg per 100 g fish per day in the diet for 1 month) affected behavior of larvae of Atlantic croaker, Micropogonias undulatus produced by these adults [27]. Responses of larvae to separate visual and vibratory stimuli, as well as routine swimming activity, were quantified using motion analysis equipment. The proportion of larvae responding to a vibratory stimulus, burst and routine swimming speeds, duration of activity, and pause duration were affected by parental exposure. Burst speeds in response to the visual stimulus were lower than in controls. These changes may decrease survival by increasing predation rates on the larvae and/or decreasing their feeding rates.



There have been some studies on newer types of pesticides that are more specifically targeted to insect biology. Diflubenzuron (Dimilin®) is a chitin-synthesis inhibitor and as such, is likely to affect crustaceans as well as insects, since both have chitin in their cuticles and both molt their cuticles. But effects of this chemical on crustaceans are not limited to effects on the molt cycle. Photobehavior of grass shrimp (Palaemonetes pugio) larvae was altered after they had been exposed as embryos to 0.3 μg L−1 of [28]. Exposed shrimp had strongly negative responses and avoided high and low light intensity, while controls had positive phototaxis at high light intensity. The depression of positive phototaxis and increase in negative phototaxis was greatest at 0.5 μg·L−1. Reversals in phototactic responses were observed when embryos were exposed at different stages of development. Altered phototaxis could alter the maintenance of proper depth in the water column, which is important for larval retention in an estuary. The swimming pattern and velocity of larval grass shrimp were also altered by embryonic diflubenzuron exposure [29]. Low concentrations (0.3 µg L−1) increased the swimming speed of the larvae, while higher concentrations decreased it; this may be a hormetic response. Hormesis is a phenomenon in which lower concentrations of a chemical have “positive” effects (e.g., greater speed), but higher concentrations have “negative” effects [30]. Larvae with higher exposure tended to be found lower in the water column than controls.




2.4. Polychlorinated Biphenyls (PCBs) and Dioxins


Chemically related to DDT, PCBs and dioxins are also chlorinated hydrocarbons. Unlike DDT, they were not sprayed in the environment, but due to their stability, non-flammability, and insulating properties, PCBs were used in hundreds of industrial processes, some of which are electrical, heat transfer, and hydraulic equipment. They entered the environment accidentally during their manufacture and use, and because of their persistence, still remain in aquatic sediments decades after their use has ceased. McCarthy et al. [31] examined effects of PCBs (Aroclor 1254) on Atlantic croaker (Micropogonias undulatus) larvae. Adult fish were given a dietary administration of 0 (control) or 0.4 (dosed) mg Aroclor 1254 kg−1 fish d−1 for 2 weeks during the final stages of gonadal recrudescence. Fertilized eggs collected from control and dosed adults immediately after spawning contained 0 and 0.66 µg Aroclor 1254 g−1 egg, respectively. Growth of exposed larvae was significantly lower than that of controls, with dosed larvae showing a 4 days delay in attaining the same size as control larvae. Behaviors examined were routine swimming speed and activity and the response to a startle (transient vibratory) stimulus. Routine swimming speed and activity were similar for both groups, but there was a difference in response to the stimulus. The percentage of control larvae responding to the stimulus and their burst speeds increased with age, but no such increase was found in dosed larvae. Therefore, authors concluded that environmentally realistic body burdens of Aroclor 1254 transfer to the eggs, reduced larval growth and impaired their startle responses (a “survival skill”), which could make them more susceptible to predation. This has major implications for survival in the wild.



Dioxin (2,3,7,8, TCDD) is a persistent contaminant that is very toxic at very low concentrations. It is considered one of the most toxic halogenated hydrocarbons. It was never manufactured on purpose, but is a byproduct of manufacture of some herbicides, and is produced by burning plastics and in paper mills. Fish embryos are particularly sensitive and develop anatomical deformities including craniofacial defects. Zebrafish embryos were exposed to 25, 50, or 100 pg/mL (note units are pg rather than the usual ug or ng) for only one hour at 4 h post-fertilization then raised in clean water for 21 or 90 days [32]. In 21-day larvae that had been exposed to 50 or 100 pg/mL, the lower jaw was reduced in size by 5% and prey capture was reduced by 10%. Despite effects being minor, they occurred after only one hour of exposure during early embryonic development. This experimental design of brief exposures could have led to an investigation into sensitive periods, but since they did not do 1-hour exposures during other stages of development, they could not gain insight into sensitive periods. The decreased feeding could have been due to the reduced size of the jaw rather than neurobehavioral mechanisms. However, feeding ability was also reduced in larvae without malformations of the jaw. Similarly, Fundulus heteroclitus exposed to TCDD or to PCB-126 at concentrations that did not cause anatomical malformations captured 20%–40% fewer prey, a substantial reduction [33,34].



Marit and Weber [35] exposed zebrafish larvae between 48 and 96 h post fertilization to 1, 0.1, or 0.01 ng/L TCDD (or DMSO solvent control 0.005%), then raised them in clean water for 90 days. Exposed fish had equal survivability, no significant increase in gross deformities and no change in cytochrome P450 1A (CYP1A) activity. However, critical swimming speed and dorsal aorta diameter were significantly decreased in TCDD-exposed fish at 90 days. Furthermore, whole body triglycerides were significantly elevated in TCDD-exposed fish both before and after swim testing. Sublethal exposure during development caused a persistent decrease in swimming endurance. The cause of the persistent decrease in swimming endurance was not known, but authors felt it may be related to behavioral adaptations limiting swimming capabilities, failure to mobilize triglyceride stores, reduced blood flow to the periphery, or a combination of these factors.




2.5. Contaminants of Emerging Concern: Flame Retardants


Polybrominated diphenyl ethers (PBDE) are commonly used as flame retardants in furniture and other household products. They are of environmental concern because in aquatic environments they leach out and are persistent and lipophilic and likely to accumulate in sediments and to biomagnify up food webs. High levels have been detected in wildlife. These chemicals are known to be endocrine disruptors, especially of the thyroid gland, which is closely associated with behavior and development of behavior [36]. Juvenile F. heteroclitus that had been exposed as embryos to the PBDE mixture DE-71 performed poorly in a maze, indicating impaired cognitive ability [37]. Garcia-Reyero et al. [38] exposed zebrafish embryos (Danio rerio) 4 h–8 days post-fertilization to sediments spiked with brominated diphenylether (BDE)-209, another flame retardant. The larvae accumulated the chemical. Although larvae did not have visible changes in motor neuron or neuromast development or on thyroid function, they did exhibit abnormal behavior, indicating (again) that behavior is a more sensitive response. Using video tracking software, they found that fish exposed to 13.7 mg/kg sediment exhibited increased swimming velocity and distance compared to controls, while those exposed to 20 mg/kg showed decreased velocity and distance compared to controls. This appears to be another example of hormesis, a fairly common phenomenon in toxicology [30]. Altered locomotion has also been observed in offspring of adult zebrafish exposed to BDE-209, indicating intergenerational transfer to progeny of exposed fish [39]. Parental BDE treatment led to delayed hatch and delayed motor neuron development, which was associated with slower locomotion under normal light conditions but hyperactivity after changing light/dark photoperiod stimulation.




2.6. Contaminants of Emerging Concern: Pharmaceuticals and Personal Care Products


Pharmaceuticals get into the aquatic environment because they are not removed by current technology in sewage treatment plants [40]. While only low concentrations (low ng/L) are found in the environment, pharmaceuticals are designed to produce effects at very low concentrations, and it is not surprising that they affect aquatic biota such as fishes as well as humans, since they have similar biology. Effects in fish in the laboratory have often been shown to be similar to effects in mammals. Some pharmaceuticals found in the environment are synthetic hormones, such as birth control pills. Those pharmaceuticals related to reproduction may have delayed effects on reproductive behavior in resident species [41]. Ethinyl estradiol (EE2) exposure of juveniles can have delayed effects. Maunder et al. [42] exposed juvenile sticklebacks (Gasterosteus aculeatus) to 1.75 ng·L−1 and 27.7 ng·L−1 EE2 for 4 weeks post-hatch and reared them in clean water until they matured. Exposure to the higher concentration caused the occurrence of ovotestis in males, which had less intense nuptial coloration (the bright colors that males develop in the breeding season), and built fewer nests, in which fewer eggs were deposited. The group exposed to 1.75 ng·L−1 also built significantly fewer nests than controls but did not develop an ovotestis, indicating that the behavioral response of nest building was more sensitive than anatomical changes.



Parental exposure to some pharmaceuticals can produce behavioral changes in the offspring. Adult zebrafish were exposed for 6 weeks to 10 μg·L−1 of carbamazepine (CBZ, an anticonvulsant and mood stabilizer) or gemfibrozil (GEM, which lowers lipid levels), and embryos were reared in clean water until sexual maturity and then assessed for reproductive output and behavior [43]. Male F1 had greater reproductive effects than females. When a control F1 male was crossed with a F1 female whose parents were CBZ or GEM exposed, there were no differences in embryo production compared to controls. However, when a control F1 female was crossed with either a CBZ or GEM F1 male, 50% fewer embryos were produced. Both CBZ and GEM F1 males had reduced courtship behavior [43], but the specific deficits in courtship displays were drug specific.



Antidepressants are commonly detected in wastewater and in the aquatic environment. Since these are designed to modulate neurotransmitters (serotonin, dopamine and norepinephrine), aquatic animals that take up the chemicals into their nervous systems and have receptors sensitive to activation by these chemicals are likely to be affected [44]. The most widely prescribed antidepressants are selective serotonin uptake inhibitors (SSRIs) including Prozac (fluoxetine), zoloft (sertraline), and venlafaxine. Both mammals and teleost fish exhibit a close relationship between the brain neurotransmitter systems and the hypothalamic-pituitary-interrenal axis (the teleost equivalent of the hypothalamic-pituitary-adrenal axis). Fathead minnows (Pimephales promelas) exposed as embryos to fluoxetine or venlafaxine and maintained in clean water for 12 days posthatch, had impaired C-start escape, as analyzed by high-speed videos [45]. The C-start is a reflex that involves a extensive bending of the body into a C-shape, followed by an explosive burst of high-speed locomotion away from the threat stimulus. On the other hand, larvae exposed for 12 d posthatch did not exhibit altered escape responses when exposed to fluoxetine, but were affected by venlafaxine and bupropion exposure. Mixtures of these four antidepressant pharmaceuticals slowed predator avoidance behaviors in larvae regardless of the exposure window. The impacts of reduced C-start performance are likely to be increased mortality by predation, with obvious ecological relevance.



Fong and Ford [46] reviewed recent studies on the effects of antidepressants on mollusks and crustaceans and showed that molluscan reproductive and locomotory systems are affected by antidepressants at environmentally relevant concentrations. Antidepressants affect spawning and larval release in bivalves and disrupt locomotion and reduce fecundity in snails. In crustaceans, antidepressants affect amphipod activity patterns, photo- and geotactic behavior, crayfish aggression, and daphnid reproduction and development. They did not specifically cover delayed effects, but noted that many dose response curves showed effects at low concentrations but not at higher concentrations, and suggested that future studies test a broader range of concentrations.



Serotonin and dopamine regulate locomotion in mollusks. Newborn cuttlefish (Sepia officianalis) were perinatally exposed to fluoxetine (1 and 100 ng/L) and behaviors were subsequently assessed. Efficiency at striking at prey was reduced at 1 ng/L. Perinatal exposure at both concentrations led to significant changes in memory processing. To evaluate learning and memory, they used a “prawn-in-the-tube” procedure in which a shrimp (prey) is placed inside a glass tube to determine whether cuttlefish learned to inhibit their predatory behavior because of pain when their tentacles hit the glass tube. Exposed animals at both concentrations had impaired learning abilities and those exposed to the higher concentration had reduced memory retention [47]. Hatchlings exposed to 1 ng/L showed a decrease in camouflage and an increase of sand digging behavior, which might make them more visible to predators in nature. When tested again two weeks later, however, they seemed to have recovered and behavioral alterations were no longer observed—showing a transitory effect of the antidepressant [47].




2.7. Oil and Hydrocarbons


Petroleum hydrocarbons (including a great number of both linear alkanes and polycyclic aromatic hydrocarbons, PAHs) have been a long-standing problem in the marine environment due to oil spills and the resultant mortality of large numbers of birds and marine mammals. Following the Exxon Valdez oil spill in Prince William Sound, Alaska, 260,000–750,000 barrels of crude oil were released into the environment. The oil spread over more than one thousand miles of coastline, and pockets of oil remained sequestered in places where degradation was inhibited, such as subsurface sediments or under mussel beds. When exposed to the air, oil undergoes a process called “weathering”, in which some volatile components evaporate and some components are degraded by sunlight or microbes. The chemical composition and physical characteristics of the oil change due to these processes. The sequestered oil does not weather, and weathered oil can still be toxic.



The spill occurred in March, coinciding with the breeding season for a number of species. Many studies were performed on effects of the oil on fish embryos, as many species were undergoing embryonic development at the time of the spill. Heintz et al. [48] incubated pink salmon Oncorhynchus gorbuscha embryos under three conditions: direct contact with oil-coated gravel, effluent from oil-coated gravel, and direct contact with gravel coated with very weathered (many months) oil. Mortalities and PAH accumulation in both direct-contact and effluent exposure experiments were not significantly different, indicating that PAH accumulation was mediated by aqueous transport. Delayed effects were noted [49]. Pink salmon that were exposed to 5.4 μg·L−1 PAHs as embryos had decreased marine survival compared to unexposed salmon. A delayed effect on growth was found in juveniles that survived embryonic exposure to doses as low as 18 μg·L−1 PAH. Reduced growth could account in part for the reduced marine survival of the released fish, since smaller fish are more vulnerable to predation than larger ones. Years later, the same team investigated CYP1A induction, survival and other responses that continued long after exposure to determine delayed impacts [50]. Survival was assessed at eyeing and emergence, and periodically for the next 5 mo. Emergent fry were examined for gross and cellular abnormalities, then grown for 5 mo in clean water to measure delayed impacts on growth. Growth was considered an integrator of intermediate and long-term delayed responses because failure to grow rapidly reduces marine survival. Results from a series of experiments demonstrated that CYP1A induction is related to a variety of lethal and sublethal effects including poorer marine survival, reduced growth and abnormalities. The lowest observed effective aqueous concentration of total PAH that caused physiological responses, including reduced size 6 mo after exposure ended (<0.94 μg·L−1 ), was less than the lowest concentration that caused significant CYP1A induction (<3.7 µg·L−1). Although this was not a study of behavioral effects per se, it is a comprehensive and multi-faceted study of long-term delayed effects that may be associated with behavior (reduced growth can be a result of reduced feeding), so is included here.



To examine toxicological effects of heavy oil (HO, oil with high viscosity and density) Kawaguchi et al. [51] performed embryonic exposure experiments and morphological and behavioral analyses in pufferfish (Takifugu rubripes) larvae. Fertilized eggs were exposed to 50 mg·L−1 of HO for 8 days then transferred to clean seawater before hatching. The hatched larvae were observed for their swimming behavior and morphology. Exposed larvae appeared normal but exhibited an abnormal swimming pattern and structurally disorganized midbrain, which controls movement. These results suggest that the abnormal midbrain structure may alter normal swimming behavior in HO-exposed fish.



Effects of individual PAHs can also be studied. Coho salmon (Oncorhynchus kisutch) that were exposed to benzo[a] pyrene at either 24 h post-fertilization or 1 week prior to hatching had reduced ability to swim upstream after hatching [52].





3. Discussion of Possible Mechanisms


Effects of contaminant exposures on complex behaviors are due to underlying effects on the nervous and endocrine systems. Effects of pollutants on behavior are likely caused by interference with these systems, including neurological development, neurotransmitters, and sensory receptors. Chemoreception, especially olfaction, as well as vision and hearing are important senses that can be impaired by contaminants [53]. In addition, many behaviors are affected by the endocrine system, which is very sensitive to environmental contaminants. Many anatomical, physiological, and pathological effects (e.g., cancer) of exposure to endocrine disruptors at early life stages also do not manifest themselves until much later in life [54]. These possible mechanisms are expounded on below.



3.1. Neurotransmitters and Brain Development


Brain neurotransmitter levels and enzyme functions are related to behaviors, so it is likely that altered neurotransmitters induced by toxicants will result in altered behaviors. One of the most common indicators of altered neural function is altered acetylcholinesterase (AchE) in the brain. AchE breaks down the transmitter acetylcholine after it diffuses across the synapse in cholinergic neurons. Organophosphate pesticides inhibit fish AchE, as this is their “mode of action”, as do many carbamate pesticides [55]. Embryonic exposure to organophosphate pesticides (diazinon, chlorpyrifos, and parathion) produced changes in mobility of larvae of zebrafish, associated with changes in AChE [56].



Alterations in dopamine and/or serotonin have been seen in contaminant-exposed fish, but levels are not consistently increased or decreased. Killifish (F. heteroclitus) after mercury exposure or collected from polluted sites, which had reduced activity and prey capture, also had reduced serotonin in their brains [57,58]. In contrast, Gulf killifish (F. grandis) showed decreased dopamine and norepinephrine after exposure to PCBs (Aroclor 242), along with greatly increased activity levels, but no change in serotonin [59]. Yu et al. [60] found that 10, 100 and 1000 ng·L−1 TBT reduced prey capture by Sebastiscus marmoratus and altered neurotransmitters. Dopamine levels in the fish brains increased in a dose-dependent manner and 5-hydroxytryptamine (serotonin) and norepinephrine levels decreased in TBT exposed fish compared to controls. Embryonic exposure of zebrafish to the pesticide chlorpyrifos, which decreases dopamine and serotonin in D. rerio larvae [61] caused a reduction in subsequent spatial discrimination and learning ability [62].



Contaminant-induced changes in brain development can cause behavioral alterations. Changes in sensory motor brain anatomy were associated with reduced activity and delayed escape responses in D. rerio after exposure to phenyl-cyclopropylamine (PCPA) [63], lead [64], and trimethyltin [65]. Changes in brain development can be linked to decreased learning ability. Embryonic exposure of D. rerio to meHg caused a reduction in cell body density in the telencephalon, which reduced learning ability at four months of age [16]. Using a quantitative stereological technique, Hill et al. [66] showed that TCDD substantially reduces the capacity for embryonic brain development in zebrafish, causing a 30% reduction in total neuronal number in the brain of 168-h old larvae. Using transgenic GFP-expressing zebrafish lines, they linked this to decreased expression of key developmentally regulated genes, namely neurogenin and sonic hedgehog. This disruption of neuronal development was considered to provide the basis for understanding the neurotoxic and behavioral effects of these compounds. In these studies, effects were seen specifically in the anatomy of the developing nervous system; these would be expected to produce permanent behavioral deficits.



In contrast, a common general response of fish embryos to low concentrations of contaminants is a general retardation of development [67]. If larvae that were exposed as embryos are not as mature as controls, it is likely that their behaviors such as feeding and predator avoidance would be poorer than controls. But one might also predict that they could catch up with controls and that the behavioral deficits would not be permanent. Such responses were seen with methylmercury in killifish [9,14].




3.2. Sense Organs


The olfactory system of fishes is open to the environment and particularly sensitive to metals including Hg [68], although inorganic Hg and meHg localize in different parts of the olfactory system. Many metals directly enter the olfactory system where they can disrupt normal function [69]. By accumulating in and damaging cells of the olfactory system, toxicants can disrupt transmission of information from olfactory lobes to higher levels of the brain. Olfactory receptor neurons can be a transport route of contaminants to the olfactory bulbs and the brain, with resulting effects on the functioning of the nervous system. Cadmium appears to move along olfactory neurons by axonal transport [40]. Some studies have shown a connection between altered behavior and altered olfactory system. Rehnberg and Schreck [70] showed reduced avoidance of the amino acid L-serine (a potent odor to fish) by coho salmon (Oncorhynchus kisutch) exposed to copper and mercury. Hg but not Cu inhibited serine binding to the olfactory epithelium. Cu produced morphological lesions in olfactory, taste, and lateral line receptor systems of juvenile coho salmon (Oncorhynchus kisutch), and 30 min exposure to 20 µg·L−1 Cu reduced the olfactory response to a natural odorant (10−5 M L-serine) by 82% [71]. Embryonic copper exposure caused olfactory disruption in fathead minnows (P. promelas) which subsequently impaired discrimination between control and alarm substance in a maze [72]. Exposure to Cd caused cell death in the olfactory epithelium and changes in sensory cells, which were linked to altered aversion behavior in zebrafish larvae [73]. It is possible that when fish are maintained in clean water that olfactory neurons will regenerate [74] and normal behaviors would eventually be restored, but this was not investigated in these studies.



The olfactory system is very important for social communication in some fishes—for detection of predators and prey, and social recognition. Ward et al. [75] found that environmentally relevant concentrations of 4-nonylphenol, can impair social recognition. A 1 h exposure to 0.5 µg·L−1 altered the response of juvenile banded killifish, Fundulus diaphanus, to conspecific chemical cues, while 1–2 µg·L−1 caused fish to orient away from exposed conspecifics.



The lateral line, a series of sense organs found in fishes used to detect movement and vibration in the surrounding water, is another sense organ that can be altered by toxicants to produce behavioral changes. For example, Johnson et al. [76] found that copper exposure reduced the number of functional neuromasts in D. rerio larvae, which was associated with decreased ability to maintain equilibrium. The developing visual system can also be damaged by toxicants including PAHs, tributyltin (TBT), and estrogens, with subsequent behavioral effects. Both EE2 and TBT increased the size of the pupil in the pipefish Syngnathus abaster, and increased their activity (number of movement bursts) [77]. However, exposure to the two chemicals in combination reduced the pupil size and caused larvae to become more lethargic. Developmental exposure to TCDD reduced the number of retinal ganglion cells in rainbow trout (Oncorhynchus mykiss), which was associated with decreased ability to capture prey [78].




3.3. Endocrine System


Many studies have shown linkages between hormones and behavior. Many pollutants can act as agonists or antagonists to hormones, and the hormones themselves are also present in the environment as pharmaceuticals. McGee et al. [79] found that embryonic exposure to estrogens altered the C-start response in larvae of P. promelas, but estrogens did not have this effect when larvae themselves were exposed for 12 days. Early life exposures to endocrine disruptors may affect much later stages in terms of reproductive ability. Male P. promelas larvae that were exposed to a nonylphenoloxylate-octylphenolethoxylate (estrogen mimic) mixture had reduced ability to compete for spawning sites when they became adults [80].



Thyroid hormones influence many processes in fish, including neural development, metabolism, maturation (smoltification in salmonids and metamorphosis in flatfish), and behavior. Many chemicals, including chlorinated hydrocarbons, PAHs, chlorinated paraffins, organophosphate pesticides, carbamate pesticides, cyanide compounds, methyl bromide, phenols, ammonia, sex steroids, and pharmaceuticals, affect the fish thyroid, which has implications for behavior. About 40 fish species have been shown to have thyroid alterations in response to contaminants (reviewed by Brown et al. [81].Turbot larvae (Scophthalmus maximus) larvae after exposure to the water soluble fraction of crude oil had increased levels of thyroxine, elevated cortisol, and reduced swimming activity [82]. Perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA) affected endocrine signaling in Atlantic salmon (Salmo salar) embryos and larvae after exposure to 100 μg·L−1 from egg for 52 days, followed by 1 week recovery [83]. Exposure altered expression of thyroid receptor α and β, thyroid-stimulating hormone, and T4 outer-ring deiodinase. Killifish, Fundulus heteroclitus, from Piles Creek, New Jersey (contaminated with metals, PCBs and more) are sluggish with poor prey capture and predator avoidance. They have extremely enlarged thyroid glands, with elevated follicular cell heights, and contain elevated plasma thyroxine (T4), but not plasma or tissue T3 [84]. Reference site fish held in conditions simulating Piles Creek also developed elevated T4 and impaired predatory behavior.




3.4. Mechanisms of Transgenerational Effects


The majority of toxicants including endocrine disruptors do not promote genetic mutations or alterations in DNA sequence. However, a variety of environmental contaminants including metals, halogenated organics, and solvents have been linked to epigenetic effects, some of which may be transgenerational [85,86]. Epigenetics is the science of how the environment can produce heritable changes in an individual during its development as well as the development of its descendants, without changing the DNA sequence. This is a revolutionary concept that has only recently come to the fore and is somewhat controversial. Most of the work thus far has been in mammals. Epigenetic changes can link the environment to altered gene expression that could lead to altered phenotypes including behavior. An important aspect of epigenetics for ecotoxicology is that exposures at one time or in one generation can result in effects at a much later time and in subsequent generations. Exposure to chemicals early in development can result in abnormalities later in life, and chemically induced epigenetic effects in one generation may be passed down to future generations in the absence of the stressor. A chemical can cause long-lasting effects that alter cell function, even when the chemical is no longer present [87]. Many reported effects of such studies are on physiology, fertility, and other reproductive functions [88,89,90]. However, some are behavioral effects. For example, female mice were fed a diet with or without the endocrine disruptor bisphenol-a (BPA) before mating and throughout gestation, which caused offspring (exposed in utero) to have altered social behavior. In addition, the F2 and F4 generations, which had not been exposed at all, also exhibited altered social behavior [91].



Elevated levels of a chemical detected in a population today may cause epigenetic effects that are not manifested for years. Furthermore, benefits resulting from contaminant removal may not become apparent for generations [92]. Since epigenetic changes in gene expression can be passed to subsequent generations in the absence of the stressor chemical, then those changes may persist when the stressor has been removed from the environment.



Mechanisms of epigenetic inheritance appear to be quite well conserved across vertebrates. One proposed mechanism for explaining transgenerational neuroendocrine effects is alterations in DNA methylation. There is an extensive literature in mammals relating endocrine disruptors and DNA methylation [93,94]. There is also a body of literature (also in mammals) linking DNA methylation to brain function and behavior. For example, evidence indicates that DNA methylation may serve as a contributing mechanism in memory formation and storage and in synaptic function in forebrain neurons [95,96]. DNA methylation has also been linked to behaviors. Elliott et al. [97] found that methylation regulated the expression of a particular gene (Crf) and that chronic social stress induced long-term demethylation of this gene. Demethylation was observed in defeated mice that displayed social avoidance, and knockdown of Crf attenuated the stress-induced social avoidance behavior. It is likely that future studies on aquatic species will be able to link environmental contaminants to DNA methylation to transgenic effects on neural development and behavior.





4. Discussion, Conclusions, and Recommendations for Future Research


This review has reported numerous instances of delayed behavioral effects when embryonic fishes or crustaceans are exposed to a variety of different contaminants, or when adults are exposed and their offspring demonstrate altered behaviors. It was surprising and disappointing to note how few studies have been done on invertebrates, many of which are commonly used in many kinds of laboratory studies and some of which are frequently used in toxicity testing, including embryo-larval tests (e.g., bivalve mollusks, sea urchins, mysids). Extending studies of delayed behavioral effects to the wide variety of invertebrate taxa will no doubt lead to a plethora of interesting and important discoveries.



In most embryonic exposure experiments, scientists exposed embryos throughout their development. It was noteworthy that there were very few papers that attempted to pinpoint sensitive periods in development by exposing embryos for shorter periods at different times in development, although in traditional teratology, such approaches are fairly common. In one cited study [15] of meHg and zebrafish, embryos were exposed throughout the three days of development but also during single-day periods. While effects were less severe than in those exposed for the full three days, there were no notable differences among the groups that were exposed on day one, day two, or day three, so no sensitive period could be determined. In the study of dioxin and zebrafish embryos [32] embryos were exposed only for one hour at 4 h post-fertilization, which resulted in somewhat abnormal jaw structure and reduced prey capture. Embryos at four to five hours post-fertilization are in the early part of gastrulation, at the very beginning of cell reorganization and before differentiation [98]. This stage is before any rudiments of the nervous system (or skeletal system) have begun to form, so it is difficult to understand how feeding behavior could be affected after a short exposure so early in development. It seems more probable that dioxin, which is highly lipophilic, accumulates in the yolk at that time, and produces its toxic effects at later stages when the nervous system is actively developing. This would be an interesting avenue for future research to pursue.



It was also striking and disappointing how few investigators attempted to ascertain whether the alterations they observed in behavior were temporary or permanent, which is very important. The vast majority of studies did the behavioral testing at a single point in time and did not repeat them to see if affected animals recovered or improved over time. Some effects of the antidepressant, fluoxetine on juvenile cuttlefish were found to be transient [47]. In two studies on fish ([9] and [14]) effects of meHg on prey capture by killifish larvae were found to be transient. However, in another meHg study on grayling, Fjeld et al. [19] saw deleterious effects on prey capture when fish were three years old. It is safe to conclude, as the authors did, that those were permanent effects. Lead exposure of killifish larvae for four weeks produced decreases in activity, prey capture ability, and predator avoidance, but the effects were temporary—four weeks after larvae were returned to clean water all these behaviors were comparable to controls [99].



Whether effects (delayed or otherwise) are temporary or permanent is particularly important in terms of overall impacts on fitness and survival in the wild. Larval mortality in fishes and invertebrates is normally very high, but further increases in mortality rates can result in major decreases in populations [100]. Decreased feeding will result in smaller larvae, which are more vulnerable to starvation and predation. Therefore, if important behaviors (prey capture, predator avoidance, etc.) of exposed animals return to normal relatively quickly, they will have a much greater chance of survival in nature. Whether effects are temporary or permanent can differ depending on the species of animal. Adult killifish (F. heteroclitus) with lifetime exposure to Hg and other chemicals in a contaminated estuary in northern New Jersey had impaired prey capture. Their behavior did not improve after six weeks in clean water, during which they did not depurate mercury from their brains [101]. In contrast, adult blue crabs (Callinectes sapidus) from a similar environment with similar impaired prey capture did increase their prey capture ability after six weeks in clean water and did depurate mercury [102].



Progress has been made recently in elucidating the neuro- and endocrine cellular and biochemical mechanisms underlying behavioral changes, but much more work needs to be performed for more thorough understanding. Understanding the mechanism(s) underlying a particular behavioral effect has major importance for whether the effect is transitory or permanent, as discussed above. Teratological or pathological alterations in brain structure are likely to be permanent, but differences in maturity of the nervous system or levels of neurotransmitters or hormones could be modified over time. However, while hormone levels can be modified over time, most effects of early life exposure to endocrine disrupting chemicals appear to be long-lasting. The new field of transgenerational effects promises to revolutionize many aspects of biology, including ecotoxicology. At present, most of the research has been on mammals, so the field is wide open for exploration in aquatic organisms. Of particular interest and concern in this regard is whether or not such deleterious effects would be reversible in the future generations that were not exposed to the chemical that initially triggered the response.



In addition to future work elucidating mechanisms, it is also important to increase the number of studies that connect behavioral effects to changes in ecology of the affected organisms. Foraging and predator avoidance are critical to larval survival, and survival to reproductive age is closely related to efficient feeding during larval stages. Appropriate social behavior (e.g., schooling) and reproductive behavior are also important for population success. Therefore there is a clear connection, in theory, between behaviors of early life stages and the population, but the connections have not been elucidated in many cases. Since behaviors are closely associated with fitness in the environment, more work is needed in unraveling and demonstrating the ecological consequences of altered behaviors. Since many of the studies used concentrations of toxicants greater than those seen in the environment, priority for future research (and regulation) should be given to chemicals that produce effects at concentrations close to those found in the environment.
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