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Abstract 

 

The damaging effects of alcohol on a developing fetus are well known and cause a range of 

conditions known as fetal alcohol spectrum disorder (FASD). High levels of alcohol exposure 

lead to physical deformity and severe cognitive deficits, but more moderate exposure leads 

to a range of subtle cognitive effects such as reduced social behavior, higher propensity to 

develop addictions, and reduced spatial working memory. Previous studies have 

demonstrated that following exposure to relatively low levels of ethanol during early brain 

development (equivalent in humans to moderate exposure) zebrafish display a range of social 

and behavioral differences. Here, our aim was to test the hypothesis that moderate 

developmental ethanol exposure would affect aspects of learning and memory in zebrafish. 

In order to do this, we exposed zebrafish embryos to 20mM [0.12% v/v] ethanol from 2 to 9 

dpf to model the effects of moderate prenatal ethanol (MPE) exposure. At 3 months old, adult 

fish were tested for appetitive and aversive learning, and for spatial alternation in a novel 

unconditioned y-maze protocol. We found that MPE did not affect appetitive or aversive 

learning, but exposed-fish showed a robust reduction in repetitive alternations in the y-maze 

when compared to age matched controls. This study confirms that moderate levels of ethanol 

exposure to developing embryos have subtle effects on spatial working memory in adulthood. 

Our data thus suggest that zebrafish may be a promising model system for studying the 

effects of alcohol on learning and decision-making, but also for developing treatments and 

interventions to reduce the negative effects of prenatal alcohol.  
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Introduction 

 

Consumption of alcohol by women during pregnancy can result in a range of physical and 

behavioral abnormalities in the fetus, symptoms which are collectively known as fetal alcohol 

spectrum disorders (FASDs) (1,2). The most severe and easily diagnosed disorder is fetal 

alcohol syndrome (FAS), which is characterised by craniofacial malformations, central nervous 

system dysfunction, growth retardation and reduced intellectual abilities (3,4). Although FAS 

is an extreme case caused by high levels of chronic alcohol abuse, lower levels of alcohol 

intake have also been shown to cause a range of milder, less obvious symptoms including 

deficits in social behaviour (5), decision-making and planning (6,7) and an increased 

susceptibility to substance abuse in later life, even following adoption (i.e., controlling for 

environmental effects (8)).  

 

Though heavy chronic abuse of alcohol by a pregnant woman leads to obvious symptoms in 

the child, behavioural symptoms of milder cases of FASD are rarely accompanied by physical 

deformities and are thus problematic to diagnose (9). As a result, the number of children 

affected by milder forms of FASDs is likely to be much higher than those reported (10,11). In 

the absence of physical symptoms, details of any alcohol consumption must derive from self-

report and is open to response biases (12). Thus, to better understand the effects of amount, 

frequency and timing of exposure of the embryo to alcohol, animal models have been used 

to bridge the gap (13). Traditionally most animal models of FASDs have been carried out in 

rodents. However, recently zebrafish have come to light as an alternative model for 

neurobehavioral research, striking a balance between similarities with human and rodent 

models, complex behavioural interactions, ease of genetic manipulation, low cost of 

maintenance and high throughput (14–16).  

 

In rodents, the effects of moderate prenatal ethanol exposure on learning have been mixed 

and unclear, with some conflicting reports of effects on some aspects of learning (13,17,18). 

This lack of consistency may be due to the complexities associated with rodent models of 

prenatal exposure, such as dosing regime (injection vs gavage vs voluntary drinking), maternal 

effects (ie during gestation) and effects of rearing (e.g., cross-fostering vs maternal rearing 

(19,20). It is critical, therefore, to get a more developed understanding on the effects of 



moderate exposure to ethanol during early brain development, and zebrafish may offer a 

useful complementary model organism in which to achieve this.  

 

Since the pioneering work from the Gerlai (5) and Carvan III (18) groups, zebrafish have been 

proving to be excellent models for examining the effects of low-to-moderate concentrations 

of ethanol exposure on the developing embryo on behavioural endpoints. For example, we 

have shown that zebrafish exposed to moderate developmental alcohol exposure display 

alterations in adulthood of social and anxiety behaviour, an increased propensity to develop 

habits, and this corresponded to changes in mRNA expression of genes typically associated 

with the reward pathway, including dopamine, serotonin, u-opioid and nicotinic acetylcholine 

receptors (21,22). Despite some evidence that exposed embryos show reductions in ability to 

learn a spatial two-choice guessing task (18) no studies have carried out a full assessment of 

the effects of moderate exposure to ethanol during early brain development on different 

aspects of learning and memory. The aim of this paper was therefore to characterize aspects 

of learning and memory in adult zebrafish that have been exposed to moderate levels of 

ethanol during early brain development. We approached our aim by examining appetitive and 

aversive learning, and repetitive alternation in a novel unconditioned search protocol using a 

y-maze. Y-maze tests are widely used to measure exploratory behavior in rodents (23–25) 

and spatial memory in zebrafish (26).  

 

Methods 

 

Subjects and ethanol treatment  

Embryos (AB wild-type strain) were collected from multiple individual pairings, sorted and 

cleaned, and placed at random (fish from each individual pairing mixed into final groups) in 

groups of ~40/petri dish in a translucent incubator (28oC) on a 14/10-hour light/dark cycle. 

The concentration of ethanol used was based on our previous research, and the ethanol 

treatment protocol was as previously described (27,28). Briefly, at 48 hours post-fertilization, 

embryos were visually inspected and sorted to ensure all were at the same developmental 

stage (long-pec phase), then transferred into multiple replicates (5/concentration) of either 

20 mM (0.12 percent [v/v] ethanol in aquarium water (ethanol-treatment), or to fresh 

aquarium water with no alcohol (control). Our previous work, and that of others, has shown 



that 20mM ethanol gives a final alcohol concentration of ∼0.04 g/dl blood alcohol [BAC]) (29–

31). The reason for choosing 48hr to start treatment, is that by this stage all embryos 

have emerged from the chorion, so we can be sure the concentration of ethanol 
getting into the embryos is uniform. In addition, 48hpf represents the long-pec phase 
of development, when the main catecholaminergic neural development takes place 
(32). At 5-days-post fertilization, embryos were transferred, still in their treatment medium, 

into larger containers (10 × 10 × 20 cm [depth × width × length]) containing 500 ml solution 

(ethanol or aquarium water), and remained in the incubator. During treatment, 

water/ethanol media were changed daily. Fish remained in the treatment solution for 7 days, 

until 9-days post fertilization, after which all fish were transferred within their initial 

treatment groups into fresh aquarium water and placed on our re-circulating system, initially 

in groups of 40 in 1.4L tanks (Aquaneering Inc., San Diego, CA, USA). Juvenile zebrafish (at 1-

month of age) moved to groups of ~20 in 2.8L tanks on the re-circulating system, on a 14/10-

hour light/dark cycle, at ∼28.5°C. Fish were tested on behavioral procedures at 3 months of 

age. Fish were fed a mixture of live brine shrimp and flake food 3 times/day (once/day at 

weekend). No fish was used for multiple protocols, and following the experiment, all ethanol-

exposed fish were euthanized (Aqua-Sed™, Vetark, Winchester, UK). We used a mixture of 

male and female fish for all behavioral testing. Previous research with zebrafish has not 

revealed sex effects for developmental alcohol exposure, and sex was not evaluated as a 

variable in this study. Finally, there were no differences in mortality or in gross morphology 

in any of the groups, although specific data are not reported here. 

 

Ethical Statement 

All experiments were carried out following scrutiny by the University of Portsmouth Animal 

Welfare and Ethical Review Board, and under license from the UK Home Office (Animals 

(Scientific Procedures) Act, 1986) [PPL: P9D87106F]. 

 

Randomization and blinding 

All experiments were carried out under the ARRIVE guidelines (33). First, all embryos were 

randomly allocated to treatment from multiple pair breedings. During treatment, 

experimental staff carried out ethanol treatment (see above) but technical staff were not 

aware of treatment allocation (blinded). This was achieved by putting the name of the 



experiment on treatment dishes and an individual dish identifier, but not indicating which 

level of treatment on the dish. This protocol was continued throughout development (ie 

when fish were on the housing rack). When testing was carried out, when fish were 

individually housed (for the appetitive learning protocol), they were numbered, but the 

treatment group was not known by either the experimenter or the technical staff. This was 

achieved by creating an excel sheet with identities in a hidden column. Identity was not 

revealed until data had been examined for outliers and analyses were carried out. For 

protocols where the fish came from a group (aversive learning and y-maze), fish were taken 

from housing tanks, but the treatment level was not revealed until after data had been 

examined for outliers and was ready for final analysis. Finally, sample sizes for all 

experiments were determined by initial pilot studies or previous research (details in sections 

below).  

Materials 

 



Behavioral testing of adults was carried out using the Zantiks (Zantiks Ltd., Cambridge, UK) AD 

system (https://www.zantiks.com/products/zantiks-ad), a commercially available, fully 

integrated behavioral testing environment for adult zebrafish ((34), and see Figure 1). All tank 

inserts were acrylic, with opaque sides and inserts and a transparent base. The test tanks 

were placed into the Zantiks AD system (see figure 1a and b) one tank/time. Each Zantiks AD 

system was fully controlled via any mobile/web enabled device. Figure 1b and c display the 

tanks used to measure appetitive learning. This Zantiks AD unit is designed to carry out 

multiple learning protocols in zebrafish but in the present experiment, fish were trained to 

swim into an initiator zone (Figure 1c, red area) in order to receive a food reinforcer (ZM200 

zebrafish food) in the food delivery zone (Figure 1c, orange area). Tanks were filled with 3L 

water during testing. The total length of the testing environment was 200mm, and 140mm 

width.  

 

 



Figure 2 displays the tanks equipment used for Pavlovian fear conditioning. The stimuli used 

were based on previous work (34,35), and comprised either a checker board design (‘check’) 

(black/white alternating squares) or a dark grey (‘grey’) background. Each tank comprised 

four lanes (length x width = 160mm x 32mm), separated by opaque acrylic dividers. At each 

end of the tank was located a steel plate, capable of passing a mild electric current through 

the tank (9v). Tanks were filled with 1L of water, with ~40mm water at the base. Pilot studies 

found this amount of water to be optimal for both tracking and conditioning.  

 

 
Figure 3 displays the tank set up for the y-maze alternation test. Fish were placed into one of 

two removable acrylic y-mazes (arm diameter x length = 70mm x 15mm) in 1L aquarium water 

(~40mm depth of water). Fish were filmed from above for a period of 1-hour.  

 

Procedure 

Appetitive conditioning 



Initially 20 fish were selected (n = 10 from each treatment) to allow for attrition. Any fish that 

did not respond (i.e., did not swim into stimulus areas or ‘froze’ and did not carry out the task) 

was excluded. Following attrition, a final sample of N = 16 adult (n = 8 control, n = 8 20mM 

ethanol) zebrafish were tested on the appetitive conditioning protocol at 3-months of age. 

Final sample size was determined based on previous research examining appetitive learning 

in developmentally exposed fish (29). During appetitive conditioning training, fish were 

housed in pairs in 2.8L tanks (divided breadth-wise with transparent mesh dividers). The 

training was divided into two phases, and learning was assessed following the second phase. 

Initially, fish were shaped for one week to associate the noise of the feed dispenser with 

delivery of a small amount of ZM200 (~2mg). In the second phase, fish were trained that 

swimming into an initiator area (Figure 1, red zone) resulted in food delivery. They were 

trained on this protocol for 3 days (~30-trials/day). Following completion of training, we 

tested learning with a series of probe trials, during which fish were exposed to 5 trials of 

initiator light “on” (30-sec), or “off” (30-sec), and measured total number of entries to the 

initiator during light on/light off.  

 

Pavlovian fear conditioning 

N = 44 adult (n = 22 control, n = 22 20mM ethanol) zebrafish were tested on the Pavlovian 

fear conditioning protocol at 3-months of age. Fear conditioning was based on a protocol 

developed based on published data (35); sample size was based on a power calculation of 

previous research (35) and following a pilot assessment of change in preference following 

mild shock (effect size [d] = 0.9, power = 0.8, alpha = 0.05, required sample = 22/treatment). 

First, fish were placed, individually, into one of four lanes in each Zantiks tank. Into each tank 

was placed n = 2 ethanol and n = 2 control fish (nb., the experimenter was blinded at this 

stage to the treatment of the individual fish, and the position of fish from either treatment [a 

or b] counterbalanced between trials). Initially, fish were habituated to the test environment 

for 30 mins, during which the base of the test tank was divided in half, lengthways, with the 

‘check’ and ‘grey’ stimuli occupying half of the base each (see figure 2c), switching position 

every 5-min. Baseline preference was ascertained over 10-min. Following baseline preference 

assessment, conditioning was carried out, during which the conditioned stimulus (CS+; full 

screen of ‘check’ or ‘grey’, randomized between subjects) was presented for 1.5-sec, at the 

end of which was delivered the unconditioned stimulus (US) a brief, mild shock (9v DC, 80ms), 



followed by an 8.5-sec inter-trial interval (ITI), during which the non-CS (CS-) exemplar was 

presented at the bottom of the tank. The CS+/US was presented nine times. Following 

conditioning, avoidance of CS+ was ascertained by repeating the baseline, presenting both 

CS+ and CS- simultaneously for 1-min, and switching positions after 30-sec. 

 

Y-maze test of perseveration and repetitive alternation 

N = 28 adult (n = 14 control, n = 14 20mM ethanol) zebrafish were used for the y-maze test, 

at 3 months of age. This was a novel protocol, and sample size was based on pilot data in 

which we examine the effects of different pharmacological agents (amphetamine, 

atomoxetine, MK-801) on y-maze performance (effect size [d] = 1.2, power = 0.8, alpha = 0.05, 

required sample = 14/treatment). In order to characterize perseveration and alternation in 

zebrafish, we designed a simple y-maze, with three identical arms. Although memory in 

zebrafish using a y-maze has been previously evaluated (i.e, by blocking one arm, and 

exploring use of the novel arm once it is opened during training), simple unconditioned y-

maze search patterns and performance has yet to be evaluated in zebrafish, and this study 

represents the first reports of this protocol. There were no intra-maze cues, but extra-maze 

(distal) cues were visible from each maze (e.g., the walls and open side of the Zantiks 

equipment), providing egocentric cues and allowing the fish to orient within the apparatus. 

The experimenter was not visible to the fish at any point during the protocol. Fish were 

recorded in the y-maze apparatus for up to one hour, or until they performed 100 arm-

entries, whichever the sooner (here, all fish performed 100 entries in the allowed hour). This 

allowed for 97 overlapping series of four choices (tetragrams), of which there were a total of 

16 manifestations possible. Two tetragrams (RRRR and LLLL) represented pure repetitions, 

and two (RLRL, LRLR) pure alternations. A completely random search strategy would be to 

choose every potential tetragram equally (97/16 = 6-times). However, perseverant responses 

sequences may encompass above-average repetitions of alternations or of repetitions. 

Previous research using a T-maze in which each arm was baited with an equal probability 

reinforcement, has demonstrated that mice tend to show generally higher levels of 

alternations between arms (LRLR, RLRL) than other alternatives (36).    

 

Data analysis 



Data were analyzed in IBM SPSS® Statistics for Macintosh (Version 24). Appetitive 

conditioning was measured by examining both acquisition data, and a series of probe trials to 

test learning. Acquisition data was compared between control and 20mM ethanol-treated 

fish using a general linear mixed model, with fixed factors as treatment (2-levels: control, 

20mM ethanol) and day (3-levels), and their interaction, and fish ID nested in tank as the 

random effect (to account for non—independence of replicates). Denominator degrees of 

freedom were estimated using the Satterthwaite approximation. Probe trials comprised 

count data, and were fitted to a generalized linear mixed effects model (Poisson distribution, 

log link function), with fixed effects as treatment (control, 20mM ethanol) and light status 

(light on, light off) and the random effect as fish ID nested in tank (to account for non-

independence of replicates). Denominator degrees of freedom were estimated using the 

Satterthwaite approximation. Fear conditioning was assessed by comparing change in 

preference for a stimulus following conditioning with 9 x 9v shocks. A two-way, mixed design 

analysis of variance (ANOVA) was applied, with proportion of CS+/CS- preference as the 

dependent variable, ethanol treatment as the between-subjects factor (2-levels; control, 

20mM ethanol) and conditioning stage as the within-subjects factor (2-levels; pre- and post-

conditioning). ‘Tank’ was added as a covariate into the initial model, but removed from the 

final model owing to lack of effect (F < 1). Finally, in order to examine perseveration in the y-

maze, we carried out two analyses. In the first, we considered whether there were differences 

in the frequency of each of the 16 tetragrams as a function of treatment. We fitted frequency 

data to a generalized linear mixed effects model (Poisson distribution, log link), with 

treatment (control, 20mM ethanol) and tetragram (16-levels) as fixed factors, and ID as the 

random effect (to account for non-independence of replicates). Denominator degrees of 

freedom were estimated using the Satterthwaite approximation. Next, to assess whether 

there were any effects of developmental ethanol on frequency of pure alternations (LRLR + 

RLRL) or pure repetitions (RRRR + LLLL). This was assessed by fitting generalized linear models 

(Poisson distribution, log link function) to alternation and repetition frequency data. In both 

models, fixed factor for each was ethanol treatment (2-levels: control, 20mM ethanol). Again, 

‘Tank’ was added as a covariate into the initial model, but removed from the final model 

owing to lack of effect (F < 1). 

 

Results 



Moderate developmental ethanol exposure does not affect appetitive learning in zebrafish 

 

 
Figure 4a displays the acquisition of learning data for the 20uM ethanol-treated and control 

fish. A linear mixed effects model revealed a significant main effect of day, F (2,28) = 9.15, P 

< .01 (Day 1 vs Day 2, P = .9; Day 1 < Day 3, P =.001; Day 2 < Day 3, P =.001), but no significant 

effect of treatment, F (1,14) = 1.17, P = .3, or day × treatment interaction, F < 1. Figure 4b 

displays the probe trial following appetitive conditioning, in which fish were presented with 

the stimulus light 5-times (10-sec), interspersed with non-light presentations (10-sec). A 

generalized linear mixed effects model (Poisson distribution, log link function) was fitted to 

the data, with number of entries to the stimulus zone as the response variable, treatment and 

lights-on/off as the fixed factors, and fish ID nested in tank as the random effect. There was a 

main effect of lights on/off, F (1,18) = 9.41, P < 0.01 (Lights ON > Lights OFF), but not effect of 

ethanol treatment or lights on/off × treatment interaction, Fs < 1.  

 

Moderate developmental ethanol exposure does not affect fear conditioning in zebrafish 

 



 
Figure 5 displays the mean preference for the conditioned stimulus following Pavlovian fear 

conditioning, during which fish were given 9 CS + US (shock) pairings with either a checker-

board, or grey image. A 2-way mixed design ANOVA revealed a significant main effect of 

conditioning, F (1,42) = 62.79, P < .001, with fish showing a robust reduction in preference for 

the conditioned stimulus. There was no main effect of ethanol treatment (F < 1) nor 

conditioning*ethanol treatment interaction (F < 1). 

 

Moderate development ethanol exposure reduces alternations in a y-maze 



 
 

Figure 6a displays the total choices for each tetragram during a 100-trial search period for 

zebrafish in a y-maze. A generalized linear mixed effects model, with Poisson distribution 

specified and a log link function, revealed a significant main effect for ‘tetragram’, F (15, 416) 

= 8.74, P < .001, characterized as significant increases in frequency of alternations (lrlr, rlrl; P 

< .001). There were no main effects of ethanol treatment (F < 1), nor tetragram*ethanol 

treatment interaction (F < 1). Figure 6b displays the frequency of pure alternations, and figure 

6c, pure repetitions. Generalized linear models (Poisson regression) revealed a significant 

effect of ethanol treatment on alternations (Figure 6b; χ2 [df = 1] = 3.98, P =.046), but not on 

repetitions (Figure 4c; χ2 [df = 1] = .3, P = .58). 

 

Discussion 

In this study we combined operant and Pavlovian learning tasks with a spatial memory task 

to test whether moderate levels of ethanol exposure during early brain development in 

zebrafish affected aspects of learning and working memory. We found that adults 



developmentally treated with 20mM ethanol (the equivalent of 2-3 drinks in a single sitting) 

performed equally well as control groups in Pavlovian and operant learning tasks, but in a 

spatial memory task had a decreased frequency of pure alternations (LRLR, RLRL) in a y-maze. 

These observations indicate that MPE can cause disruption in specific aspects of learning that 

persist into adulthood even when executive function is not obviously affected. This highlights 

the difficulty in diagnosing milder forms of FASD, but further supports the growing body of 

evidence implementing low to moderate levels of alcohol exposure in cognitive and 

behavioral abnormalities.  

 

Appetitive and aversive learning tasks 

Operant learning tasks are used to measure executive functions involved in learning, 

planning, motivation and memory (35), higher functions that are often impaired in children 

with FASD (37,38). Here we found that exposure of larvae to 20mM ethanol [0.12% v/v] from 

2-9 dpf had no detectable differences in executive function in adulthood when tested in 

appetitive or aversive learning tasks. This was irrespective of whether the task was under a 

positive (food reward) or negative (shock) stimulus control. These findings are in contrast to 

models of high ethanol exposure which have reported marked deficits in behavioral tasks of 

exposed groups (17,29,39). Although these findings may seem at odds with our own results, 

this disparity was not unexpected. Obvious deficits in executive function are found in humans 

with severe forms of FASD which are associated with periods of binge drinking during 

pregnancy (40). The effects of high concentrations of ethanol exposure have been replicated 

in a number of primate (41), rodent (42,43) and zebrafish models (5,18), many showing a 

concentration-dependent effect on learning (18). Children also show a concentration-

dependent effect of alcohol exposure resulting in extreme variability between mild and 

severe cases (6). Those exposed to moderate intrauterine alcohol levels may not display 

obvious deficits in executive function, but have subtler effects that may not be evident until 

later in life. A study by Carvan III, et al (2004) looked at learning and memory in low to high 

concentrations of ethanol exposure in zebrafish and found a concentration-dependent effect 

on learning and memory when embryos were exposed to low concentrations ranging from 

10mM-30mM ethanol (18). The disparity between our study showing no learning deficits at 

20mM could be explained by differences in the timing of concentrations. In their study dosing 

began at 4 hpf compared to 48 hpf in this study. Studies in other species have also found 



discrepancies in concentration amount and effects on learning and memory tasks, a key 

difference between them being the timing and duration of concentration (44,45).  At 48 hpf 

zebrafish larvae are almost completely developed, the brain has developed into 5 distinct 

lobes, the circulatory system has developed and the heart is beating, fins develop and there 

is sensitivity to the environment and uncoordinated movements (46). This is the equivalent 

to late stages of development in the human fetus. We suspect that full brain development at 

the time of dosing may be a reason for executive functions still being intact, and showing no 

obvious signs of dysfunction.  

Our findings highlight two major influences on severity and variability in FASD. Firstly, 

from findings of higher-concentration animal models (17,18,29), we can draw the conclusion 

that concentrations higher than 0.12% v/v of ethanol exposure [up to 3% v/v] are required to 

cause functional deficits in executive function, specifically in goal-orientated reward tasks. 

Secondly, dosage is not the only key factor causing developmental defects, timing and 

duration of exposure are also crucial and can cause marked differences in cognitive and 

behavioral abilities even at lower concentrations of ethanol exposure (18,44). This ability to 

mirror the variability seen in human forms of FASD further strengthens the use of zebrafish 

as a model of complex neurological disorders.   

 

Y-maze Spontaneous Alternation Task 

The y-maze has been established as a reliable protocol for testing spatial working 

memory in zebrafish (26). For the first time, here we use unconditioned free-search of the y-

maze as a behavioral test for fish prenatally exposed to moderate levels of ethanol. We 

observed that all fish had a tendency for highly alternating sequences (pure alternations, LRLR 

or RLRL). However, 20mM ethanol-treated fish used pure alternation as a search strategy 

significantly less than their untreated counterparts. Using tetragram configurations, similar 

to those used by Gross, et al (2011) (36), allowed us to compare random or specific search 

strategies employed by fish when swimming freely in a y-maze. We would expect that in a 

reward-absent maze, with no highly salient intra or extra-maze cues, that fish would choose 

each search configuration equally (i.e. in 100 trials each tetragram should be chosen n=6 

times). However, for both treated and nontreated groups this was not the case. Our findings 

that all subjects have an increased preference for pure alternations was previously seen by 

Gross, et al (2011) (36) with rats and Neuringer (1992) (47) with pigeons. Both studies similarly 



reinforced each option equally (here this was done by an absence of reward, opposed to 

associating each arm with a reward an equal number of times). This observation could be 

explained by the ‘law of least mental work’, an adaptation from Hull’s ‘law of less work’(48), 

which suggests that in a non-reinforced task subjects will opt for the behavior that is least 

cognitively demanding. Simplified strategies, like repeating the last action, may be favored in 

non-discrete behavioral tasks, possibly identifying repetition of pure alternations as the least 

cognitively demanding strategy. The random incorporation of the other 14 possible search 

strategies could be influenced by information seeking or a desire for change or novelty (49), 

but in the absence of any new information being presented the organism goes back to the 

least mentally demanding search pattern.  

 The reduction of pure alternations in ethanol treated fish is contradictory to what we 

would expect. Several animal models have used a form of spontaneous alternation to 

measure working memory, whether it is in a t-maze (36,50), y-maze (51)  or plus maze (52), 

or the use of two choice guessing tasks in humans (53). Over a range of conditions frequency 

of pure alternations has normally been reported as higher in the treated group than in the 

control groups (36,53). However, the mechanisms affected by moderate ethanol exposure 

that result in the deficit that we see here, are not completely clear. It is possible that these 

differences are due to damage to the hippocampus, effecting working memory. Rats exposed 

to ethanol within the first 2 weeks of neonatal life, the rodent equivalent of the third trimester 

in humans, have been reported to have functional impairments of hippocampal neurons, 

specifically in the CA3 region (54–56).  This could potentially explain deficits seen here, as 

rodents with hippocampal lesions also perform poorly in spatial memory tasks, specifically 

with familiarization (25). However, if there were hippocampal impairments, we would expect 

to see some evidence of this during either of the other two operant learning tasks used. Even 

though these trials require extensive training and rely on associative memory to be 

successfully performed, they also require the hippocampus, and during the early process of 

learning, spatial working memory, short-term memory and the ability to convert experiences 

into long-term memories. The combination of learning and memory tasks used and the 

paralleled ability of treated and control groups in the operant learning tasks thus suggest that 

memory may not be a fault for the changed behavioral pattern seen in the y-maze by treated 

fish. 



 An alternative explanation is the theory of “choice hysteresis”. Choice hysteresis is the 

tendency of animals and humans to repeat recent choices. Bonaiuto, de Berker and Bestmann 

(2016) (57) describe a virtual model in which activity decay leftover from recently activated 

neural circuits increased repetition biases. They also describe how depolarizing or 

hyperpolarizing the dorsolateral prefrontal cortex (dlPFC) could increase or suppress choice 

hysteresis, respectively. Children born with FASD are often reported to have deficits in the 

dlPFC as is established by the Wisconsin Card Sorting task (neuropsychological test for 

executive function which is used to determine damage to the dlPFC) (58). Again, this is 

another area in which severity and variability are in strong correlation with concentration of 

alcohol exposure, with high, chronic concentrations of alcohol exposure, (i.e. those born to 

alcoholic mothers) performed the poorest on this task compared to those exposed to lower 

concentrations of alcohol and control groups.  

 This is the first time that the y-maze has been used in the context of FASD and there 

are evident differences in the search strategies employed by treated and nontreated groups. 

However, the lack of comparative studies carried out at other concentrations limits what can 

be inferred from this data and therefore mechanisms and meanings are limited to theoretical 

ideas. Although many other studies have investigated the effects of PNEE on spatial working 

memory (7,59–61), the lack of standardized measures of spontaneous alternation makes it 

difficult to compare findings from one study to another unless they have used similar data 

analysis. Also, significant differences can be seen between rewarded and reward-absent 

tasks. From this study we can concluded that moderate PNEE does alter behavior in a 

spontaneous alternation task. However, at this stage we can only hypothesize about possible 

mechanisms responsible for this change. It is also difficult to judge how this may relate to 

human behavior, thus, further work would be required to draw out anything conclusive.    

 

Limitations and future directions 

 There are limitations to this study. First, only one concentration and one exposure 

time were used. In light of differences on learning and memory seen in other behavioral 

studies (see review: (13)) future studies could use variations of these two factors to test if 

there are any behavioral changes in the tasks performed here. Most interestingly would be 

the effect on spontaneous alternations in the y-maze. We predict that exposure to high 

concentrations of ethanol, to the extent that it causes cognitive impairment, would cause an 



increase in pure repetitions (LLLL,RRRR) and pure alternations would occur at a rate equal to 

that of controls. Secondly, we used a mixture of male and female fish for our experiments. 

Many studies have found effects of sex in some species following developmental ethanol 

exposure (60,62). This may represent a limitation of the fish model in terms of translational 

relevance, as it appears at odds with other vertebrates in this regard. A further limitation 

could be that we did not measure locomotion in the study. Some have found that locomotor 

differences can lead to false results if not carefully controlled. However, because all fish 

were tested for the same period of time, and because the tests rely on movement 
(i.e., swimming in and out of the arms of the maze) we are not concerned that 
locomotion differences would lead to confounding results. Finally, our limited repertoire 

of behavioral tasks may result in other behavioral abnormalities being missed. Future studies 

should incorporate more tasks involving complex cognitive functions to fully elucidate the 

effect of moderate PNEE.  

 

Concluding remarks 

 In regard to the primary aim of this study we found that MPE caused marked 

behavioral changes in the search strategy employed by treated fish in a y-maze. However, the 

concentration and timing of exposure did not impact on executive functions required for 

Pavlovian operant learning tasks. Thus, we can conclude that even in the absence of physical 

malformations, developmental exposure to moderate levels of ethanol can cause subtle 

behavioral and cognitive changes that persist into adulthood.  

Despite decades of investigation and a mountain of data examining the toxic and 

deleterious effects of alcohol on the developing fetus, the number of children born with FASD 

is on the rise (63). Being the leading form of preventable mental retardation and having 

lifelong effects that can severely reduce the quality of life of those affected (64), it is critical 

that we fully understand the impact that all levels of ethanol exposure can have. The effect 

of moderate levels of alcohol exposure are becoming even more crucial with the number of 

women having unplanned births and pregnancies being as high as 23% and 40% respectively 

(65,66), worldwide. Therefore, the chance of drinking before becoming aware of being 

pregnant is a huge risk factor. Concentrations as low as 10mM have been reported to affect 

cognitive abilities, this is the equivalent of 1-2 drinks in one sitting (18). This is also the current 

UK recommend ‘safe level’ of consumption during pregnancy (67). With guidelines like these 



in place and a growing body of evidence suggesting detrimental effects of low and moderate 

levels of alcohol exposure, research in these areas is becoming even more important to help 

change health advice and the way society see maternal drinking.  

 

References 

1.  Dörrie N, Föcker M, Freunscht I, Hebebrand J. Fetal alcohol spectrum disorders. Eur 

Child Adolesc Psychiatry. Springer Berlin Heidelberg; 2014 Oct;23(10):863–75.  

2.  van Wieringen H, Letteboer TGW, Pereira RR, de Ruiter S, Balemans WAF, Lindhout D. 

[Diagnosis of fetal alcohol spectrum disorders]. Ned Tijdschr Geneeskd. 

2010;154:A331.  

3.  Archibaldma SL, Fennema-Notestine C, Gamst A, Riley EP, Mattson SN, Jernigan TL. 

Brain dysmorphology in individuals with severe prenatal alcohol exposure. Dev Med 

Child Neurol. 2001;  

4.  Mattson SN. A Review of the Neurobehavioral Deficits with Fetal Alcohol Syndrome 

or Prenatal Alcohol. 1998;22(2).  

5.  Fernandes Y, Gerlai R. Long-Term Behavioral Changes in Response to Early 

Developmental Exposure to Ethanol in Zebrafish. Alcohol Clin Exp Res. Wiley Online 

Library; 2009;33(4):601–9.  

6.  Sood B, Delaney-Black V, Covington C, Nordstrom-Klee B, Ager J, Templin T, et al. 

Prenatal Alcohol Exposure and Childhood Behavior at Age 6 to 7 Years: I. Dose-

Response Effect. Pediatrics. 2001;  

7.  Berman RF, Hannigan JH. Effects of prenatal alcohol exposure on the hippocampus: 

Spatial behavior, electrophysiology, and neuroanatomy. Hippocampus. 2000.  

8.  Cadoret RJ, Yates WR, Ed T, Woodworth G, Stewart MA. Adoption Study 

Demonstrating Two Genetic Pathways to Drug Abuse. Arch Gen Psychiatry. American 

Medical Association; 1995 Jan;52(1):42.  

9.  Astley SJ, Clarren SK. DIAGNOSING THE FULL SPECTRUM OF FETAL ALCOHOL-EXPOSED 

INDIVIDUALS: INTRODUCING THE 4-DIGIT DIAGNOSTIC CODE. Alcohol Alcohol. Oxford 

University Press; 2000 Jul;35(4):400–10.  

10.  Stoler JM, Holmes LB. Under-recognition of prenatal alcohol effects in infants of 

known alcohol abusing women. J Pediatr. 1999;  

11.  May PA, Baete A, Russo J, Elliott AJ, Blankenship J, Kalberg WO, et al. Prevalence and 



characteristics of fetal alcohol spectrum disorders. Pediatrics. American Academy of 

Pediatrics; 2014 Nov;134(5):855–66.  

12.  Jacobson J, Jacobson S. Prenatal alcohol exposure and neurobehavioral development. 

Where is the threshold? Alcohol Heal Res World. 18:30–6.  

13.  Patten AR, Fontaine CJ, Christie BR. A comparison of the different animal models of 

fetal alcohol spectrum disorders and their use in studying complex behaviors. 2014;  

14.  Kalueff A V, Stewart AM, Gerlai R. Zebrafish as an emerging model for studying 

complex brain disorders. Trends Pharmacol Sci [Internet]. 2014 Feb [cited 2014 Sep 

18];35(2):63–75. Available from: 

http://www.sciencedirect.com/science/article/pii/S0165614713002290 

15.  Kalueff A V. The rights and wrongs of zebrafish: Behavioral phenotyping of zebrafish. 

The Rights and Wrongs of Zebrafish: Behavioral Phenotyping of Zebrafish. 2017. 1-

327 p.  

16.  Kalueff A V., Cachat J (Eds. . Zebrafish models of neurobehavioral research. Kalueff 

and Cachat. Springer Science; 2011.  

17.  Abel EL. Prenatal effects of alcohol on adult learning in rats. Pharmacol Biochem 

Behav. Elsevier; 1979;10(2):239–43.  

18.  Carvan MJ, Loucks E, Weber DN, Williams FE. Ethanol effects on the developing 

zebrafish: Neurobehavior and skeletal morphogenesis. In: Neurotoxicology and 

Teratology. 2004.  

19.  Marquardt K, Brigman JL. The impact of prenatal alcohol exposure on social, cognitive 

and affective behavioral domains: insights from rodent models. Alcohol. Elsevier; 

2016;51:1–15.  

20.  Valenzuela CF, Morton RA, Diaz MR, Topper L. Does moderate drinking harm the fetal 

brain? Insights from animal models. Trends Neurosci. Elsevier; 2012;35(5):284–92.  

21.  Parker MO, Evans AMD, Brock AJ, Combe FJ, Teh MT, Brennan CH. Moderate alcohol 

exposure during early brain development increases stimulus-response habits in 

adulthood. Addict Biol. 2016;  

22.  Parker MO, Annan L V., Kanellopoulos AH, Brock AJ, Combe FJ, Baiamonte M, et al. 

The utility of zebrafish to study the mechanisms by which ethanol affects social 

behavior and anxiety during early brain development. Prog Neuro-

Psychopharmacology Biol Psychiatry. 2014;  



23.  Hughes RN. The value of spontaneous alternation behavior (SAB) as a test of 

retention in pharmacological investigations of memory. Neurosci Biobehav Rev. 

Elsevier; 2004;28(5):497–505.  

24.  Dember WN, Fowler H. Spontaneous alternation after free and forced trials. Can J 

Psychol Can Psychol. University of Toronto Press; 1959;13(3):151.  

25.  Roberts WW, Dember WN, Brodwick M. Alternation and exploration in rats with 

hippocampal lesions. J Comp Physiol Psychol. American Psychological Association; 

1962;55(5):695.  

26.  Cognato G de P, Bortolotto JW, Blazina AR, Christoff RR, Lara DR, Vianna MR, et al. Y-

Maze memory task in zebrafish (Danio rerio): The role of glutamatergic and 

cholinergic systems on the acquisition and consolidation periods. Neurobiol Learn 

Mem. 2012 Nov;98(4):321–8.  

27.  Parker MO, Annan L V, Kanellopoulosa AH, Brock AJ, Combe FJ, Baiamonte M, et al. 

The Utility of Zebrafish to Study the Mechanisms by which Ethanol Affects Social 

Behavior and Anxiety During Early Brain Development. Prog Neuro-

Psychopharmacology Biol Psychiatry. 2014;55:94–100.  

28.  Parker MO, Evans AM-D, Brock AJ, Combe FJ, Teh M-T, Brennan CH. Moderate alcohol 

exposure during early brain development increases stimulus-response habits in 

adulthood. Addict Biol. 2016;21(1):49–60.  

29.  Fernandes Y, Tran S, Abraham E, Gerlai R. Embryonic alcohol exposure impairs 

associative learning performance in adult zebrafish. Behav Brain Res. 2014;  

30.  Parker MO, Brennan CH. Low and moderate alcohol consumption during pregnancy: 

effects on social behaviour and propensity to develop substance abuse in later life. 

BJOG An Int J Obstet Gynaecol [Internet]. Blackwell Publishing Ltd; 

2012;119(13):1671–2. Available from: http://dx.doi.org/10.1111/1471-0528.12006 

31.  Parker MO, Annan LV, Kanellopoulos AH, Brock AJ, Combe FJ, Baiamonte M, et al. The 

utility of zebrafish to study the mechanisms by which ethanol affects social behavior 

and anxiety during early brain development. Prog Neuro-Psychopharmacology Biol 

Psychiatry. 2014;55.  

32.  Guo S, Wilson SW, Cooke S, Chitnis AB, Driever W, Rosenthal A. Mutations in the 

zebrafish unmask shared regulatory pathways controlling the development of 

catecholaminergic neurons. Dev Biol. 1999;208(2):473–87.  



33.  Kilkenny C, Browne WJ, Cuthill IC, Emerson M AD. Improving bioscience research 

reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 

2010;8(6):e1000412.  

34.  Brock AJ, Sudwarts A, Daggett J, Parker MO, Brennan CH. A fully automated computer 

based Skinner box for testing learning and memory in zebrafish. bioRxiv. Cold Spring 

Harbor Laboratory; 2017;110478.  

35.  Valente A, Huang K-H, Portugues R, Engert F. Ontogeny of classical and operant 

learning behaviors in zebrafish. Learn Mem. 2012;19(4):170–7.  

36.  Gross AN, Engel AKJ, Richter SH, Garner JP, Würbel H. Cage-induced stereotypies in 

female ICR CD-1 mice do not correlate with recurrent perseveration. Behav Brain Res. 

2011;216(2):613–20.  

37.  Green CR, Mihic AM, Nikkel SM, Stade BC, Rasmussen C, Munoz DP, et al. Executive 

function deficits in children with fetal alcohol spectrum disorders (FASD) measured 

using the Cambridge Neuropsychological Tests Automated Battery (CANTAB). J Child 

Psychol Psychiatry. Wiley Online Library; 2009;50(6):688–97.  

38.  Rasmussen C. Executive functioning and working memory in fetal alcohol spectrum 

disorder. Alcohol Clin Exp Res. 2005 Aug;29(8):1359–67.  

39.  Brown KL, Calizo LH, Stanton ME. Dose-Dependent Deficits in Dual Interstimulus 

Interval Classical Eyeblink Conditioning Tasks Following Neonatal Binge Alcohol 

Exposure in Rats. Alcohol Clin Exp Res. 2008 Feb;32(2):277–93.  

40.  Bailey BN, Delaney-Black V, Covington CY, Ager J, Janisse J, Hannigan JH, et al. 

Prenatal exposure to binge drinking and cognitive and behavioral outcomes at age 7 

years. Am J Obstet Gynecol. Mosby; 2004 Sep;191(3):1037–43.  

41.  Schneider ML, Moore CF, Adkins MM. The Effects of Prenatal Alcohol Exposure on 

Behavior: Rodent and Primate Studies. Neuropsychol Rev. 2011 Jun;21(2):186–203.  

42.  Wagner JL, Zhou FC, Goodlett CR. Effects of one- and three-day binge alcohol 

exposure in neonatal C57BL/6 mice on spatial learning and memory in adolescence 

and adulthood. Alcohol. NIH Public Access; 2014 Mar;48(2):99–111.  

43.  Riley EP, Lochry EA, Shapiro NR, Baldwin J. Response perseveration in rats exposed to 

alcohol prenatally. Pharmacol Biochem Behav. Elsevier; 1979;10(2):255–9.  

44.  Lovely C Ben, Nobles RD, Eberhart JK. Developmental age strengthens barriers to 

ethanol accumulation in zebrafish. Alcohol. Elsevier; 2014 Sep;48(6):595–602.  



45.  Lovely C Ben, Fernandes Y, Eberhart JK. Fishing for Fetal Alcohol Spectrum Disorders: 

Zebrafish as a Model for Ethanol Teratogenesis. Zebrafish. 2016;  

46.  Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic 

development of the zebrafish. Dev Dyn. 1995 Jul;203(3):253–310.  

47.  Neuringer A. Choosing to Vary and Repeat. Psychol Sci. SAGE PublicationsSage CA: Los 

Angeles, CA; 1992 Jul;3(4):246–51.  

48.  Hull CL. Principles of Behavior: An Introduction to Behavior Theory. In: The Journal of 

Abnormal and Social Psychology. 1943. p. 377–80.  

49.  Kool W, McGuire JT, Rosen ZB, Botvinick MM. Decision making and the avoidance of 

cognitive demand. J Exp Psychol Gen. 2010 Nov;139(4):665–82.  

50.  Deacon RMJ, Nicholas J, Rawlins P. T-maze alternation in the rodent. Nat Protoc. 

2006;1(7).  

51.  Dobson CC, Mongillo DL, Poklewska-Koziell M, Winterborn A, Brien JF, Reynolds JN. 

Sensitivity of modified Biel-maze task, compared with Y-maze task, to measure spatial 

learning and memory deficits of ethanol teratogenicity in the guinea pig. Behav Brain 

Res. Elsevier; 2012 Jul;233(1):162–8.  

52.  Sison M, Gerlai R. Associative learning in zebrafish (Danio rerio) in the plus maze. 

Behav Brain Res. 2010 Feb;207(1):99–104.  

53.  Frith CD, Done ADJ. Stereotyped responding by schizophrenic patients on a two-

choice guessing task. Psychol Med. 1983;13:779–86.  

54.  Baculis BC, Diaz MR, Fernando Valenzuela C. Third trimester-equivalent ethanol 

exposure increases anxiety-like behavior and glutamatergic transmission in the 

basolateral amygdala. Pharmacol Biochem Behav. 2015 Oct;137:78–85.  

55.  West JR, Dewey SL, Pierce DR, Black AC. Prenatal and early postnatal exposure to 

ethanol permanently alters the rat hippocampus. Ciba Found Symp. 1984;105:8–25.  

56.  Caldwell KK, Goggin SL, Labrecque MT, Allan AM. The impact of prenatal alcohol 

exposure on hippocampal-dependent outcome measures is influenced by prenatal 

and early-life rearing conditions. Alcohol Clin Exp Res. NIH Public Access; 2015 

Apr;39(4):631–9.  

57.  Bonaiuto JJ, Berker A de, Bestmann S. Response repetition biases in human 

perceptual decisions are explained by activity decay in competitive attractor models. 

Elife. eLife Sciences Publications, Ltd; 2016;5.  



58.  VAURIO L, RILEY EP, MATTSON SN. Differences in executive functioning in children 

with heavy prenatal alcohol exposure or attention-deficit/hyperactivity disorder. J Int 

Neuropsychol Soc. Cambridge University Press; 2008 Jan;14(01):119–29.  

59.  Hamilton DA, Barto D, Rodriguez CI, Magcalas CM, Fink BC, Rice JP, et al. Effects of 

moderate prenatal ethanol exposure and age on social behavior, spatial response 

perseveration errors and motor behavior. Behav Brain Res. Elsevier; 2014;269:44–54.  

60.  Zimmerberg B, Sukel HL, Stekler JD. Spatial learning of adult rats with fetal alcohol 

exposure: deficits are sex-dependent. Behav Brain Res. Elsevier; 1991 Jan;42(1):49–

56.  

61.  Vicari S, Caravale B, Carlesimo GA, Casadei AM, Allemand F. Spatial working memory 

deficits in children at ages 3-4 who were low birth weight, preterm infants. 

Neuropsychology. 2004 Oct;18(4):673–8.  

62.  Zimmerberg B, Mattson S, Riley EP. Impaired alternation test performance in adult 

rats following prenatal alcohol exposure. Pharmacol Biochem Behav. Elsevier; 1989 

Jan;32(1):293–9.  

63.  Mattson SN, Riley EP. A Review of the Neurobehavioral Deficits in Children with Fetal 

Alcohol Syndrome or Prenatal Exposure to Alcohol. Alcohol Clin Exp Res. 

Wiley/Blackwell (10.1111); 1998 Apr;22(2):279–94.  

64.  Sokol RJ, Delaney-Black V, Nordstrom B. Fetal Alcohol Spectrum Disorder. JAMA. 2003 

Dec;290(22):2996.  

65.  Sedgh G, Singh S, Hussain R. Intended and unintended pregnancies worldwide in 2012 

and recent trends. Stud Fam Plann. NIH Public Access; 2014 Sep;45(3):301–14.  

66.  Bearak J, Popinchalk A, Alkema L, Sedgh G. Global, regional, and subregional trends in 

unintended pregnancy and its outcomes from 1990 to 2014: estimates from a 

Bayesian hierarchical model. Lancet Glob Heal. Elsevier; 2018 Apr;6(4):e380–9.  

67.  (UK) NCC for W and CH. Lifestyle considerations. RCOG Press; 2008;  

 


	Madeleine Cleal, Matthew O. Parker*
	School of Pharmacy and Biomedical Science, University of Portsmouth, UK
	Abstract
	Introduction
	Methods
	Subjects and ethanol treatment
	Ethical Statement
	Randomization and blinding
	Materials
	Procedure
	Appetitive conditioning
	Pavlovian fear conditioning
	Y-maze test of perseveration and repetitive alternation
	Data analysis
	Results
	Moderate developmental ethanol exposure does not affect appetitive learning in zebrafish
	Moderate developmental ethanol exposure does not affect fear conditioning in zebrafish
	Moderate development ethanol exposure reduces alternations in a y-maze
	Discussion
	Appetitive and aversive learning tasks
	Y-maze Spontaneous Alternation Task
	Limitations and future directions
	Concluding remarks
	References

