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Abstract  

Healthy aging is associated with a decline in memory and executive function, which 

have both been linked with aberrant dopaminergic signalling. We examined the 

relationship between cognitive performance and dopamine function of young and 

aging zebrafish (Danio rerio). We revealed age-related decreases in working 

memory and cognitive flexibility in the Free-Movement Pattern (FMP) Y-maze. An 

increase in drd5 gene expression in aging adults coincided with a decrease in 

cognitive performance. Treatment with a D1/D5 receptor agonist (SKF-38393, 35 

µM) 30 minutes prior to behavioural assessment resulted in improved working 

memory in aging zebrafish, but no effect in younger adults. However, an ‘overdosing’ 

effect caused by agonist treatment resulted in downregulation of dat expression in 6-

month old, treated zebrafish. The translational relevance of these findings was tested 

in humans by analysing exploratory behaviour in young-adult, 18-35-year olds, and 

aged adults, 70+ year olds, in a virtual FMP Y-maze. Our findings revealed similar 

age-related decline in working memory. Thus, strongly supporting zebrafish as a 

translational model of aging and cognitive decline.   

 

Keywords: FMP Y-maze; zebrafish; memory; dopamine; aging-related cognitive 

decline 
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Introduction 

During the process of ‘natural’ aging, the brain undergoes gradual structural and 

functional changes that cause deterioration in cognitive ability, even in the absence 

of neurodegenerative disease (Harada et al., 2013; Salthouse, 2009). The rate of 

decline is highly variable, with many able to maintain good health and mental ability 

into their late 80s, whilst others are greatly susceptible to debilitating cognitive 

impairment and disease (Deary et al., 2012). Individual differences in cognitive aging 

have driven the identification of underlying biological factors that can predict 

vulnerability to decline or development of age-related diseases (Berry et al., 2016). 

Many studies of healthy aging have implicated multiple components of the 

dopaminergic system in declining cognition, with individual differences in dopamine 

signalling playing a profound role in performance of cognitive tasks and response to 

dopamine-altering medications (Roshan Cools & D’Esposito, 2011; Kimberg et al., 

1997; Volkow et al., 1998). As a result, dopamine has become a focus of research 

investigating age-associated changes in cognition.  

Dopamine plays an important role in many aspects of cerebral functions related to 

cognition such as attention, learning, working memory and mental flexibility (Girault 

& Greengard, 2004; Naderi et al., 2016). Three key modulators of dopamine function 

are dopamine synthesis, reuptake and activation of dopaminergic receptors (Klanker 

et al., 2013). Through pharmacological manipulations, a complex network of 

interactions involving these modulatory systems are used to maintain dopamine 

homeostasis (Roshan Cools & D’Esposito, 2011), dysregulation of which has been 

shown to have severe, and sometimes opposing, effects on cognition, particularly 

working memory and cognitive flexibility in health and disease (Brozoski et al., 1979; 

Cai & Arnsten, 1997; El-Ghundi et al., 2007; Rothmond et al., 2012; Zahrt et al., 

1997). In a previous study, we sought to delineate the role dopaminergic receptor 

subtypes play in formulating search strategies in zebrafish exploring the FMP Y-

maze. We used SCH-23390, a selective D1 and D5 receptor antagonist (from here in 

referred to as D1-like receptors) and sulpiride, a selective D2, D3 and D4 receptor 

antagonist (from here in referred to as D2-like receptors) (Neve, 2013). We 

demonstrated a significant role for D1-like receptors in strategy formation in the FMP 

Y-maze, with an associated impact on working memory and cognitive flexibility. 

However, in the absence of reward or motivational learning, no such role was 
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identified for D2-like receptors in exploring the maze (Cleal et al., 2020). 

Consequently, in models with deficits in working memory or behavioural plasticity in 

the FMP Y-maze, we hypothesised that increasing D1-like receptor activation would 

enhance these cognitive domains. 

Zebrafish (Danio rerio) have recently emerged as a promising model of cognitive 

aging (Gerhard, 2007; Yu et al., 2006). Zebrafish live on average for ~3 years, but 

can have a life span as long as 4-5 years under laboratory conditions (Kishi, 2011). 

Changes in cognition are evident from ~2 years, increasing the accessibility of 

researching gradual senescence in a model of old age (Arslan-Ergul et al., 2016; 

Gerhard et al., 2002; Tsai et al., 2007; Yu et al., 2006). In humans, cellular 

senescence can be detected by a number of age-associated phenotypes using 

biological and biochemical markers. One such marker is beta-galactosidase, which 

in humans is only expressed in senescent cells (Dimri et al., 1995). Like humans, 

zebrafish also demonstrate senescence associated beta-galactosidase activity, with 

only faint signals detectable at 9-months old, increasing significantly once fish reach 

17-months and older (Kishi et al., 2003). Additionally, like humans and rodents, 

zebrafish also show age-associated accumulation of oxidative proteins in skeletal 

muscles. Kishi, et al, showed higher levels of oxidised proteins in aged fish, at 24-

months old compared to younger 3 and 6-month old fish (Kishi, 2004; Kishi et al., 

2003; Tsai et al., 2007). We therefore selected 6 and 24-month old zebrafish as 

these developmental stages show clear differences in biological markers of aging, 

both in zebrafish and in humans. Also, like humans and rodents, zebrafish have 

homologues of neurotransmitters, associated systems and brain regions necessary 

to assess learning, memory and executive functions such as attention and cognitive 

flexibility (Horzmann & Freeman, 2016; Parker et al., 2013; Tufi et al., 2016). Ease of 

pharmacological manipulation and high throughput behavioural testing additionally 

add to the convenience and suitability of zebrafish to model the effects of aging and 

age-related diseases (Gerhard, 2003; Gerhard & Cheng, 2002; Keller & Murtha, 

2004; Kishi, 2004).   

The FMP Y-maze has been developed to assess cognition, specifically, exploration, 

working memory and behavioural flexibility, in a range or organisms, including 

zebrafish, flies, rodents and a virtual task for assessing humans (Cleal et al., 2020; 

Cleal & Parker, 2018; Fontana, Cleal, & Parker, 2019; Fontana, Cleal, Clay, et al., 
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2019). Analysis of exploration patterns has led to the observation that vertebrate 

species are biased towards strategies utilizing alternating left and right turns, known 

as an ‘alternation’ (left, right, left, right-LRLR, right, left, right, left-RLRL). 

Pharmacological blockade of memory forming pathways in zebrafish, revealed a role 

for memory processing and behavioural flexibility in the formulation of search 

patterns and updating exploration strategies during task progression (Cleal et al., 

2020). In the FMP Y-maze, working memory is based on the ability to recall previous 

arm entries, similar to the alternation task of the T- or Y-maze (Stewart et al., 2011; 

van der Staay et al., 2011). Recording percentage-use of reoccurring patterns of four 

consecutive turn choices, known as tetragrams, over one hour of exploration gives 

rise to a ‘global’ search strategy. Similar exploration strategies, predominantly reliant 

on alternations, have been reported in rodents, both in the FMP Y-maze and T-maze 

using the same analysis (Cleal et al., 2020; Gross et al., 2011). Behavioural 

assessment of one hour of free exploration in the FMP Y-maze enables the 

identification of working memory abilities and cognitive flexibility, presenting the FMP 

Y-maze as a useful tool for assessing memory processing in animal models and 

potentially patients with disorders characterised by cognitive decline.  

We used the FMP Y-maze and pharmacological agonism of D1-like receptors, to 

understand the role of dopamine in healthy aging in zebrafish. We compared 

behavioural phenotypes of 6-month old adults with aged, 24-month old adults in the 

early stages of senescence. Our hypothesis was that 24-month old zebrafish may 

have begun experiencing mild cognitive decline with the increase of age-associated 

biological markers. We examined changes in working memory and cognitive 

flexibility in a recently developed behavioural paradigm that can be used to assess 

both cognitive functions simultaneously with minimal handling and experimenter 

interference. We furthered our investigation by comparing changes in working 

memory of young and aging zebrafish to changes in working memory between 

young and old, healthy humans. Our aim was to assess the translational relevance 

of age-related changes in memory processing in zebrafish compared to humans.  

 

Materials and Methods 

Ethical statement 
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The University of Portsmouth Animal Welfare and Ethical Review Board guidelines 

were followed for all experiments carried out as part of this study, and under license 

from the UK Home Office (Animals (Scientific Procedures) Act, 1986) [PPL: 

P9D87106F]. Human experiments were conducted following approval from the 

University of Portsmouth Science Faculty Ethics Committee (SFEC-2019-062).  

 

Animals and housing  

71 male and female wild type (AB) zebrafish (Danio rerio) aged 6-months old (young 

adult, n=33) and 24-months old (aged, n=38) were used to assess cognitive aging as 

a commonly used strain of zebrafish for investigating aging (Kishi, 2004). Previous 

work in our lab has shown that there are no sex differences in the FMP Y-maze and 

therefore we did not examine the effect of sex as part of this study (Fontana, Cleal, & 

Parker, 2019). Zebrafish were bred in-house and raised in the University of 

Portsmouth Fish Facility. Fish were housed in groups of ~10-12 fish per 2.8L tank on 

a re-circulating system (Aquaneering Inc., San Diego, CA, USA), aquarium-water 

was maintained at pH 8.4 (±0.4). Previous work from our group and extensive pilot 

studies were used to calculate power analysis and inform sample sizes used in this 

study (Cleal et al., 2020; Cleal & Parker, 2018; Fontana, Cleal, & Parker, 2019; 

Fontana, Cleal, Clay, et al., 2019). Room and tank temperatures were maintained at 

25-27°C on a 14/10-hour light/dark cycle. From 5 days post fertilisation (dpf) fish 

were fed on ZM fry food until adulthood when they were fed on a daily diet of live 

brine shrimp (maintained at the fish facility) and dried flake food (ZM Systems, UK) 3 

times/day (once/day at weekends). All fish used in this study were experimentally 

naïve. Once behavioural testing had been completed test fish were euthanized by 

rapid cooling (immersion in 2oC water), followed by decapitation and excision of the 

brain for downstream processing.  

 

Drugs 

To study the effect on working memory, cognitive flexibility and mRNA expression of 

dopamine receptors, adults were incubated for 30 min in 35 µM (10 mg/L) of the 

selective dopamine D1/D5 receptor partial agonist SKF-38393 hydrochloride 

(Medchemexpress). Due to the water solubility, drug stock solutions were made by 

dissolving SKF-38393 in aquarium water. Drug administration was adapted from 

(Naderi et al., 2016), in which individual fish were entirely immersed in drug solution 
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or aquarium water (control) by gently netting fish from home tank to a 400 mL beaker 

filled with 300 mL of drug or water and covered with a lid to prevent fish from 

escaping. Fish were netted into the beaker 30 mins prior to behavioural testing. 

Treatment time was based on previous studies with dopaminergic agonists, 

demonstrating that 30 mins of free-swimming during drug immersion was sufficient 

for drug to influence zebrafish behaviour (Irons et al., 2013; Naderi et al., 2016). 

Immediately following treatment fish were transferred into the FMP Y-maze.  

 

FMP Y-maze  

The protocol was carried out as described in our previous papers (Cleal, et al., in 

press; (Cleal & Parker, 2018; Fontana, Cleal, & Parker, 2019; Fontana, Cleal, Clay, 

et al., 2019).  Fish were recorded in a Y-maze for 1 hour. If the fish were adopting a 

random search strategy, it would be predicted that the distribution of tetragrams over 

a 1-hour period would be approximately stochastic (i.e., the relative frequency of 

each tetragram would be ~6.25%). Figure 1 shows an example of a series of 

movement sequences performed in the FMP Y-maze, a combination of which 

provide a picture of the global search strategy used. To minimise stress, fish 

handling and experimenter visibility were both kept to a minimum. Behavioural 

testing was conducted using a commercially available, fully integrated testing 

environment, the Zantiks AD system for adult zebrafish (Zantiks Ltd., Cambridge, 

UK). Tanks were black, opaque acrylic with a transparent base. A white acrylic Y-

maze insert was fitted into each tank. Two Y-maze inserts could be fitted per tank.  

The Y-maze dimensions were as follows: L500 mm x W200 mm x D1400 mm, with a 

120° angle between arms. Tanks were filled with 3L of aquarium-water and placed 

into Zantiks behaviour units, one tank per unit. Each system was fully controlled via a 

web enabled device. Filming was carried out from above, which allowed live 

monitoring of fish within the behaviour system. Data output was automated, 

preventing any bias in the recording of arm entries.  

[Figure 1a here] [Figure 1b here] 

 

Virtual FMP Y-maze 

The human FMP Y-maze is based on a series of adjoining Y-shaped points, forming 

a honeycomb maze. At each choice point, participants must choose to turn either left 
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or right (Figure 1A). In order to test for aging related cognitive decline, we recruited N 

= 80 participants, n = 40 ‘old’ (>70) and n = 40 ‘young’ (18-35). Based on power 

analyses from our previous studies (Cleal et al 2020), we required a minimum of n = 

16 per group. An individual’s data were excluded if they completed fewer than 10 

turns. Following exclusions, the final sample size for the ‘young’ group was n = 35 

subjects (mean age = 24±4.79 years; 23:12 male:female), and the ‘old’ group was n 

= 30 subjects (mean age = 73.83±3.93 years; 18:12 male:female). The maze was 

uploaded onto the crowdsourcing website Prolific Academic Ltd 

(https://www.prolific.ac), an online platform which recruits subjects explicitly for 

participation in research (Palan & Schitter, 2018). Specifically, Prolific can be used to 

set eligibility criteria, and allows participation of eligible subjects on a first-come, first-

served basis until the total number of required participants is fulfilled. We established 

two studies, with the eligibility criteria based on age only. Once in the maze, 

participants were free to explore for a total of 5 minutes, after which they were 

automatically logged out and, via a link, returned to the Prolific website. Turn 

directions of participants were reported as x, y coordinates which were converted 

into left and right turns and subsequently transformed into tetragram sequences. 

Each participant was only permitted to enter the maze once. All participants were 

compensated £0.65 (rate = £7.20/hour) for taking part.  

 

RNA Extraction and cDNA Synthesis 

Immediately following behavioural testing, fish were euthanised in ice water, brains 

were removed, snap-frozen in liquid nitrogen and stored at -80°C until further use. 

RNA was isolated using the RNeasy Micro kit (Qiagen) as described in the 

manufacture’s protocol. Upon purification, the quality and concentration of all 

samples were assessed using the NanoDrop ND-1000 (Thermo Scientific). The 

purities of acceptable RNA samples (as measured by 260:280 and 230:260 

absorbance ratios) were equal to or greater than 1.8. All samples were therefore of 

sufficient quality for expression-level analysis. Total cDNA was prepared using 

Applied Biosystems High Capacity RNA-to-cDNA Kit for RT-qPCR. Each 20 µL 

reaction was diluted 10-fold in nuclease-free water and used as the template for the 

real-time qPCR assays.  
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Quantitative Real-Time PCR (RT-qPCR) 

Quantitative real-time PCR (RT-qPCR) assays were used to validate relative gene 

expression based on SYBR green detection. Primers used in this study were 

predesigned primers from qPrimerDB (Lu et al., 2018) or based on previous studies 

(Parker et al., 2016; Tang et al., 2007). Primers were synthesised by Invitrogen and 

are listed in Table 1. The Roche LightCycler® 480 High Resolution Melting Master 

mix and the LightCycler® 96 (Roche Life Science) were used to amplify and detect 

the transcripts of interest. Thermal cycling conditions included an initial denaturation 

step at 95°C for 600s (recommended by manufacturer), 40 cycles of 95°C for 15s, 

58°C for 20s and 72°C for 35s followed by melt curve analysis to confirm product 

specificity for all transcripts. Primers were tested with melt curve analysis and 

negative reverse transcription (RT) controls and negative template controls to 

optimise reaction conditions to generate a single melt peak in control samples, check 

for genomic contamination in negative RT controls and primer dimers in negative 

template controls. Elongation factor 1 alpha (eelf1a) was used as a housekeeping 

gene (Tang et al., 2007). Gene-expression levels were calculated using delta-delta 

CT method and normalised to eelf1a. Changes in expression were presented as 

means ± SD of fold change to control group (n = 4-6 per group; assayed in 

duplicate).  

 

[Table 1 here] 

Table 1. Primer sets used for qPCR  

Gene 
name 

Gene  Primer sequence (Forward)  Primer sequence (Reverse)  Amplicon 
size  

Eukaryotic 
translation 
elongation 
factor 1 
alpha  

eef1a  CTGGAGGCCAGCTCAAACAT  ATCAAGAAGAGTAGTACCGCTAGC 
ATTAC�  

87  

Dopamine 
transporter 

dat  GTTGCTGACTTTAGGAATCGAC  GCGTAAACACATAGATTCCACC  179  

Dopamine 
receptor D1 

drd1  TGGTTCCTTTCTGCAACCCA  AGTGATGAGTTCGCCCAACC  100  

Dopamine 
receptor 
D2a 

drd2a ATACTTCCGCTCTTTGGATGAA  CGTGATGCATTTTCAAAGAAGC  119  

Dopamine 
receptor 

drd2b CAAAACCATGAGCAAGAGGAAA GCAGCCAGCAAATAATGAAAAC  98  
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D2b 

Dopamine 
receptor D5 

drd5 CGAGAGAAAGATGAACCGTAGA 

 

GTCCAGTTGCTTGTGTTAACC 

 

138 

Tyrosine 
hydroxylase

th  ACCGATATTGTCTGATCGAACA  AGTGAACCAGTACATTGTCGAT  112  

 

Oxygen consumption measurements 

Standard oxygen consumption rates of individual fish were measured based on wet 

weight (g) and amount of oxygen consumed during 1 h of free exploration of the 

FMP Y-maze. Method for measuring oxygen consumption were adapted from 

(Voutilainen et al., 2011). Briefly, each behaviour tank was filled with exactly 3 L of 

aquarium-water and an initial reading of oxygen saturation were recorded using a 

HQ30D portable dissolved oxygen meter. Zebrafish were netted directly into the 

maze which was covered with parafilm to create a closed system. Tanks were 

immediately placed into the behaviour unit and the trial started. At the end of 1 h of 

exploration oxygen readings were recorded for each fish. Zebrafish were then briefly 

anaesthetised using Aqua-Sed anaesthetic treatment (Aqua-SedTM, Vetark, 

Winchester, UK) in accordance to manufacturer guidelines. A wet weight was 

recorded for each fish in grams. Oxygen consumption was expressed as mg/L O2 x 

g-1 x h-1, in which g-1 is per gram, based on the wet weight of each fish and h-1 is per 

hour, based on 1 hour of exploration. Temperature readings were recorded pre and 

post behaviour to ensure that temperature did not fluctuate significantly over the 

course of the behavioural task, as this could impact metabolic rate. However, 

temperature only fluctuated by ±1°C which has been shown to be too small a change 

to influence oxygen metabolism (Barrionuevo & Burggren, 1999; Okomoda et al., 

2020). 

 

Statistical analysis   

The primary endpoint for analysis of exploration patterns in the FMP Y-maze was the 

number of choices for each of the 16 tetragrams as a proportion of total turns 

(percentage use). Based on previous research we were interested particularly in the 

proportion of choices that represented alternations (LRLR, RLRL) and repetitions 

(RRRR, LLLL) as these tetragrams were the most observed. All analyses were 
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carried out using IBM SPSS statistics version 25 and GraphPad Prism version 8, 

with all graphical representations completed in GraphPad Prism. Analysis of paired 

tetragram sequences (e.g. LRLR+RLRL, LLLL+RRRR, etc) for a single age group 

was carried out using a One-way analysis of variance (ANOVA) followed by Tukey’s 

post-hoc test. Comparison of tetragram frequency distributions for age x treatment 

were analysed using Two-way ANOVA. Data were represented as mean ± standard 

error of the mean (SEM). For subsequent tetragram analyses, we were interested in 

putative changes in strategy during the search period, and we therefore included 

“time” as the within-subjects factor. We also included “total turns” as a covariate in all 

analyses, in order to control for general activity levels in statistical models. For age 

groups in which drug was added, we included drug (present vs absent) as a 

between-subjects’ factor. Data for time were represented as mean ± SEM. For all 

data sets the Shapiro-Wilk test of normality was conducted. Parametric and non-

parametric tests were performed as appropriate for each analysis as detailed below. 

Comparison of percentage use of alternations and repetitions for each age and 

treatment group were analysed using the Kolmogorov-Smirnov test for non-normally 

distributed data sets and the unpaired t-test for normally distributed data sets. Data 

were represented as the mean ± SEM. Oxygen consumption was analysed using a 

One-way ANOVA for age and Two-way ANOVA followed by Sidak’s multiple 

comparison post-hoc test for age x treatment. Data were represented as mean ± 

SEM. Body mass was analysed using unpaired t-test. Data were represented as 

mean ± SEM. Locomotor data were analysed for age x treatment using Two-way 

ANOVA followed by Tukey’s post-hoc test. Data were represented as mean ± SEM. 

qPCR data were all tested for normality using the Shapiro-Wilk test, as above. 

Normally distributed data were analysed using unpaired t-test, non-normally 

distributed data were analysed using Mann-Whitney test. Data were represented as 

mean ± standard deviation (SD). Alpha values of P ≤ 0.05 were considered 

statistically significant.   

 

Results 

Aging zebrafish show mild cognitive decline in the FMP Y-maze 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

12 

 

Tetragram analysis revealed that global strategy (percentage use of each tetragram 

over the entire trial) relied on a similar pattern of turn choice, however, key 

differences were observed in the use of alternations (LRLR, RLRL) and repetitions 

(LLLL, RRRR). Figure 2 shows tetragram frequency distribution for 1 h of free 

swimming in the FMP Y-maze for 6-month old v 24-month old zebrafish. Equal 

distribution of all possible tetragram configurations would be characteristic of a 

random search strategy (100% turns completed/16 tetragram configurations = 

6.25%), whereas choices made above the 6.25% threshold are considered 

intentional and part of a global strategy. Most tetragrams were used randomly with 

bars falling below 6.25% (represented by the dashed line in Fig 2). 6-month old fish 

used alternations significantly more than all other search strategies (One-way 

ANOVA, F (7, 280 = 36.85, p <0.0001). However, there was a significant interaction 

between age and turn choice (Interaction, F (1, 68) = 11.94, p = 0.0009) with Tukey’s 

post hoc test showing 6-month old zebrafish used alternations significantly more 

than 24-month old zebrafish (95% CI diff = 3.32-14.27, p = 0.0004***). This reduction 

in alternations in 24-month old zebrafish resulted in a change in the global strategy 

to split dominance between two tetragram sequences, alternations and repetitions, 

instead of just alternations as seen with the 6-month old zebrafish. 

[Figure 2 here] 

 

Treatment with D1/D5 agonist, SKF-38393, rescues working-memory deficit in aged 

zebrafish 

Having shown a deficit in working memory of 24-month old zebrafish compared to 6-

month old counterparts, shown by a change in global exploration strategy, we pre-

treated zebrafish with D1/D5 agonist SKF-38393 for 30 mins prior to testing in the 

FMP Y-maze. SKF-38393 treatment had no effect on global strategy in 6-month old 

zebrafish, with both alternations and repetitions showing no effect between treated 

(n=15) and untreated (n=18) fish (Two-way ANOVA, F (1, 496) = 0.44, p = 0.5078). 

However, treatment of 24-month old zebrafish caused a significant increase in the 

use of alterations (KS, D = 0.33, p = 0.0297), without affecting use of repetitions (KS, 

D = 0.14, p = 0.8582) (Figure 3). Working memory, as measured by global strategy 

showed a significant effect of age (F (1,69) = 9.037, p = 0.037), but no significant 
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interaction (F (1,69) = 2.546, p = 0.115) and no main effect of treatment (F (1,69) = 

1.643, p = 0.204). However, Tukey’s post hoc tests revealed that treatment with 

SKF-38393 rescued the deficit in alternations between aged 24-month old and young 

6-month old zebrafish (95% CI = -3.74-10.52, p = 0.5969) compared to controls 

(95% CI = 1.91-16.18, p =0.0073).  

[Figure 3 here] 

 

Healthy aging impacts cognitive flexibility which cannot be recovered by treatment 

with SKF-38393 

The FMP Y-maze is a dual-action behavioural task which enables assessment of 

working memory based on global strategy, but also cognitive flexibility by analysing 

‘immediate’ strategies consisting of exploration patterns for the total trial divided into 

equal length time bins (six 10 min time bins). This enables the identification of 

changes in strategy over time. Figure 4 illustrates the percentage use of each 

tetragram sequence per 10 mins of exploration clearly denoting differences in the 

use of alternations over successive 10 min exploration intervals for 6-month old 

zebrafish, but a diminished effect of time on alternations in the 24-month old 

zebrafish. As alternations have been revealed as the dominant strategy and prone to 

change with age and treatment, we further explored the effect of time on alternation 

use. 6-month old control zebrafish showed the greatest effect of time on alternations 

as demonstrated in Figure 5. From the initial 10 mins of exploration, alternations 

were already used above random selection and continue to rise significantly with 

each successive time bin (One-way ANOVA, F (5, 210) = 4.33, p = 0.009). The 

maximum mean difference between time bins was 9.7%, indicating that the 

alternation strategy was not static, but was altered in response to a constant 

environment. 24-month old aging zebrafish demonstrate a deficit in the ability to 

adapt their strategy over time, as shown by the stable use of alternations in 

consecutive time bins (One-way ANOVA, F (5, 234) = 1.35, p = 0.2449), with a 

maximum mean difference of 3.6% between time bins. Treatment of 6-month old 

zebrafish with SKF-38393 did not affect global strategy as seen in Figure 3, 

however, it did appear to have a dampening effect of changes in alternation use over 

time (Figure 5). Though still significant, the effect was greatly reduced compared to 
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controls (One-way ANOVA, F (5, 164) = 2.73, p = 0.0215). In 24-month old zebrafish 

treated with SKF-38393 the global use of alternations was increased to a 

performance level equivalent to 6-month old controls; however, the drug treatment 

was unable to restore adaptability of search over time, resulting in a stable strategy 

(One-way ANOVA, F (5, 208) = 0.185, p = 0.9681), which had a similar maximum 

mean difference of 2.9% between time bins.  

[Figure 4 here] 

[Figure 5 here] 

 

Metabolic rate is not a factor in changing search strategy with age 

There appeared to be a substantial size difference between age groups, therefore, to 

identify if metabolism played any role in the change in search strategy, wet weight 

and oxygen consumption over the course of the trial were recorded as an indirect 

measure of metabolism (Nelson, 2016). We identified a significant difference in wet 

body mass (t = 7.195, df = 19, p <0.0001) with a mean wet weight of 0.39g for 6-

month old and 0.83g for 24-month old zebrafish. We furthered this analysis by 

comparing oxygen consumption between age groups and found no significant 

difference (t = 1.660, df = 8, p =0.1356). However, there was an effect of treatment 

on oxygen consumption (Two-way ANOVA, F(1, 17) = 11.41, p = 0.0036), Sidak’s 

multiple comparison post-hoc test revealed that treatment with D1/D5 agonist SKF-

38393 caused a significant decrease in oxygen consumption in 6-month old (95% CI 

= 0.433-1.787, p = 0.0012), but had no effect on 24-month old fish (95% CI = -0.631-

0.535, p = 0.9952) (Figure 6).   

[Figure 6 here] 

Regulation of dopaminergic gene expression by aging 

We investigated the effect of age on the dopaminergic system by analysing 

expression changes between 6 and 24-month old zebrafish. Figure 7 shows the 

qPCR data of relative gene expression from whole brain tissue. We found no 

significant difference between 6 and 24-month old zebrafish for dat (U = 4, p 

=0.1667), drd1 (t = 1.25, df = 8 , p =0.2460), drd2a (t = 1.20, df = 7 , p =0.2699), 
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drd2b (t = 0.21, df = 7 , p =0.8434) or th (t = 0.55, df = 7 , p =0.5985) mRNA 

expression levels. However, there was a significant effect of age on drd5 (t = 2.87, df 

= 7, p = 0.0239) expression.  

[Figure 7 here] 

Effect of SKF-38393 on dopaminergic gene expression 

The qPCR data in Figure 8 shows that 35µM SKF-38393 was able to decrease the 

expression of dat in 6-month old zebrafish (U = 0, p = 0.0048) but not 24-month olds 

(U = 9, p = 0.1645). However, 30 min treatment with SKF-38393 did not elicit 

expression changes in drd1 (6-months old; t = 1.36, df = 7 , p =0.2170, 24-months 

old; t = 0.83, df = 10 , p =0.4266), drd2a (6-month old; t = 1.33, df = 7 , p =0.2259, 

24-month old; t = 1.31, df = 8 , p =0.2265), drd2b (6-months old; t = 1.17, df = 8 , p 

=0.2753, 24-months old; t = 0.18, df = 8 , p =0.8651), drd5 (6-months old; t = 1.38, df 

= 8, p = 0.2064, 24-months old; t = 1.62, df = 9, p = 0.1405) or th (6-months old; t = 

0.72, df = 8 , p =0.4950, 24-months old; t = 0.14, df = 8 , p =0.8894) in either age 

group.   

[Figure 8 here] 

 

Healthy aging humans show mild cognitive decline  

Having shown a deficit in working memory of old versus young zebrafish, to 

understand the translational relevance of these findings, we assessed working 

memory in healthy populations of young and old humans in a previously developed 

virtual FMP Y-maze, which is analogous to the animal version (Cleal, et al., 2020). 

To establish clinically relevant findings, we ran participants in the FMP Y-maze for 5 

minutes of free exploration. Like zebrafish, humans showed dominant use of the 

alternation strategy and similarly there appeared to be a significant reduction in the 

use of alternations in older (70+ year-olds) compared to younger (18-35 year-old) 

adults (F (1, 65) = 7.175, p = 0.009) (Figure 9). Thus, we demonstrated a deficit in 

working memory in healthy aged adults compared to their younger counterparts.  

[Figure 9 here] 
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Discussion 

Using a zebrafish model of aging we have investigated changes in working memory 

and cognitive flexibility between young adulthood and aging, suggesting mild 

cognitive decline. The present findings indicate that working memory and strategy 

changes are both impaired in aged zebrafish; however, acute exposure to SKF-

38393, a selective dopamine D1/D5 receptor partial agonist, enhanced working 

memory in aging, but had no detectable effect on behavioural flexibility. Real-time 

qPCR analysis identified an up regulation of drd5 receptor in 24-month old zebrafish 

compared to 6-month old counterparts. Treatment with SKF-38393 caused a down 

regulation of dat mRNA expression in 6-month old adults, but no effect on aged 

adults, supporting the role of dat in regulating dopamine availability and cognitive 

flexibility. These findings provide characterisation of cognitive changes in healthy 

aging which can be partially rescued by activating D1-like receptors, promoting the 

role of maintaining working memory, but not behavioural flexibility. This study, to our 

knowledge, provides the first examination of changes in dopaminergic gene 

expression in the aging zebrafish brain. To address the translational relevance of the 

zebrafish model of aging, we examined working memory of healthy adults using an 

analogous version of the FMP Y-maze adapted for humans. We identified a similar 

reduction in alternations in old versus young adults, comparable with the changes 

seen in zebrafish. Thus, our findings demonstrate for the first time that zebrafish 

faithfully replicate aspects of healthy aging seen in humans, that results in a decline 

in working memory with old age.  

 

Changes in working memory in healthy aging zebrafish 

Younger adult zebrafish have demonstrated a very specific global strategy used to 

explore the FMP Y-maze. Using tetragram sequence analysis, we identified patterns 

of choice selection of left and right turns in 6-month old adults that use alternation 

sequences (LRLR, RLRL) for more than 25% of the global search strategy, four 

times the use of random selection. All other sequences were used at a level 

equivalent to chance selection.  Prior wsork from our group has demonstrated that 

changes in global spatial activity patterns, particularly those relating to alternations 

and repetitions, are representative of changes in working memory processing (Cleal, 
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et al., 2020). Previous work has also demonstrated similar patterns of alternations in 

young adult zebrafish ranging from 3-6-months old (Cleal & Parker, 2018; Fontana, 

Cleal, & Parker, 2019; Fontana, Cleal, Clay, et al., 2019). Aging zebrafish at 24-

months old have, however, demonstrated a marked change in global spatial activity 

patterns reducing the use of alternations by ~8%, bringing the use of alternations 

and repetitions almost in line at 18% and 16% respectively. This deficit in 

alternations may represent an inability to recall which arms of the maze have 

previously been entered and/or the order of entry, a process which has been shown 

to be dependent on working memory (Lalonde et al., 1986; Moran et al., 1995; 

Myhrer, 2003). These findings further support that zebrafish, like humans, have a 

natural decline in cognitive abilities as part of healthy aging, resulting in deficits in 

working memory (Berry et al., 2016; Dreher et al., 2008; Goldberg, 2017; Salthouse, 

2009).  

The role of aging in cognitive decline has been well documented in humans, 

with many animal models replicating similar deficits in cognitive performance 

(Gerhard, 2007; McQuail & Nicolle, 2012). Human and animal studies, have 

implicated disruption of the dopaminergic system in age-related decline in executive 

functions such as working memory (Castner & Goldman-Rakic, 2004; Costa, 2014; 

Decker & McGaugh, 1991; Dreher et al., 2008; Godefroy et al., 1989).  To this end 

we pre-treated adult and aging zebrafish with the partial dopamine D1/D5 receptor 

agonist to identify what role D1-like receptors play in the cognitive decline in healthy 

aging zebrafish. Similar to animal and human studies (Castner & Goldman-Rakic, 

2004; Hemby et al., 2003; Molloy & Waddington, 1988; Wang et al., 2019), we found 

that treatment with a partial D1/D5 agonist enhanced working memory in aging 

zebrafish, resulting in a rise in the use of alternations as part of the global strategy. 

24-month old, treated zebrafish increased alternations by nearly 7%, bringing 

alternation use to a level comparable with 6-month old zebrafish. The effect of SKF-

38393 was age specific, as no such changes in working memory were observed in 6-

month old zebrafish. Our findings support previous studies, implicating that boosting 

D1-like receptor activation is only beneficial if there is pre-existing dysregulation 

within the dopaminergic system (Cools & D’Esposito, 2011).   

The role of metabolism and the effect of SKF-38393 on cognitive flexibility 
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Fine-scale analysis revealed that not only do fish use an overall, global strategy of 

alternations and repetitions to explore the FMP Y-maze, but this strategy is subject 

to change over time. We observed a pattern of increasing use of alternations 

throughout the trial in young, 6-month old adults. However, this natural tendency to 

modify search strategy with time ceases in aged adults. Throughout the life-span of 

an organism there is a continuous, dynamic equilibrium between goal stabilised and 

destabilised behaviours, in which an individual is required to balance focus on the 

current task against new information altering current goal perceptions (Cools, 2016). 

This cognitive flexibility has been strongly associated with the dopaminergic system 

and working memory (Cañas et al., 2003). In the FMP Y-maze the current goal could 

be perceived as foraging for potential food sources, or information seeking. This 

behavioural paradigm works on the basis of negative feedback (a continuous lack of 

food or reward) to update knowledge of the environment and inform decisions to 

selection appropriate behaviours, in this task reflected as search strategy. In young, 

healthy adult zebrafish the negative feedback loop dictates an increasing use of 

alternations over time. However, in line with previous studies in humans (Harada et 

al., 2013), aged zebrafish could not utilise negative feedback to update behaviour in 

response to the lack of environmental change and thus relied on the ‘immediate’ 

strategy, that was employed within the first 10 mins of novel exploration, as the only 

strategy used to explore the maze. This strategy was used regardless of how familiar 

the environment had become or in light of a continued lack of reward or novelty 

whilst exploring the FMP Y-maze. Changes in cognition is a normal aspect of healthy 

aging and similarly to humans, zebrafish exhibit age-related deficits in cognitive 

abilities (Adams & Kafaligonul, 2018). It is therefore unsurprising that in aging adults 

there is no longer an effect of time on alternations. The ability to adapt behaviour 

based on new information is fundamental to healthy cognitive processing, the 

disruption of which is common to psychiatric illness and neurodegenerative diseases 

(Pittenger, 2013; Waltz, 2017). The inability to adapt behaviour in response to the 

environment is of critical importance in aging conditions, and thus highlights the 

suitability of zebrafish to aid in informing human conditions of cognitive decline in 

aging.  

An interesting finding from this study was that treatment with SKF38393 

caused a reduction in the effect of time on search strategy in younger adults. 
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However, aged adults showed no effect of time on search strategy, regardless of 

whether they were treated with SKF-38393 or not. Dopamine acts as a 

neuromodulator, which is essential for achieving and maintaining cognitive control 

functions such as flexibly adjusting goal-directed behaviours (Ott & Nieder, 2019). 

Via D1-like receptor activation, dopamine can modulate working memory 

performance and sustain goal-focused behaviour by stabilising neuronal activity and 

generating a high signal to noise ratio, reducing the influence of interfering (off target 

or distracting) stimuli (Durstewitz et al., 2000). However, in order to achieve goal-

orientated behaviour with flexible adaptations a balance is required between a D1 

(including both D1 and D5 receptors)- and D2- (including D2, D3 and D4 receptor) 

dominant state, known as Dual state theory (Cools, 2016). Dual state theory 

implicates intermediate neural levels of dopamine, primarily acting via D1-like 

receptors, resulting in low firing rate (lower energy use) and increased goal-directed 

behaviour as the D1-dominant state. The D2-dominant state, activing via D2-like 

receptors, is characterised by fast firing rates (high energy use) and behavioural 

flexibility, e.g. set shifting or behavioural adaptations (Cools, 2016). A shift to the D1-

dominant state by pharmacological intervention, for example following pre-treatment 

with a selective D1/D5 receptor agonist, would result in system bias in favour of goal 

stabilisation, which is good for achieving the current goal (e.g. searching for food), 

but bad for adapting behaviour in response to new information (e.g. no food and a 

constant, unchanging environment, as presented in the FMP Y-maze) (Cools, 2016; 

Yu & Yu, 2017).  

We measured oxygen consumption in control and treated groups to identify if 

changes in metabolic activity played a role in the change in behaviour. Supporting 

the theory of dual state action between D1-like - goal-directed behaviour and D2-like 

- flexible behaviour. We found that 6-month old controls showed the greatest 

behavioural flexibility, but also had the highest mean oxygen consumption of 1.54 

mg/L O2 over 1 h of exploration. Treatment with SKF-38393 caused a significant 

decrease in oxygen consumption and a reduction in adaptive search behaviour over 

time. However, no such effect was evident in aged adults which had similar search 

strategies over time and similar oxygen consumption in control and treated groups. 

Our findings support over activation of the D1-like receptor pathways, in 6-month old 

adults’ treated with SKF-38393, potentially biasing the dopaminergic system in 
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favour of a goal stabilised state, which decreased the amount of flexibility and 

reduced energy consumption by switching to a state with a lower firing rate in 

dopaminergic neurons.  

The lack of change in search patterns over time in aged adults and the 

accompanying lack of change in oxygen consumption between treated and control 

groups, further supports this hypothesis. Examples of the Dual state theory have 

been evidenced in human, primate and computational studies (Durstewitz et al., 

2000; Durstewitz & Seamans, 2008; Fallon & Cools, 2014; Ott & Nieder, 2019). Here 

we see that increasing D1-like receptor signalling interferes with cognitive flexibility in 

younger adults and is unable to restore it in aged adults. Thus, biasing away from 

flexible behaviour appears to be a robust mechanism; however, as we have outlined 

above, in order to positively influence goal-directed behaviour a specific level of 

receptor activation is required. It is also noteworthy that these changes do not 

appear to be related to locomotion as there are no changes in total turns between 

controls and treated fish of either age group, despite changes in metabolism in 6-

month old adults and changes in global strategy in 24-month old fish in response to 

SKF-38393 treatment. This further supports the hypothesis that changes are 

mechanistic and dependent on age, opposed to physical, i.e. increased number of 

turns resulting in an increased number of alternations, or decreased activity 

decreasing oxygen consumption. Here we provide the first evidence that the Dual 

state theory may also apply to zebrafish. However, the modulatory effect of 

dopamine is complex, influenced by dopamine receptor activation and age. These 

findings provide further understanding of the role of the dopaminergic system in age-

related changes in cognition, but more work is necessary to fully elucidate the 

mechanisms and their potential manipulation to improve executive function in aging 

adults.  

Molecular changes in dopaminergic gene expression  

To further understand the role of dopamine in healthy aging we investigated the 

expression of genes critical to the dopaminergic system including tyrosine 

hydroxylase (th), dopamine transporter (dat) and the dopamine receptors drd1, 

drd2a, drd2b and drd5. Contrary to previous studies, we did not observe any age-

dependent alterations in expression levels of th, dat, drd1 or drd2 receptor subtypes, 
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however, there was a significant increase in drd5 receptor gene expression in aged 

compared to young adult zebrafish. One possible explanation for the lack of 

detectable changes in th, dat, drd1 and drd2 mRNA expression may be due to the 

assessment of whole brains. In many mammalian studies assessing the role of aging 

on dopamine system regulation, gene expression is often analysed from region-

specific tissues or neuronal populations, e.g. pyramidal neurons, stellate neurons, 

hippocampus, prefrontal cortex, ventral or dorsal regions of the striatum (Araki et al., 

2007; Godefroy et al., 1989; Hemby et al., 2003). The asymmetric distribution of 

dopamine receptors throughout the brain strongly correlates localization with 

functional specificity (El-Ghundi et al., 2007). It is therefore a possibility, that regional 

differences in expression may counteract one another when the system is subject to 

subtle changes in expression. It is also possible that differences in expression are 

not typical between 6 and 24-month old zebrafish, as Kishi, et al, demonstrated that 

age-specific changes are not consistent until 31-months old. Prior to this the extent of 

cellular senescence is highly variable (Kishi et al., 2003). This may similarly be the case of 

age-related changes in dopaminergic gene expression; however, this has not been fully 

characterised in adult zebrafish and highlights an area in need of further investigation.  

Contrary to research on drd1 and drd2 subtypes, relatively few studies have 

investigated gene expression of drd5 in aging in the healthy brain of mammals, and 

to our knowledge this has not previously been investigated in zebrafish. Our finding 

of increased drd5 expression is somewhat at odds with the few mammalian studies 

of D5 receptors in aging (Hemby et al., 2003; Rothmond et al., 2012). Rothmond, et 

al, found that D5 receptor mRNA expression in humans was negatively correlated 

with age from neonate (6 weeks old) to adult (up to 49 years old), however they 

noted that there was no significant difference between the age groups examined, 

including young adults (20-25 years old) and adults (35-50 years old). Hemby, et al, 

also examined age-related changes in mRNA expression of dopamine receptor 

subtypes in humans. They found a significant age-related decline in relative 

abundance of D5 receptors in CA1 pyramidal neurons, but no change in the 

entorhinal cortex layer II stellate neurons (Hemby et al., 2003). Additionally, the 

author’s noted that age-related changes in D5 receptor expression were only 

possible due to the ability to examine specific neuronal populations. Both studies 

found overall negative correlations with D5 receptor mRNA expression with 
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increasing age, however, this was over multiple age groups differing by ~49 and ~70 

years respectively (Hemby et al., 2003; Rothmond et al., 2012).  

Many pharmacological studies, in mammals and fish, have identified a critical 

role for D1-like receptors in cognitive functioning, including working memory and 

cognitive flexibility (El-Ghundi et al., 2007; Messias et al., 2016; Puig et al., 2014; 

Stuchlik et al., 2007; Wang et al., 2019; Wietzikoski et al., 2012). However, often 

studies refer to the effects of “D1 receptors” or “D1 receptor agonists/antagonists”, 

despite the lack of ligands that can specifically select between D1 and D5 receptors. 

Thus contributions to cognitive function are allocated to D1-like family members (El-

Ghundi et al., 2007; Nichols, 2010). Few studies have specifically investigated the 

role of D5 receptors on cognitive functions. One study by Carr, et al, investigated the 

role of D5 receptors on working memory using homozygous and heterozygous D5 

receptor knockout mice (Carr et al., 2017). This study demonstrated significant 

alterations in cognitive function as a consequence of the loss of D5 receptors. 

Specifically, they identified a role for D5 receptors in spatial working memory, which 

correlates with the wide spread expression of D5 receptors in regions associated 

with the function of spatial working memory (Ciliax et al., 2000; Khan et al., 2000; 

Luciana & Collins, 1997). Despite work in healthy subjects identifying a negative 

correlation between increasing age and D5 receptor expression, the opposite has 

been found in models of dopaminergic disruption in which several studies have 

reported upregulation of D5 receptor mRNA expression. Study of L-DOPA induced 

dyskinesia found a significant upregulation of D5 receptor expression in response to 

chronic L-DOPA administration (Castello et al., 2020). Whilst examination of aberrant 

D2 receptor overexpression, which resulted in poor prognosis in certain tumour 

types, reported that increased D5 receptor expression produced an anticancer 

response by negatively regulating D2 receptor downstream signalling (Prabhu et al., 

2019). Additionally a study of dopamine receptor subtypes in the brain of suffers of 

Alzheimer’s disease (AD) found that D5 receptors were the least abundantly 

expressed receptor in healthy controls, but was the most prominent receptor subtype 

in the frontal cortex of patients with AD (Kumar & Patel, 2007). These studies and 

others have suggested increased D5 receptor expression as a consequence of an 

integrated stress response, a mechanism used by cells to combat stress by 

manipulating the expression of genes that can potentially counteract the stressor 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

23 

 

(Pakos‐Zebrucka et al., 2016; Perreault et al., 2013). In the case of increased D5 

receptor expression in models of aberrant dopaminergic transmission, D5 may act as 

a homeostatic regulator. Thus, in our zebrafish model of aging, the increase of drd5 

in 24-month old adults may be a consequence of reduced working memory function. 

Improvement of this deficit with a D1/D5 receptor agonist, potentially indicates a role 

for dysregulation of the dopaminergic system which has hence caused an increase 

in drd5 expression in the aging group. Our findings are the first to examine dopamine 

gene expression in healthy aging and identifies a novel role for drd5 receptors as a 

mechanism to counterbalance dopaminergic disruption in a zebrafish model of aging.     

Large or regionally uniform changes may be detectable with whole brain gene 

expression analysis. To this end we examined if there were any detectable changes 

in expression related to fish treated with SKF-38393. We found a significant 

reduction in expression of dat in 6-month old, treated adults compared to controls, an 

effect that was not replicated in 24-month old, treated fish suggesting an age specific 

effect. Dat, a plasma membrane protein exclusively expressed in dopamine 

synthesising neurons, plays a crucial role in regulating the amplitude and duration of 

dopamine-mediated neurotransmission by clearing dopamine from the synaptic cleft 

(Bannon, 2005; Bannon et al., 2001; Mortensen & Amara, 2003). The constitutive 

process of transporter trafficking of dopamine allowas for rapid up- and down- 

regulation of cell surface transporter expression and, thus, transport activity (Gulley 

& Zahniser, 2003). Downregulation of dat, thus resulting in an increase of synaptic 

dopamine availability by reducing reuptake, is a likely explanation for the reduction in 

cognitive flexibility over time in the treated 6-month old zebrafish. Studies 

investigating dopamine system function modulating behaviour have identified a role 

for presynaptic dopamine transporters (dats). Studies examining cognitive flexibility 

in patients with Parkinson’s Disease (PD) have found that patients taking dopamine-

enhancing medication (e.g. dopamine receptor agonists or L-DOPA) perform poorly 

on reversal or reinforcement learning tasks compared to patients that are not 

receiving medication (Roshan Cools et al., 2001; Rutledge et al., 2009; Waltz, 2017). 

Additionally it was noted that learning rates that were enhanced by dopaminergic 

medications only impacted positive reward learning and had no effect on negative 

outcome learning (Rutledge et al., 2009). These findings are consistent with other 

studies using methylphenidate or cocaine- both substances blocking dopamine 
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reuptake by inhibiting dat (Gatley et al., 1999). (Clatworthy et al., 2009) found that 

young healthy subject’s orally administered methylphenidate had the least cognitive 

flexibility in reversal learning when associated with the greatest amount of striatal 

dopamine release; however, spatial working memory performance was improved 

with increasing amounts of striatal dopamine. Similarly studies of cocaine-use found 

that cognitive flexibility was selectively impaired, with some studies showing that 

working memory remained unaffected (Colzato et al., 2009; Stalnaker et al., 2009). 

Combined, these experiments support the findings from this study that increased 

synaptic dopamine, either by reducing dopamine transporters or treatment with 

dopamine-enhancing drugs, can impair behavioural flexibility in healthy subjects, or 

patients not treated with enhancing drugs, by causing an ‘over-dose’ of dopamine in 

regions with optimal dopamine levels, in relation to other dopamine depleted regions 

resulting in distinct functional changes, i.e. no effect on working memory, but a 

decrease in behavioural flexibility as seen here in 6-month old treated zebrafish 

compared to controls. This hypothesis would also explain the lack of effect of SKF-

38393 on dat expression in 24-month old adults, which had already shown a deficit 

in cognitive flexibility in the control group, therefore pre-existing dysregulation of the 

dopamine system as a result of aging, prevented any ‘over-dosing’ effect causing 

changes in dat expression.  

Changes in working memory in healthy aging humans 

Deficits in working memory found in aging zebrafish compared to younger 

counterparts, support findings from human studies (Berry et al., 2016; Dreher et al., 

2008; Goldberg, 2017; Salthouse, 2009). However, to fully appreciate the 

translational relevance of zebrafish as a model of aging and the FMP Y-maze as a 

sensitive measure of cognition, we used a previously developed virtual version of the 

FMP Y-maze with healthy human subjects to assess working memory in aging. 

Previous tests in the FMP Y-maze found that humans, like zebrafish, relied on 

alternations as the dominant strategy for exploration in the maze (Cleal, et al., 2020). 

However, the sensitivity of this task to subtle changes in cognitive decline have yet to 

be examined. We used a virtual version of the FMP Y-maze, run using a clinically 

relevant protocol requiring only 5 minutes of subject participation, to assess 

exploration strategies. We found that young adults, aged 18-35, used alternations 
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more than adults aged 70 and above, demonstrating an age-related deficit in working 

memory, in line with previous studies (Glisky, 2019; Goldberg, 2017; Pliatsikas et al., 

2019). Our findings in humans, replicate those seen in zebrafish, supporting their 

use as a model of aging and additionally demonstrating the suitability of the FMP Y-

maze as a measure of cognition that can be used to assess the same 

neurobiological measures in humans and fish.  

 

Conclusion 

Our study shows that mild cognitive decline is a common component of healthy 

aging in both humans and zebrafish. Using the FMP Y-maze, subtle changes in 

working memory can be detect in aged compared to young adults. Our results are 

consistent with previous findings that the dopamine system plays a vital role in 

maintaining normal cognition and consequently appropriate behaviour selection in 

natural, healthy aging. We found that aged adult zebrafish have impaired working 

memory and cognitive flexibility compared to their younger counterparts, however, 

treatment with a D1/D5 agonist could improve working memory performance in the 

FMP Y-maze. We also identified a role for ‘over-dosing’ of dopamine and regulation 

of dat expression in subjects without dopamine depletion, which consequently 

resulted in reduced cognitive flexibility in healthy treated adults compared to controls. 

Further study is required to fully elucidate the mechanisms underlying responses to 

dopamine-enhancing drugs, with particular focus on regional brain changes and 

specific behavioural impairment and enhancement. Our work further supports the 

use of zebrafish as a model organism for studying behavioural changes and 

cognitive decline in aging, with significant translation relevance to humans.   

 

References 

Adams, M. M., & Kafaligonul, H. (2018). Zebrafish-A Model Organism for Studying 

the Neurobiological Mechanisms Underlying Cognitive Brain Aging and Use of 

Potential Interventions. Frontiers in Cell and Developmental Biology, 6, 135. 

https://doi.org/10.3389/fcell.2018.00135 

Arslan-Ergul, A., Erbaba, B., Karoglu, E. T., Halim, D. O., & Adams, M. M. (2016). 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

26 

 

Short-term dietary restriction in old zebrafish changes cell senescence 

mechanisms. Neuroscience, 334, 64–75. 

https://doi.org/10.1016/j.neuroscience.2016.07.033 

Bannon, M. J. (2005). The dopamine transporter: role in neurotoxicity and human 

disease. Toxicology and Applied Pharmacology, 204(3), 355–360. 

https://doi.org/10.1016/J.TAAP.2004.08.013 

Bannon, M. J., Michelhaugh, S. K., Wang, J., & Sacchetti, P. (2001). The human 

dopamine transporter gene: gene organization, transcriptional regulation, and 

potential involvement in neuropsychiatric disorders. European 

Neuropsychopharmacology, 11(6), 449–455. https://doi.org/10.1016/S0924-

977X(01)00122-5 

Barrionuevo, W. R., & Burggren, W. W. (1999). O2 consumption and heart rate in 

developing zebrafish (Danio rerio): Influence of temperature and ambient O2. 

American Journal of Physiology - Regulatory Integrative and Comparative 

Physiology, 276(2 45-2). https://doi.org/10.1152/ajpregu.1999.276.2.r505 

Berry, A. S., Shah, V. D., Baker, S. L., Vogel, J. W., O’neil, J. P., Janabi, X. M., 

Henry, X., Schwimmer, D., Marks, S. M., William, X., & Jagust, J. (2016). 

Behavioral/Cognitive Aging Affects Dopaminergic Neural Mechanisms of 

Cognitive Flexibility. https://doi.org/10.1523/JNEUROSCI.0626-16.2016 

Brozoski, T. J., Brown, R. M., Rosvold, H. E., & Goldman, P. S. (1979). Cognitive 

deficit caused by regional depletion of dopamine in prefrontal cortex of rhesus 

monkey. Science, 205(4409), 929–932. https://doi.org/10.1126/science.112679 

Cai, J. X., & Arnsten, A. F. T. (1997). Dose-Dependent Effects of the Dopamine D1 

Receptor Agonists A77636 or SKF81297 On Spatial Working Memory in Aged 

Monkeys 1. 

http://jpet.aspetjournals.org/content/jpet/283/1/183.full.pdf?casa_token=f178u8d

UdiQAAAAA:H1YMZVL9tscVm2ALZZ4-6xVEd2K4GwoYc-

0hmIDnKKoenYzPCJ1QLbZzCJsiH9d061zoBTFuByo 

Cañas, J. J., Quesada, J. F., Antolí, A., & Fajardo, I. (2003). Cognitive flexibility and 

adaptability to environmental changes in dynamic complex problem-solving 

tasks. Ergonomics, 46(5), 482–501. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

27 

 

https://doi.org/10.1080/0014013031000061640 

Carr, G. V., Maltese, F., Sibley, D. R., Weinberger, D. R., & Papaleo, F. (2017). The 

dopamine D5 receptor is involved in working memory. Frontiers in 

Pharmacology, 8(OCT), 666. https://doi.org/10.3389/fphar.2017.00666 

Castello, J., Cortés, M., Malave, L., Kottmann, A., Sibley, D. R., Friedman, E., & 

Rebholz, H. (2020). The Dopamine D5 receptor contributes to activation of 

cholinergic interneurons during L-DOPA induced dyskinesia. Scientific Reports, 

10(1), 1–12. https://doi.org/10.1038/s41598-020-59011-5 

Castner, S. A., & Goldman-Rakic, P. S. (2004). Enhancement of working memory in 

aged monkeys by a sensitizing regimen of dopamine D1 receptor stimulation. 

The Journal of Neuroscience�: The Official Journal of the Society for 

Neuroscience, 24(6), 1446–1450. https://doi.org/10.1523/JNEUROSCI.3987-

03.2004 

Ciliax, B. J., Nash, N., Heilman, C., Sunahara, R., Hartney, A., Tiberi, M., Rye, D. B., 

Caron, M. G., Niznik, H. B., & Levey, A. I. (2000). Dopamine D5 receptor 

immunolocalization in rat and monkey brain. Synapse, 37(2), 125–145. 

https://doi.org/10.1002/1098-2396(200008)37:2<125::AID-SYN7>3.0.CO;2-7 

Clatworthy, P. L., Lewis, S. J. G., Brichard, L., Hong, Y. T., Izquierdo, D., Clark, L., 

Cools, R., Aigbirhio, F. I., Baron, J. C., Fryer, T. D., & Robbins, T. W. (2009). 

Dopamine release in dissociable striatal subregions predicts the different effects 

of oral methylphenidate on reversal learning and spatial working memory. 

Journal of Neuroscience, 29(15), 4690–4696. 

https://doi.org/10.1523/JNEUROSCI.3266-08.2009 

Cleal, M., Fontana, B. D., Ranson, D. C., McBride, S. D., Swinny, J. D., Redhead, E. 

S., & Parker, M. O. (2020). The Free-movement pattern Y-maze: A cross-

species measure of working memory and executive function. Behavior Research 

Methods, 1–22. https://doi.org/10.3758/s13428-020-01452-x 

Cleal, M., & Parker, M. O. (2018). Moderate developmental alcohol exposure 

reduces repetitive alternation in a zebrafish model of fetal alcohol spectrum 

disorders. Neurotoxicology and Teratology. 

https://doi.org/10.1016/j.ntt.2018.09.001 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

28 

 

Colzato, L. S., Huizinga, M., & Hommel, B. (2009). Recreational cocaine polydrug 

use impairs cognitive flexibility but not working memory. Psychopharmacology, 

207(2), 225–234. https://doi.org/10.1007/s00213-009-1650-0 

Cools, R. (2016). The costs and benefits of brain dopamine for cognitive control. 

WIREs Cognitive Science , 7, 317–329. https://doi.org/10.1002/wcs.1401 

Cools, Roshan, & D’Esposito, M. (2011). Inverted-U-shaped dopamine actions on 

human working memory and cognitive control. Biological Psychiatry, 69(12), 

e113–e125. https://doi.org/10.1016/j.biopsych.2011.03.028 

Costa, K. M. (2014). The effects of aging on substantia nigra dopamine neurons. The 

Journal of Neuroscience�: The Official Journal of the Society for Neuroscience, 

34(46), 15133–15134. https://doi.org/10.1523/JNEUROSCI.3739-14.2014 

Deary, I. J., Yang, J., Davies, G., Harris, S. E., Tenesa, A., Liewald, D., Luciano, M., 

Lopez, L. M., Gow, A. J., Corley, J., Redmond, P., Fox, H. C., Rowe, S. J., 

Haggarty, P., McNeill, G., Goddard, M. E., Porteous, D. J., Whalley, L. J., Starr, 

J. M., & Visscher, P. M. (2012). Genetic contributions to stability and change in 

intelligence from childhood to old age. Nature, 482(7384), 212–215. 

https://doi.org/10.1038/nature10781 

Decker, M. W., & McGaugh, J. L. (1991). The role of interactions between the 

cholinergic system and other neuromodulatory systems in learing and memory. 

Synapse, 7(2), 151–168. https://doi.org/10.1002/syn.890070209 

Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano, E. E., 

Linskens, M., Rubelj, I., Pereira-Smith, O., Peacocke, M., & Campisi, J. (1995). 

A biomarker that identifies senescent human cells in culture and in aging skin in 

vivo. Proceedings of the National Academy of Sciences of the United States of 

America, 92(20), 9363–9367. https://doi.org/10.1073/pnas.92.20.9363 

Dreher, J. C., Meyer-Lindenberg, A., Kohn, P., & Berman, K. F. (2008). Age-related 

changes in midbrain dopaminergic regulation of the human reward system. 

Proceedings of the National Academy of Sciences of the United States of 

America, 105(39), 15106–15111. https://doi.org/10.1073/pnas.0802127105 

Durstewitz, D., & Seamans, J. K. (2008). The Dual-State Theory of Prefrontal Cortex 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

29 

 

Dopamine Function with Relevance to Catechol-O-Methyltransferase Genotypes 

and Schizophrenia. Biological Psychiatry, 64(9), 739–749. 

https://www.sciencedirect.com/science/article/pii/S000632230800646X 

Durstewitz, D., Seamans, J. K., & Sejnowski, T. J. (2000). Dopamine-Mediated 

Stabilization of Delay-Period Activity in a Network Model of Prefrontal Cortex. 

Journal of Neurophysiology, 83(3), 1733–1750. 

https://doi.org/10.1152/jn.2000.83.3.1733 

El-Ghundi, M., O’Dowd, B. F., & George, S. R. (2007). Insights into the Role of 

Dopamine Receptor Systems in Learning and Memory. Reviews in the 

Neurosciences, 18(1), 37–66. https://doi.org/10.1515/REVNEURO.2007.18.1.37 

Fallon, S. J., & Cools, R. (2014). Reward Acts on the pFC to Enhance Distractor 

Resistance of Working Memory Representations. Journal of Cognitive 

Neuroscience, 26(12), 2812–2826. https://doi.org/10.1162/jocn_a_00676 

Fontana, B. D., Cleal, M., Clay, J. M., & Parker, M. O. (2019). Zebrafish (Danio rerio) 

behavioral laterality predicts increased short-term avoidance memory but not 

stress-reactivity responses. Animal Cognition, 22(6), 1051–1061. 

https://doi.org/10.1007/s10071-019-01296-9 

Fontana, B. D., Cleal, M., & Parker, M. O. (2019). Female adult zebrafish (Danio 

rerio) show higher levels of anxiety-like behavior than males, but do not differ in 

learning and memory capacity. European Journal of Neuroscience, ejn.14588. 

https://doi.org/10.1111/ejn.14588 

Gatley, S. J., Volkow, N. D., Gifford, A. N., Fowler, J. S., Dewey, S. L., Ding, Y. S., & 

Logan, J. (1999). Dopamine-transporter occupancy after intravenous doses of 

cocaine and methylphenidate in mice and humans. Psychopharmacology, 

146(1), 93–100. https://doi.org/10.1007/s002130051093 

Gerhard, G. S. (2003). Comparative aspects of zebrafish (Danio rerio) as a model for 

aging research. Experimental Gerontology, 38(11–12), 1333–1341. 

https://doi.org/10.1016/j.exger.2003.10.022 

Gerhard, G. S. (2007). Small laboratory fish as models for aging research. Ageing 

Research Reviews, 6(1), 64–72. https://doi.org/10.1016/j.arr.2007.02.007 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

30 

 

Gerhard, G. S., & Cheng, K. C. (2002). A call to fins! Zebrafish as a gerontological 

model. 1(2), 104–111. https://doi.org/10.1046/j.1474-9728.2002.00012.x 

Gerhard, G. S., Kauffman, E. J., Wang, X., Stewart, R., Moore, J. L., Kasales, C. J., 

Demidenko, E., & Cheng, K. C. (2002). Life spans and senescent phenotypes in 

two strains of Zebrafish (Danio rerio). Experimental Gerontology, 37(8–9), 

1055–1068. https://doi.org/10.1016/S0531-5565(02)00088-8 

Girault, J. A., & Greengard, P. (2004). The Neurobiology of Dopamine Signaling. 

Archives of Neurology, 61(5), 641–644. 

https://doi.org/10.1001/archneur.61.5.641 

Glisky, E. L. (2019). Changes in Cognitive Function in Human Aging. In Brain Aging 

(pp. 3–20). CRC Press. https://doi.org/10.1201/9781420005523-1 

Godefroy, F., Bassant, M. H., Weil-Fugazza, J., & Lamour, Y. (1989). Age-related 

changes in dopaminergic and serotonergic indices in the rat forebrain. 

Neurobiology of Aging, 10(2), 187–190. https://doi.org/10.1016/0197-

4580(89)90029-8 

Goldberg, E. (2017). Executive Functions in Health and Disease. In Executive 

Functions in Health and Disease. 

https://www.sciencedirect.com/book/9780128036761/executive-functions-in-

health-and-disease 

Gross, A. N., Engel, A. K. J., Richter, S. H., Garner, J. P., & Würbel, H. (2011). 

Cage-induced stereotypies in female ICR CD-1 mice do not correlate with 

recurrent perseveration. Behavioural Brain Research, 216(2), 613–620. 

https://doi.org/10.1016/J.BBR.2010.09.003 

Gulley, J. M., & Zahniser, N. R. (2003). Rapid regulation of dopamine transporter 

function by substrates, blockers and presynaptic receptor ligands. European 

Journal of Pharmacology, 479(1–3), 139–152. 

https://doi.org/10.1016/j.ejphar.2003.08.064 

Harada, C. N., Love, M. C. N., & Triebel, K. (2013). Normal Cognitive Aging. Clinics 

in Geriatric Medicine, 29(4), 737. https://doi.org/10.1016/J.CGER.2013.07.002 

Hemby, S. E., Trojanowski, J. Q., & Ginsberg, S. D. (2003). Neuron-specific age-

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

31 

 

related decreases in dopamine receptor subtype mRNAs. Journal of 

Comparative Neurology, 456(2), 176–183. https://doi.org/10.1002/cne.10525 

Horzmann, K. A., & Freeman, J. L. (2016). Zebrafish get connected: Investigating 

neurotransmission targets and alterations in chemical toxicity. Toxics, 4(3). 

https://doi.org/10.3390/toxics4030019 

Irons, T. D. D., Kelly, P. E. E., Hunter, D. L. L., MacPhail, R. C. C., & Padilla, S. 

(2013). Acute administration of dopaminergic drugs has differential effects on 

locomotion in larval zebrafish. Pharmacology, Biochemistry, and Behavior, 

103(4), 792–813. https://doi.org/10.1016/j.pbb.2012.12.010 

Keller, E. T., & Murtha, J. M. (2004). The use of mature zebrafish (Danio rerio) as a 

model for human aging and disease. Comparative Biochemistry and Physiology 

- C Toxicology and Pharmacology, 138(3), 335–341. 

https://doi.org/10.1016/j.cca.2004.04.001 

Khan, Z. U., Gutiérrez, A., Martín, R., Peafiel, A., Rivera, A., & De La Calle, A. 

(2000). Dopamine D5 receptors of rat and human brain. Neuroscience, 100(4), 

689–699. https://doi.org/10.1016/S0306-4522(00)00274-8 

Kimberg, D. Y., D’Esposito, M., & Farah, M. J. (1997). Effects of bromocriptine on 

human subjects depend on working memory capacity. NeuroReport, 8(16), 

3581–3585. https://doi.org/10.1097/00001756-199711100-00032 

Kishi, S. (2004). Functional aging and gradual senescence in zebrafish. Annals of 

the New York Academy of Sciences, 1019(1), 521–526. 

https://doi.org/10.1196/annals.1297.097 

Kishi, S. (2011). The search for evolutionary developmental origins of aging in 

zebrafish: A novel intersection of developmental and senescence biology in the 

zebrafish model system. Birth Defects Research Part C - Embryo Today: 

Reviews, 93(3), 229–248. https://doi.org/10.1002/bdrc.20217 

Kishi, S., Uchiyama, J., Baughman, A. M., Goto, T., Lin, M. C., & Tsai, S. B. (2003). 

The zebrafish as a vertebrate model of functional aging and very gradual 

senescence. Experimental Gerontology, 38(7), 777–786. 

https://doi.org/10.1016/S0531-5565(03)00108-6 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

32 

 

Klanker, M., Feenstra, M., & Denys, D. (2013). Dopaminergic control of cognitive 

flexibility in humans and animals. Frontiers in Neuroscience, 7(7 NOV), 201. 

https://doi.org/10.3389/fnins.2013.00201 

Kumar, U., & Patel, S. C. (2007). Immunohistochemical localization of dopamine 

receptor subtypes (D1R-D5R) in Alzheimer’s disease brain. Brain Research, 

1131(1), 187–196. https://doi.org/10.1016/j.brainres.2006.10.049 

Lalonde, R., Botez, M. ., & Boivin, D. (1986). Spontaneous Alternation and 

Habituation in a t-Maze in Nervous Mutant Mice. Behaivoral Neuroscience, 

100(3), 350–352. https://doi.org/10.1037/0735-7044.100.3.350 

Lu, K., Li, T., He, J., Chang, W., Zhang, R., Liu, M., Yu, M., Fan, Y., Ma, J., Sun, W., 

Qu, C., Liu, L., Li, N., Liang, Y., Wang, R., Qian, W., Tang, Z., Xu, X., Lei, B., … 

Li, J. (2018). qPrimerDB: a thermodynamics-based gene-specific qPCR primer 

database for 147 organisms. Nucleic Acids Research, 46(D1), D1229–D1236. 

https://doi.org/10.1093/nar/gkx725 

Luciana, M., & Collins, P. F. (1997). Dopaminergic modulation of working memory for 

spatial but not object cues in normal humans. Journal of Cognitive 

Neuroscience, 9(3), 330–347. https://doi.org/10.1162/jocn.1997.9.3.330 

McQuail, J. A., & Nicolle, M. M. (2012). Animal Models of Aging and Cognition. 

Current Translational Geriatrics and Experimental Gerontology Reports, 1(1), 

21–28. https://doi.org/10.1007/s13670-011-0002-1 

Messias, J. P. M., Santos, T. P., Pinto, M., & Soares, M. C. (2016). Stimulation of 

dopamine D1 receptor improves learning capacity in cooperating cleaner fish. 

Proceedings of the Royal Society B: Biological Sciences, 283(1823). 

https://doi.org/10.1098/rspb.2015.2272 

Molloy, A. G., & Waddington, J. L. (1988). Behavioural responses to the selective 

D1‐dopamine receptor agonist R‐SK&F 38393 and the selective D2‐agonist RU 

24213 in young compared with aged rats. British Journal of Pharmacology, 

95(2), 335–342. https://doi.org/10.1111/j.1476-5381.1988.tb11651.x 

Moran, P. M., Higginst, L. S., Cordellt, B., & Moser, P. C. (1995). Age-related 

learning deficits in transgenic mice expressing the 751-amino acid isoform of 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

33 

 

human 18-amyloid precursor protein (Alzheimer disease/learning). In Medical 

Sciences Communicated by Seymour S. Kety (Vol. 92). 

https://www.pnas.org/content/pnas/92/12/5341.full.pdf 

Mortensen, O. V., & Amara, S. G. (2003). Dynamic regulation of the dopamine 

transporter. European Journal of Pharmacology, 479(1–3), 159–170. 

https://doi.org/10.1016/J.EJPHAR.2003.08.066 

Myhrer, T. (2003). Neurotransmitter systems involved in learning and memory in the 

rat: a meta-analysis based on studies of four behavioral tasks. Brain Research 

Reviews, 41(2–3), 268–287. https://doi.org/10.1016/S0165-0173(02)00268-0 

Naderi, M., Jamwal, A., Chivers, D. P., & Niyogi, S. (2016). Modulatory effects of 

dopamine receptors on associative learning performance in zebrafish (Danio 

rerio). Behavioural Brain Research, 303, 109–119. 

https://www.sciencedirect.com/science/article/pii/S0166432816300304 

Nelson, J. A. (2016). Oxygen consumption rate v. rate of energy utilization of fishes: 

a comparison and brief history of the two measurements. Journal of Fish 

Biology, 88(1), 10–25. https://doi.org/10.1111/jfb.12824 

Neve, K. A. (2013). Dopamine Receptors. In Encyclopedia of Biological Chemistry: 

Second Edition (pp. 169–173). Elsevier Inc. https://doi.org/10.1016/B978-0-12-

378630-2.00326-1 

Nichols, D. E. (2010). Dopamine Receptor Subtype-Selective Drugs: D1-Like 

Receptors. In The Dopamine Receptors (pp. 75–99). Humana Press. 

https://doi.org/10.1007/978-1-60327-333-6_4 

Okomoda, V. T., Mithun, S., Chatterji, A., Effendy, M. A. W., Oladimeji, A. S., Abol-

Munafi, A. B., Alabi, K. I., Ikhwanuddin, M., Martins, C. O., & Hassan, A. (2020). 

Environmental effects on the oxygen consumption rate in juvenile Epinephelus 

fuscoguttatus (Forsskal, 1775). Fish Physiology and Biochemistry, 46(4), 1497–

1505. https://doi.org/10.1007/s10695-020-00807-7 

Ott, T., & Nieder, A. (2019). Dopamine and Cognitive Control in Prefrontal Cortex. 

Trends in Cognitive Sciences, 23(3), 213–234. 

https://doi.org/10.1016/J.TICS.2018.12.006 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

34 

 

Pakos‐Zebrucka, K., Koryga, I., Mnich, K., Ljujic, M., Samali, A., & Gorman, A. M. 

(2016). The integrated stress response. EMBO Reports, 17(10), 1374–1395. 

https://doi.org/10.15252/embr.201642195 

Palan, S., & Schitter, C. (2018). Prolific.ac—A subject pool for online experiments. 

Journal of Behavioral and Experimental Finance, 17, 22–27. 

https://doi.org/10.1016/j.jbef.2017.12.004 

Parker, M. O., Brock, A. J., Walton, R. T., & Brennan, C. H. (2013). The role of 

zebrafish (Danio rerio) in dissecting the genetics and neural circuits of executive 

function. Frontiers in Neural Circuits, 7. https://doi.org/10.3389/fncir.2013.00063 

Parker, M. O. M. O., Evans, A. M.-D. M. A. M.-D. A. M.-D., Brock, A. J. A. J. A. J., 

Combe, F. J. F. J. F. J., Teh, M. M.-T. T. M.-T., & Brennan, C. H. C. H. C. H. 

(2016). Moderate alcohol exposure during early brain development increases 

stimulus-response habits in adulthood. Addiction Biology, 21(1), 49–60. 

https://doi.org/10.1111/adb.12176 

Perreault, M. L., Jones-Tabah, J., O’Dowd, B. F., & George, S. R. (2013). A 

physiological role for the dopamine D5 receptor as a regulator of BDNF and Akt 

signalling in rodent prefrontal cortex. International Journal of 

Neuropsychopharmacology, 16(2), 477–483. 

https://doi.org/10.1017/S1461145712000685 

Pittenger, C. (2013). Disorders of memory and plasticity in psychiatric disease. 

Dialogues in Clinical Neuroscience, 15(4), 455–463. 

http://www.ncbi.nlm.nih.gov/pubmed/24459412 

Pliatsikas, C., Veríssimo, J., Babcock, L., Pullman, M. Y., Glei, D. A., Weinstein, M., 

Goldman, N., & Ullman, M. T. (2019). Working memory in older adults declines 

with age, but is modulated by sex and education. Quarterly Journal of 

Experimental Psychology, 72(6), 1308–1327. 

https://doi.org/10.1177/1747021818791994 

Prabhu, V. V., Madhukar, N. S., Gilvary, C., Leah Kline, C. B., Oster, S., El-Deiry, W. 

S., Elemento, O., Doherty, F., VanEngelenburg, A., Durrant, J., Tarapore, R. S., 

Deacon, S., Charter, N., Jung, J., Park, D. M., Gilbert, M. R., Rusert, J., 

Wechsler-Reya, R., Arrillaga-Romany, I., … Allen, J. E. (2019). Dopamine 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

35 

 

receptor D5 is a modulator of tumor response to dopamine receptor D2 

antagonism. Clinical Cancer Research, 25(7), 2305–2313. 

https://doi.org/10.1158/1078-0432.CCR-18-2572 

Puig, M. V., Antzoulatos, E. G., & Miller, E. K. (2014). Prefrontal dopamine in 

associative learning and memory. Neuroscience, 282, 217–229. 

https://doi.org/10.1016/j.neuroscience.2014.09.026 

Roshan Cools, Roger A. Barker, Barbara J. Sahakian, & Trevor W. Robbins. (2001). 

Enhanced or Impaired Cognitive Function in Parkinson’s Disease as a Function 

of Dopaminergic Medication and Task Demands. Cerebral Cortex, 11(12), 

1136–1143. https://doi.org/10.1093/cercor/11.12.1136 

Rothmond, D. A., Weickert, C. S., & Webster, M. J. (2012). Developmental changes 

in human dopamine neurotransmission: cortical receptors and terminators. BMC 

Neuroscience, 13(1), 18. https://doi.org/10.1186/1471-2202-13-18 

Rutledge, R. B., Lazzaro, S. C., Lau, B., Myers, C. E., Gluck, M. A., & Glimcher, P. 

W. (2009). Dopaminergic drugs modulate learning rates and perseveration in 

Parkinson’s patients in a dynamic foraging task. Journal of Neuroscience, 

29(48), 15104–15114. https://doi.org/10.1523/JNEUROSCI.3524-09.2009 

Salthouse, T. A. (2009). When does age-related cognitive decline begin? 

Neurobiology of Aging, 30(4), 507–514. 

https://doi.org/10.1016/J.NEUROBIOLAGING.2008.09.023 

Stalnaker, T. A., Takahashi, Y., Roesch, M. R., & Schoenbaum, G. (2009). Neural 

substrates of cognitive inflexibility after chronic cocaine exposure. In 

Neuropharmacology (Vol. 56, Issue SUPPL. 1, pp. 63–72). Pergamon. 

https://doi.org/10.1016/j.neuropharm.2008.07.019 

Stewart, S., Cacucci, F., & Lever, C. (2011). Which memory task for my mouse? A 

systematic review of spatial memory performance in the Tg2576 alzheimer’s 

mouse model. Journal of Alzheimer’s Disease, 26(1), 105–126. 

https://doi.org/10.3233/JAD-2011-101827 

Stuchlik, A., Rehakova, L., Telensky, P., & Vales, K. (2007). Morris water maze 

learning in Long-Evans rats is differentially affected by blockade of D1-like and 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

36 

 

D2-like dopamine receptors. Neuroscience Letters, 422(3), 169–174. 

https://doi.org/10.1016/j.neulet.2007.06.012 

Tang, R., Dodd, A., Lai, D., Mcnabb, W. C., & Love, D. R. (2007). Validation of 

Zebrafish (Danio rerio) Reference Genes for Quantitative Real-time RT-PCR 

Normalization. Acta Biochimica et Biophysica Sinica, 39(5), 384–390. 

https://doi.org/10.1111/j.1745-7270.2007.00283.x 

Tsai, S. B., Tucci, V., Uchiyama, J., Fabian, N. J., Lin, M. C., Bayliss, P. E., Neuberg, 

D. S., Zhdanova, I. V., & Kishi, S. (2007). Differential effects of genotoxic stress 

on both concurrent body growth and gradual senescence in the adult zebrafish. 

Aging Cell, 6(2), 209–224. https://doi.org/10.1111/j.1474-9726.2007.00278.x 

Tufi, S., Leonards, P., Lamoree, M., De Boer, J., Legler, J., & Legradi, J. (2016). 

Changes in Neurotransmitter Profiles during Early Zebrafish (Danio rerio) 

Development and after Pesticide Exposure. Environmental Science and 

Technology, 50(6), 3222–3230. https://doi.org/10.1021/acs.est.5b05665 

van der Staay, F. J., Rutten, K., Erb, C., & Blokland, A. (2011). Effects of the 

cognition impairer MK-801 on learning and memory in mice and rats. 

Behavioural Brain Research, 220(1), 215–229. 

https://www.sciencedirect.com/science/article/pii/S0166432811000921?via%3Di

hub 

Volkow, N. D., Gur, R. C., Wang, G. J., Fowler, J. S., Moberg, P. J., Ding, Y. S., 

Hitzemann, R., Smith, G., & Logan, J. (1998). Association between decline in 

brain dopamine activity with age and cognitive and motor impairment in healthy 

individuals. American Journal of Psychiatry, 155(3), 344–349. 

https://doi.org/10.1176/ajp.155.3.344 

Voutilainen, A., Seppänen, E., & Huuskonen, H. (2011). A methodological approach 

to measuring the oxygen consumption profile of six freshwater fish species: 

implications for determination of the standard metabolic rate. Marine and 

Freshwater Behaviour and Physiology, 44(4), 239–250. 

https://doi.org/10.1080/10236244.2011.622090 

Waltz, J. A. (2017). The neural underpinnings of cognitive flexibility and their 

disruption in psychotic illness. In Neuroscience (Vol. 345, pp. 203–217). Elsevier 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

37 

 

Ltd. https://doi.org/10.1016/j.neuroscience.2016.06.005 

Wang, M., Datta, D., Enwright, J., Galvin, V., Yang, S. T., Paspalas, C., Kozak, R., 

Gray, D. L., Lewis, D. A., & Arnsten, A. F. T. (2019). A novel dopamine D1 

receptor agonist excites delay-dependent working memory-related neuronal 

firing in primate dorsolateral prefrontal cortex. Neuropharmacology, 150, 46–58. 

https://doi.org/10.1016/j.neuropharm.2019.03.001 

Wietzikoski, E. C., Boschen, S. L., Miyoshi, E., Bortolanza, M., Dos Santos, L. M., 

Frank, M., Brandão, M. L., Winn, P., & Da Cunha, C. (2012). Roles of D1-like 

dopamine receptors in the nucleus accumbens and dorsolateral striatum in 

conditioned avoidance responses. Psychopharmacology, 219(1), 159–169. 

https://doi.org/10.1007/s00213-011-2384-3 

Yu, L., & Yu, Y. (2017). Energy-efficient neural information processing in individual 

neurons and neuronal networks. Journal of Neuroscience Research, 95(11), 

2253–2266. https://doi.org/10.1002/jnr.24131 

Yu, Tucci, V., Kishi, S., & Zhdanova, I. V. (2006). Cognitive aging in zebrafish. PLoS 

ONE, 1(1), e14. https://doi.org/10.1371/journal.pone.0000014 

Zahrt, J., Taylor, J. R., Mathew, R. G., & Arnsten, A. F. T. (1997). Supranormal 

Stimulation of D1 Dopamine Receptors in the Rodent Prefrontal Cortex Impairs 

Spatial Working Memory Performance. Journal of Neuroscience, 17(21), 8528–

8535. https://doi.org/10.1523/JNEUROSCI.17-21-08528.1997 

 

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

38 

 

Figure legends 

 
Figure 1a. FMP Y-maze behaviour of free-swimming zebrafish. a) FMP Y-maze 
arena divided into three arms (1,2,3) and a neutral zone (4). b-d) Examples of 
movement sequences based on 16 overlapping tetragrams of left and right turns. b) 
Represents the dominant search strategy of alternations, made up of a series of left-
right-left-right or right-left-right-left turn choices. c) Demonstrates repetitions, where 
an animal turns in a clockwise or anticlockwise rotation for four continuous choices, 
represented by RRRR or LLLL. d) An example of an alternate strategy possible 
using tetragram sequences. Here is shown LRRR In on anticlockwise direction, 
equivalent to RLLL in a clockwise direction.   
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Figure 1b. Virtual FMP Y-maze for human participants. a) In maze screenshot taken 
from the perspective of the participant exploring the maze. b) Schematic depicting 
the honeycomb pattern made up of adjoining Y-shaped mazes. c) Overlay of the left 
and right turns made by a participant in the maze during 5 minutes of free 
exploration. The left and right turns have been converted from x,y coordinates.  
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Figure 2. Global search strategy after 1 h of exploration in the FMP Y-maze. a) 
Percentage use of each tetragram sequence by 6-month old zebrafish in the FMP Y-
maze (n=18), demonstrating clear dominant use of alternations. b) Percentage use 
of tetragram sequence by 24-month old zebrafish in the FMP Y-maze (n=20) with 
comparable use of alternations and repetitions. c) Alternations versus repetitions for 
6-month old and 24-month old zebrafish. Normality analysed using Shapiro-Wilk test. 
Normally distributed data were analysed using One-way ANOVA. The dashed line 
denotes chance performance (approximately 6.25%). *** p ≤ 0.001, **** p ≤ 0.0001, 
ns – not significant. Error bars are mean ± SEM. Single data points are mean ± 
SEM.  
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Figure 3. Effective pre-treatment with D1/D5 agonist SKF-38393 on global search 
strategy of zebrafish in the FMP Y-maze. Effect of SKF-38393 on search strategy of 
a) 6-month old treated compared to control zebrafish and b) 24-month old treated 
compared to control zebrafish after 1 h of exploration. c) Comparison of alternations 
and repetitions in 6-month old and 24-month old control v treated zebrafish. C – 
control, T – treated with D1/D5 agonist SKF-38393. Normality analysed using 
Shapiro-Wilk test. Normally distributed data analysed using two-way ANOVA and t-
test. Non-normally distributed data analysed using Kolmogorov-Smirnov (KS) test. * 
p ≤ 0.05, ns – not significant. The dashed line denotes chance performance (6.25%). 
Error bars are mean ± SEM.  
 
  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2021. ; https://doi.org/10.1101/2020.06.05.136077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.05.136077
http://creativecommons.org/licenses/by/4.0/


 

 

42 

 

 
Figure 4. Shows the use of each tetragram per 10 min time bin for a 1 h trial of free 
FMP Y-maze exploration. a) Depicts tetragram use for 6-month old adult controls 
compared to b) SKF-38393 treated. Both groups clearly illustrate an increasing use 
of alterations across successive time bins. c) Shows the same frequency distribution 
for 24-month old aging adult controls versus d) SKF-38393 treated. Although the 
agonist treated group shows an increased percentage of alternations per time bin 
compared to controls, both groups have a heavily blunted effect of time, resulting in 
almost equal use of alternations in each 10 min time bin. Error bars are mean ± 
SEM. 
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Figure 5. Percentage use of alternations in successive 10 min time bins of 
exploration a) 6-month old controls (left) and treated with SKF-38393 (right) and b) 
24-month old controls (left) and treated (right). c) Combined effect of time on 
percentage use of alternations for all ages and treatment groups. Analysed using 
one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01, ns – not significant. The dashed line 
denotes chance performance (6.25%). Error bars are mean ± SEM.  
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Figure 6. a) The mean difference in body mass between 6-month old (n=10) and 24-
month old (n=12) zebrafish. b) Locomotor activity measured by total turns completed 
in 1 h of exploration. c) Oxygen consumption of 6-month old controls (n=4) compared 
to 24-month old controls (n=6). d) Effect of SKF-38393 on oxygen consumption over 
1 h of exploration in 6-month old and 24-month old control v treated. Normality 
analysed using Shapiro-Wilk test, normally distributed data analysed by Two-way 
ANOVA (b,d) or unpaired t-test (a,c). Data for a and b are mean ± SEM, data for c 
and d are mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001, ns – not significant. 
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Figure 7. Quantitative real-time PCR analysis showing variations in the relative 
amounts of dat, drd1, drd2a, drd2b, drd5 and th mRNA in whole brain tissue 
extracted from 6-month old controls (n=4) and 24-month old controls (n=6). Data 
were normalised to housekeeping gene eelf1α and defined as fold change relative to 
6-month old controls. Normality was analysed using Shapiro-Wilk test. Normally 
distributed data were analysed using unpaired t-test, non-normally distributed data 
were analysed using mann-whitney test (U). All data are mean ± SD; * p ≤ 0.05. 
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Figure 8. Quantitative real-time PCR analysis showing variations in the relative 
amounts of dat, drd1, drd2a, drd2b, drd5 and th mRNA in whole brain tissue of 
controls and treated groups exposed to 35 µM SKF-38393 in 6-month old controls 
(n=4) and treated (n=5) and 24-month old controls (n=6) and treated (n=6) zebrafish. 
Data were normalised to housekeeping gene eelf1α and defined as fold change 
relative to controls. Normality was analysed using Shapiro-Wilk test. Normally 
distributed data were analysed using unpaired t-test, non-normally distributed data 
were analysed using mann-whitney test (U). All data are mean ± SD; ** p ≤ 0.01. 
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Figure 9. Global search strategy after 5 minutes of exploration in the human virtual 
FMP Y-maze. a) Percentage use of each tetragram sequence by young adults aged 
18-35 years old (n=35) compared to older adults aged 70+ years old (n=32). Both 
demonstrating dominant use of the alternation strategy. b) Comparison of young and 
old aged groups and the use of total alternations (LRLR+RLRL) and total repetitions 
(LLLL+RRRR). Analysed using LMM. The dashed line denotes random choice 
selection at 6.25%. Error bars are mean ± SEM. ** p < 0.01.  
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