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Editorial on the Research Topic 
Zebrafish as a Model for Pharmacological and Toxicological Research

Zebrafish (Danio rerio) is a small freshwater teleost widely used as an in vivo vertebrate model system for biomedical research. This species has a fully sequenced genome, high fecundity, external and rapid development, optical transparency during the developmental period, several physiological similarities with humans, and endophenotypes similar to human diseases (Kimmel et al., 1995; Howe et al., 2013; Kalueff et al., 2013). The research employing zebrafish embryos and larvae can provide massive knowledge about pharmacological and toxicological effects in high throughput drug screening (Petersen et al., 2022). In addition, the complex behavioral repertoire of adult zebrafish, its sensitivity to drugs, and the ability to respond to them similarly to humans support their utility for pharmacological and toxicological research (Rico et al., 2011; Zanandrea et al., 2020).
The use of pharmacological and toxicological approaches to different developmental stages of zebrafish is relevant to deepen the knowledge of drugs and toxicants’ mechanisms. Therefore, this Research Topic aimed to collect studies that exploit the zebrafish model as a tool for pharmacological and toxicological research. After the joint efforts of the journal, editors, reviewers, and contributors, a total of fourteen high-quality articles were published. So, we prepared a detailed summary for these fourteen articles as follows.
Alijevic et al. investigated the neuropharmacological in vitro and in vivo effects of three alkaloids—nicotine, cotinine, and anatabine. Natural nicotinic alkaloids induced an anxiolytic-like behavior, and this effect depends on the activation of nAChRs and regulation of other neurotransmitter systems, such as noradrenergic and dopaminergic systems. Organic cation transporters (OCTs) facilitate the transport of cations and other compounds between extracellular fluids and cells. Gould et al. characterized in vivo uptake to the brain and the high-affinity brain membrane binding of the mammalian OCT blocker 1-1′-diethyl-2,2′cyanine iodide (decynium-22) in zebrafish. Obtained data showed that D-22 can reach the zebrafish brain and induce anxiolytic effects, decreasing anti-predator dorsal camouflaging. Monoamine oxidases (MAO) catalyze the oxidative deamination of a variety of monoamines, promoting a critical role in neuromodulation. Jaka et al. demonstrated the anxiolytic-like effects of natural MAO inhibitors on novel environment-induced anxiety in zebrafish. Vossen et al. showed for the first time that male zebrafish showed more severe behavioral impairments than females when exposed to ethanol, showing the importance of clearly including sex and time course as factors in behavioral experiments with adult zebrafish.
Ciclosporin A is a powerful immunosuppressant widely used in clinics. Wan et al. observed that ciclosporin A promoted cardiac toxicity in zebrafish larvae, which may be related to an up-regulation of Wnt signaling and oxidative stress.
Pesticides contaminate aquatic systems, which may impact non-target organisms such as fish. Zaluski et al. demonstrated changes in survival, hatching, and morphological parameters after acute exposure to atrazine and diuron commercial formulations in zebrafish embryos and larvae. These findings highlight the relevance of additional studies on the sublethal effects of these compounds, as well as the comparison of commercial formulas vs. isolated active ingredients. Chackal et al. demonstrated that nanoplastics and the Flame Retardant BDE-47, detected in the aquatic environment, promote cumulative metabolic disruption in zebrafish larvae and that co-exposure exacerbates this effect. These data raised concerns about the influence of these compounds in aquatic systems and on human health.
Related to the visual system, nerve growth factor (NGF) is a neurotrophin with an important role in ocular homeostasis. Cocchiaro et al. investigated the expression of NGF receptors in adult zebrafish retina and showed that intravitreal (IV) administration of rhNGF can increase zebrafish retinal regeneration in this model. In a review article, Cohen et al. discussed the role of estrogenic and thyroidogenic signaling in the modulation of the development and function of the visual system.
Regarding neurological disorders, Milder et al. developed a method to achieve a more robust screening of anti-seizure drugs using a seizure model in zebrafish. The findings can help us connect physiological and behavioral responses to anti-seizure drugs and better assess anti-seizure drug efficacy. Doyle and Croll discussed the Parkinson’s disease models developed in zebrafish and the benefits and advantages of this species in comparison to other animal models.
Kim et al. performed a screen of 1,403 bioactive small molecule compounds using transgenic larval zebrafish, characterized by dopamine neuron loss. The study showed, by the combination of in vivo imaging-based screen and bioinformatic analysis, an approach for identifying hit-to-lead candidates and unknown pathways and targets involved in dopamine neuron protection. Bedrossiantz et al. demonstrate that zebrafish, as a poikilothermic animal, is a suitable model to investigate binge-like methamphetamine neurotoxicity without hyperthermia as a confounding effect.
Finally, Winter et al. tested a combination of in silico analysis of clinical data with in vivo assessment of CRISPR/Cas9-mediated mutation in zebrafish crispant. The study showed evidence of the role of three genes in cardiovascular development and function, as well as the potential effect of loss of gene function on organ system pathophysiology.
In conclusion, this Research Topic has provided new experimental data and updated reviews. Wonderfully, this Research Topic advanced the understanding and updated insights on zebrafish as a model for translational pharmacology and toxicology.
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Monoamine oxidases (MAO) are a valuable class of mitochondrial enzymes with a critical role in neuromodulation. In this study, we investigated the effect of natural MAO inhibitors on novel environment-induced anxiety by using the zebrafish novel tank test (NTT). Because zebrafish spend more time at the bottom of the tank when they are anxious, anxiolytic compounds increase the time zebrafish spend at the top of the tank and vice versa. Using this paradigm, we found that harmane, norharmane, and 1,2,3,4-tetrahydroisoquinoline (TIQ) induce anxiolytic-like effects in zebrafish, causing them to spend more time at the top of the test tank and less time at the bottom. 2,3,6-trimethyl-1,4-naphtoquinone (TMN) induced an interesting mix of both anxiolytic- and anxiogenic-like effects during the first and second halves of the test, respectively. TIQ was unique in having no observable effect on general movement. Similarly, a reference MAO inhibitor clorgyline—but not pargyline—increased the time spent at the top in a concentration-dependent manner. We also demonstrated that the brain bioavailability of these compounds are high based on the ex vivo bioavailability assay and in silico prediction models, which support the notion that the observed effects on anxiety-like behavior in zebrafish were most likely due to the direct effect of these compounds in the brain. This study is the first investigation to demonstrate the anxiolytic-like effects of MAO inhibitors on novel environment-induced anxiety in zebrafish.
Keywords: alkaloids, harmane, norharmane, anxiety, zebrafish, monoamine oxidase, 1,2,3,4- tetrahydroisoquinoline, 2,3,6-trimethyl-1,4- naphtoquinone
INTRODUCTION
Historically, plants have been a rich source of nutrients and chemical ingredients that help maintain physical and mental health for centuries (Perry and Perry, 2018). Scientific interests in these natural sources of health benefits have been steadily rising, where, for example, investigations on “herbal medicine” alone sored from approximately 2,000 publications in 2010 to almost 5,000 publications in 2020 reported on PubMed (accessed Feb 15, 2021). In some cases, active ingredients in plants have been identified and investigated for specific health benefits (Perry and Perry, 2018). Monoamine oxidase (MAO) inhibitors are a class of one such naturally occurring compounds that have been clinically developed as an antidepressant and as a treatment for social anxiety and Parkinson’s disease (Youdim et al., 2006; Finberg and Rabey, 2016; Menkes et al., 2016; Tipton, 2018; Sabri and Saber-Ayad, 2020). Monoamine oxidase is a widely distributed mitochondrial enzyme with high levels of expression in the brain as well as gastro-intestinal and hepatic tissues (Fowler et al., 2003; Finberg and Rabey, 2016). Two isoenzymes of MAO – MAO-A and MAO-B – are present in most mammalian tissues and can be differentiated by their substrate specificities, inhibitor sensitivities, and tissue localizations (Shih et al., 1999; Tipton, 2018). The enzyme catalyzes the oxidative deamination of a variety of monoamines, both endogenous and exogenous. It has major roles in metabolizing neurotransmitters, including serotonin, histamine, dopamine, noradrenaline, and adrenaline, and in detoxifying a large variety of endogenous and exogenous amines (Dos Santos Passos et al., 2014; Finberg and Rabey, 2016; Edmondson and Binda, 2018).
In nature, various plants or plant extracts, such as a chewing nut Areca catechu L. (Arecaceae) and a popular curry or tea component Curcuma longa L. (Zingiberaceae), have been identified to suppress MAO activity and induce anti-depressant-like effects (Vina et al., 2012). Similarly, the leaves of Ginkgo biloba L. (Ginkgoaceae) have been suggested to restore the striatal dopamine levels in rodent models of Parkinson’s disease through the regulation of MAO, although the antioxidant property of G. Biloba probably also contributed to the observed effects (Pardon et al., 2000; Ahmad et al., 2005). In addition, MAO inhibiting β-carbolines in Coffea (Rubiaceae) – more commonly known as coffee – have been suggested to induce neuroprotection against Parkinson’s disease (Herraiz and Chaparro, 2006). The effect of β-carbolines and other MAO inhibitors on anxiety, in contrast, seems to be rather complex, with early findings reporting anxiogenic effect in rhesus monkeys and humans (Schweri et al., 1982; Skolnick et al., 1984; Crawley et al., 1985), but withdrawing from MAO inhibitor treatments has been associated with anxiety (Dilsaver, 1994). In addition, MAO inhibitors seem to induce anxiolytic effect in specific types of anxiety, such as social phobia (Liebowitz et al., 1993; Schneier, 2001).
In this study, we aimed to understand the effect of natural MAO inhibitors on another behavioral phenomenon, novel environment-induced anxiety, in a relatively high throughput behavioral paradigm–the zebrafish novel tank test (NTT). During the past few decades, zebrafish have emerged as a model vertebrate organism for analyzing complex molecular and cellular interactions in vivo (Eliceiri et al., 2011; Stewart et al., 2012; Stewart and Kalueff, 2012; Pickart and Klee, 2014). Their usefulness as an animal model for neurobehavioral research has been recognized, and mounting evidence suggests the suitability of zebrafish for modeling various aspects of anxiety-related states (Stewart et al., 2012; Khan et al., 2017b; Kysil et al., 2017). The NTT takes advantage of the innate behavior of zebrafish to dive and dwell at the bottom of a body of water to avoid danger or stress. It is a relatively high-throughput behavioral test with some translational relevance to humans (Levin et al., 2007; Papke et al., 2012; Stewart et al., 2012). For example, anxiolytic drugs, such as diazepam and buspirone, have been shown to induce anxiolytic-like efficacy in this zebrafish behavioral paradigm (Levin et al., 2007; Bencan and Levin, 2008; Bencan et al., 2009; Stewart et al., 2012). Using this zebrafish model, three alkaloids (harmane, norharmane, 1,2,3,4-tetrahydroisoquinoline (TIQ)), and 2,3,6-trimethyl-1,4-naphtoquinone (TMN), previously identified to be present in, for example, solanaceous and rubiaceous plants (Boulton et al., 1988; Herraiz and Chaparro, 2006), were investigated in order to understand their potential efficacy in modulating anxiety-like behavior in animals. Buspirone, a clinically approved anxiolytic drug, was also tested to confirm the validity of the NTT. Harmane, norharmane, and TIQ were selected due to previous reports suggesting their role in regulating depression or anxiety in rodents and/or in humans (Pepplinkhuizen et al., 1996; Verheij et al., 1997; Aricioglu and Altunbas, 2003; Farzin and Mansouri, 2006; Smith et al., 2013; Antkiewicz-Michaluk et al., 2014; Mozdzen et al., 2014; Dos Santos et al., 2016; Khan et al., 2017a; Piechowska et al., 2019). Harmane and norharmane are the most abundant β-carbolines found in numerous plants and food stuffs (Herraiz, 2004, 2007; Piechowska et al., 2019). Passifloraceae flowers of plants belonging to this family (e.g., passion fruit) have been found to contain 126 ± 27 ng/g dry matter (d.m.) harmane and 68.3 ± 5.3 ng/g d.m. norharmane, as well as in herbal medicines, such as Evodiae Fructus (a.k.a., wu zhu yu; 0.63 ± 0.13 μg/g harmane and 8.24 ± 0.13 μg/g norharmane) and Tribulus terrestris (a.k.a., puncture vine; 44 μg/g d.m for both to 99.5 ± 13.2 ng/g and 131 ± 11 ng/g, respectively) (Tsuchiya et al., 1999; Pfau and Skog, 2004; Piechowska et al., 2019). In food, harmane and norharmane are found in, for example, brewed coffee (335 ± 105 ng/g and 1430 ± 540 ng/g ground coffee, respectively), soy sauce (187.6 ± 21.9 μg/L and 44.0 ± 10.6 μg/L, respectively), well-done cooked meat (26.4 ± 8.05 ng/g and 82.3 ± 64.8 ng/g, respectively) – but not in raw or medium cooked meat –, and raisins (6–644 ng/g and 2–120 ng/g, respectively) (Herraiz, 2004; Pfau and Skog, 2004; Herraiz, 2007). β-carbolines are reversible competitive inhibitors of MAO. In addition to its potent inhibitory activity particularly against MAO A, harmane has been reported to act on serotonin, opiate, dopamine, imidazole, benzodiazepine receptors as well as acetylcholinesterase and butyrylcholinesterase (Arib et al., 2010; Khan et al., 2017a). Norharmane inhibits both MAO A and B and also has been suggested to act on other targets similar to harman, such as serotonine, benzodiazepine, and opiate receptors (Pepplinkhuizen et al., 1996).
TIQ is an isoquinoline derivative found in foods with a high 2-phenylethylamine content, such as white wine (1.7 ± 0.8 ng/g), cheese (15.0 ± 2.2 ng/g), and cocoa (0.8 ± 0.3 to 1.1 ± 0.8 ng/g), and have been detected in rat and human brains (Makino et al., 1988). Isoquinoline alkaloids are a large family of phytochemicals found in plant families, such as Papaveraceae, Berberidaceae, and Ranunculaceae, and have been used in folk medicine as, for example, digestive stimulant, immune stimulant, muscle relaxant, analgesic, sedative, and anti-inflammatory (Khan and Suresh Kumar, 2015). Less information is available about TIQ, but it has been reported to reversibly inhibit MAO-A and B and acts as an anti-depressant in rodents (Thull et al., 1995; Antkiewicz-Michaluk et al., 2014; Mozdzen et al., 2014). It is an interesting compound, because it forms a basic chemical unit for numerous other natural isoquinolines and for drugs for relaxation, such as tubocurarine, and anti-depressants, such as diclofensine (Cherpillod and Omer, 1981; Exley et al., 2005).
Lastly, TMN was selected to understand a novel anxiolytic-like property of this compound that has been previously identified to be a MAO inhibitor isolated from a tobacco plant (Mostert et al., 2016). TMN is a derivative of naphthalene. Naphthoquinones are secondary metabolites derived from primary metabolites – carbohydrates, amino acids and lipids – that are present in various organisms, such as plants (e.g. Ebenaceae), fungi (e.g. Fusarium spp.), lichens (e.g. Cetraria spp.), algae (Landsburgia quercifolia), and in actinomycetes (Streptomyces spp.) (Babula et al., 2009; Pinho et al., 2012). One of more well-known members of this chemical class include vitamin K (Coelho Cerqueira et al., 2011; Pinho et al., 2012). The biological effects of naphthoquinones are wide and include neuroprotection, cardioprotection, and hepatoprotection as well as anti-inflammatory and anti-microbial activities (Aminin and Polonik, 2020). Thus, this chemical family is increasingly considered as a source of drug development (Babula et al., 2009; Pinho et al., 2012; Aminin and Polonik, 2020). It has been reported that TMN, a minor component of flue-cured tobacco leaves and smoke, is a reversible competitive inhibitor of MAO-A and MAO-B that exhibits protective properties against MPTP toxicity in mice (Castagnoli et al., 2001; Coelho Cerqueira et al., 2011). To our knowledge, the present study is the first to examine the effects of TIQ and TMN on anxiety-like behavior in a non-clinical animal model.
Furthermore, to support the validity of our behavioral findings, we demonstrated that these natural MAO inhibitors indeed reach the brain by using the ex vivo bioavailability assay and in silico blood brain barrier models.
MATERIALS AND METHODS
Animals
Wild-type zebrafish (Danio rerio; strain AB) were bred and housed at Biobide (San Sebastián, Gipuzkoa, Spain) in accordance with standard procedures (Zebrafish Information Network) as described previously (Alzualde et al., 2018; Quevedo et al., 2019). In brief, the fish were maintained in a 300-L aquarium with a maximum of 1,000 fish per tank. The system water was maintained at 28.5°C, pH 7–7.8, 500–800 μS conductivity, and 80–100% oxygen and continuously filtered. The system water condition was monitored daily and regulated. The fish were kept under a 14-/10 h light/dark cycle (light on at 7:30 am). Adult fish were fed ground dry pellets (Gemma Micro 300; Sketting Zebrafish, Westbrook, ME, United States) and live food (artemia; Catvis B.V., ’s-Hertogenbosch, Netherlands) once a day. All behavioral experiments were performed on adult male and female zebrafish (approximately 36–52 weeks post fertilization) in accordance with European standards of animal welfare in animal use for scientific purposes (2010/63/EU), compiled with national regulations for the care of experimental animals, and were approved as described in national regulations (RD 53/2013) by local and regional committees: PRO-AE-SS-121 and PRO-AE-SS-134.
Chemicals
Harmane (CAS No. 486–84–0), norharmane (CAS No. 244–63–3), 1,2,3,4-tetrahydroisoquinoline (TIQ; CAS No. 91–21–4), clorgyline hydrochloride (CAS No. 17780–75–5), and pargyline hydrochloride (CAS No. 306–07–0) were purchased from Sigma-Aldrich® (St. Louis, MO, United States of America). 2,3,6-trimethyl-1,4-naphtoquinone (TMN; CAS No. 20490–42–0) was purchased from Enamine Ltd. (Kyiv, Ukraine). Buspirone hydrochloride (CAS No. 33386–08–2) was purchased from Tocris Bioscience (Bio-Techne®, Minneapolis, MN, United States). The chemical structures of compounds are shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Zebrafish NTT experimental paradigm (A) The chemical structures of the test compounds–harmane, norharmane, TMN, TIQ, clorgyline, and pargyline–are shown (B) Zebrafish are placed in a treatment beaker with respective compounds for 20 min, briefly rinsed in system water, and then monitored in a novel tank for 5 min. The time spent at the top and bottom one third of the tank were then analyzed (C) A representative trace and heatmap of the swimming activity is presented for a vehicle control. The heatmap shows the minimum (dark blue) to maximum (dark red) amount of time a fish spent in each pixel. Abbreviations: NTT = novel tank test.
Zebrafish NTT
Adult male and female wild-type zebrafish were treated with the compounds for 20 min in a final volume of 50 ml in a 250-ml treatment beaker, one fish at a time. The treatment concentrations were determined by first testing the compounds at 30 mg/L. If the fish tolerated the concentration in the treatment beaker for 20 min, then higher concentrations were tested. If not, the concentration was reduced until no obvious signs of tolerability problems (e.g., seizure-like tail or body movement) were observed. The test concentrations for the NTT were as follows: harmane (1, 3, and 10 mg/L; equivalent to 5, 17, and 55 µM), norharmane (0.3, 1, and 3 mg/L; equivalent to 2, 6, and 18 µM), TIQ (10, 30, and 100 mg/L; equivalent to 75, 226, and 752 µM), TMN (3, 10, and 30 mg/L; equivalent to 15, 50, and 150 µM), clorgyline (10, 30, and 100 mg/L; equivalent to 32, 97, and 324 µM), pargyline (10, 30, and 100 mg/L; equivalent to 51, 153, and 510 µM), and buspirone (10, 30, and 100 mg/L; equivalent to 26, 78, and 259 µM).
Following compound treatment in a 250 ml beaker, the fish were briefly rinsed in fresh system water, and then immediately transferred to a trapezoidal tank (14.6 cm height x 5.5 cm width x 27.9 cm top length and x 23.6 cm bottom length) filled with 1.5 L system water (Figure 1B). The behavior of the fish was monitored for the next 5 min by using the Noldus EthoVision XT system (Wageningen, Netherlands), with the camera placed approximately 1 m from the test tank (Figure 1C). The water-filled part of the tank (11.5 cm height) was virtually divided into top, center, and bottom (Figure 1B). The average time spent at the top and bottom portions of the tank was analyzed to determine the anxiety-like behavior of fish. The average total distance traveled and freezing time (as defined by a complete cessation of movement except for gills and eyes (Kalueff et al., 2013)) were calculated to determine the effects of the compounds on the general behavior of fish. The analyses were conducted in 1-min time bins to demonstrate the change in their behavior overtime. Any fish that stayed immobile for longer than 200 s out of a total of 5 min test period were considered as an outlier as they were generally >2 standard deviations away from the mean and excluded from all analysis. One fish from 10 mg/L harmane, one fish from 3 mg/L norharmane, one fish from 100 mg/L TIQ, two fish from 10 mg/L TMN, five fish from 30 mg/L TMN, four fish from 30 mg/L clorgyline, six fish from 100 mg/L clorgyline, and three fish from 100 mg/L buspirone were removed from the final analysis as their behavior was uninterpretable. There was no sex-dependent effect on these abnormally long bouts of freezing. Relatively high number of zebrafish that showed freezing for the highest concentrations of TMN, clorgyline, and buspirone, suggested that the respective concentrations were at the borderline of tolerability. The experimenters were blind to the test conditions. A minimum of 12 fish (6 females and 6 males) per condition were used for the study.
Monoamine Oxidase Assay
The two-step bioluminescent assay (MAO-Glo™ Assay Systems; Promega, Madison, WI, United States) was performed in Nunc white, 96-well, flat-bottom assay plates (Life Technologies Europe B.V., Zug, Switzerland) as described previously (Van Der Toorn et al., 2019). Fluostar Omega 96 Microplate reader (BMG LABTECH GmbH, Ortenberg, Germany) was used to measure the luminescent signal and to determine the IC50 (half maximal inhibitory concentration). Z’ scores were between 0.75 and 0.86 for both MAO A and B assays. The constant (Km) of MAO A was 17.1 and 2.6 µM for MAO B. The substrate concentrations (S) were 20 µM for MAO A assay and 3 µM for MAO B. The Ki values referred in the discussion were calculated accordingly to the following formula: [image: image].
Brain Dissection
Four fish (2 male and 2 female) per test condition were exposed to 3 mg/L harmane, 3 mg/L norharmane, 30 mg/L TMN, 100 mg/L TIQ, 100 mg/L clorgyline, or 100 mg/L pargyline. The selected concentrations were either the highest effective concentration or the highest tested concentration to optimize the chance of compound detection in the brain. Immediately after the 20 min compound treatment, the zebrafish were rinsed briefly to remove excessive compound on their body and euthanized with 250 mg/L tricaine (CAS No. 886–86–2; Sigma). The fish were decapitated at the level of the gills by using a surgical knife. The head was turned dorsal side down, and, soft tissue was removed from the ventral side of the skull using two forceps until the base of the skull was exposed. The skull was broken open, and the bone from the ventral side of the brain was removed. The brain was then placed in a microcentrifuge tube, weighed, snap-frozen in liquid nitrogen, and stored at −80°C until the analysis.
Bioavailability Assay
Briefly, on the day of analysis, the brain samples were defrosted, resuspended in a methanol solution (2:1 [v/v] methanol:MilliQ water), and homogenized with vigorous agitation and ultrasonication (5 min each). The homogenate was centrifuged at 15,000 x rpm for 10 min, and the supernatant was analyzed by using a UPLC-Q Exactive Orbitrap-HRMS system (Thermo Fisher Scientific™, Bremen, Germany) for all compounds except for TMN, which was analyzed by gas chromatography/mass spectrometry (GC/MS) system. Chromatographic separation was achieved on a Synergi™ 4-µm Hydro-RP 80 Å, L.C. Column (250 × 4.6 mm; Phenomenex Inc., Torrance, CA, United States) with 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). A gradient method at a 500 µL/min flow rate was applied as follows: 1) 5% B for 1 min and 2) increase to 95% B over 7 min and hold for 2 min. The injection volume was 5 μL. The mass spectrometer was operated in electrospray positive mode (ESI; Thermo Fisher Scientific), while data acquisition was performed by using the parallel reaction monitoring (PRM) and full scan modes. The source settings were set as follows: sheath gas flow rate = 60 psi; aux gas flow rate = 20 arbitrary units; spray voltage = 3.5 kV; capillary temperature = 280°C; and sweep gas flow rate = 1. The full scan mode parameters were set as follows: resolution = 35,000 FWHM at 200 m/z; AGC target = 1E6; maximum injection time = 110 ms; and scan range = 100–350 m/z. The chromatographic and Orbitrap MS parameters for PRM analysis were the same as those in the full scan mode, except for: AGC target = 2E5; maximum IT = 60 ms; and resolution = 17,500 FWHM at 200 m/z. The XCalibur™ v4.0.27.19 software (Thermo Fisher Scientific) and TraceFinder™ v4.1 Forensic (Thermo Fisher Scientific, San José, CA, United States) were used for system control and data processing, respectively. The Q Exactive 2.8 SP 1 software (Thermo Fisher Scientific) was used to control the mass spectrometer.
For TMN, the Agilent GC/MS system (Agilent, Santa Clara, CA, United States) was used, because it is an apolar aromatic compound that could not be ionized for the detection by the UPLC-Q Exactive Orbitrap-HRMS system. The Agilent GC/MS system consisted of Agilent 3800 GC coupled to an Agilent Ion Trap 2200 MS/MS operated in electron impact ionization mode. The GC system was equipped with an electronic pressure control and an isothermal injector. One μL of cleaned extract was injected on a DB-5 column (30 m × 0.25 mm × 0.25 μm) using splitless injection mode. The injection temperature was set at 250°C. The GC temperature program was 60°C, hold 2 min, ramp 30°C/min to 120°C, ramp 10°C/min to 240°C, ramp 30°C/min to 300°C, and hold 5 min. Helium was used as carrier gas with a flow rate of 1.2 ml/min. The MS was employed in Multiple Reaction Monitoring mode. The ion source, ion trap, and interface temperatures were set at 200, 200, and 280°C. The results were quantified using Agilent MS Workstation software (v6.9.3). Recoveries of compounds were within 80–120%.
In Silico Blood–Brain Barrier Permeability Prediction
The Ligand Express (Cyclica; Toronto, Ontario, Canada), admetSAR, and Biovia ADMET Blood Brain Barrier Model (Dassault 545 Systémes, Vélizy-Villacoublay, France) were used to predict the BBB permeability of the compounds. Ligand Express® is a cloud-based platform that screens small-molecule drugs against repositories of structurally characterized proteins or “proteomes” to determine polypharmacological profiles. In terms of BBB permeability prediction, the system implements a classification model based on machine learning methods using a compiled BBB dataset of 1335 BBB-permeable and 360 BBB-impermeable compounds. The Anatomical Therapeutic Chemical Classification was used to filter out compounds that have an ambiguous status regarding their passage through the BBB or were not strictly CNS-active. In addition, 45 molecules that are known to cross the BBB and 91 P-glycoprotein substrates on the BBB impermeable set were included (Seelig, 1998; Adenot and Lahana, 2004; Shen et al., 2010).
The admetSAR (v2.0) server was developed as a comprehensive source and free tool for in silico prediction of chemical absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties on the basis of structure–activity relationships (Cheng et al., 2012; Yang et al., 2019). More than 40 predictive models are implemented in admetSAR for in silico filtering of new chemical ADMET properties. These models are trained by state-of-the-art machine learning methods. The BBB model was developed by using a similar dataset as that used by Ligand Express®, derived mainly from the work of Shen et al. which included 1839 compounds (1438 BBB-permeable and 401 BBB-impermeable compounds) (Shen et al., 2010). Because both of these platforms gave almost identical BBB penetration probability values for all compounds, only the results from Ligand Express® are shown in Table 1. Values equal to or close to 1 indicate compounds with a high probability of BBB penetration.
TABLE 1 | Summary of MAO activities and BBB permeability prediction.
[image: Table 1]Lastly, the Biovia ADMET Blood Brain Barrier Model was used to predict the BBB penetration of a molecule, defined as the ratio of concentrations (brain concentration/blood concentration) after oral administration, and to report the predicted penetration as well as a classification of penetration level. The model combines a confidence ellipse in the Polar surface area and LogP descriptor space, derived from over 800 orally administered compounds classified as CNS therapeutics with a robust regression model based on 120 compounds with measured penetration to predict Log (Brain Blood (BB)) penetration values for those molecules falling within the confidence ellipse (Egan et al., 2000). The model predicts the BB permeation level based on the categories “very high” (BB ratio >5:1), “high” (between 1:1 and 5:1), “medium” (between 0.3:1 and 1:1), “low” (<0.3:1), and “undefined” (outside the 99% confidence range ellipse). This translates into the regression model prediction values of Log (BB) > 0.7 for “very high”, 0 < Log (BB) < 0.7 for “high”, −0.52 < Log (BB) < 0 for “medium”, and Log (BB) < −0.52 for “low”. No prediction was made for compounds outside the 95% confidence ellipsoids.
Statistics
The behavioral findings were analyzed in 1 min bins using two-way repeated measures ANOVA with Dunnett post hoc analysis. The analyses were conducted by using GraphPad Prism v8.2.1 (GraphPad Software, San Diego, CA, United States).
RESULTS
Effects of the Compounds on Zebrafish NTT Response
Zebrafish were placed in an NTT tank immediately after being exposed to the system water containing one of the four natural MAO inhibitors (harmane, norharmane, TIQ, or TMN) or reference compounds (clorgyline or pargyline) for 20 min (Figure 1B). Interestingly, all four compounds induced a distinct behavioral profile in the zebrafish (Figures 2, 3; Supplementary Figure S1 in Supplementary Material S1). There was a significant treatment effect by harmane (F (3, 43) = 5.311, p = 0.020 (top); F (3,43) = 4.047, p = 0.013 (bottom)). The lowest two concentrations of harmane (1 and 3 mg/L) increased the time spent at the top and decreased the time spent at the bottom during the first minute of the 5 min test (p < 0.05 for 1 mg/L; p < 0.001 for 3 mg/L), while the highest concentration (10 mg/L) had no effect (Figures 2A,D,G; treatment x time effect: F (12, 172) = 3.534, p = 0.0001 (top), F (12, 172) = 3.822, p < 0.0001 (bottom)). For norharmane, the highest concentration (3 mg/L) increased the time spent at the top and decreased the time spent at the bottom during the last 2 min of the test (p < 0.05 for top; p < 0.01 for bottom), while the middle concentration (1 mg/L) had a significant effect between 2 and 3 min of the test, particularly for the time spent at the bottom (p < 0.05 at 2 min; p < 0.01 at 3 min) (Figures 2B,E,H; treatment x time effect: F (12, 168) = 2.612, p = 0.0032 (top), F (12, 168) = 2.357, p = 0.0080 (bottom)). The lowest concentration (0.3 mg/L) had no effect. TIQ had a significant treatment effect also, where the highest two concentrations of TIQ (30 and 100 mg/L) generally increased and decreased the time spent at the top and bottom, respectively (p < 0.01 for 30 mg/L; p < 0.001 for 100 mg/L), while the lowest concentration had no effect (Figures 2C,F,I; F (3, 43) = 14.89, p < 0.0001 (top), F (3, 43) = 11.73, p < 0.0001). There was no time-dependent treatment effect. TMN induced a mix of both anxiolytic- and anxiogenic-like behaviors at the highest concentration tested (30 mg/L) (Figures 3A,D,G; treatment effect: F (3,30) = 8.746, p = 0.0003 (top); F (3, 30) = 7.128, p = 0.0009; treatment x time effect: F (12, 120) = 11.99, p < 0.0001 (top), F (12, 120) = 15.44, p < 0.0001 (bottom)). It increased the time spent at the top and decreased the time spent at the bottom during the first 2 min of the test (p < 0.001). In contrast, the fish spent more time at the bottom (p < 0.001) and had the tendency to spend less time at the top during the last 2 min of the test. The middle concentration (10 mg/L) of TMN induced only an anxiogenic-like effect during the last couple of minutes of the test (p < 0.05 for top; p < 0.001 for bottom).
[image: Figure 2]FIGURE 2 | NTT results for harmane, norharmane, and TIQ. Representative heatmaps for (A) harmane (3 mg/L) (B) norharmane (3 mg/L), and (C) TIQ (100 mg/L) during the NTT for one zebrafish per compound are shown. The heatmaps show the minimum (dark blue) to maximum (dark red) amount of time a fish spent in each pixel. Time spent at the top and the bottom of the tank are quantified for (D and G) harmane (1, 3, and 10 mg/L), (E and H) norharmane (0.3, 1, and 3 mg/L), and (F and I) TIQ (10, 30, and 100 mg/L). All compounds show anxiolytic-like effects at at least one of the concentrations and time point. Black dashed line = vehicle control; light blue = lowest concentration; blue = middle concentration; purple = highest concentration. The sample size was 12 except for 10 mg/L harmane, control group for norharmane, 3 mg/L norharmane, and 100 mg/L TIQ, which were n = 11. Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; Abbreviations: NTT = novel tank test; TIQ = 1.2,3,4-tetrahydroisoquinoline.
[image: Figure 3]FIGURE 3 | NTT results for TMN, clorgyline, and pargyline. Representative heatmaps for (A) TMN (30 mg/L) (B) clorgyline (100 mg/L), and (C) pargyline (10 mg/L) during the NTT for one zebrafish per compound are shown. The heatmaps show the minimum (dark blue) to maximum (dark red) amount of time a fish spent in each pixel. Time spent at the top and the bottom of the tank are quantified for (D and G) TMN (3, 10, and 30 mg/L), (E and H) clorgyline (10, 30, and 100 mg/L), and (F and I) pargyline (10, 30, and 100 mg/L). All compounds show anxiolytic-like effects at at least one of the concentrations and time point. Black dashed line = vehicle control; light blue = lowest concentration; blue = middle concentration; purple = highest concentration. The sample size was 12 except for control group for TMN (n = 11), 3 mg/L TMN (n = 9), 10 mg/L and 30 mg/L TMN (n = 7), 30 mg/L Clorgyline (n = 8), and 100 mg/L Clorgyline (n = 6). Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; Abbreviations: NTT = novel tank test; TMN = 2,3,6-trimethyl-1,4-naphthoquinone.
Zebrafish treated with the two reference compounds, clorgyline and pargyline, also behaved quite differently from each other and from those treated with the natural MAO inhibitors. Clorgyline, in general, showed a concentration-dependent anxiolytic-like effect, with the highest concentration (100 mg/L) increasing the time spent at the top for almost the entire test period (p < 0.01), the middle concentration (30 mg/L) significantly increasing it only during the last 2 min (p < 0.05), and the lowest concentration (10 mg/L) having no effect (Figures 3B,E; treatment effect: F (3,34) = 4.864, p = 0.0064; treatment x time effect: F (12, 135) = 2.269, p = 0.0118). A corresponding reduction in the time spent at the bottom was evident, but the concentration-dependency was less prominent (Figure 3H; treatment effect: F (3, 34) = 3.225, p = 0.0345; treatment x time effect: F (12, 135) = 2.230, p = 0.0135). Pargyline was the only compound to show only an anxiogenic-like effect, but only for the first 1 min of the test at the lowest concentration tested (10 mg/L; p < 0.01 (top); p < 0.05 (bottom)) (Figures 3C,F,I; treatment x time effect: F (12, 176) = 3.520, p = 0.0001 (top); F (12, 176) = 3.400, p = 0.0002 (bottom)). It is worthy to note that buspirone, a clinical anxiolytic drug for general anxiety, induced a significant treatment effect in this paradigm (Supplementary Figure S2 in Supplementary Material S1; treatment effect: F (3, 70) = 27.25, p < 0.0001 (top); F (3, 70) = 16.34, p < 0.0001 (bottom); time x treatment effect: F (12, 280) = 3.838, p < 0.0001 (top); F (12, 280) = 4.030, p < 0.0001 (bottom)). This finding supports the validity of the zebrafish NTT to detect an anxiolytic-like drugs.
All compounds except TIQ significantly affected the general activity, measured by total distance traveled (Figure 4). The total distance traveled was significantly reduced by all concentrations of harmane and TMN, the highest concentration of norharmane, and the two highest concentrations of clorgyline and pargyline throughout the test period (treatment effect for harmane: F (3, 43) = 16.81, p < 0.0001; for norharmane: F (3, 42) = 11.56, p < 0.0001; for TMN: F (3, 30) = 36.21, p < 0.0001; for clorgyline: F (3, 34) = 12.64, p < 0.0001; for pargyline: F (3, 44) = 4.656, p = 0.0065; treatment x time effect for harmane: F (12, 172) = 8.170, p < 0.0001; for TMN: F (12, 120) = 2.501, p = 0.0058). In addition, the highest concentration of harmane increased the freezing time during the first 2 min of the test (p < 0.0001) (Figure 5A; treatment effect: F (3, 43) = 23.94, p < 0.0001; treatment x time effect: F (12, 172) = 35.38, p < 0.0001). TMN increased the freezing time for the two highest concentrations (F (3, 30) = 15.50, p < 0.0001). The effect of the middle concentration was significant during the first 3 min (p < 0.01), while the effect of the highest concentration was significant from 1 min onward (p < 0.001) (Figure 5D; treatment x time effect: F (12, 120) = 4.920, p < 0.0001). Other compounds had no effect on the freezing response. The effects of the compounds on the total distance traveled and freezing time did not seem to parallel the anxiolytic- or anxiogenic-like effects of the respective compounds. Thus, it is not likely that any changes in the observed general movement had a direct association with the anxiolytic- or anxiogenic-like effects of the compounds.
[image: Figure 4]FIGURE 4 | Effects of MAO inhibitors on total distance traveled. Total distance traveled during the NTT is presented for (A) harmane (1, 3, and 10 mg/L) (B) norharmane (0.3, 1, and 3 mg/L) (C) TIQ (10, 30, and 100 mg/L) (D) TMN (3, 10, and 30 mg/L) (E) clorgyline (10, 30, and 100 mg/L), and (F) pargyline (10, 30, and 100 mg/L). Black dashed line = vehicle control; light blue = lowest concentration; blue = middle concentration; purple = highest concentration. The sample size is detailed in the legends for Figures 3, 4. Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: NTT = novel tank test; TIQ = 1.2,3,4-tetrahydroisoquinoline; TMN = 2,3,6-trimethyl-1,4-naphthoquinone.
[image: Figure 5]FIGURE 5 | Effects of MAO inhibitors on freezing time. Total freezing time during the NTT is presented for (A) harmane (1, 3, and 10 mg/L) (B) norharmane (0.3, 1, and 3 mg/L) (C) TIQ (10, 30, and 100 mg/L) (D) TMN (3, 10, and 30 mg/L) (E) clorgyline (10, 30, and 100 mg/L), and (F) pargyline (10, 30, and 100 mg/L). Black dashed line = vehicle control; light blue = lowest concentration; blue = middle concentration; purple = highest concentration. The sample size is detailed in the legends for Figures 3, 4. Data are expressed as mean ± SEM. **p < 0.01; ***p < 0.001. Abbreviations: NTT = novel tank test; TIQ = 1.2,3,4-tetrahydroisoquinoline; TMN = 2,3,6-trimethyl-1,4-naphthoquinone.
Monoamine Oxidase Inhibition
All compounds were tested for their efficacy to inhibit MAO-A and MAO-B by MAO assays in vitro. Of the four alkaloids, harmane was the most potent and selective MAO-A inhibitor in our assay (IC50 = 0.05 ± 0.03 and >100 µM for MAO-A and MAO-B, respectively) (Table 1). In fact, harmane was as potent as clorgyline in inhibiting MAO-A and showed greater MAO-A selectivity than clorgyline with >2,000-fold greater selectivity over MAO-B in contrast to the approximately 400-fold greater selectivity of clorgyline. Norharmane and TMN were approximately 100-fold less potent, and TIQ was 400-fold less potent than harmane (MAO-A IC50 = 1.05 ± 0.36 for norharmane, 1.14 ± 0.74 for TMN, and 20.88 ± 2.97 for TIQ). These three compounds did not show selectivity between MAO-A and MAO-B. The potency and lack of selectivity of norharmane and TMN most closely resembled those of pargyline.
Blood–Brain Barrier Penetration
To understand whether the MAO inhibitors in the present study have good BBB penetrability, two qualitative classification models for predicting the probability of BBB penetration (Ligand Express® and admetSAR) and one quantitative regression model for predicting the Log (BB) compound penetration values (Biovia ADMET) were used. Both the Ligand Express® and admetSAR models predicted all compounds to have good BBB penetrability, as indicated by a probability close to 1 (Table 1). The predicted Log (BB) values for all compounds were in the high (0–0.7) or very high (>0.7) range. To confirm the predicted BBB penetration values, the concentrations of the compounds in brain were tested in bioavailability assay. All compounds were detected at high concentrations in the zebrafish brain (Table 2). Harmane and TIQ levels, in particular were approximately 10-fold higher than the rest of compounds tested. The observed concentrations for other compounds were within the expected level (1 ng/mg brain tissue), assuming that the brain density is approximately the same as that of water (Weisenburger and Vaziri, 2018).
TABLE 2 | Summary of compound bioavailability in fish brain.
[image: Table 2]DISCUSSION
MAO inhibitors have been previously reported to ameliorate depression and specific types of anxiety (Sabri and Saber-Ayad, 2020). In this study, we detected anxiolytic-like effects of four natural MAO inhibitors – harmane, norharmane, TMN, and TIQ – in novel-environment-induced anxiety by using the zebrafish NTT. The observed effects were most likely due to a direct regulation of brain function as all tested compounds showed a high level of brain bioavailability and predicted blood-brain-barrier permeability. The anxiolytic-like effect of harmane is in agreement with previous reports indicating reduction in anxiety-related behaviors in, for example, elevated plus maze in rodents (Aricioglu and Altunbas, 2003; Khan et al., 2017a). Such effect of norharmane has been speculated (Pepplinkhuizen et al., 1996), but it has not been reported. There have been no previous reports regarding the anxiolytic-like effect of TIQ or TMN. We believe that this is the first time that the anxiolytic-like effect of these compounds for this particular type of anxiety, as predicted in this zebrafish model, is reported. There are several different types of anxiety recognized in Diagnostic and Statistical Manual of Mental Disorders by American Psychiatric Association, including, for example generalized anxiety disorder, panic disorder, social anxiety disorder, and agoraphobia (Leahy et al., 2012; Salum et al., 2013; Park and Kim, 2020). The zebrafish NTT may most closely mimic agoraphobia, a type of panic disorder characterized by symptoms of anxiety in situations where the person perceives their environment to be unsafe with no easy way to escape. In this paradigm, a zebrafish fears the potential threat of predator in a new environment, and dives to the bottom of the tank, avoiding the potential danger. This behavior is interpreted as an anxiety-like response.
Classically, MAO inhibitors have been considered as a treatment of panic disorders with agoraphobia, but their use was rather restricted due to the risk of, for example, hypertension (Tyrer and Shawcross, 1988; Vina et al., 2012; Sabri and Saber-Ayad, 2020). The alkaloids in this study, however, belong to the reversible type of MAO inhibitors, which have been favored due to reduced side effects (Buller, 1995; Herraiz and Chaparro, 2005; Wasik et al., 2014). It is worthy to note that three out of four test compounds also reduced the total distance travelled at the concentrations that showed anxiolytic-like effect in zebrafish. TIQ was the only compound that showed a steady anxiolytic-like effect throughout the test period without affecting the general movement of the fish. The reason for the observed difference may be difficult to interpret purely on the basis of MAO-A or -B activities. For example, TIQ was the weakest MAO-A/B inhibitor in vitro, yet it induced the most steady anxiolytic-like effect during the behavioral test. Its brain bioavailability and blood-brain barrier permeability probability were similar to harmane. One alternative explanation is that these naturally occurring compounds have other molecular targets in addition to MAO. For example, previous reports suggest that harmane and norharmane can also bind benzodiazepine receptor binding albeit at high concentrations (Muller et al., 1981). We have also observed serotonin receptor and norepinephrine transporter binding activities for harmane and norharmane in the 10 µM range in a pilot study in vitro (data not shown). Thus, it is possible that the anxiolytic-like effect of TIQ may be mediated by other molecules in addition to MAO.
It is worth noting that in the present study, clorgyline induced anxiolytic-like effect while pargyline did not. This finding supports and confirms previous reports indicating that the MAO A inhibitor clorgyline more effectively regulates mood and anxiety than the MAO B inhibitor pargyline (Tyrer and Shawcross, 1988). In support of this behavioral finding, we found that, in fact, clorgyline inhibits MAO A approximately 400-fold stronger than MAO B, which is similar to previous reports by others suggesting approximately 1000-fold selectivity (Ramsay et al., 2020). The in vitro inhibitory activity of pargyline was less straight forward to interpret, where we detected similar IC50 values – thus, similar Ki values (0.85 μM for MAO A and 0.50 μM) – for MAO A and B. This is in line with the previous observation by Fisar et al. (2010), showing 1.4-fold difference between the Ki values of MAO-A and MAO-B by using MAO from crude pig brain mitochondrial fractions (Fisar et al., 2010). Interestingly, it has been shown that assay conditions (e.g., preincubation time) can affect the apparent selectivity of pargyline (Fowler et al., 1982; Ramsay et al., 2020). For example, with the direct assay without substrate preincubation with pargyline, the Ki values were 15 μM for MAO A and 1.8 μM for MAO B (Fowler et al., 1982; Ramsay et al., 2020), yielding a mere 8-fold difference which cannot be considered as a selectivity. In contrast, recent studies performed by Oh et al. (2020) and Takao et al. (2019) observed >100-fold and 21-fold differences in Ki values of MAO-A and MAO-B, respectively, by using recombinant human MAO-A and MAO-B enzymes (Oh et al., 2020) (Takao et al., 2019). One could speculate that additional differences in, for example, pargyline batch or salt form, substrate type, MAO enzyme type or source, and enzymatic reaction condition may have contributed to the slightly different MAO selectivity observed for pargyline in the present study and by others. This new pharmacological insight suggests that perhaps, previous conclusion that the lack of anxiolytic-like effect by pargyline is due solely to the lack of MAO A inhibitory activity may be over simplistic and should be interpreted with caution. The MAO inhibitory potency and selectivity of the other four compounds tested in this study – harmane, norharmane, TIQ, and TMN – were within the range of previous reports substrate (Thull et al., 1995; Herraiz and Chaparro, 2005; Dos Santos Passos et al., 2014; Wiart, 2014). Of these compounds, harmane was the only MAO A selective inhibitor, while norharmane, TIQ, and TMN showed no selectivity between MAO A and B in the present study and in previous reports (Thull et al., 1995; Herraiz and Chaparro, 2005; Coelho Cerqueira et al., 2011; Dos Santos Passos et al., 2014). Because TIQ, TMN, and norharmane were non-selective MAO inhibitor similar to pargyline, it is possible that the anxiolytic-like effect observed for TIQ, TMN, and norharmane may be partially induced by other molecular targets in addition to MAO.
In conclusion, anxiety disorders are among the most common psychiatric disorders that affect all groups of the general population. The current available treatments have unwanted side effects, such as excessive sedation, cognitive impairment, ataxia, aggression, sexual dysfunction, tolerance and dependence (Vina et al., 2012). In this study, we have shown that MAO-inhibiting compounds that are naturally present in plants can induce anxiolytic-like effects in zebrafish. TIQ, in particular, showed a promising neurobehavioral profile, inducing steady anxiolytic-like effect without affecting the general movement. The current findings highlight the importance of investigating natural compounds as alternative herbal remedies for anxiety and support the usefulness of zebrafish as an experimental tool to screen for anxiolytic-like compounds.
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Due to the widely application of Cyclosporine A (CsA) as an immunosuppressant in clinic, it is necessary to study its potential toxicity. Therefore, we used zebrafish as a model animal to evaluate the toxicity of CsA on embryonic development. Exposure of zebrafish embryos to CsA at concentrations of 5 mg/L, 10 mg/L, and 15 mg/L from 12 hpf to 72 hpf resulted in abnormal embryonic development, including cardiac malformation, pericardial edema, decreased heart rate, decreased blood flow velocity, deposition at yolk sac, shortened body length, and increased distance between venous sinus and arterial bulb (SV-BA). The expression of genes related to cardiac development was disordered, and the apoptotic genes were up-regulated. Oxidative stress level was up-regulated and accumulated in pericardium in a dose-dependent manner. Astaxanthin (ATX) treatment could significantly alleviate zebrafish heart defects. CsA induced up-regulation of Wnt signaling in zebrafish, and IWR-1, an inhibitor of Wnt signaling pathway, could effectively rescue the heart defects induced by CsA. Together, our study indicated that CsA induced cardiac developmental toxicity in zebrafish larvae through up-regulating oxidative stress and Wnt signaling, contributing to a more comprehensive evaluation of the safety of the drug.
Keywords: cyclosporine a, cardiac toxicity, oxidative stress, wnt signaling, apoptosis
INTRODUCTION
CsA, a lipophilic cyclic polypeptide isolated from the fungus tolypocladium inflatum, is a powerful immunosuppressant. CsA inhibits the proliferation of T cells by inhibiting the activation of calcineurin (Matsuda and Koyasu, 2000; Beauchesne et al., 2007). It is widely used in the prevention of immune rejection of organ transplantation and the treatment of T cell related autoimmune diseases (Damiano et al., 2015). Although CsA has no bone marrow toxicity of other immunosuppressants, its own toxicity also hinders the research and application. The most common is that CsA causes nephrotoxicity. In addition, CsA can also cause a series of toxic and side effects such as hepatotoxicity and neurotoxicity (Thomas and Gordon, 1986), and a series of changes in the cardiovascular system such as endothelial cell injury and inhibition of angiogenesis (Woywodt et al., 2003; Nacev et al., 2011; Kim et al., 2020). At present, CsA is not only used as immunosuppressant, but also used as a cardiac protectant in clinic. For example, CsA can improve cardiac dysfunction caused by sepsis via inhibiting calcineurin (Liu et al., 2017), and inhibit the mitochondrial permeability transition pore (MPTP) in the treatment of ischemic heart disease (Hausenloy et al., 2012). Related studies have shown that CsA has cardiotoxicity (Ozkan et al., 2012), but the specific mechanism is unknown. The cardiovascular side effects of CsA greatly limit its clinical application and research.
Zebrafish, a complex organism with highly conserved organ systems and metabolic pathways, is a commonly used toxicological biological model at present. Zebrafish is small in size, economical and easy to feed. The embryo develops in vitro, and the main organ systems are formed at about 72 hpf (Horzmann and Freeman, 2018), which greatly shorten the cycle of drug toxicity screening and make the process more convenient. Zebrafish is particularly suitable for cardiotoxicity studies and does not rely entirely on the functional cardiovascular system as compared to embryo models in mice and chickens. Zebrafish embryos can obtain oxygen through passive diffusion, so they can survive even with severe heart defects (Stainier, 2001). The acquisition of zebrafish transgenic lines is easier than other animal models, and the transgenic fish lines labeled with fluorescent protein can more intuitively observe a series of effects of drugs on the development of zebrafish (Bambino and Chu, 2017). More importantly, the zebrafish genome sequence is highly homologous to the human genome sequence (Howe et al., 2013), so zebrafish is an ideal biological model to simulate cardiovascular, immunological, neurological and other toxic effects in an increasingly wide range of applications.
The heart is one of the earliest organs to develop in vertebrates. The development of cardiomyocyte progenitor cells and endocardial progenitor cells is the characteristic of the beginning of heart development. The pool of cardiomyocyte progenitor cells (atrium and ventricle) located in the marginal areas of both sides of the embryo migrate to the midline and fuse to form a cardiac disc structure in the midline. After a series of differentiation and torsion in 24 hpf, the S-shaped linear lumen with circulatory function is formed (Wu et al., 2020), which is divided into atrium and ventricle. At 48 hpf, the heart begins to revolve, and the right ventricle and left atrium are formed. The heart cavity expands and begins to form cardiac circulation (Bakkers, 2011). The heart, one of the most important organs to maintain the body function, carries gas and nutrients to various tissues and organs through the blood circulation. Serious heart defects can affect the growth and development of human or animal and even threaten life. Unlike mouse and chicken cardiovascular models, zebrafish embryos can obtain oxygen through passive diffusion, so they can survive for 7 days even with severe heart defects. In addition, almost all the tools available for studying the cardiovascular system in other model systems can also be used in zebrafish models (Stainier, 2001; Sarmah and Marrs, 2016). Therefore, zebrafish as an animal model to study cardiac developmental toxicity has brought great convenience to this study.
In this study, CsA was used to intervene the embryonic development of Tg (my17: GFP) transgenic zebrafish, and cardiac developmental toxicity was observed in zebrafish treated with different concentrations of CsA. The expression of genes related to heart development was disturbed, and the level of oxidative stress was increased accordingly. Astaxanillin intervention could effectively rescue CsA induced cardiotoxicity in zebrafish. In addition, CsA induced the up-regulation of Wnt signaling, and Wnt signaling inhibitors significantly reduced the cardiotoxicity. Therefore, our study showed that CsA was cardiotoxic, which was achieved by up-regulating the Wnt signaling pathway.
METHODS AND MATERIALS
Reagents and Materials
CsA was purchased from Chengdu Deste Biotechnology Co., Ltd. (ChengDu, China) (CAS No.59865-13-3; >98% Assay), and the drug was dissolved in DMSO. Trizol reagent, reverse transcription kit and qPCR kit were purchased from Takara (DaLian, China) and Transgen Biotech (BeiJing, China) respectively. Superoxide dismutase (SOD), malondialdehyde (MDA) and reactive oxygen species (ROS) detection reagents were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). IWR-1 was purchased from MedchemExpress (New Jersey,United States) (CAS: 1127442-82-3).
Experimental Animals
Tg(my17:GFP) and Tg(kdrl:mCherry) transgenic strains, and AB strains were purchased from China Zebrafish Resource Center. The zebrafish used were kept at 28°C, 14 h of light, and 10 h of dark under constant temperature conditions. The water for culturing the zebrafish had a pH of 7.0 and a conductivity of 500 μS/cm. The live brine shrimp were fed once at 9 a.m and 2 p.m daily. On the night before spawning, the male and female fish were placed in the mating tank at a ratio of 1:1, and the embryos the next day were collected. The collected embryos were cultured with 1% methyl blue for 10 h and abnormal and dead embryos were removed under the microscop. Healthy embryos at the same developmental stage were randomly assigned to six-well plates with 20 embryos per well. The embryos were cultured in a medium containing 0.003% PTU (Sigma, United States) to inhibit the growth of pigment.
Chemical Treatment
Healthy embryos at the same developmental stage were randomly assigned to six-well plates with 20 embryos per well. CsA was dissolved in DMSO. 5 ml of 0.003% PTU culture medium is added to each well, so that the final concentration of CsA is 5 mg/L, 10 mg/L, 15 mg/L. Zebrafish embryos were treated with CsA at concentration of 0, 5, 10 and 15 mg/L from 12 hpf to 72 hpf respectively, and cultured in an incubator at a constant temperature of 28°C. The control group was treated with DMSO only. CsA and PTU were replaced for 3 consecutive days, and the experiment was repeated three times.
The sensibility test of zebrafish embryos exposed to CsA at different stages of cardiac development was performed as previously described (Cao et al., 2020). Healthy zebrafish embryos were randomly distributed into a six-well plate, with 20 in each well. The final concentration of the CsA treatment group was 10 mg/L, 15 mg/L, and the control group was only treated with DMSO, and the time of first dosing include 0 hpf, 12 hpf, 15.5 hpf, 19 hpf, and 48 hpf, and the effects of zebrafish exposure to CsA on the morphology and function of the heart were observed at 72 hpf.
For resuced experiment, Tg (my17: GFP) was treated with 5 mg/L, 10 mg/L, 15 mg/L CsA and 0.18 mg/L astaxanthin from 12 hpf to 72 hpf, and placed in a incubator at 28°C. Drugs were changed daily. Larva were photographed with Leica M205FA. The CsA treatment group, PTU treatment group and 0.18 mg/L astaxanthin treatment group were taken as controls. Wnt signaling pathway was activated by 15 mg/L CsA and 10 nmol Wnt signaling pathway inhibitor. The 15 mg/L CsA treatment group, the PTU treatment group and the 10 nmol inhibitor treatment group were taken as controls. The results were photographed with Leica M205FA.
Quantification of Cardiac Morphology and Function
Heart morphology and function of zebrafish in each group were recorded and analyzed. The heart rate of zebrafish at 72 hpf was calculated. The heart morphology of zebrafish at 72 hpf was photographed under fluorescence and white light by Zeiss Discovery 20 microscope. The Zesis Discovery 20 system was used to calculate the pericardial area, yolk sac area, body length (length from head to tail) and the distance from cardiac venous sinus to cardiac artery bulb (SV-BA). Each group measured 15 pieces and repeated the experiment for 3 times.
mRNA Level Analysis
Zebrafish were treated with CsA for 72 h, 40 juveniles were taken from each group to extract total RNA, and 1 μg total RNA was used for reverse transcription (Takara). The cDNA obtained was used for qPCR experiments on the ABI Step One Plus RT-PCR system (Applied Biosystem, CA, United States), and the experiments were repeated for 3 times. The expression of cardiac related developmental genes (GATA4, Nkx2.5, vmhc, kl2a), apoptotic related genes (p53, mdm2, bax) and Wnt signaling pathway related genes (β-catenin, lef1, axin2) were analyzed, and 2-△△Ct formula was used to calculate the results. Primers were obtained from Thermo Fisher.
Histological Analysis
Embryos treated with CsA for 72 h were collected, washed 3 times with PBS, fixed overnight in 4% PFA at 4°C, embedded in paraffin, and made into 7 um sections, which were dewaxed with xylene, dehydrated with alcohol, stained with hematoxylin and eosin, and finally sealed with neutral resin. The images of zebrafish heart section were observed and collected under light microscope.
Acridine Orange Staining
Acriridine orange (AO) is a nucleic acid dye with unique spectral properties, which can penetrate and specifically label apoptotic cells, and emit green fluorescence (Liu et al., 2021). Zebrafish embryos at 72 hpf were washed three times in embryo culture medium, treated with 4 mg/L AO and were incubated for 30 min in the dark. Then the embryo were washed three times with culture medium, anesthetized with 0.16% tricaine, and fixed in a confocal dish with 1% low solubility agarose. Images were collected using Zeiss Microscale (Discovery, V20). The experiment was repeated for 3 times.
Analysis of Indicators Related to Oxidative Stress
60 Juvenile zebrafish at 72 hpf were collected in each group, and washed by PBS for 3 times, 5 min each time. Total protein of each group was extracted with 0.9% normal saline, and oxidative stress indicators such as superoxide dismutase (SOD) and malondialdehyde (MDA) were detected. The absorbance was measured using the SpectraMax® iD3 Multi Mode. Embryos were stained with ROS in dark for 30 min at 72 h after drug treatment and pictures were taken using Zeiss Microscale (Discovery, V20).
Statistical Analysis
The control group and different experimental groups were statistically analyzed by one-way ANOVA and t test. All data were expressed as mean ± standard deviation, and *p < 0.05, **p < 0.01 and ***p < 0.001 indicated that the data were statistically significant. The F values and the df (degrees of freedom) are listed in Table 1.
TABLE 1 | The statistical data of F, degrees of freedom.
[image: Table 1]RESULTS
Cyclosporine A Induced Cardiac Development Defects in Zebrafish
CsA is an immunosuppressant widely used in clinic. To study the toxic effects of CsA, zebrafish embryos were treated with different concentrations of CsA, and the heart rate, body length, yolk sac area and pericardium area of zebrafish at 72 hpf were recorded. It was found that compared with the control group (3,309 ± 92.85), embryonic body length was significantly shorter in 5 mg/L (3,153 ± 142.8,p < 0.001), 10 mg/L (2,998 ± 172,p < 0.001) and 15 mg/L (2,899 ± 146.7, p < 0.001) groups (Figures 1A–D,G)and blood stasis appeared in the yolk sac (Figure 1A-D). Compared with the control group, 10 mg/L and 15 mg/L groups have obvious absorption delays (Figure 1H). Heart rate was significantly lower than that of the control group, especially the 15 mg/L (25.36 ± 1.985, p < 0.001) group (Figure 1I). Pericardial edema worsened and was most significant at 10 mg/L (21184 ± 3,102, p < 0.001) and 15 mg/L (72680 ± 5,518, p < 0.001) (Figure 1A-D,E). The phenotypes induced by cyclosporin A including shorter body lengths, decreased heart rate, delayed absorption of yolk sac, and pericardial edema, showed obvious concentration dependence. It is worth noting that, compared with the control group, with the increase of CsA concentration, the atria and ventricles of zebrafish gradually separated, and the SV-AV distance gradually increased (Figure 1A-D,F). 5 mg/L (194.4 ± 23.05, p < 0.001), 10 mg/L (223.8 ± 15.86, p < 0.001) and 15 mg/L (241.8 ± 22.56, p < 0.001) have significant differences compared with the control group (140.8 ± 18.62).
[image: Figure 1]FIGURE 1 | Exposure to CsA induced cardiac developmental toxicity in zebrafish embryos. (A-D) Tg (my17: GFP) transgenic lines were exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA from 12 hpf to 72 hpf (E) The pericardial area of juvenile zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA. (n = 15. Compared with control: *p < 0.05, ***p < 0.001, mean ± S. D). (F) The distance of SV-BA of juvenile zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA (n = 15. Compared with control:***p < 0.001, mean ± S. D). SV: sinus vein; BA: artery bulb; scale: 100 mm. (G) The body lenth of juvenile zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA (n = 15. Compared with control: ***p < 0.001, mean ± S. D). (H) Yolk sac area of zebrafish embryos at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA (n = 15. Compared with control: *p < 0.05, mean ± S. D) (I) The heart rate of juvenile zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA (n = 15. Compared with control:***p < 0.001, mean ± SD).Scale bars:500 µm (A-D), 100 µm (A-D).
The results of hematoxylin-eosin (HE) staining showed the toxic effects of CsA on cardiac development at the histological level (Figure 2A-D). In addition, the mRNA expressions of GATA4, Nkx2.5, vmhc and klf2a related to cardiac development were disturbed after CsA treatment (Figure 2E). We exposed the Tg(kdrl:mCherry) and Tg(my17:GFP) double-transgenic zebrafish embryos to 15 mg/L CsA and found that the cardiomyocytes in the drug treated group were significantly separated from the endocardia compared with the control group (Figure 2F). These results indicated that CsA had toxic effects on the heart development of zebrafish embryos.
[image: Figure 2]FIGURE 2 | CsA exposure induced cardiac development defects. (A-D) HE staining of heart of zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA. Magnification: ×200 (top), ×400 (bottom); the black arrows indicated the atria and ventricles; A: atria and V: ventricles (E) The mRNA levels of heart-related genes in the control group and the 15 mg/L CsA exposure group (Compared with control: *p < 0.05, **p < 0.01, ***p < 0.001, mean ± S. D). (F) Confocal images of the cardiac region of the dual transgenic lines Tg (my17: GFP) and Tg (flk1: mCherry) in the control and treatment groups. 50 µm (A-D), 25 µm (A-D), 50 µm (F).
Cyclosporine A Initiated Cardiac Dysplasia During Precardiac Mesoderm Formation
To further investigate the role of CsA in heart development, zebrafish embryos treated with 10 mg/L and 15 mg/L in different time periods, and found that at 0 hpf, there was almost no cardiac injury in embryos (Figure 3A), while at 12 hpf, zebrafish treated with 15 mg/L CsA showed pericardial edema (Figure 3B). However, the heart injury was less severe than at other time periods. In addition, the pericardial edema increased gradually with the prolongation of treatment time, and the distance between the venous sinus and the bulb of artery also increased gradually (Figures 3A–G). These results suggested that CsA might initiate cardiac dysplasia during precardiac mesodermal formation (12 hpf).
[image: Figure 3]FIGURE 3 | Cardiac developmental defects in zebrafish embryos induced by CsA exposure at different time periods. (A-E) The images of cardiac development in zebrafish embryos at 0, 12, 15.5, 19 and 48 hpf exposed to 10 mg/L and 15 mg/L CsA. (F) Statistical chart of pericardial area of zebrafish embryos at 0, 12, 15.5, 19 and 48 hpf exposed to CsA (Compared with control: **p < 0.01, ***p < 0.001, mean ± S. D) (G) Statistical chart of the distance of SV-BA of juvenile zebrafish at 0, 12, 15.5, 19 and 48 hpf exposed to CsA (Compared with control: **p < 0.01, ***p < 0.001, mean ± S. D). Scale bars:100 µm (A-E).
Cyclosporine A Induced Apoptosis of Embryonic Cardiomyocytes in Zebrafish
To study whether CsA induced cardiac development defects by inducing apoptosis of cardiomyocytes, we collected juvenile zebrafish treated with CsA for 72 h and stained them with AO to detect the expression of apoptosis related genes. The results showed that the number of apoptotic cardiomyocytes (green label) increased with increasing drug exposure concentration (Figures 4A–D). qPCR results showed that after CsA treatment, pro-apoptotic gene bax, p53 and mdm2 were significantly up-regulated compared with the control group (Figure 4E). These results suggested that CsA induced apoptosis of zebrafish cardiomyocytes.
[image: Figure 4]FIGURE 4 | CsA-induced apoptosis of zebrafish cardiomyocytes. (A-D) AO staining of heart of zebrafish embryos at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA. The red dotted line indicated the heart area, and the green fluorescent dots indicated apoptotic cells. (E) mRNA levels of apoptotic and anti-apoptotic genes in control group and 10 mg/L CsA treated group (Compared with control: *p < 0.05, **p < 0.01, ***p < 0.001, mean ± S. D). Scale bars: 100 µm (A-D).
The Oxidative Stress Response Induced by Cyclosporine A Was Concentrated in the Heart Region
Oxidative stress plays an important role in physiological and pathological changes of all aerobic organisms (Li et al., 2016). To study the mechanism of CsA induced cardiotoxicity in zebrafish, oxidative stress level after CsA treatment was reflected by detecting ROS and MDA content, and SOD activity. The results of ROS staining showed that oxidative stress response accumulated in the heart and head of zebrafish, and the fluorescence intensity of ROS staining gradually increased with the increase of CsA concentration (Figure 5A-D). SOD activity test showed that compared to control group (5.204 ± 0.043), SOD activity in 5 mg/L (3.713 ± 0.191,p < 0.01), 10 mg/L (4.136 ± 0.023, p < 0.001) and 15 mg/L (3.041 ± 0.173, p < 0.01)significantly decreased. MDA content in 5 mg/L (0.747 ± 0.015,p < 0.001), 10 mg/L (1.135 ± 0.014, p < 0.001) and 15 mg/L (0.717 ± 0.036, p < 0.001) was significantly up-regulated compared to control group (0.056 ± 0.025, p < 0.001) (Figures 5E,F). The results of SOD and MDA were also consistent with the results of ROS staining (Figure 5A-D). Then we used astaxanthin (ATX) (an antioxidant) to rescue CsA-induced cardiotoxicity in zebrafish. Compared with the control group and the zebrafish without astaxanthin treatment, the heart rates of astaxanthin rescued group (31.27 ± 2.52, p > 0.05) have little difference from that of the control group (32.67 ± 1.915) (Figure 6J), and the pericardial edema was significantly reduced (Figure 6A-D,F). The dose-response curve showed that astaxanthin could effectively reduce pericardial edema in zebrafish (Figure 6K). The SV-AV distance had little difference between rescued group (150.3 ± 8.277,p > 0.05) and control group (143.5 ± 9.972,p > 0.05) and the symptoms of atrial and ventricular separation were reduced (Figure 6G). And the fluorescence intensity of ROS staining decreased significantly (Figure 6E). Therefore, it could be inferred that oxidative stress played a role in CsA induced cardiac dysplasia.
[image: Figure 5]FIGURE 5 | The accumulation of oxidative stress in zebrafish induced by CsA. (A-D) ROS staining of heart of zebrafish embryos at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA. The ROS staining was green. (E) The SOD activity and MDA content of zebrafish at 72 hpf exposed to 5 mg/L, 10 mg/L, and 15 mg/L CsA (Compared with control: **p < 0.01, ***p < 0.001, mean ± S. D). Scale bars:100 µm (A-D).
[image: Figure 6]FIGURE 6 | ATX rescued the cardiac developmental toxicity induced by CsA. (A-D) ATX rescued cardiac defects in 72 hpf zebrafish exposed to CsA at 5 mg/L, 10 mg/L, 15 mg/L. (E) ATX rescued ROS staining of 72 hpf zebrafish exposed to CsA. (F) ATX relived pericardial area of 72 hpf zebrafish exposed to CsA (n = 15. Compared with control: *p < 0.05, ***p < 0.001, mean ± S. D). (G) ATX rescued the distance of SV-BA of 72 hpf zebrafish exposed to CsA (n = 15. Compared with control: ***p < 0.001, mean ± S. D). SV: sinus vein; BA: artery bulb; scale: 100 mm (H) ATX rescued the body length of 72 hpf zebrafish exposed to CsA (n = 15. Compared with control: ***p < 0.001, mean ± S. D). (I) ATX rescued yolk sac area of 72 hpf zebrafish exposed to CsA (n = 15. Compared with control: *p < 0.05, mean ± S. D). (J) ATX rescued the heart rate of 72 hpf zebrafish exposed to CsA (n = 15. Compared with control: ***p < 0.001, mean ± S. D). (K) dose-response curve. Scale bars:100 µm (A-H).
Cyclosporine A Induced Abnormal Heart Development in Zebrafish by Up-Regulating Wnt Signaling
The up-regulated expression of Wnt signaling can be observed in many cardiovascular diseases, and Wnt signal plays an important role in many cardiovascular pathological changes (Foulquier et al., 2018). To investigate whether Wnt signaling is involved in CsA induced cardiac dysplasia, we detected the expression of Wnt signaling-associated genes β-catenin, lef1 and axin2, and the results showed that the expression of these three genes was significantly up-regulated after CsA treatment, especially β-catenin (Figure 7A). This suggested that the abnormal cardiac development induced by CsA might be related to Wnt signaling. To further verify this result, we treated zebrafish with IWR-1, a Wnt signaling inhibitor, and CsA. At 72 hpf, IWR-1 significantly rescued CsA-induced cardiac dysplasia compared with the zebrafish treated without IWR-1 (Figure 7B-C). The results of ROS staining in IWR-1 rescued group were not significantly different from those in 15 mg/L CsA-treated group (Figures 7D,E), suggesting that CsA-induced cardiac developmental toxicity in zebrafish might be caused by the combination of up-regulation of oxidative stress level and up-regulation of Wnt signaling in zebrafish heart.
[image: Figure 7]FIGURE 7 | IWR-1 rescued cardiac development defects induced by CsA exposure. (A) The up-regulation of β-catenin, lef1 and axin2 in the heart of 72 hpf zebrafish exposed to 15 mg/L CsA (Compared with control:*p < 0.05, **p < 0.01, mean ± SD). (B-C) IWR-1 rescued heart defects in 72 hpf zebrafish exposed to CsA at 15 mg/L. (D-E) IWR-1 rescued ROS staining in 72 hpf zebrafish exposed to CsA at 15 mg/L. Scale bars:100 µm (B-E).
DISCUSSION
Recently, zebrafish has been widely used in environmental toxicology, pathological toxicology and embryonic developmental toxicology. Many studies have confirmed that zebrafish larva have the transparency to directly evaluate drug toxicity in vivo, and the toxicity characteristics are similar to those of mammals, such as hepatotoxicity, cardiotoxicity and neurotoxicity (Cao et al., 2020; Wang et al., 2020; Xiong et al., 2020). CsA is an immunosuppressant widely used clinically and is also accompanied by a series of side effects such as liver toxicity, neurotoxicity and vascular toxicity. However, little is known about its effects on embryonic development Therefore, we used zebrafish to evaluate CsA toxic effects and the related mechanisms. The results showed that CsA could induce developmental toxicity and cardiotoxicity in zebrafish larvae. Further studies suggested that generation of ROS and activation of wnt signaling pathway might be the underlying mechanism of cardiotoxicity induced by CsA. However, an important question about the human relevance of the concentrations used in the zebrafish assay still need to be investigated.
To study the underlying mechanism of cardiac developmental toxicity induced by CsA, expression levels of genes correlated with cardiac development, and apoptosis were detected by qPCR. GATA4 is one of the earliest developing transcription factors during heart development, and its up-regulated expression can promote the differentiation of embryonic stem cells into heart (Grepin et al., 1997). Nkx2.5 regulates cardiac tube elongation and has different effects on the number of ventricular and atrial cells (Targoff et al., 2008). Gata4 and NKX2.5 play an important role in the differentiation, maturation and homeostasis of cardiomyocytes. The deficiency of Gata4 leads to failure of heart tube formation in mice, and the targeted destruction of Nkx2.5 leads to abnormal heart morphology (Schlesinger et al., 2011). Activation of the both is essential in stretch-induced cardiomyocyte hypertrophy (Valimaki et al., 2017). Klf2a is a major endocardial blood flow response gene, and its expression enables endocardial cells (EDCs) to coupling mechanical transduction to valve morphology by activating a series of downstream target genes (Steed et al., 2016). Ventricular myosin heavy chain (Vmhc), expressed primarily in the ventricle, can be used to distinguish between two types of cardiac precursors at an early stage before the formation of cardiac catheters (Yelon et al., 1999). Our results showed that CsA treatment led to disruption in the expression of the above heart-related transcriptional genes and upregulation of apoptotic gene bax, p53 and mdm2.
Oxidative stress is one of reasons for toxicity caused by drug. The imbalance between the production of ROS and the endogenous antioxidant defense system results in oxidative stress (van der Pol et al., 2019). Malondialdehyde (MDA) and superoxide dismutase (SOD) are important indicators of oxidative stress. MDA is a product of the peroxidation of polyunsaturated fatty acids, which can interact with DNA and proteins to induce mutations or atherosclerosis (Del Rio et al., 2005). SOD is an ubiquitous antioxidant enzyme that catalyzes the conversion of superoxide hydrogen ion radical (O2-) to hydrogen peroxide (H2O2) (Sakamoto and Imai, 2017). Excessive accumulation of ROS can lead to a variety of cardiovascular diseases, such as endothelial dysfunction and, atherosclerosis (Victor et al., 2009; Chistiakov et al., 2018), and it has been shown that the accumulation of ROS has a toxic effect on the heart development of zebrafish (Cao et al., 2020; Meng et al., 2020). Our experimental results showed that with the increase of CsA concentration, the accumulation of ROS in the pericardium of juvenile zebrafish gradually increased and SOD activity gradually decreased, while MDA content significantly increased. This suggested that CsA caused oxidative stress accumination in zebrafish. Astaxanthin (ATX) is a kind of lutein carotenoid with strong antioxidant, anti-inflammatory and anti-apoptotic activities (Brotosudarmo et al., 2020). Studies by Cun Dong Fan and his colleagues have shown that ATX can improve heart defects by eliminating reactive oxygen species (ROS) and inhibiting oxidative damage to inhibit homocysteine (Hcy)–induced cardiotoxicity (Fan et al., 2017). Here, ATX was used to interfere with CsA induced zebrafish cardiotoxicity, and the results showed that ATX had a significant inhibitory effect on CsA-induced cardiotoxicity, and the ROS level in ATX group was significantly decreased. This provided further evidence that the cardiotoxicity of CsA to zebrafish might be caused by oxidative stress.
Wnt signaling is a secreted glycoprotein that regulates cell proliferation, survival, and behavior in both vertebrates and invertebrates. Wnt/β-catenin is the most studied signaling pathway. In the absence of Wnt signaling, β-catenin is phosphorylated or degraded in the cytoplasm. When Wnt signaling is activated, β-catenin accumulates in the nucleus (Moon, 2005). The Wnt/β-catenin signaling pathway is involved in the formation of the right ventricle in zebrafish and plays an important role in the proliferation and regeneration of mature cardiomyocytes (Fan et al., 2018). Therefore, the expression of Wnt signaling-associated genes β-catenin, lef1 and axin2 was detected, and the results showed that the expression of these three genes was significantly up-regulated after CsA treatment, especially β-catenin. Wnt signal inhibitor IWR-1 could alleviate the heart defects caused by CsA, but there was no significant difference in ROS staining between the IWR-1 rescue group and the CsA-exposed group only. This suggested that zebrafish heart malformation might be induced by both the up-regulation of ROS and the activation of Wnt signaling. In conclusion, CsA can induce cardiac developmental toxicity in zebrafish larvae. Our results show that CsA exposure caused pericardial edema, body length shortened, and yolk sac absorption delayed. Moreover, CsA induced generation of ROS and apoptosis of cardiomyocytes, and activated Wnt signaling. These results indicate that CsA may induce zebrafish cardiotoxicity by generation of oxidative stress (ROS) and activation of Wnt signaling. Our findings will be helpful to understanding CsA-induced caidiac developmental toxicity and the underlying mechanism, and provide reference for new treatment and prevention methods for the side effects of clinical use of CsA and new evidence of the influence of CsA exposure on aquatic organisms.
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Hyperthermia is a common confounding factor for assessing the neurotoxic effects of methamphetamine (METH) in mammalian models. The development of new models of methamphetamine neurotoxicity using vertebrate poikilothermic animals should allow to overcome this problem. The aim of the present study was to develop a zebrafish model of neurotoxicity by binge-like methamphetamine exposure. After an initial testing at 20 and 40 mg/L for 48 h, the later METH concentration was selected for developing the model and the effects on the brain monoaminergic profile, locomotor, anxiety-like and social behaviors as well as on the expression of key genes of the catecholaminergic system were determined. A concentration- and time-dependent decrease in the brain levels of dopamine (DA), norepinephrine (NE) and serotonin (5-HT) was found in METH-exposed fish. A significant hyperactivity was found during the first hour of exposure, followed 3 h after by a positive geotaxis and negative scototaxis in the novel tank and in the light/dark paradigm, respectively. Moreover, the behavioral phenotype in the treated fish was consistent with social isolation. At transcriptional level, th1 and slc18a2 (vmat2) exhibited a significant increase after 3 h of exposure, whereas the expression of gfap, a marker of astroglial response to neuronal injury, was strongly increased after 48 h exposure. However, no evidences of oxidative stress were found in the brain of the treated fish. Altogether, this study demonstrates the suitability of the adult zebrafish as a model of METH-induced neurotoxicity and provides more information about the biochemical and behavioral consequences of METH abuse.
Keywords: methamphetamine neurotoxicity, zebrafish model, behavior, neurochemicals, gene expression
INTRODUCTION
Methamphetamine (METH) is a highly addictive psychostimulant drug affecting both the dopaminergic and serotonergic systems in the central nervous system (CNS) (Kobeissy et al., 2012). Some of the effects of METH related with CNS-stimulation include euphoria, increased alertness, aggressiveness, intensified emotions and altered self-esteem (Davidson et al., 2001). Some METH abusers binge on the drug for days in order to prolong euphoria (Shabani et al., 2019). METH binge is characterized by the administration of large doses of this drug, at short inter-dose durations (every 2 h), over several days (typically 1–3 days). This abuse pattern results in nearly steady-state plasma levels of METH during most of the binge period (Davidson et al., 2001; Shabani et al., 2019). Acute and chronic exposure to toxic doses of METH induces unpleasant CNS symptoms such as anxiety, depression, hallucinations, psychosis, and seizures, as well as uncontrollable hyperthermia (Davidson et al., 2001; Darke et al., 2008). Whereas central dopaminergic system seems to mediate the changes in mood, excitation level and motor movement, serotonergic system may also contribute to the METH-related mood changes, psychosis, and aggressiveness (Albertson et al., 1999).
The neurotoxic effects of the METH binge administration regime, with constant high levels of METH in the CNS, have been extensively investigated (Shin et al., 2021). In fact, it is widely known that METH is able to induce the release of monoamine neurotransmitters [dopamine (DA), serotonin (5-HT), and norepinephrine (NE)] from nerve endings (Sulzer et al., 1995; Jones et al., 1998; Sitte et al., 1998; Fleckenstein et al., 2009). The mechanism apparently involves the initial redistribution of these neurotransmitters to the cytoplasm from the synaptic vesicles via the vesicular monoamine transporter 2 (VMAT2) and then the reverse transport of neurotransmitters into the synapses via specific plasma membrane transporters (DAT, NET, SERT) (Kish, 2008). The released DA will react with molecular oxygen to form quinones and semiquinones, as well as reactive oxygen species (ROS), finally resulting in oxidative stress generation and injury in dopaminergic terminals (Kita et al., 2009). Neurotoxic effects after high doses of METH in rodents include, therefore, long-lasting depletion in the striatal content of DA and its metabolites (Ricaurte et al., 1982), decrease in tyrosine hydroxylase (TH) activity (Ellison et al., 1978), and loss of DATs (Escubedo et al., 1998), a marker of terminal integrity. The persistent loss of DA axons in mice striatum induced by METH has been correlated with DA cell body loss in the substantia nigra pars compacta (SNpc) (Granado et al., 2011; Ares-Santos et al., 2012). However, the mechanisms underlying METH-induced striatal neurotoxicity are complex and still being investigated (Pubill et al., 2003, 2005). Moreover, the hyperthermia associated to acute toxic dosing of METH has been related with changes in the neurochemical profile, oxidative stress and neurodegeneration (reviewed at Davidson et al., 2001). Therefore, hyperthermia is an important confounding factor for understanding of the specific neurotoxic effects induced by METH. Consequently, this leads us to believe that new animal models of METH neurotoxicity could provide interesting new insights.
Zebrafish is an emerging model for studying complex brain disorders, covering the major human neuropsychiatric and neurotoxic syndromes (Kalueff et al., 2014; Stewart et al., 2014). This poikilotherm organism exhibits an overall nervous system organization and neurotransmitter systems similar to humans, responding also in a similar fashion to most of the neurotropic drugs used in human pharmacology. As a result, zebrafish has emerged as a new and powerful model species in translational neuroscience, including in the study of drug abuse-related phenotypes (Stewart et al., 2011; Neelkantan et al., 2013; Kolesnikova et al., 2019, 2021). Although a few studies have analyzed some effects of METH in adult zebrafish (Jiang et al., 2016; Mi et al., 2016; Zhu et al., 2017), most of them were focused on METH addiction and not in assessing neurotoxicity. The development of a model of METH neurotoxicity in this poikilotherm organism should be extremely useful for deciphering the direct effects of METH without the confounding factor of hyperthermia.
In this study adult zebrafish were continuously exposed to 20 or 40 mg/L METH for 48 h in order to achieve high and constant METH levels in CNS, as it is attained in the binge rodent models. Effects on motor activity, anxiety-like behavior, and social behavior have been thoroughly analyzed, as well as changes in the monoaminergic profile and gene expression in the brain of the fish at 3 and 48 h after exposure. Finally, the presence of oxidative stress in the whole brain of the fish was also analyzed after 48 h exposure.
MATERIALS AND METHODS
Animals and Housing
Adult wild-type zebrafish (standard length: 3.5–4.0 cm; weight: 0.62–0.67 g) were obtained from Exopet (Madrid, Spain) and maintained into a recirculating zebrafish system (Aquaneering Inc., San Diego, United States) at the Research and Development Center zebrafish facilities (CID-CSIC) for 2 months before starting the exposures. Fish were housed in 2.8 L tanks (density: 20 fish/tank) with fish water [reverse-osmosis purified water containing 90 mg/L Instant Ocean® (Aquarium Systems, Sarrebourg, France), 0.58 mM CaSO4 · 2H2O, and 0.59 mM NaHCO3] under a 12L:12D photoperiod. The main parameters of the fish water in the housing facilities were: temperature: 28 ± 1°C; pH: 7.6–8.0; conductivity: 700–800 μS/cm; hardness: 120–130 mg/L. Fish were fed twice a day with flake food (TetraMin, Tetra, Germany). All procedures were approved by the Institutional Animal Care and Use Committees at the CID-CSIC (OH 1032/2020) and conducted in accordance with the institutional guidelines under a license from the local government (agreement number 9027).
Chemicals and Material
Crystalline solid standards of l-tyrosine (Tyr), dopamine hydrochloride (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), l-tryptophan (Trp), 5-hydroxy-l-tryptophan (5-HTP) and serotonin hydrochloride (5-HT) were purchased from Sigma-Aldrich (St. Louis, MO, United States). 3-methoxytyramine hydrochloride (3-MT) was obtained from Merck (Darmstadt, Germany), norepinephrine (NE) was supplied by Tocris Bioscience (Ellisville, United States) and 5-hydroxyindoleacetic acid (5-HIAA) was provided by Toronto Research Chemicals (TRC, Toronto, Canada). Labelled neurotransmitters standards such as 5-HT-d4 HCl, 5-HTP-d4, DOPAC-d5, Trp-1–13C, l-dopa-d3, 5-HIAA-d5 and dl-NE-d6 HCl were obtained from Toronto Research Chemicals (TRC, Toronto, Canada), whereas DA-1,1,2,2-d4 HCl was provided from Merck (Darmstadt, Germany) and 3-MT-d4 HCl from Sigma-Aldrich (St. Louis, MO, United States). METH hydrochloride was generously provided by Prof. J. Camarasa, Faculty of Pharmacy at University of Barcelona (Spain).
Acetonitrile (ACN) and methanol (MeOH) LC-MS grade were purchased from VWR Chemicals Prolabo (Leuven, Belgium). Formic acid (FA) was provided by Fischer Scientific (Loughborough, United Kingdom), while dimethyl sulfoxide (DMSO), ammonium formate and sodium bicarbonate (NaHCO3) were supplied by Sigma-Aldrich (St. Louis, MO, United States). Ultra-pure water was daily obtained through Millipore Milli-Q purification system (Millipore, Bedford, MA, United States).
Stock solutions of all labeled and unlabeled compounds were prepared at 1 mg/ml in MeOH, DMSO or ultra-pure water depending on their solubility. Standard solutions of unlabeled neurotransmitters as well as the mixture of labeled standards (ISM) used as internal standard were prepared at the desired concentration in starting mobile phase solvent.
Working solutions of METH were prepared at 20 and 40 mg/L in fish water (pH 8).
Stability of Methamphetamine in Water
Working solutions of 20 mg/L (C1) and 40 mg/L (C2) METH were freshly prepared from solid METH by dissolving it in fish water (pH 8). Fish water was used as control solution (C0). Solutions (500 ml) were introduced in beakers and kept in an incubation chamber (POL-EKO APARATURA Climatic chamber KK350, Poland) set to 28.5°C and 12 h light: 12 h dark photoperiod. Sample aliquots (C0, C1 and C2) were picked at 0, 24 and 48 h. Standards of 5, 10, 15, 30, 50 mg/L of METH were used to obtain a calibration line.
Water samples were analyzed using an Acquity UPLC® H-class system coupled to fluorescence detector (Waters, MA). METH elution was achieved in a gradient mode with a BEH C18 column (100 mm × 2.1 mm, 1.7 μm) maintained at 35°C. The mobile phase consisted of H2O with 0.1% of FA (solvent A), and acetonitrile (solvent B). The gradient started at 5% of B and increased to 15% B in 1.5 min. Then, solvent B increased to 20% in 4 min, and held for 1 min. Finally, initial conditions were restored in 0.5 min, and held for 3 min resulting in a total run time of 10 min.
Aliquots of 10 µl were injected in both standards and samples, using a flow rate of 200 μl min−1. The fluorescence detector excitation/emission wavelengths were 256 and 288 nm. Chromatographic data acquisition and processing were performed using Empower 2 software (Waters, Milford, MA, United States).
Experimental Procedure
In order to build a METH acute neurotoxicity model in adult zebrafish, the first step was to determine the METH concentration with strongest effects on neurobehavior and neurochemicals profile, but without evidences of systemic toxicity (Experiment 1). Three METH concentrations, 20, 40 and 80 mg/L, were selected for an initial range-finding test, as this range of METH concentrations has been already used in drinking water in some rodent models (Shabani et al., 2016). The highest concentration, 80 mg/L METH, was discarded, as this concentration exhibited a 100% of lethality in only 24 h in the range-finding test. No lethality, however, was found with 20 and 40 mg/L after 48 h exposure. Supplementary Figure S1 shows the experimental design of the two types of experiments performed in this study. Working solutions of 20 and 40 mg/L METH were directly prepared in fish water (pH 8) the day of the experiment. Adult zebrafish (≈50:50 male:female ratio) were randomly selected from the CID-CSIC facilities and exposed for 48 h to 20 or 40 mg/L METH, at 28.5°C and 12L:12D photoperiod. Control fish were maintained in fish water under identical conditions. Experiments were conducted in duplicate or triplicate, in glass tanks containing 500 ml of water with three fish in each. Experimental solutions were renewed at 24 h, 30 min after the first feeding of the day. Tanks were kept in an incubation chamber (POL-EKO APARATURA Climatic chamber KK350, Poland) set to 28.5°C and 12L:12D photoperiod. Fish were euthanized by inducing hypothermic shock in ice-chilled water (2–4°C) and brains for neurotransmitters, gene expression and oxidative stress were immediately dissected and individually stored at −80°C for further analysis.
Behavioral Testing
Behavioral testing was performed in an isolated behavior room (27–28°C) between 10:00 and 17:00 h. Animals (≈50:50 male:female ratio) were transferred to the behavior room 1 hour before testing began, for acclimation. All fish used in this study were experimentally naïve and the testing was performed in a blind manner. In order to avoid the potential interference of any conspecific alarm cues, water of the experimental tank was changed after each trial.
Locomotor activity was determined after placing shoals of six fish into an experimental tank containing fish water (control group) or 40 mg/L METH (treated group) and video-recorded for 180 min. Two independent trials were conducted (n = 12). The distance moved and the percentage of time spent in hypermobility state [when the software detects changes in more than 70% of the pixels identified as the during at least 150 consecutive frames (≥5 s)] by each fish of the shoal was analyzed using Ethovision XT 13.0 social interaction module.
The Novel Tank Test (NTT), used to assess geotaxis (preference for the bottom of the tank), freezing and erratic movements of fish, was performed using an experimental setup previously described (Faria et al., 2018). Videos from each trial were analyzed by Ethovision XT 13.0 (Noldus, Wageningen, Netherlands). First, the front of the tank was divided into two equal virtual zones, top and bottom, and the distance travelled at the top and at the bottom (cm), the time spent in the top (s), latency to top (s), and entrances to the top were determined. Freezing behavior was defined as immobility (identified by the software, when less than 3% mobility) combined with increased opercular movements (visually identified by the observer), for at least 5 s. Additional details are provided in Supplementary Methods.
The Dark-Light Test (DLT), used to determine scototaxis (preference for the dark background) of the fish, was performed using an experimental setup previously described (Faria et al., 2019). Each trial was video-recorded with a GigE camera mounted on the top of the experimental tank. The recorded videos were analyzed by Ethovision XT 13.0, and the time spent in the white zone (s), number of transitions to the white zone and the latency to enter to the white zone (s) were determined. Additional details are provided in Supplementary Methods.
The shoaling test, used to assess social and anxiety-like behaviors, was performed using an experimental setup previously described (Green et al., 2012) Two independent trials were performed, with a shoal size of nine fish per experimental group in each (n = 18). Groups of nine zebrafish from the control and METH groups were video-recorded for 6 min in our novel tank (Supplementary Methods), and analyzed using Ethovision XT 13.0 social interaction module. This automated method permits us to detect and track every fish in the group and measure the distance moved and inter-fish distances continuously in order to assess shoal density or the shoaling tendency of each individual. The total distance (cm) as well as the average interfish distance (cm), farthest neighbor distance (cm) and nearest neighbor distance (cm) were calculated.
Finally, the social preference test was adapted from the protocol described by (Carreño Gutiérrez et al., 2019). A single fish was transferred to an experimental tank (20 cm length, 20 cm width, 25 cm height) containing 5 L. The single focal fish was allowed to interact with a stimulus compartment–a fish’s shoal placed into the one-side extern housing tank, or with the non-stimulus compartment–a one-side extern empty housing tank. The focal fish was recorded 6 min (AVI video format, 30 fps) with the uEye Cockpit software (version 4.90; Imaging Development Systems, Germany) controlling the GigE cameras (UI-5240CP-NIR-GL, Imaging Development Systems, Germany) placed in front of the testing tanks. The recorded videos were analyzed with Ethovision XT 13.0 (Noldus, Wageningen, the Netherlands). First, the central experimental arena was divided into three equal size virtual zones: empty, center and conspecific (Supplementary Figure S2). The time spent (s) and the distance moved (cm) by the focal fish, was recorded in each arena.
Analysis of Neurochemicals by LC-MS/MS
The profile of monoaminergic neurochemicals was determined in the whole brain of controls and fish exposed for 3 and 48 h to 20 and 40 mg/L METH. Extraction of monoamine neurochemicals from zebrafish brain was mainly based in the methodology described by Mayol-Cabré et al. (2020). This extraction procedure required working at 4°C during all the process due to the high degradation of target NTs compounds. Briefly, each zebrafish whole brain was introduced in an Eppendorf tube with 300 µl of cold extractant solvent (90:10 ACN/H2O + 1% FA), 50 µl of the ISM solution and three stainless steel beads (3 mm diameter), and were homogenized and grounded using a bead mill homogenizer (TissueLyser LT, Quiagen, Hilden, Germany) programmed at 50 osc/min for 90 s. The supernatant was transferred to a new Eppendorf tube, centrifuged for 20 min at 13,500 rpm in a cold room (4°C), filtered through 0.22 µm nylon filters (Scharlab, Barcelona, Spain) and kept in chromatographic vials at −80°C until the analysis. Supplementary Figure S3 summarizes the zebrafish brain extraction procedure with five different stages and subsequent LC-MS/MS analysis.
LC-MS/MS analysis was performed using an Acquity UPLC® H-Class liquid chromatograph (Waters, Milford, MA, United States) coupled to a triple quadrupole mass spectrometer (Xevo, TQ-S micro, Waters, United States) and equipped with an electrospray ionization source (ESI) able to measure the neurotransmitters under positive electrospray ionization. An Acquity UPLC BEH Amide column (150 mm × 2.1 mm ID, particle size 1.7 μm) provided with an Acquity UPLC BEH Amide pre-column (5 mm × 2.1 mm ID, particle size 1.7 μm) (Waters, Milford, MA, United States) was employed. Column operated at a flow rate of 0.25 ml min−1 at 30°C. Aliquots of 10 μl of standard and/or samples were injected at 10 ± 5°C. Mobile phase consisted in Milli-Q water and acetonitrile (H2O:ACN) (95:5) containing 100 mM ammonium formate at pH 3.0 (solvent A) and H2O:ACN (15:85) containing 30 mM ammonium formate at pH 3.0 (solvent B). pH was adjusted to 3 with FA 80%. The LC gradient used for the chromatographic separation started at 100% B, decreased at 80% B in 4 min, and held for 1 min. From 5 to 7 min, B was increased to 100%. Finally, initial conditions were accomplished in 3 min, resulting in a 10 min total run time. Desolvation gas (N2) flow was set to 900 L h−1, whereas cone gas (N2) flow was performed at 150 L h−1. Source temperature was set at 100°C and a capillary voltage of 2.0 kV was applied. Desolvation temperature was 350°C. Acquisition was performed in SRM mode, using the most intense fragment as the quantifier ion, and the second most intense as the qualifier ion. Data were acquired and processed using MassLynx® Software v 4.1 (Waters, Manchester, United Kingdom).
Analysis of Methamphetamine Levels in Brain
Brains of fish exposed to 40 mg/L METH for 3 or 48 h, were extracted by using the same protocol already described for neurochemicals. Extracts were evaporated to dryness under a gentle stream of nitrogen (N2) in a sample concentrator (Techne®, Staffordshire, United Kingdom) and reconstituted with 300 µl of ultra-pure water.
For the analysis of METH in the reconstituted extracts, an Acquity UPLC BEH C18 column (100 mm × 2.1 mm ID, particle size 1.7 μm) provided with an Acquity UPLC BEH C18 pre-column (5 mm × 2.1 mm ID, particle size 1.7 μm) (Waters, Milford, MA, United States) were employed. Elution was performed using a binary mobile phase of MilliQ water with 0.1% FA (A) and acetonitrile (B) in a gradient mode at 0.2 ml/min. The gradient started at 5% B, and held for 0.5 min. Then, it was increased to 30% B in 5.5 min, and held for 1 min. Finally, initial conditions were reached in 1.5 min, and held for 2 min, resulting in a total run time of 10 min. Autosampler injection volume was set at 10 μl, and the samples were maintained at 4°C during the injection sequence. MS conditions were similar to the described for neurochemicals.
Quality Assurance of Neurotransmitters, Methamphetamine in Brain and Methamphetamine in Water Studies
Extractant solvent (ACN:H2O 90:10 + 1% FA) was used to prepare the calibration standards. Linearity was performed over a concentration range from 0.005 to 1 mg/L, using six calibration points. ISM was used as internal labeled standards for extraction and analytical quality control. Target compounds were quantified by internal calibration, except for HVA that was determined using external calibration. The validation of the method was checked with the recovery studies selecting seven replicates, using zebrafish brain samples spiked at 250 ng (QCs) with the neurochemical standard mixture and the ISM. In addition, the matrix effect (ME) was calculated comparing slopes between standard calibration line and matrix calibration line. Instrumental detection limits (IDLs) were determined using the lowest concentration standard solution at 0.005 mg/L that yielded a S/N ratio equal to 3. Method detection limits (MDLs) were calculated using QCs that also produced a S/N ratio equal to 3. Moreover, intra-day precision was assessed by three consecutive injections of 1 mg/L standard solution, while inter-day precision was determined by measuring the same standard solution on four different days. The analysis of solvent blanks showed no carryover effect during the LC-MS/MS analysis in all neurochemicals.
In the study of the levels of METH in zebrafish brain, standards of 0.5 to 1,000 μg/L were prepared in water and used to check linearity. Instrumental detection limits (IDLs) were determined using the 0.5 μg/L standard. Inter-day and intra-day precision was determined by measuring the standard solution of 50 μg/L.
For the study of METH stability in water, standards of 5, 10, 15, 30, and 50 mg/L of METH were used to check the calibration range. External calibration was used for METH determination in the stability study. Instrumental detection limits (IDLs) were determined using the lowest concentration standard solution at 5 mg/L. Intra-day precision was determined by measuring a standard of 5 mg/L three times the same day, and inter-day precision was determined by measuring standard solution of 10 mg/L on three different continuous days.
Real-Time Polymerase Chain Reaction
Total RNA was extracted from the brain of zebrafish control and exposed to 40 mg/L METH for 3, 24, and 48 h, using Trizol Reagent (Invitrogen Life Technologies, Carlsbad, CA). RNA quality and concentration were determined on a NanoDrop ND-8000 spectrophotometer (NanoDrop Technologies). First strand cDNA was synthesized from 1 μg of total RNA previously treated with DNaseI (Ambion, Austin, TX), using First Strand cDNA synthesis Kit (Roche Diagnostics, Mannheim, Germany) and oligo(dT) according to manufacturer’s instructions.
Real Time qRT-PCR was performed in a LightCycler® 480 Real-Time PCR System with SYBR Green PCR Master Mix (Roche Diagnostics, Mannheim, Germany). Cycling parameters: 95°C for 15 min and 45 cycles of 95°C, 10 s and 60°C, 30 s. A dissociation curve analysis was added to ensure the specificity of the reaction. Eight biological replicates were assayed for each treatment, and three technical replicates were run for each sample.
Primer sequences for the selected genes [tyrosine hydroxylases 1 and 2 (th1, th2), dopamine transporter (dat or slc6a3), vesicular monoamine transporter (vmat2 or slc18a2), dopamine-β-hydroxylase (dbh), and glial fibrillary acidic protein (gfap)] are listed in Supplementary Table S1. Specificity of primers was previously confirmed by the presence of a single peak in the melting curves of PCR reactions.
The mRNA expression of each target gene was normalized to the housekeeping ppia2 as reference gene. Relative quantification of mRNA abundance for the selected genes among treatments with respect to the control group were calculated following the ΔΔCt method (Livak and Schmittgen, 2001) deriving fold-change ratios from these values.
Lipid Peroxidation Determination
Lipid peroxidation was determined in the brain of zebrafish exposed 48 h to METH, by quantifying the levels of malondialdehyde (MDA) according to Faria et al. (2019). Pools of three brains were homogenized at a proportion of 50 mg/ml (tissue weight/buffer volume), in ice cold 0.1 M phosphate buffer with 150 mM KCl and 0.1 mM ethylenediamine-tetraacetic acid, disodium, salt, dihydrate (EDTA) and 0.01% BHT. The brain homogenates were then incubated with 5 mM 1-methyl-2-phenylindole prepared in acetonitrile:methanol (3:1 v/v), 5.55% of HCl at 45°C, for 40 min. Following incubation, absorbance was read at 586 nm and MDA content in each sample was extrapolated from a standard curve of 1,1,3,3-tetramethoxypropane (TMP) treated under similar conditions as samples. The final results were normalized by mg of tissue ww (wet weight) corresponding to each sample and expressed as pmol/mg.
Data Analysis
Data were analyzed with IBM SPSS v26, and plotted with GraphPad Prism 9.02 for Windows (GraphPad software Inc., La Jolla, CA). Normality was assessed using Shapiro-Wilk test. One-way ANOVA followed by Dunnett’s or Tukey’s multiple comparison test was used to test differences between normally distributed groups, whereas the Kruskal-Wallis test followed by a pairwise comparison using the Bonferroni correction was used to test differences between groups that did not meet parametric assumptions.
RESULTS
Stability of Methamphetamine in Fish Water
Supplementary Table S2 shows the measured concentrations and the stability of METH in fish water in our experimental conditions. The measured concentrations, 20.66 ± 0.02 and 40.05 ± 0.11 mg/L, were very close to the nominal values tested in this study, 20 and 40 mg/L. Moreover, no significant degradation of METH with time was found for both 20 mg/L (H(2) = 0.605, p = 0.739) and 40 mg/L (H(2) = 4.356, p = 0.113) concentrations. Finally, no signal was observed in fish water control samples, proving that there was no cross-contamination.
Determining the Methamphetamine Concentration to Build the Acute Neurotoxicity Model
The NTT paradigm was used to determine the effects on anxiety-like behavior (Supplementary Figure S4) in animals treated with the 20 and 40 mg/L METH 48 h after exposure. Both concentrations of METH induced an anxiety-like state characterized by positive geotaxis, with a significant decrease in the time spent in the top of the tank (H(2) = 19.030, p = 0.00007), the distance moved in this zone (H(2) = 23.027, p = 9.99 × 10−6) and the number of entrances to the top (H(2) = 25.295, p = 3.21 × 10−6). Moreover, the latency to enter to the top increased in the treated animals (H(2) = 28.631, p = 6.07 × 10−7). No differences between the fish exposed to 20 and 40 mg/L METH were found in any of the parameters measured in the NTT (p > 0.05 when results were adjusted by the Bonferroni correction).
When the neurochemical profile of the control and treated fish was determined (Supplementary Figure S5), the main effect of METH was a significant decrease in the levels of the monoaminergic neurotransmitters DA (F(2,28) = 57.523, p = 1.21 × 10−10), NE (F(2,28) = 115.191, p = 3.08 × 10−14) and 5-HT (F(2,28) = 50.063, p = 5.67 × 10−10). However, no differences between the fish exposed to 20 and 40 mg/L METH were found in the levels of these three neurotransmitters (p > 0.05; one-way ANOVA followed by Tukey’s multiple comparison test). Whereas the levels of the DA metabolite, DOPAC, were also significantly decreased by both METH concentrations ((H(2) = 15.164, p = 0.00051), only 40 mg/L METH was able to decrease the levels of 3-MT (H(2) = 10.827, p = 0.0044), HVA (H(2) = 11.069, p = 0.0039), as well as the DA precursor tyrosine (H(2) = 8.526, p = 0.014).
These results show that although 20 and 40 mg/L METH induce similar effects, the effect of 40 mg/L METH is stronger and more evident than 20 mg/L METH in most of the assessed endpoints. Therefore, this concentration was selected for the further analysis of the neurotoxic effects (Experiment 2).
Time-dependent Increase in Methamphetamine Brain Levels
Concentration of METH in the brain of fish exposed to 40 mg/L METH increased significantly with time (t(12) = -4.150, p = 0.0013), with levels of 9.19 ± 0.95 and 18.84 ± 2.40 ng/mg brain tissue for 3 and 48 h exposures, respectively (Figure 1).
[image: Figure 1]FIGURE 1 | Time-dependent increase in methamphetamine brain levels in adult zebrafish waterborne exposed to 40 mg/L methamphetamine (METH) for 3 and 48 h and anxiety-like behavior, assessed in standard 6-min novel tank test (NTT) of zebrafish exposed to the same concentration and times. Data from each experiment were normalized to the corresponding control values. The combined data is reported as scatter plot with the median (n = 6–8 for METH levels in the brain and n = 14–15 for the NTT results), **p < 0.01, ***p < 0.001; Student’s t-test for METH levels in brain and Kruskal Wallis test with Bonferroni correction for NTT endpoints. Data from two independent experiments.
Behavioral Effects of Methamphetamine
First of all, the effect of METH on the locomotor activity of the control and METH (40 mg/L)-treated fish was determined per hour during the first 3 h of exposure by measuring both the distance moved and the percentage of time they spent in hypermobility state. As zebrafish is a very social animal, even the short social isolation of testing each fish individually could result in a mild stressful stimulus. Therefore, in order to avoid the potential confounding factor of the social isolation, the locomotor activity was determined in shoals of six fish. As Figure 2 shows, during the first hour of exposure, METH induced hyperactivity, with the exposed fish moving a significant higher distance than controls (t(22) = -11.573, p = 7.95 × 10−11). Moreover, the percentage of time spent in hypermobility state by the exposed fish (Mdn = 59.2%) was significantly higher than that of control fish (Mdn = 18.6%) [U(Ncontrol = 12, Ntreated = 12) = 132.000, z = 3.464, p = 0.0002]. During the second hour of exposure, the distance moved by the treated fish was still higher than that of controls, although the significance of the differences was lower (t(22) = −2.663, p = 0.014), whereas the time spent in hypermobility state by METH-exposed fish (Mdn = 57.8%) was also significantly higher than that for control fish (Mdn = 21.5%) [U(Ncontrol = 12, Ntreated = 12) = 138.000, z = 3.811, p = 0.00002]. Finally, although no statistical differences in locomotor activity were found between control and treated fish during the third hour of exposure [U(Ncontrol = 12, Ntreated = 12) = 101.000, z = 1.674, p = 0.094], hypermobility state in the exposed fish (Mdn = 57.5%) was still significantly higher that that in the control fish (Mdn = 22.5%) [U(Ncontrol = 12, Ntreated = 12) = 122.000, z = 2.887, p = 0.0029]. Distance moved in the locomotor assay was also analyzed during the last 6 min of the assay, in order to be able to directly compare locomotor activity in this assay with that in other behavioral 6-min assays also performed after 3 h exposure. In contrast with the results of total distance moved during the 2–3 h period, distance moved by the exposed fish during the last 6-min of the assay (Mdn = 977.04 cm) was significantly higher than that for the control (Mdn = 900.52 cm) %) [U(Ncontrol = 12, Ntreated = 12) = 127.000, z = 3.175, p = 0.00086].
[image: Figure 2]FIGURE 2 | Increased motor activity in fish waterborne exposed to 40 mg/L methamphetamine. The total distance (m) moved during the first hour of the exposure for control fish and exposed fish was measured for each individual fish in shoals of six animals. Data reported as scatter plot with the median (n = 12), ***p < 0.001; Student’s t-test. Data from two independent experiments.
In order to better understand the progression of the neurotoxic effects of METH in adult zebrafish, the behavioral effects in animals exposed for 3 and 48 h were analyzed. When the effect of 40 mg/L METH was assessed in the NTT (Figure 1 and Supplementary Figure S6), Kruskal-Wallis analysis showed a significant hypolocomotion (H(2) = 37.762, p = 6.31 × 10−9), a positive geotaxis, characterized by a decrease in the time spent in the top of the experimental tank (H(2) = 35.964, p = 1.55 × 10−8), in the distance moved in this zone (H(2) = 32.272, p = 9.82 × 10−8), and in the number of entrances to this zone (H(2) = 36.527, p = 1.17 × 10−8). METH-treated fish also exhibited a significant increase in the latency to enter for the first time to the top of the tank (H(2) = 17.264, p = 0.00018). No differences were found in the effect of METH at 3 and 48 h for any of the parameters measured in the NTT when results were adjusted by the Bonferroni correction (p > 0.8). However, a significant effect of the exposure time was found for the freezing time (H(2) = 13.120, p = 0.0014). Whereas the freezing time significantly increased 3 h after exposure (p = 0.0012), no differences with the control values were found after 48 h (p = 0.16). METH had no effect on erratic movements at any time.
The anxiety-like behavior was also assessed by using the DLT (Figure 3). In this experimental paradigm treated fish exhibited a negative scototaxis (H(2) = 9.557, p = 0.0084), increasing their preference by the white background. Results of the Bonferroni post hoc test indicated that only after 48 h of exposure the treated fish spent significantly more time on the white background (p = 0.0071). Moreover, whereas the number of entrances to the white zone significantly decreased in METH-treated fish (H(2) = 21.768, p = 0.000019), the average duration of each visit to this zone was significantly longer (H(2) = 13.478, p = 0.0012). Results of the Bonferroni post hoc test did not show significant differences between the two times analyzed for any of the endpoints in the DLT paradigm (p > 0.5).
[image: Figure 3]FIGURE 3 | Anxiety-like behavior, assessed in standard 6-min dark-light test (DLT), in adult zebrafish waterborne exposed to 40 mg/L methamphetamine (METH) for 3 and 48 h. Data from each experiment were normalized to the corresponding control values. The combined data is reported as scatter plot with the median (n = 15–18), *p < 0.05, **p < 0.01, ***p < 0.001; Kruskal Wallis test with Bonferroni correction. Data from two independent experiments.
Finally, in order to assess the effects of the acute exposure to METH on the social behavior, two experimental paradigms were used. The first one, the shoaling test (Figure 4A), showed significantly higher average interfish distance (H(2) = 53.261, p = 2.72 × 10−12), farthest interfish distance (H(2) = 52.504, p = 3.97 × 10−12) and nearest interfish distance (H(2) = 52.762, p = 3.49 × 10−12) in the METH-treated fish, a behavioral phenotype consistent with social isolation. No time effect was found by using the Bonferroni post hoc test (p > 0.5). Moreover, when the effect of METH on the total distance moved for each fish was measured in this test, a significant effect was found (H(2) = 30.612, p = 2.52 × 10−7). As Supplementary Figure S6 shows, the mobility of the fish in this test was significantly reduced 48 h after exposure (p = 1.56 × 10−7), but not 3 h after exposure (p > 0.5). The second paradigm used for assessing the effects on social behavior was the social preference test (Figure 4B). Results from this paradigm show a significant decrease in both the time that the treated fish spent in the zone closest to the conspecifics (F(2,74) = 14.497, p = 4.87 × 10−6) and the distance moved in this zone (F(2,73) = 13.461, p = 0.00001). These results are consistent with the social isolation phenotype suggested by the shoaling test results. Results of the Tukey’s Honest Significant Difference (HSD) post hoc test did not show significant differences between the two times analyzed (p > 0.5).
[image: Figure 4]FIGURE 4 | Social behavior in adult zebrafish waterborne exposed to 40 mg/L methamphetamine (METH) for 3 and 48 h. (A) Shoaling test results, including the average and the farthest interfish distances. (B) Social preference test results, including time and distance of the fish in each of the three virtual zones of the experimental tank: empty, center and conspecific. Data from each experiment were normalized to the corresponding control values. The combined data is reported as scatter plot with the median (n = 18 for shoaling test and n = 17–20 for social preference test), *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Dunnett’s multiple comparison test (Social Preference Test data) or Kruskal Wallis test with Bonferroni correction (Shoaling test data). Data from two independent experiments.
Methamphetamine Decreases Monoaminergic Neurotransmitters
Figure 5 shows the main changes in the monoaminergic neurochemicals profile occurring in the brain of zebrafish exposed for 3 and 48 h to 40 mg/L METH. First of all, a significant decrease was found in DA (F(2,35) = 55.503, p = 1.39 × 10−11), NE (F(2,34) = 66.932, p = 1.62 × 10−12) and 5-HT levels (F(2,35) = 33.209, p = 8.21 × 10−9), the three most relevant monoaminergic neurotransmitters. Results of the Tukey’s HSD test showed that the effect of METH on these neurotransmitters was time-dependent, with the maximum effect after 48 h of exposure (p = 0.00016 for DA, p = 2.04 × 10−7 for NE and p = 0.016 for 5-HT). Interestingly, the effect of METH on the dopaminergic system was not restricted to DA, as a significant decrease was also observed in the precursor tyrosine (H(2) = 9.621, p = 0.008) as well as in the main metabolites of this neurotransmitter, including DOPAC (H(2) = 8.240, p = 0.016), 3-MT (H(2) = 8.202, p = 0.017) and HVA (H(2) = 12.378, p = 0.002). Although the levels of these neurochemicals exhibited a general trend to decrease with time, results of the Bonferroni post hoc test only showed significant differences for those animals exposed for 48 h respect to the control fish (p = 0.006 for tyrosine, p = 0.016 for DOPAC, p = 0.013 for 3-MT and p = 0.001 for HVA). Regarding 5-HIAA, the degradation product of 5-HT, no differences with the control were found (p > 0.05).
[image: Figure 5]FIGURE 5 | Significant decrease in the monoaminergic neurotransmitters and other neurochemicals in the brain of zebrafish waterborne exposed to 40 mg/L methamphetamine for 3 and 48 h. In each experiment, levels of each neurochemical were normalized to the corresponding control values. For each neurochemical, the combined data is reported as scatter plot with the median (n = 7–8 for 3 h exposure and n = 15–16 for 48 h exposure), *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with Dunnett’s multiple comparison test (dopamine, norepinephrine, serotonin) or Kruskal Wallis test with Bonferroni correction (DOPAC, 3-MT, HVA). Data from two independent experiments.
Effects of Methamphetamine on Gene Expression
First, the expression of five genes involved in the synthesis (th1, th2, dbh) and transport (slc6a3, slc18a2) of catecholaminergic neurotransmitters were analyzed in the brain of zebrafish control and exposed to 40 mg/L METH for 3, 24, and 48 h. Figure 6 shows a significant effect of exposure time to METH on the expression levels for th1 (F(3,44) = 5.660, p = 0.002), th2 (F(3,44) = 6.684, p = 0.001), dbh (F(3,28) = 11.180, p = 5.36 × 10−5), and slc18a2 (F(3,44) = 4.990, p = 0.005), but not for slc6a3 (H(3) = 4.838, p = 0.184). th1 and slc18a2 exhibited an early response to METH, increasing their levels significantly (p = 0.004) after only 3 h of exposure. The levels of th1 remained increased at 24 h (p = 0.022), returning to the control values 48 h after exposure (p = 0.844). In contrast with th1 and slc18a2, the expression of th2 and dbh was altered by METH at the end of the exposure. Whereas the levels of th2 significantly decreased (p = 0.019) at 48 h after exposure, the levels of dbh increased (p = 0.004).
[image: Figure 6]FIGURE 6 | Time-course of the expression of genes involved in the synthesis and transport of catecholamines and neuroinflammation in zebrafish brain after waterborne exposure to 40 mg/l methamphetamine. (A) Expression of th1 and slc18a2, but nor slc6a3 exhibits an early response to methamphetamine. (B) Expression of th2, dbh and gfap exhibits a late response. Data reported as scatter plot with the median. *p < 0.05, **p < 0.01; one-way ANOVA with Dunnett’s multiple comparison test (th1, th2, dbh, slc18a2) or Kruskal Wallis test with Bonferroni correction (slc6a3, gfap). Data from two to three independent experiments (n = 8–16 for th1, th2 and gfap and n = 8 for slc18a2, dbh and slc6a3).
The expression of gfap was also analyzed (Figure 6), as this gene is a classical marker of neuroinflammation. The exposure time to METH had a significant effect on gfap expression (F(3,44) = 6.534, p = 0.001), with the levels of this transcript strongly increased after 48 h of exposure (p = 0.0003).
Effects of Methamphetamine on Lipid Peroxidation
No differences in lipid peroxidation levels in the brain were found between control and fish exposed for 48 h to 40 mg/L METH [15.78 ± 0.95 vs 13.49 ± 0.73 pmol MDA/mg ww for control (n = 10) and METH-exposed (n = 9) fish, respectively; t(17) = 1.216, p = 0.066; Data from three independent experiments].
DISCUSSION
Zebrafish has become a relevant vertebrate model species in neurophenotyping neuroactive compounds and abuse drugs (Neelkantan et al., 2013; Kyzar and Kalueff, 2016). However, although a few recent studies have analyzed some of the addictive effects of METH in adult zebrafish (Mi et al., 2016; Zhu et al., 2017), information on the neurotoxic effects of the acute exposure to this stimulant drug is currently missing. One interesting potential advantage of using zebrafish for modeling methamphetamine neurotoxicity is that, as this animal is a vertebrate poikilotherm, it should be possible to perform mechanistic studies without the confounding factor of hyperthermia (Xie et al., 2000). In this study we have continuously exposed adult zebrafish to a METH dose of 40 mg/L for 48 h, and the effects on the brain monoaminergic profile, locomotor, anxiety-like and social behaviors as well as on the expression of key genes of the catecholaminergic system have been determined.
METH levels determined in the brain of chronic human consumers are in the range 0.24–56.6 ng/mg brain tissue, and the distribution among the different brain areas seems quite homogeneous (Wilson et al., 1996; Kalasinsky et al., 2001; Moszczynska et al., 2004). Similarly, in rodents, METH levels determined in different brain areas after a binge of METH (5 injections of 12.5 mg/kg every 4 h) were about 8 ng/mg brain tissue (Danaceau et al., 2007). However, other authors reported higher METH levels (≈30 ng/mg brain tissue) in the whole brain of rats after similar dosing schedule (four to five injections of 11.5–15 mg/kg every 2–6 h interval) (Alburges et al., 1990; Gygi et al., 1996) (Alburger et al., 1990; Gygi et al., 1996). In our study, the average METH concentration in the brain of fish after 48 h of exposure to 40 mg/L METH was 18.8 ng/mg brain tissue, which is in the range of the described in human and rodent models. Peak plasma concentration of METH has been reported to occur as early as 3–5 h after dosing (Kalasinsky et al., 2001), which should be reflected in an early increase in brain levels of this drug. In this study, the average brain levels of METH 3 h after exposure were 9.19 ng/mg brain tissue suggesting a rapid increase in METH plasmatic levels, explaining some of the behavioral and neurochemical changes found at this time.
In mammalian models, after an initial release of DA and 5-HT, acute high doses of METH causes damage to dopaminergic and serotonergic axon terminals in the brain. As a result, a decrease in the DA and 5-HT in the brain is commonly used as a neurochemical marker of METH neurotoxicity (Yu et al., 2015). Similarly, a concentration- and time-dependent decrease in the levels of DA, NE and 5-HT were found in the brain of the treated fish. Moreover, the levels of the DA metabolites DOPAC, 3-MT and HVA also decreased after 48 h exposure to 40 mg/L METH, an effect probably related with the decreased DA levels, although it is not possible to discard the potential involvement of the monoamineoxidase (MAO) activity inhibition (Egashira and Yamanaka, 1993; Xie et al., 2000; Escubedo et al., 2011).
The observed changes in the neurochemical profile in the brain of the treated fish are consistent with the observed changes in behavior. First of all, the fact that fish exhibited a significant hyperactivity during the first hour of exposure to 40 mg/L METH, and then the activity returned to the control values strongly suggest that after the initial release of DA, the levels of this neurotransmitter decline very fast. However, the similar distance moved by the control and treated fish in the locomotor activity assay by the end of the 3 h exposure period contrast with the highly significant decrease in mobility observed in the exposed fish during the 6 min of the NTT performed immediately after the 3 h exposure (Supplementary Figure S3). The important differences in the design of both behavioral assays might by behind the differences in the results. In the locomotor activity assay shoals of six fish are placed into experimental tanks and video-recorded for 180 min. Under these conditions, fish do not have stressful stimuli such as handling induced stress, novelty or social isolation. In the NTT, however, fish are transferred from the exposure tank (handling induced stress) to the observation tank (stress induced by a novel environment) individually (stress associate to social isolation). Interestingly, in the shoaling test, an assay where the fish is exposed to the stress associated with handling and the novel environment, but not to social isolation, no effects on mobility were observed 3 h after exposure, a result consistent with that obtained in the locomotor assay, another test performed on shoals. This result suggests that the interaction of METH with social isolation, a stressful stimulus in highly social species like zebrafish, is the behind of the observed differences in the mobility between the locomotor and NTT assays. In rodents and zebrafish, stressors have been shown to potentiate the effects of drugs on locomotor activity (Arias et al., 2010; Tran et al., 2016), but the effect of the interactions between neuroactive drugs and stressors on locomotor activity is generally difficult to interpret (Tran and Gerlai, 2016).
In this study METH-treated fish exhibited a significant effect on the anxiety-like behavior, spending more time on the bottom of the tank (positive geotaxis) and increasing the preference for the white background (negative scototaxis) compared to the corresponding controls. Positive geotaxis, with decreased time and distance in the top of the tank, has been previously reported in adult zebrafish acutely water-exposed to 5–10 mg/L d-amphetamine (Kyzar et al., 2013) and 2 mg/L METH (Mi et al., 2016).
Anxiety-like behaviors have been positively correlated with brain serotonin levels in the novel tank test, whereas this correlation is negative in the light/dark test (Maximino et al., 2016). For instance, when 5-HT levels were decreased with para-chlorophenylalanine (PCPA) in the brain of adult zebrafish, animals exhibited positive geotaxis (increased time on the bottom) and negative scototaxis (decreased time on the dark background) (Maximino et al., 2013). These results are similar to the situation in zebrafish exposed to METH in the present study, with decreased brain levels of serotonin, positive geotaxis and negative scototaxis, strongly suggesting that the effects of METH on the anxiety-like behavior are mediated by the decrease in brain 5-HT.
In this study, METH-treated fish also exhibited impaired social behavior in both the shoaling test and the social preference test. This result is consistent with a number of studies with rats and monkeys, where the acute and chronic exposure to METH results in social withdrawal (reviewed in Homer et al., 2008). In humans, changes in social behavior also associated with METH abuse have been explained by impairments in social-cognitive function (Homer et al., 2008).
Expression of slc18a2, the gene encoding the vesicular monoamine transporter 2 (VMAT2), was upregulated after only 3 h of exposure, a finding suggesting a rapid inhibition of VMAT2 activity in the exposed fish. VMAT2 is one of the molecular targets of amphetamine and its derivatives. It’s well known that the disruption of VMAT activity in mammalian models by genetic knockdown or by chemical inhibitors results in a significant decrease in brain monoaminergic neurotransmitters. Interestingly, the brain of Vmat2 heterzygous mutant zebrafish also showed decreased levels of the monoaminergic neurotransmitters DA, NE and 5-HT, as well as some of their metabolites. Moreover, these mutants displayed altered anxiety-like behavior, with positive geotaxis and negative scototaxis (Wang et al., 2016). Although VMAT2 activity has not been determined in this study, the similarity between the neurochemical and behavioral phenotypes of the Vmat2 mutants and the METH-treated fish suggests that VMAT inhibition plays also an essential role in the neurotoxic effects of METH in adult zebrafish.
Information about the effects on gene expression of METH and other amphetamine derivatives in zebrafish brain is very scarce. An early and transient upregulation th1, gene encoding the rate-limiting enzyme in the synthesis of catecholamines, has been found in fish acutely exposed to METH in this study. Acute exposure to METH has also been reported to induce a transient early overexpression of this gene in specific nuclei of rodent brain (Shishido et al., 1997; Ferrucci et al., 2007; Braun et al., 2011). Moreover, in the only study that to our knowledge has analyzed the effect of d-amphetamine on tyrosine hydroxylase transcription in fish (Carassius auratus), an early up-regulation was also found in the expression levels of this gene at the telencephalon (Volkoff, 2013). Interestingly, the tyrosine hydroxylase gene regulated by METH in this fish species is homologous to zebrafish th1 (Supplementary Figure S7), the gene exhibiting an early upregulation by METH in our study. Treatment with high doses of METH induces a significant increase in PKCδ expression in the striatum, an effect resulting in a significant inhibition of TH activity by phosphorylation at Ser40 (Dunkley et al., 2004). The observed upregulation in th mRNA expression after high doses of METH might be a mechanism trying to counteract this inhibition in TH activity.
In contrast with the early increase in the expression of th1 found in the brain of METH-exposed fish in this study, th2 was found to be significant downregulated. Interestingly, th2, but not th1, was reduced in the telencephalon of zebrafish exposed to cocaine (Darland et al., 2012), an illicit drug also targeting dopaminergic system. Moreover, mild oxidative stress has been reported to induce a clear decrease in th2, but not in th1 expression in zebrafish (Priyadarshini et al., 2013). Whereas we have not been able to detect oxidative stress in the whole brain of the exposed fish, it is not possible to discard the generation of oxidative stress at specific areas enriched in dopaminergic terminals. Therefore, the downregulation of th2 found in the brain after 48 h of exposure to METH is probably a much more sensitive marker of oxidative stress at specific brain areas (Priyadarshini et al., 2013) than the LPO levels on the whole brain.
Whereas a persistent loss of DA transporter (DAT) in the cortex and caudate-putamen is one of the neurodegenerative changes observed in the brain of human addicts (Cadet and Krasnova, 2009), no differences in the expression on slc6a3, the gene encoding DAT, have been found in the brain of the exposed fish at any of the selected times. However, effects of METH at the protein and transcript levels are often different. For instance, METH challenges induced a significant decrease in DAT (protein) levels in the midbrain of rats, with no effect on slc6a3 (transcript) levels (Krasnova et al., 2011). No differences in the expression of slc6a3 were either found in the brain of METH conditioned preference place rats (Hensleigh and Pritchard, 2014).
Glial fibrillary acid protein (GFAP) is commonly used as an index of astroglial response to neuronal injury. In rodent models, METH exposure led to an up-regulation of GFAP, both at transcript and protein levels (Sriram et al., 2002, 2006; Shen et al., 2011; Robson et al., 2014). Therefore, the up-regulation in gfap expression observed in the brain of zebrafish after 48 h exposure to 40 mg/L METH is consistent with the effect of this drug on mammalian models.
Despite the early upregulation of th1 and slc18a2 expression observed in the brain of the METH-exposed fish, DA levels significantly decreased between the 3 and 48 h of exposure to 40 mg/L METH, a result suggesting a quick turnover rate for the recently synthesized TH and VMAT2 proteins induced by METH. However, other potential explanations to the absence of recovery of DA levels include a specific effect of METH on mRNA translation, post-translational modifications (Zhu et al., 2016) of TH and VMAT2 or a high rate of impairment of dopaminergic terminals by the end of the exposure period, as suggested by the significant increase in gfap expression, counteracting any potential increase in DA synthesis resulting from the early increase in th1 expression.
Finally, an unexpected finding in this study has been that the brain of the exposed fish had levels of lipid peroxidation similar to those of controls. METH neurotoxicity has been reported to depend on the formation of DA quinones and superoxide radicals within the nerve terminals. Moreover, it is known that METH decreases the levels of reduced glutathione (GSH) and saturates the capacity of the antioxidant defense system, increasing lipid peroxidation in the dopaminergic neurons (Cadet and Krasnova, 2009). The most suitable explanation to the absence of evidences of oxidative stress in this study is that oxidative stress is produced at the dopaminergic terminals, but the lipid peroxidation analysis has been performed on the whole brain. In this context, the increase in oxidative stress at very restricted locations would be diluted and non-detected when the whole brain is analyzed, as in our study. On the other hand, a number of studies support that the adult zebrafish brain exhibits an antioxidant defense system with high capacity. For instance, no lipid peroxidation was recently found in a zebrafish model for acute acrylamide neurotoxicity, despite the brain exhibited a total depletion of glutathione levels and a severely impaired thioredoxin system (Raldúa et al., 2020). No lipid peroxidation was either found in the brain of zebrafish treated with paraquat at concentrations inducing 30–40% lethality, although the exposure to this herbicide resulted in a decrease in the superoxide dismutase (SOD) activity, catalase activity and GSH content (Anand et al., 2021). However, in our study, only lipid peroxidation has been determined as indicator of oxidative stress, and the evaluation of the effects on the different components of the antioxidant defense system were out of the scope of the study. Moreover, another explanation for the lack of oxidative stress evidenced in our study could be related to the non-hyperthermic response in adult zebrafish since there are several mechanisms by which hyperthermia may enhance METH-induced neurotoxicity to DA terminals. It is known that METH-induced hyperthermia directly increases ROS formation in rats and mice striatum and cause an increase in ROS-induced gene expression (Cadet and Brannock, 1997; Imam et al., 2001; Krasnova et al., 2001; Cadet et al., 2007); for review see (Bowyer and Hanig, 2014). In fact, hyperthermia alone produces equivalent increases in genes up-regulated by ROS in some brain regions (Bowyer et al., 2013).
To sum up, data presented in this manuscript support the suitability of the adult zebrafish model for studying the neurotoxic effects of a binge-like methamphetamine exposure without to potential confounding factor of hyperthermia. Interestingly, the absence of oxidative stress in the phenotype of the brain of METH-treated fish has allowed to identify some relevant components of METH neurotoxicity that are oxidative stress-independent, such as the observed behavioral effects, the reduction of monoamines content, the effects on th1, th2 and slc18a2 expression, as well as an astroglial response. However, further studies are needed in order to evaluate the presence of oxidative stress in the dopaminergic terminals and the different components of the antioxidant defense system of the exposed fish.
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Single-use plastic production is higher now than ever before. Much of this plastic is released into aquatic environments, where it is eventually weathered into smaller nanoscale plastics. In addition to potential direct biological effects, nanoplastics may also modulate the biological effects of hydrophobic persistent organic legacy contaminants (POPs) that absorb to their surfaces. In this study, we test the hypothesis that developmental exposure (0–7 dpf) of zebrafish to the emerging contaminant polystyrene (PS) nanoplastics (⌀100 nm; 2.5 or 25 ppb), or to environmental levels of the legacy contaminant and flame retardant 2,2′,4,4′-Tetrabromodiphenyl ether (BDE-47; 10 ppt), disrupt organismal energy metabolism. We also test the hypothesis that co-exposure leads to increased metabolic disruption. The uptake of nanoplastics in developing zebrafish was validated using fluorescence microscopy. To address metabolic consequences at the organismal and molecular level, metabolic phenotyping assays and metabolic gene expression analysis were used. Both PS and BDE-47 affected organismal metabolism alone and in combination. Individually, PS and BDE-47 exposure increased feeding and oxygen consumption rates. PS exposure also elicited complex effects on locomotor behaviour with increased long-distance and decreased short-distance movements. Co-exposure of PS and BDE-47 significantly increased feeding and oxygen consumption rates compared to control and individual compounds alone, suggesting additive or synergistic effects on energy balance, which was further supported by reduced neutral lipid reserves. Conversely, molecular gene expression data pointed to a negative interaction, as co-exposure of high PS generally abolished the induction of gene expression in response to BDE-47. Our results demonstrate that co-exposure to emerging nanoplastic contaminants and legacy contaminants results in cumulative metabolic disruption in early development in a fish model relevant to eco- and human toxicology.
Keywords: brominated flame retardants, legacy contaminants, nanoplastics, emerging contaminant, energy metabolism, gene expression, cumulative effects
1 INTRODUCTION
As the rapidly increasing production of plastic overwhelms the world’s ability to efficiently manage its disposal, plastic pollution has quickly become one of the most pressing environmental issues. Since 2013, the global annual production of plastic has exceeded 300 million tonnes (Mt) with rates reaching as high as 368 Mt in 2019 (www.plasticseurope.org). Due to their durability, low recycling rates and poor waste management, a significant portion of the plastic produced worldwide enters and persists in marine and, to a lesser degree, freshwater aquatic ecosystems (Barnes et al., 2009; Lebreton et al., 2017). It has been estimated that between 4.8 and 12.7 MT of plastic infiltrate oceans every year from coastal populations worldwide (Lebreton et al., 2017). In freshwater samples from the Western Lake Superior, estuary and harbour samples averaged 54,000 plastic particles/km2, followed by open water samples averaging 38,000 particles/km2 and then nearshore samples averaging 28,000 particles/km2 (Hendrickson et al., 2018).
Once released into aquatic systems, plastics are exposed to varying weathering conditions; factors such as water turbulence, erosion and intense sunlight exposure degrade large plastic fragments into increasingly smaller particles on the micro- and nanosized scales (Ter Halle et al., 2017). Nanoplastics are small plastic particles that exhibit characteristics distinct from microplastics (Gigault et al., 2021). Polystyrene (PS) plastics are among the most abundant plastics detected in aquatic ecosystems. A study of microplastic pollution in the Bohai Sea, a model chosen because it is almost entirely enclosed by land and thus exhibits limited self-cleaning abilities, found PS to be the third most abundant plastic particle after polyethene and polypropylene (Zhang et al., 2017). In another study, water samples obtained from the coastlines of the Canterbury region of New Zealand showed that PS made up 55% of all particles identified (Clunies-Ross et al., 2016).
While the hazards associated with macro- and microplastics to aquatic organisms are relatively well characterized, the bioaccumulation and toxicity of nanoplastics are only beginning to be considered even though they could potentially be more hazardous (Koelmans et al., 2015b; Mitrano et al., 2021). Thus far, several studies have shown that nanoplastics can transport through the food web (Mattsson et al., 2017), translocate between organs in the body (Farrell and Nelson, 2013) and transfer from mothers to offspring (Pitt et al., 2018). The potential of PS nanoplastic particles to bioconcentrate through dietary exposure was established in a study exploring the accumulation of fluorescent particles in the food chain (Chae et al., 2018). The study involved phytoplankton Chlamydomonas reinhardtii (a producer), zooplankton Daphnia magna (primary consumer), Oryzias sinensis (secondary consumer) and dark chub Zacco temmincki (tertiary consumer). Although only the phytoplankton was exposed to 50 mg/L of PS nanoplastics, microscopic observations demonstrated that PS nanoplastic particles were present in digestive organs of the primary, secondary, and tertiary consumers. The accumulated nanoplastic further penetrated fish embryos and was detected in their yolk sac (Chae et al., 2018). The concern for plastic particles to reach higher trophic levels extends to humans (Farrell and Nelson, 2013; Watts et al., 2014). A study examining human colectomy specimens in long-time coastal residents found on average 28.1 particles/g tissue (Ibrahim et al., 2021). Microplastics were detected in human stool in the order of 2 microplastic particles/g (Schwabl et al., 2019). A recent study estimated that globally, on average, humans may ingest 0.1–5 g of microplastics weekly through various exposure pathways (Senathirajah et al., 2021). While less information on human tissue levels is currently available for nanoplastics, these studies reveal that nanoplastics may, in addition to ecotoxicological concerns, also pose a direct risk to human health (Revel et al., 2018). In addition to the possibility to elicit biological effects independently, nanoplastics such as PS have been shown to interact with persistent organic pollutants (POP) (Lee et al., 2014) like BDE-47 (Xu et al., 2019; Sun et al., 2021). Such interactions have raised the question of potential vector or sequestering effects of nanoplastic with regard to POPs, which may promote bioaccumulation of POPs on the one hand or limit their bioavailability on the other. Thus, the investigation of the combined biological effects of nanoplastic and POP mixtures in freshwater fish is warranted.
2,2′,4,4′-Tetrabromodiphenyl ether (BDE-47), a Polybrominated Diphenyl Ether (PBDE) is one example of a legacy POP with an absorption capacity that is particularly high for PS compared to other microplastics (Xu et al., 2019). Historically used in PBDE mixtures as a flame retardant in materials including polyurethane and firefighting foam, BDE-47 has been voluntarily phased out in Europe since 2003 and in the U.S. since 2004. However, due to its chemical inertness and physicochemical properties including a high octanol-water partition coefficient (KOW) of 6.57, significant amounts of the world’s water, terrestrial land, and most animals and humans contain traces of BDE-47: In United Kingdom and United States freshwater lakes, average ΣBDE water sample concentrations largely dominated by BDE-47 were reported in the pg/L range (Streets et al., 2006; Yang et al., 2014). BDE-47 is also the predominant BDE species in Great Lake top predator fish, which after peaking at ∼150 ng/g in 2000 have declined to concentrations <50 ng/g in 2015 (Zhou et al., 2019). BDE-47 is also of concern to humans, who are exposed via water, food and atmosphere (Webster et al., 2005). Concentrations of BDE-47 in humans in North America are approximately 35 ng/g of lipid (Hites, 2004). In addition to its propensity to bioconcentrate and biomagnify (Kamel et al., 2012), BDE-47 is transferred to offspring via egg deposition in fish (Wen et al., 2015) and placental transfer and lactation in mammals (Mazdai et al., 2003; Frederiksen et al., 2010; Koenig et al., 2012). These data highlight concerns regarding consequences of developmental BDE-47 exposure in multiple species (Mohammed, 2013).
Among the biological effects of both PS nanoplastics and BDE-47 exposure, evidence points to energy metabolism as a common endpoint. In fish, PS nanoplastics have been reported to affect morphometric parameters such as body weight, behaviours relevant to organismal energy balance such as feed-intake, interfere with intestinal nutrient absorption (Jovanović, 2017), dysregulate glucose and lipid metabolism (Cedervall et al., 2012; Brun et al., 2019), and reduce mitochondrial function (Trevisan et al., 2019). Similar effects on energy metabolism are emerging from studies in mammalian systems (Yee et al., 2021). In fish, BDE-47 has been demonstrated to reduce body weight (Torres et al., 2013), induce motor deficits (Chen et al., 2012) and disrupt mitochondrial biogenesis, dynamics and function (Zhuang et al., 2020). Effects of BDE-47 on energy metabolism are corroborated by epidemiological and rodent model studies, which support a role for developmental BDE-47 exposure in the etiology of diabetes and associated perturbations in glucose and lipid metabolism (McIntyre et al., 2015; Zhang et al., 2016; Wang D et al., 2018).
Taking advantage of the high-throughput zebrafish model relevant to eco- and human toxicology (Dai et al., 2014; Garcia et al., 2016; Bambino and Chu, 2017), early development (Kimmel et al., 1995) and metabolic disease (Seth et al., 2013; Benchoula et al., 2019), we here test the hypothesis that (I) acute developmental exposure to PS or environmental levels of BDE-47 alone disrupts larval energy metabolism and (II) their mixture will exacerbate metabolic disruption.
2 MATERIALS AND METHODS
2.1 Validation of PS Nanoplastic Uptake by Fluorescence Microscopy
To validate bioaccumulation of PS nanoparticles in wildtype TU strain zebrafish, eleutheroembryos were either left unexposed (n = 3) or exposed to Firefli Fluorescent Green labelled 100 nm ⌀ PS nanoplastics (Catalogue # G100, Thermo-Fisher Scientific, Ottawa, ON, Canada) at concentrations of 2.5 (n = 3) and 25 ppm (n = 3) in a glass Petri dish containing 25 ml of RO salt-dosed (Instant Ocean, PetSmart, Ottawa, ON, Canada) University of Ottawa Aquatics Facility system water (pH = 7.4, conductivity = μS) maintained at 28°C and from 0–7 days post fertilization (dpf) under a 12:12 L:D photoperiod. Prior to experimental use, particles were dialyzed to remove free dye and additives from the PS nanoparticle formulation as previously described (Pikuda et al., 2019; Xu et al., 2019). Zebrafish were euthanized with tricaine at 7 dpf, fixed in 4% PFA at 4°C o/n and then transferred to 80% ethanol. Whole zebrafish were placed on a glass slide and imaged using a custom-built microscope (IMA Upconversion by PhotonEtc, Montreal, QC, Canada) equipped with an inverted optical microscope (Nikon Eclipse Ti-U), a broadband camera for color imaging, a Princeton Instruments ProEM EMCCD camera for detection of visible emission, a Nikon halogen lamp (IntensiLight 100 W) with a single band FITC filter cube for 490 nm light excitation and 509 nm emission, collected epifluorescently, to screen for PS nanoplastic-emitted fluorescence at the University of Ottawa. To assess tissue-specific PS uptake, adult zebrafish were exposed to fluorescently labelled PS for a period of 4 days in a separate experiment, and tissues processed and analyzed at the Advanced Bioimaging Facility at McGill University as described in Supplementary Figure S1.
2.2 Developmental Exposure of Zebrafish (eleuthero)embryos to PS, BDE-47 and Their Combination
To assess metabolic consequences of developmental exposure to PS nanoplastics, BDE-47 and their combination, wildtype TU embryos from multiple breeding pairs were pooled and subsequently randomly divided into 6 treatment groups (n = 50 embryos/Petri dish) and exposed to prepared stocks of DMSO vehicle control (<0.001% v/v), dialyzed (Xu et al., 2019), unlabelled 100 nm ⌀ PS nanoplastics (Catalogue # 5010A, Thermo-Fisher Scientific) at 2.5 (low) or 25 ppm (high), 10 ppt analytical grade >97% purity BDE-47 (Catalogue # 91,834 Sigma-Aldrich, Oakville, ON Canada), or their combinations from 0–7 dpf under 12:12 L:D photoperiod in a static, single pulse exposure (Figure 1). All groups were exposed in glass Petri dishes filled with 25 ml of University of Ottawa Aquatic Facility RO-distilled and salt-dosed 28°C system water. In absence of available direct measurements of nanoplastic concentration in natural aquatic environments (Koelmans et al., 2015a), nanoplastic concentrations were based on reported freshwater microplastic ranges (Lu et al., 2021). Multiple cohorts were exposed to obtain necessary sample numbers for three replicate assays for each organismal endpoint measured during the exposure period (Figure 1). Sample sizes were determined a priori based on previous studies reporting metabolic disruption following developmental contaminant exposures in zebrafish larvae in our lab (Tu et al., 2019; Martínez et al., 2020). To avoid contamination or contaminant transfer between cohorts, a three-step treatment process was used. Following manual cleaning with soap and deionized water, the equipment was dried with paper towels and rinsed with hexane. Finally, dishes were rinsed with acetone, dried and cleaned with molecular grade distilled water. All experimental protocols were approved by the University of Ottawa’s Animal Care and Veterinary Service (BL-2786). While following recommended parameter guidelines (water quality, photoperiod, temperature) specified in OECD guidelines for test number 210—Fish, Early-life stage Toxicity test (https://doi.org/10.1787/9789264203785-en), our experimental design deviates from the recommended exposure duration for zebrafish. Thus, while start of exposure occurs prior to blastodisc cleavage, our experimental duration (0-7 dpf) is, while in line with previous contaminant exposures preceding beginning sexual differentiation (Tu et al., 2019), shorter than the recommended zebrafish exposure duration 0–30 dpf.
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental design.
2.3 Assessment of the Organismal-Level Metabolic Phenotype
2.3.1 Morphometric Parameters
Body length and lateral surface area of eleutheroembryos (5 dpf) were quantified by an investigator blind to the treatment groups on ImageJ using images captured with a stereomicroscope (Nikon SMZ 1500) and the Lumenera Infinity 2 camera and Infinity Capture software (Teledyne Lumenera, Ottawa, ON, Canada) as previously described (Martínez et al., 2020). A subset of the same specimens was subsequently used to assess myofilament organization using a birefringence assay as previously described (Berger et al., 2012; Smith et al., 2013; Martínez et al., 2020). Briefly, following bright-field microscopy imaging, a subsequent picture of the eleutheroembryos was taken immediately afterward using two perpendicularly placed 77 mm circular polarizing lenses (MC CPL 77 mm, AmazonBasics, Seattle, United States) to visualize and image birefringence created from the diffraction of polarised light through the pseudo-crystalline array of the muscle sarcomeres. Care was taken to maintain eleutheroembryo position between images. Birefringence intensity was analyzed using ImageJ and normalized to the whole-body area of the larvae. A total of three cohorts were analyzed reaching a total n = 20–23 per treatment group for length and surface area measurements and a subset of n = 12–19 per treatment group for birefringence assay measurements. The difference in sample size in the birefringence assay is due to removal of larvae imaged in curved positioning prior to analysis, as these result in strongly reduced birefringence readings.
2.3.2 Feeding Behaviour
Food consumption was quantified by feeding zebrafish (7 dpf) with food labelled with a lipophilic fluorescent dye as described previously (Tu et al., 2019; Martínez et al., 2020). Briefly, 30 μL of 4-Di-10-ASP (4-(4-(Didecylamino)styryl)-N-Methylpyridinium iodide) (Thermo-Fisher Scientific) were dissolved in 1.47 ml of analytical grade acetone and mixed with 300 mg of G75 zebrafish feed (Skretting, Stavanger, Norway). The feed was allowed to saturate, covered by tinfoil and then dried under the fumehood in a glass Petri dish for 48 h at RT. Each group of treated zebrafish was fed with excess labelled food and allowed to feed for 1 h in a dark incubator at 27°C. One control group received unlabelled food under the same conditions to assess background fluorescence. After 1 h, fish were anesthetized with tricaine to suspend feeding. An n = 9 larvae were collected and pooled as replicate in a microcentrifuge tube, and n = 12 pooled replicates were collected per treatment group. Using a micropipette, the water was carefully removed, and larvae were washed repeatedly and finally resuspended in 300 μL of molecular biology grade water. Each pooled replicate was then homogenized using a Pellet Pestle™ homogenizer (Thermo-Fisher Scientific). 250 μL of homogenate was then placed into individual wells of a 96-well Nunc™ Microplate™ (Thermo-Fisher, Scientific) and plates analyzed for fluorescence emission using the SpectraMax Gemini fluorometer (Molecular Devices, Sunnyvale, CA, United States). The excitation wavelength used was 485 nm and the measured emission wavelength was 530 nm. The average background fluorescence values were subtracted from measured values and obtained measurements normalized to average control group values to depict fold-change. A total of three cohorts were analyzed reaching a combined sample size of n = 12 per treatment group.
2.3.3 Neutral Lipid Storage
Neutral lipid deposition was measured in 7 dpf larvae using Nile Red (9-Diethylamino-5H-benzo [alpha]phenoxazine-5-one, Sigma-Aldrich), a lipophilic fluorescent stain (Jones et al., 2008; Minchin and Rawls, 2017). Nile red stock was diluted in analytical grade acetone to a concentration of 500 μg/ml. This was then diluted 1:100 in system water and larvae were maintained in 10 ml of this solution for 30 min in the dark at 27°C. Larvae were then rinsed twice in system water and anesthetized with tricaine. Each larva was imaged under a fluorescent stereomicroscope with a super high-pressure mercury lamp (Nikon SMZ 1500). Images were captured with a Lumenera Infinity 2 camera using a Texas Red filter and processed using the Infinity Capture software (Teledyne Lumenera, Ottawa, ON, Canada). All images were taken at the same exposure settings and magnification. Fluorescence was quantified using ImageJ and Nile red stains were normalized to the lateral body area of the fish. A total of three cohorts were analyzed reaching a combined sample size of n = 18–22 per treatment group. All images were renamed prior to analysis to assure the experimenter was blind to specific treatment groups during analysis.
2.3.4 Oxidative Metabolism
2.3.4.1 Oxygen Consumption Rate Measurement
The baseline oxygen consumption rate was assessed in 2 dpf eleutheroembryos using a Seahorse Xf24 Analyzer (Agilent, Mississauga, ON, Canada) as previously described (Tu et al., 2019). Briefly, eleutheroembryos were rinsed in Aquatic Facility system water and individually transferred into a 24-well Islet capture plate (#101122–100, Agilent) in 500 μL Aquatic Facility system water using a micropipette. Each well was then sealed using a mesh. Cartridges were prepared 24 h in advance and allowed to equilibrate with calibration solution in a 27°C incubator o/n. A total of three cohorts were analyzed reaching a combined sample size of n = 7-9 per treatment group.
2.3.4.2 Oxidative Metabolism-Dependent Energy Expenditure Assay
Cumulative oxygen metabolism-dependent energy expenditure was assessed over a 24 h in 2 dpf eleutheroembryos using the Alamar Blue assay, which is dependent on a NADH-, NADPH-based reduction of Alamar Blue (resazurin) and has been described as proxy to quantify zebrafish oxidative metabolism (Renquist et al., 2013; Williams and Renquist, 2016; Reid et al., 2018). Briefly, eleutheroemberyos from each treatment group were transferred to a solution made up of 0.3 ml Alamarblue Cell Viability Reagent (Thermo-Fisher Scientific), 3.0 ml of 4 mM NaHCO3 (aq), 0.03 ml DMSO, and 26.67 ml of system water. Individual eleutheroembryos were then captured in 200 μL of this solution using a micropipette and dispensed into a 96-well plate. The plate was incubated at 27°C in the dark incubator until reading. Two blank wells not containing eleutheroembryos were also prepared for each group and used to acquire the background readings for a 24 h incubation of solution alone. Each plate was then placed in a fluorometer (Molecular Devices) to measure NADH/NADPH emission at 590 nm following excitation at 530 nm. Readings were normalized by subtraction of background readings and obtained values normalized to group values to depict fold-change. A total of three cohorts were analyzed reaching a combined sample size of n = 33–47 per treatment group.
2.3.5 Light-Dark Locomotion Assay
The locomotion behavior of 7 dpf zebrafish larvae was assessed at baseline and under different lighting conditions. To achieve this, larvae from each group were placed into individual wells of a 96-well plate with 250 μL of Aquatic Facility system water. The plate was then placed into the ZebraBox Larvae and Embryos Monitor (ViewPoint Behavior Technology, Montréal, QC, Canada) where the larvae were allowed to acclimatize to the full intensity light for 30 min to reduce sampling stress. The larvae were then exposed to instantaneous 100% light/dark intensity changes with the following pattern (times in min, L, light, D, darkness): 20L-5D-5L-5D-5L-5D-5L. The Viewpoint Zebralab v3 quantization software was used to track the individual’s movements and to perform the automated behavioral analysis to obtain the movement time and distance of a given larvae within three defined movement ranges [inactivity (<3 mm/s), short-(3–6 mm/s), and long- (6 mm/s) movements] analyzed for each minute. Speed was calculated by dividing distance by time values. Data were analyzed separately for baseline, light and dark conditions.
2.4 Gene Expression
Samples were homogenized using a sonicator and total RNA extracted using the Trizol method. Total RNA purity and quantity were determined using a Nanodrop ™ (Thermo-Fisher Scientific) as previously described (Tu et al., 2019; Martínez et al., 2020). Using an input of 1 μg RNA, cDNA was then generated using Superscript II kit (Thermo-Fisher Scientific) according to the manufacturer’s instructions. Controls omitting template (no template control) and reverse transcriptase (no RT control) were included in subsequent realtime RT-PCR assays using SSo Advanced Universal SYBR Green reagents (Bio-Rad, Montréal, QC, Canada). Briefly, relative gene expression was quantified using a two-step protocol on a CFX96 machine (Bio-Rad). Using pooled cDNA, 1:2 serial dilutions were pipetted to generate standard curves which were run in duplicates along with samples for each specific run. The individual reaction volume was 20 μL consisting of 10 μL 2x SSo Advanced Universal SYBR Green Master Mix (BioRad), 1 μL of 10 μM forward and reverse primers and 1 μL of cDNA template. Primer sequences, gene accession numbers and specific annealing temperatures (Tm) are reported in Table 1. For all gene expression assays, efficiencies between 90 and 100% and R2 values exceeding 0.98 were considered acceptable. Reactions were monitored for single product by generating dissociation curves following each run. The specificity of reactions had previously been confirmed by sequencing (Tu et al., 2019; Martínez et al., 2020). Gene expression was normalized using the NORMAgene approach (Heckmann et al., 2011) and expressed as fold-change of control group values.
TABLE 1 | Primer sequences and annealing temperatures used in real-time RT-PCR assay for energy metabolism related gene targets.
[image: Table 1]2.5 Statistical Analysis
All data were analyzed using SPSS Version 27 and visualized using GraphPad Prism Version 8.0. Data were tested for normality and homoscedasticity using Shapiro-Wilk and Levene’s tests, respectively. In cases where data did not meet ANOVA criteria, standard transformations were used to improve normality and homoscedasticity of data. Univariate ANOVAs were used to assess significant effects of either treatment at a significance level of p < 0.05. In all cases cohorts were analyzed on individual plates and run as a fixed factor. Thus, the experimental design does not allow to dissociate (biological) cohort and (technical) plate effects. Significant differences in omnibus tests were resolved using Tukey’s post-hoc test at a significance level of p < 0.05. For repeated measurement data, the same between-subject factor (treatment) as above were used in analysis, in addition to within-subject factor (time). Significant between-subject and within-subject treatment effects and their interactions were assessed at a significance level of p < 0.05. In cases where the sphericity assumption was violated, as assessed using Mauchly’s W test, appropriate corrections (Greenhouse-Geisser or Huynh-Feldt) were used to assess significance of effects according to epsilon-based criteria as recommended (Girden, 1992).
3 RESULTS
3.1 Nanoplastics Bioaccumulate in Zebrafish (eleuthero)embryos
A qualitative increase in fluorescence signal was consistently observed in the PS nanoplastic exposed groups compared to the control group in the anterior part of eleutheroembryos containing the yolk sac and digestive tract, but not the caudal part containing skeletal muscle tissue (Figure 2).
[image: Figure 2]FIGURE 2 | Fluorescence microscopy-based validation of nanoplastic uptake in control, 2.5 and 25 ppm fluorescent polystyrene nanoplastic particle exposed zebrafish. Representative head and tail images of control (A,B), low PS (C,D) and high PS exposure group (E,F) 7 dpf zebrafish larvae are shown.
3.2 Exposure to PS Nanoplastics, BDE-47 or Their Combination has Minimal Effects on Larval Growth
Treatment did not significantly affect body length (df = 5; F = 1.698; p = 0.141; Figure 3A). Treatment effect size (η2p) and observed power were 0.071 and 0.569, respectively. A significant cohort effect (df = 2; F = 34.937; p < 0.001) and significant interaction between cohort and treatment effect (df = 10; F = 2.037; p = 0.036) were observed. Treatment significantly affected lateral surface area (df = 5; F = 2.557; p = 0.031; Figure 3B). Treatment effect size (η2p) and observed power were 0.103 and 0.775, respectively. However, post-hoc analysis was unable to resolve differences between treatment groups. A significant cohort effect (df = 2; F = 26.008; p < 0.001) was observed. Muscle sarcomere-dependent birefringence was not affected by treatment (df = 5; F = 0.778; p = 0.561; Figure 3C). Treatment effect size (η2p) and observed power were 0.047 and 0.269, respectively. A significant cohort effect (df = 2; F = 17.711; p < 0.001) was observed. Representative images showing birefringence in each group are shown in Figure 3D.
[image: Figure 3]FIGURE 3 | Morphometric indices of 7 dpf zebrafish larvae exposed to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations: Body length (A), lateral surface area (B) and birefringent lateral somite area (C). Individual measurements and average data +S.E.M. from n = 3 replicate assays with combined n = 20–23 (A,B) and n = 12–19 (C) per treatment group are presented. Representative images of birefringence measurements of laterally positioned zebrafish are presented (D). Data were analyzed using a one-way ANOVA with a significance cut-off of p < 0.05.
3.2 PS Nanoplastics Alone and in Combination With BDE-47 Increase Larval Food Consumption
Treatment significantly affected food consumption in 7 dpf larvae (df = 5; F = 35.256; p < 0.001; Figure 4A). The effect size (η2p) and observed power of the treatment were 0.766 and 1, respectively. A significant cohort effect (df = 2; F = 10.443; p < 0.001) was observed. Post-hoc analysis of the treatment effect revealed that PS exposure at both low and high concentrations alone and in co-exposure with BDE-47 significantly increased food consumption compared to control. Both low and high PS + BDE-47 co-exposures also significantly increased food consumption compared to BDE-47 exposure alone.
[image: Figure 4]FIGURE 4 | Feed-intake (A) and neutral lipid deposition (B) of 7 dpf zebrafish larvae exposed to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations. Individual measurements and average data +S.E.M. from n = 3 replicate assays with a combined n = 12 (A) and n = 18–22 (B) per treatment group are presented. Representative images of Nile Red based neutral lipid staining are shown (C). Data were analyzed using a one-way ANOVA with a significance cut-off of p < 0.05. Different letters indicate significant differences between groups as analyzed by Tukey’s post-hoc test.
3.3 Co-Exposure to High PS Nanoplastic and BDE-47 Significantly Reduce Larval Neutral Lipid Stores
Treatment significantly affected neutral lipid storage in zebrafish larvae (df = 5; F = 11.274; p < 0.001; Figures 4B,C). The effect size (η2p) and observed power of the treatment were 0.34 and 1, respectively. Post-hoc analysis revealed a significant reduction of neutral lipid storage in zebrafish co-exposed to high PS + BDE-47 compared to control. A significant cohort effect (df = 2; F = 58.57; p < 0.001) was observed.
3.4 PS and BDE-47 Exposure and Their Combination Significantly Increase Oxygen Consumption Rates
Treatment significantly affected oxygen consumption in 2 dpf zebrafish (df = 5; F = 142.6; p=<0.001; Figure 5A). The effect size (η2p) and observed power of the treatment were 0.965 and 1.0, respectively. Post-hoc analysis revealed that all treatments except 25 ppm PS significantly increased oxygen consumption rate (OCR) compared to controls. Irrespective of the PS concentration used, co-exposure groups exhibited increased OCR compared to BDE-47 exposed fish alone. In the high PS + BDE-47 co-exposure group, this increase was also significant compared to the high PS exposure alone. No significant cohort effect (df = 3; F = 2.765 p < 0.059) was observed. Treatment significantly affected 24 h oxidative metabolism related energy expenditure in 2 dpf zebrafish as quantified using the Alamar Blue assay (df = 5; F = 2.918; p = 0.014; Figure 5B). The effect size (η2p) and observed power of the treatment were 0.06 and 0.847, respectively. Post-hoc analysis revealed a significantly increased oxidative metabolism related energy expenditure in eleutheroembryos exposed to high PS + BDE-47 compared to elutheroembryos exposed to low PS alone. No significant cohort effect (df = 2; F = 1.331; p < 0.266) was observed.
[image: Figure 5]FIGURE 5 | Oxygen consumption rate (A) and 24 h oxygen metabolism-dependent energy expenditure of 2 dpf zebrafish eleutheroembryos exposed to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations (B). Average oxygen consumption rates +S.E.M. from n = 3 replicate assays for each group with a combined n = 7–9 per treatment group are presented (A). Average repeated measurements of 24 h oxygen metabolism-dependent energy expenditures +S.E.M. from n = 3 replicate assays for each group with an n = 33–47 per treatment group are presented (B). Data were analyzed using a one-way repeated measurement ANOVA (A) and one-way ANOVA (B) measurement with a significance cut-off of p < 0.05. Different letters indicate significant differences between groups as analyzed by Tukey’s post-hoc test.
3.5 Locomotor Assay
Several indices of locomotion were affected by treatment under baseline conditions in zebrafish larvae (Table 2). Cohort effects are reported in Table 3. Counts of total movement observations were significantly reduced in zebrafish larvae co-exposed to high PS + BDE-47 compared to control (p < 0.05; Figure 6A). While total movement duration did not exhibit significant differences between treatment groups (Figure 6B), total distance covered (Figure 6C) and total movement speed (Figure 6D) were significantly affected by treatment. However, post-hoc analysis revealed that no treatment group exhibited significant differences from the control group. When analyzing parameters under specific lighting conditions, zebrafish larvae under dark conditions exhibited specific responses to treatment both for total movement counts (Figure 6A) and total movement speed (Figure 6D). However, only total movement speed in low and high PS exposure groups revealed significant increases compared to control group (p < 0.05; Figure 6D).
TABLE 2 | Repeated measurement ANOVA analyses of treatment effects on locomotion assay endpoints. Effect sizes and observed power are reported. Bold font indicates significance at a p < 0.05 threshold.
[image: Table 2]TABLE 3 | Cohort effects in repeated measurement ANOVA analyses on locomotion assay endpoints. Bold font indicates significance at a p < 0.05 threshold.
[image: Table 3][image: Figure 6]FIGURE 6 | Total movement parameters from 7 dpf zebrafish larvae locomotion assays (n = 3) with a total n = 48 per treatment group consisting of exposures to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations. All measurements over the 50 min assays were binned in 1 min units, with 20 min baseline followed by 3 cycles of 5 min dark light alterations. Average total counts of movement events +/− S.E.M. (A), average duration of total movement events +/− S.E.M in s (B), Distance of total movement events +/− S.E.M in mm (C), Average speed +/− S.E.M of total movements in mm/s (D). Data were analyzed using separate one-way repeated measurement ANOVAs for baseline, dark, and light conditions. Significant treatment effects (p < 0.05) are shown in Table 2, and specific post-hoc analysis results are depicted next to the graphs for all parameters. Different letters indicate significant differences between groups as analyzed by Tukey’s post-hoc test (p < 0.05).
Indices of short movement were affected by treatment in zebrafish larvae under baseline conditions (Table 2). Counts of short movement were significantly decreased in zebrafish co-exposed to high PS and BDE-47 compared to control (p < 0.05; Figure 7A). While significant effects of treatment on short movement duration could not be resolved by post-hoc analysis (Figure 7B), short movement distance (Figure 7C) and short movement speed (Figure 7D) exhibited significant reductions in low and high PS compared to control (p < 0.05; Figure 7C) and in all treatment groups except for high PS + BDE-47 compared to control (p < 0.05; Figure 7D), respectively. All measured short distance parameters were also significantly affected by treatment when analyzing dark and light conditions (Table 2). In dark conditions, short movement counts were significantly reduced in larvae exposed to high PS + BDE-47 compared to control (p < 0.05; Figure 7A). Short movement distance covered in low PS, high PS and high PS + BDE-47 was significantly less compared to control (p < 0.05; Figure 7C), while short movement speed was significantly reduced by low PS exposure compared to control (p < 0.05; Figure 7D) under dark conditions. In light conditions, short movement counts were significantly reduced in the low PS exposure group compared to control (p < 0.05; Figure 7A), while short movement duration and distance were significantly lower in low PS, high PS and high PS + BDE-47 exposed groups compared to control (p < 0.05; Figures 7B,C). Under light conditions short movement speed was slower in low PS, high PS and low PS + BDE-47 exposed groups compared to control (p < 0.05; Figure 7D).
[image: Figure 7]FIGURE 7 | Short movement parameters from 7 dpf zebrafish larvae locomotion assays (n = 3) with a total n = 48 for each treatment groups. All measurements over the 50 min assays were binned in 1 min units, with 20 min baseline followed by 3 cycles of 5 min dark light alterations. Average short counts of movement events +/− S.E.M. (A), average duration of total movement events +/− S.E.M in s (B), Distance of short movement events +/− S.E.M in mm (C), Average speed +/− S.E.M of short movements in mm/s (D). Data were analyzed using separate one-way repeated measurement ANOVAs for baseline, dark, and light conditions. Significant treatment effects (p < 0.05) are shown in Table 1, and specific post-hoc analysis results are depicted next to the graphs for all parameters. Different letters indicate significant differences between groups as analyzed by Tukey’s post-hoc test (p < 0.05).
Indices of short movement were affected by treatment in zebrafish larvae under baseline conditions (Table 2). Under baseline conditions, counts of long distance movement were significantly decreased in high PS + BDE-47 exposed larvae compared to control (p < 0.05; Figure 8A). Conversely low PS exposed larvae covered larger distances with long movement at greater speed compared to control larvae (p < 0.05; Figures 8C,D). Under dark conditions, low and high PS exposure increased duration and distance of long movements compared to controls (p < 0.05; Figures 8B,C).
[image: Figure 8]FIGURE 8 | Long movement parameters from 7 dpf zebrafish larvae locomotion assays (n = 3) with a total n = 48 for each treatment group consisting of exposures to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations. All measurements over the 50 min assays were binned in 1 min units, with 20 min baseline followed by 3 cycles of 5 min dark light alterations. Average long counts of movement events +/− S.E.M. (A), average duration of total movement events +/− S.E.M in s (B), Distance of long movement events +/− S.E.M in mm (C), Average speed +/− S.E.M of long movements in mm/s (D). Data were analyzed using separate one-way repeated measurement ANOVAs for baseline, dark, and light conditions. Different letters indicate significant differences between groups as analyzed by Tukey’s post-hoc test (p < 0.05).
3.6 Gene Expression
Relative transcript abundance of apoa1a was significantly affected by treatment (df = 5; F = 3.936; p = 0.0138; Figure 9A). The effect size (η2p) and observed power of the treatment were 0.52 and 0.86, respectively. However, Tukey’s post-hoc analysis was unable to discern differences in apoa1a transcript abundance between specific treatment groups. Relative transcript abundance of apoba was significantly affected by treatment (df = 5; F = 4.786; p = 0.0059; Figure 9B). The effect size (η2p) and observed power of the treatment were 0.57 and 0.92, respectively. Tukey’s post-hoc analysis revealed a significant increase of apoa1a transcripts in BDE-47 exposed zebrafish compared to control and BDE-47 co-exposed with high PS nanoplastics (p < 0.05). While relative transcript abundance of insa was not significantly affected by treatment (df = 5; F = 2.709; p = 0.0539; Figure 9C), insb transcript abundance was significantly affected by treatment (df = 5; F = 25.52; p < 0.0001; Figure 9D). The effect size (η2p) and observed power of the treatment were 0.43 and 0.68 for insa and 0.88 and 1.00 for insb. Post-hoc analysis revealed that BDE-47 significantly induced insb transcript abundance compared to all other treatment groups. Relative transcript abundance of pck1 was similarly affected by treatment (df = 5; F = 6.293; p = 0.0015; Figure 9E), which post-hoc analysis resolved as significant increase in pck1 transcript abundance in BDE-47 exposed zebrafish compared to control, high PS nanoplastics and co-exposure to high PS nanoplastics and BDE-47 (p < 0.05). The effect size (η2p) and observed power of the treatment were 0.64 and 0.98. Relative transcript abundance of pomca was significantly altered by treatment (df = 5; F = 21.24; p < 0.0001; Figure 9F), with significantly increased expression in BDE-47, low PS nanoplastic and low PS nanoplastic + BDE-47 exposed zebrafish compared to controls (p < 0.05). The effect size (η2p) and observed power of the treatment were 0.86 and 1.00. Relative transcript abundance of pomcb responded to treatment (df = 5; F = 4.932; p = 0.0051; Figure 9G), with significant increase in pomcb expression in BDE-47 exposed zebrafish compared to control and BDE-47 + high PS nanoplastic co-exposure. The effect size (η2p) and observed power of the treatment were 0.96 and 1.00.
[image: Figure 9]FIGURE 9 | Relative abundance of mRNA transcripts with characterized roles in energy metabolism in whole 7 dpf larvae. Treatment groups consist of exposures to vehicle control, 2.5 ppm PS, 25 ppm PS, 10 ppt BDE-47 or their combinations. Apolipoprotein transcripts apoa1a (A) and apoab (B), insulin paralogue transcripts insa (C) and insb (D), the gluconeogenic marker pck1 (E) and pomc paralogues pomca (F) and pomcb (G). Average mRNA transcript abundance +S.E.M. of n = 4 pooled replicates per treatment group containing n = 10 larvae per replicate are shown. Relative transcript abundance was normalized to control group to reflect fold-change. All data was analyzed using one-way ANOVAs with a significance cut-off of p < 0.05. Where omnibus tests revealed a significant treatment effect, Tukey’s post-hoc test (p < 0.05) was used to discern significant differences between treatment groups, which are indicated by different letters.
4 DISCUSSION
4.1 PS Nanoplastics Accumulate in Exposed Zebrafish
A qualitative increase in fluorescence-labelled PS nanoplastics was observed especially in the anterior part of eleutheroembryos at both 2.5 and 25 ppm exposure concentrations, confirming uptake. In contrast to several studies, our study used a dialysis protocol before PS exposure, following reports of fluorescent dye leaching which may result in artifacts during imaging (Schür et al., 2019; Xu et al., 2019). Discernable increases in signal intensity were observed in ventral regions containing the digestive tract at both 2.5 ppm and 25 ppm PS nanoplastic exposure concentrations. At the 25 ppm concentration, fluorescence-labelled PS nanoplastics, albeit to a lesser extent, were also detected in the tail region. To assess fluorescence labelled NP uptake at the tissue level, we exposed adult zebrafish to 25 ppm PS for 4 days. Subsequent histological analysis revealed increased fluorescence in the intestinal tract and liver, both of which also exhibited potential signs of inflammation such as enlarged goblet cells and hyperemia, respectively (Supplementary Figure S1).
These findings are in line with previous reports confirming uptake of PS nanoplastics principally in the intestine (Lu et al., 2016; Skjolding et al., 2017; Pitt et al., 2018; Brun et al., 2019; Trevisan et al., 2019; Trevisan et al., 2020). Oral ingestion following hatching has been characterized as the principal route of exposure in developing zebrafish, with limited biodistribution following ingestion for PS nanoparticles larger than 50 nm in size (van Pomeren et al., 2017). Together, these findings confirm PS nanoplastic uptake of 100 nm particles occurs especially in the dorsovisceral region of 7 dpf zebrafish in our study. While BDE-47 uptake or sorption to PS nanoplastics was not quantified in the current study, BDE-47 has, due to its high KOW of >6.5, been shown to bioaccumulate in zebrafish embryos in previous studies with reported BCF exceeding 2000 (Zheng et al., 2012; Usenko et al., 2013; Liu et al., 2015). BDE-47 has also been shown to sorb to nanoplastics, especially PS (Xu et al., 2019; Horton et al., 2020; Wu et al., 2020). While our experimental design should ensure that both compounds are taken up in early developing zebrafish, the lack of analytical assessment of internal BDE-47 concentration measurement across treatment groups does not allow us to determine whether the 100 nm PS nanoplastic serve as a vector to increase internal BDE-47 concentration via ingestion, as reported for 20 nm PS nanoplastics and POPs (Zhang and Goss, 2020) or reduce BDE-47 uptake by sequestering free BDE-47 in the medium, as reported for 5 μm PS microplastics (Yang et al., 2020).
4.2 Individual PS Nanoplastic and BDE-47 Exposure Induces Organismal-Level Metabolic Changes in Early Zebrafish Development
Developing zebrafish exposed to PS nanoplastics as well as BDE-47 exhibit similar metabolic effects at the organismal level. Individual exposure to both compounds increased oxygen consumption rate at 2 dpf, a developmental window already characterized by high oxygen demand (Figure 10). An increase in oxygen consumption rate indicates an increased demand for oxidative metabolism to cover energetic needs. Higher energetic needs, in turn, may be linked to developmental timing (Figure 10), and increased cost of detoxification responses (Handy et al., 1999; Scott and Sloman, 2004), but may also reflect direct contaminant disruption of mitochondrial efficiency and ROS buffering (Souders et al., 2018; Yang et al., 2021). At the internal respiration level, 10 ppm PS nanoplastic exposure has recently been shown to reduce coupling efficiency in developing zebrafish mitochondria at 2 and 4 dpf, without, however affecting baseline oxygen consumption rate (Trevisan et al., 2019). In the same study, a concurrent increase in NADH equivalents was reported, suggested to constitute either a consequential build-up of reducing equivalents in response to decreased coupling efficiency and/or a compensatory response driven by increased production of NADH equivalents. Metabolite level analysis provides further support PS induced mitochondrial uncoupling, as adult zebrafish exposure to 1.5 ppm PS nanoplastics resulted in increased ROS and decreased ATP concentrations in muscle tissues. Conversely, the increase in oxygen consumption rate was not accompanied by significant alterations of reduction equivalents in our study, although a strong tendency for a decrease was observed especially in the low PS exposed group. It is important to note that the Alamar Blue assay used to assess reducing equivalents fluorometrically quantifies both NADH and NADPH and is therefore sensitive to detoxification and oxidative stress responses fuelled by NADPH (Tu et al., 2019; Wu et al., 2019; Martínez et al., 2020). Indeed, robust induction of oxidative stress and detoxification responses have been reported for PS in developing zebrafish (Hu and Palić, 2020). Future studies should thus extend the Seahorse assay to probe a contribution of PS induced disruption of mitochondrial coupling efficiency and probe markers of oxidative stress such as glutathione lipid peroxidation or antioxidant gene expression and activity to differentiate between these two distinct possibilities. Irrespective of the key mechanism driving increased oxygen demand, however, we observe a concurrent increase in feeding rate, an organismal level response likely to meet increased demand for oxidizable fuel to provide ATP via mitochondrial respiration. Since PS nanoplastics are, following hatching, ingested and quantified in the intestinal tract and key tissues involved in the regulation of energy metabolism such as the liver and pancreas (van Pomeren et al., 2017; Pitt et al., 2018), it is possible that reduced nutrient absorption and metabolism, as well as disrupted endogenous nutrient sensing, may contribute to the increase in feeding rate (Jovanović, 2017). Nevertheless, these organismal level metabolic changes did not translate into altered growth as quantified by body length lateral surface area and sarcomere development, suggesting that at least in early life stages, zebrafish (eleuthero)embryos and larvae can mount sufficient homeostatic responses in response to 2.5 and 25 ppm PS exposure to maintain somatic growth. At the behavioural level, overall locomotion was generally not affected by PS exposure, indicating that metabolic challenges did also not necessitate compensatory hypolocomotory behaviour to conserve energy. However some exceptions to these general findings exist, such a significant increase in locomotor speed under dark conditions. These findings are in contrast to previous findings demonstrating a hypo- (Chen et al., 2017; Qiang and Cheng, 2019) or hyperlocomotory (Brun et al., 2019) phenotype in zebrafish larvae following PS nanoplastic exposure, albeit at higher, mg/L exposure concentrations and a smaller diameter. Interestingly, separation of short and long movement bouts revealed that while total locomotory behaviour remained largely unaffected, indices of short movement (distance, time, speed) decreased, while the same indices increased for long movements under both baseline and different lighting conditions. Thus, while overall locomotion remains largely unaffected, the nature of locomotion exhibits specific responses to PS exposure, prioritizing long over short movements. Such changes may reflect foraging behaviour in line with increased feeding rates but may also be the consequence of peripheral feedback modulation or central control of locomotory behaviour, especially given that PS nanoplastics have been shown to affect lateral neuromasts in zebrafish (Brun et al., 2018) and have been shown to accumulate in the brain and muscle tissue where they have been shown to affect acetylcholine metabolism, concentration and neurons (Ding et al., 2018; Sarasamma et al., 2020; Yang et al., 2021). An integrated overview of the organismal level phenotypic consequences of PS exposure is presented in Figure 10A.
[image: Figure 10]FIGURE 10 | Radar chart diagrams summarizing organismal level effects of different exposure treatments on the metabolic phenotype in developing zebrafish: Control, 2.5 ppm PS and 25 ppm PS exposures (A) Control and 10 ppt BDE-47 exposure, (B) Control and combined exposures of 2.5 ppm + 10 ppt BDE-47 and 25 ppm + 10 ppt BDE-47, (C) in comparison to vehicle control. Note that all average treatment group values have been normalized to control values (=1) and in some cases inverted so that datapoints >1 indicate quantified parameters with a positive contribution to energy balance, while datapoints <1 indicate parameters negatively contributing to organismal energy balance. Endpoints with significant effects of treatment are highlighted by surrounding rectangular shapes.
Similar to the PS exposure groups, BDE-47 exposure significantly increased oxygen consumption rate compared to control zebrafish (eleuthero)embryos. As previously discussed for PS, this may reflect higher energetic cost linked to detoxification and ROS buffering responses, as robust BDE-47 induced oxidative stress has been reported in a variety of species including (developing) zebrafish (Fernie et al., 2005; Shao et al., 2008; Tagliaferri et al., 2010; Costa et al., 2015; Usenko et al., 2015; Meng et al., 2020; Messina et al., 2020). Again, similar to described PS mode of actions, BDE-47 and its hydroxylated metabolite 6-OH BDE-47, have recently been described to decrease mitochondrial OXPHOS gene expression and ATP production and increase oxygen consumption indicative of OXPHOS disruption uncoupling in zebrafish (Legradi et al., 2017; Zhuang et al., 2020), suggesting a mitochondrial contribution to the observed increase in oxygen consumption rate. Like PS, BDE-47 exposure also increased the feeding rate. Increases in feeding in response to BDE-47 have recently also been reported in a marine rotifer, Brachionus plicatilis, where it has been linked to digestive suppression following BDE-47 induced mitochondrial disruption affecting cilia development on the one hand, and acetylcholine dependent control of feeding behaviour on the other (Yang et al., 2021). BDE-47 may promote zebrafish feed-intake as compensatory consequences of decreased nutrient absorption or mitochondrial function, or directly via disruption of central feeding circuits. The concomitant increase in oxygen consumption rate in response to BDE-47 exposure suggests that increased feeding rates may represent a homeostatic response to provide oxidizable fuel for energetically costly detoxification or mitochondria-derived ROS buffering processes widely reported for BDE-47 (Fernie et al., 2005; Shao et al., 2008; Tagliaferri et al., 2010; Costa et al., 2015; Usenko et al., 2015; Meng et al., 2020; Messina et al., 2020). However, possible directly inhibitory effects of BDE-47 on nutrient absorption and/or central suppression on feed-intake may represent alternative modes of action. Interestingly, cilia disruption has also been reported in zebrafish in response to other halogenated POPs such as PFOS (Huang et al., 2021), and histological examination of intestinal cell integrity including cilia development are warranted to probe potential effects on nutrient absorption. With regard to potential direct central effects of BDE-47 on feeding circuits, it is interesting to note that BDE-47 exposure decreased 5-HT-ir neurons in the zebrafish brain, a known anorexigenic factor in fish (Mennigen et al., 2009). In male mice, a 4 weeks exposure to 1 or 10 mg/kg/d BDE-47 resulted in ER-dependent alterations of several peptides involved in the regulation of feed intake and energy expenditure in the arcuate nucleus (Krumm et al., 2018). Overt effects on morphometric indices of growth were not observed, in line with reported findings of developmental delays or morphological effects of BDE-47 in zebrafish occur only at concentrations an order of magnitude higher than concentrations used in our experiment (Lema et al., 2007). Locomotory behaviour was unaffected by BDE-47 exposure, with the exception of reducing small movement speed under baseline conditions compared to control. These findings confirm previous locomotory analysis in zebrafish which revealed that zebrafish embryo single pulse static BDE-47 exposure at higher exposure concentrations (5–100 ppm) does not affect zebrafish locomotion at 4 and 6 dpf (Zhao et al., 2014). Together, the organismal level metabolic consequences of BDE-47 exposure affect similar endpoints as observed for PS exposure. An integrated overview of the organismal level phenotypic consequences of BDE-47 exposure is presented in Figure 10B.
4.3 Co-Exposure Enhances Organismal Level Metabolic Effects Observed for Individual PS and BDE-47 Exposures
Co-exposure of PS and BDE-47 increased zebrafish oxygen consumption-rate not only over control but also over BDE-47 and high PS. Similarly, feeding rate, a second endpoint observed to increase in response to PS and BDE-47 exposure alone further increased in PS + BDE-47 co-exposed zebrafish compared to BDE-47 and in the case of low PS exposed zebrafish, over PS alone. Thus, our data reveal that organismal level indices of energy balance are generally enhanced in co-exposures of PS and BDE-47. While the lack of internal BDE-47 and or PS sorption measurements precludes any conclusion regarding the importance of potential vector function of PS to enhance internal BDE-47 bioconcentration to mediate these effects, the additive and/or synergistic effects on early developing zebrafish energy metabolism, is further supported by a significant decrease of neutral lipid reserves in zebrafish co-exposed to high PS and BDE-47 compared to controls. This suggests that under high PS and BDE-47 co-exposure conditions, internal lipid energy reserves are increasingly mobilized to meet energetic demands. However, as in individual exposures, co-exposure did not affect morphometric indices and only mildly affected behaviour, which revealed a decrease in movement initiation events in high PS + BDE-47 compared to control, without however affecting distance, time spent on locomotion or speed. An integrated overview of the organismal level phenotypic consequences of enhanced organismal metabolic effects in response to PS and BDE-47 co-exposure is presented in Figure 10C. Given reports of mitochondrial disruption of both PS + BDE-47, further research should investigate whole zebrafish larval mitochondrial disruption of PS, BDE-47 and their combination in detail using adapted Seahorse assays (Souders et al., 2018).
4.5 High PS Exposure Attenuates BDE-47 Effects on Metabolic Gene Expression
To investigate potential molecular underpinnings indicative of metabolic disruption in PS, BDE-47 and PS + BDE-47 exposed zebrafish, we quantified the relative abundance of transcripts in whole larvae involved in lipid and glucose metabolism as well as peptides involved in (neuro)endocrine regulation of energy balance. Gene expression of apoab, but not apoa1a, was significantly induced by BDE-47, a response attenuated in co-exposure with high PS. The apolipoprotein genes apoa1a and apoba are comparatively well-characterized in early zebrafish development (Otis and Farber, 2016; Otis et al., 2019; Thierer et al., 2019; Templehof et al., 2021) and have been shown to be responsive to feeding status (Cruz-Garcia and Schlegel, 2014) and contaminants including BPA and PFOS as well as their replacement compounds BPS and F-53B (Sant et al., 2017; Wang W et al., 2018; Shi et al., 2019; Martínez et al., 2020). Gene expression of apoba is, similarly to apoa1a (Babin et al., 1997), strongly induced in the yolk syncytial layer at 2 dpf (Thierer et al., 2019; Templehof et al., 2021). Following the transition to exogenous feeding, aboba becomes restricted to liver (Thierer et al., 2019; Templehof et al., 2021) while apoa1a is expressed in endosomes and lysosomes in the liver and intestine (Otis and Farber, 2016; Otis et al., 2019). Its functional relevance in early developmental lipid metabolism remains however unknown, as homozygous gene deletion did not elicit changes in lipid metabolism (Templehof et al., 2021). BDE-47 also induced insb but not insa expression in zebrafish larvae, an effect attenuated by PS co-exposure. Insa and insb transcript abundance in early zebrafish development from 0–6 dpf has been shown to strongly increase and decrease, respectively (Papasani et al., 2006). While insa expression is restricted to the developing pancreas where it strongly increases after hatching, insb expression has been localized to both head region and pancreas using in situ hybridization and is minimal after 2 dpf, suggesting non-metabolic functions (Papasani et al., 2006). This expression pattern has been confirmed in CrispR/Cas9 mutants which revealed that while morphologically unaffected, pancreatic insulin was completely absent in insa but not insb mutants (Mullapudi et al., 2019). Functionally, this translates to severe metabolic disturbances including hyperglycemia and reduced yolk lipid metabolization in insa −/− larvae, but not insb −/− larvae. However, the lack of metabolic roles appears to be linked to low expression of insb after 2 dpf, as its overexpression successfully lowers glucose levels, revealing its metabolic function (Mullapudi et al., 2019). Interestingly, co-exposure of BDE-47 and PS revealed a marginally significant trend for decrease of pancreatic expressed insa, suggesting that co-exposure of high PS and BDE-47 may result in pancreatic toxicity reported in response to PS using in situ staining (Brun et al., 2019) and POPs using a zebrafish GFP-based insulin reporter line (Sant et al., 2017). Given the reported glucoregulatory function of insb, BDE-47-dependent induction of insb may be reflective of alterations of glucose metabolism. This is further corroborated by the simultaneous induction of pck1, a transcriptional indicator of glucose metabolism in early developing zebrafish (Elo et al., 2007; Gut et al., 2013; Brun et al., 2019). Both PS nanoplastics and BDE-47 have been linked to pancreatic toxicity and dysregulation of glucose metabolism (Zhang et al., 2016; Brun et al., 2019) and future studies should investigate the possibility of individual or cumulative effects of PS and BDE-47 on pancreatic oxidative stress and function using reporter lines in detail. Expression of pomca and pomcb was induced by BDE-47 and attenuated by co-exposure with high PS. The pomca was the only paralogue transcript investigated that was also responsive to PS, as low PS exposure also resulted in a significant increase. Expression of pomc is restricted to the pituitary corticotrophs at 1 dpf and responsive to modulation (Hansen et al., 2003; Liu et al., 2003). Compared to mammals, the zebrafish pomc gene has both conserved and differential roles on organismal energy metabolism (Shi et al., 2020). While pomca knockout in zebrafish induces increased body weight as in mammalian taxa, this increase in body weight represents, in contrast to mammalian Pomc knockout models, not a feed-intake mediated obesity phenotype. Instead, pomca knockout weight gain in zebrafish is dependent on pomca encoded ACTH, hypocortisolism associated hyperandrogenism, and is accompanied by a reduction in oxygen consumption (Shi et al., 2020). This is in direct contrast to mammalian Pomc knockout models, whose obesity phenotype is mediated by the loss of central inhibition of the feeding circuitry. Together, the targeted gene expression analysis is indicative of widespread stimulation of BDE-47 on energy metabolism pathways in zebrafish larvae which include induction of transcripts relevant to lipid and glucose metabolism, as well as endocrine factors involved in the regulation of energy metabolism. Comparatively, PS nanoplastic exposure only elicits an increase in pomca in the low PS exposure group. However, in all co-exposure groups, PS nanoplastics dose-dependently attenuate gene expression induced by BDE-47 to control group levels suggesting interaction of both compounds at the gene expression level.
5 CONCLUSION
Our study reveals that nanoplastics and BDE-47 similarly affect organismal level metabolic phenotype in zebrafish larvae and that co-exposure exacerbates this effect. Under the experimental conditions tested, zebrafish larvae appear to compensate for contaminant-induced increases in energy expenditure by increasing food intake and depleting lipid reserves while reducing acute oxygen consumptions rates. These changes generally do not manifestation in global behavioural or morphometric effects. Given the sensitivity of early developmental periods to long-term metabolic effects (Martínez et al., 2020), future studies should investigate possible metabolic consequences along developmental trajectories. As mitochondrial modes of actions have been described for both PS and BDE-47, future studies investigating whether additive and/or synergistic effects of PS and BDE-47 occur at the level of mitochondrial respiration are warranted. While the interaction between PS and BDE-47 on energy metabolism is also evident at the transcript level, the directionality of changes is generally opposite to additive effects observed at the organismal level. Thus, caution is warranted when deducing functional interaction between PS nanoplastics and POPs based on (targeted) gene expression profiles. Indeed, the directionality (additivity/synergism or attenuation) of POP effects in zebrafish is not necessarily correlated with internal dosing, as microplastic absorption limited uptake of F-53B (a hydrophobic POP) but elicited both additive and attenuating effects on oxidative stress and immune function in zebrafish larvae (Wu et al., 2019; Yang et al., 2020).
Overall, this study clearly demonstrates cumulative effects of emerging nanoplastics compounds and persistent legacy contaminants on organismal energy balance in early development in zebrafish, a model relevant to both eco- and human toxicology. These findings thus provide novel mechanistic insight of cumulative metabolism-disrupting effects and raise concerns regarding possible impacts on aquatic wildlife and developmental origins of human metabolic disease.
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Visual system development is a highly complex process involving coordination of environmental cues, cell pathways, and integration of functional circuits. Consequently, a change to any step, due to a mutation or chemical exposure, can lead to deleterious consequences. One class of chemicals known to have both overt and subtle effects on the visual system is endocrine disrupting compounds (EDCs). EDCs are environmental contaminants which alter hormonal signaling by either preventing compound synthesis or binding to postsynaptic receptors. Interestingly, recent work has identified neuronal and sensory systems, particularly vision, as targets for EDCs. In particular, estrogenic and thyroidogenic signaling have been identified as critical modulators of proper visual system development and function. Here, we summarize and review this work, from our lab and others, focusing on behavioral, physiological, and molecular data collected in zebrafish. We also discuss different exposure regimes used, including long-lasting effects of developmental exposure. Overall, zebrafish are a model of choice to examine the impact of EDCs and other compounds targeting estrogen and thyroid signaling and the consequences of exposure in visual system development and function.
Keywords: Danio rerio (zebrafish), retina, estradiol, T3, T4, development
INTRODUCTION
The impacts of endocrine manipulation often result in a cascade of effects at the biomolecular level, reaching outside a single pathway, and many non-endocrine organs, such as kidney and gut, secrete hormones. Further, neuronal development, and sensory system development, are dependent on hormones. Recent work has revealed the importance of thyroid hormones (THs), estrogen, and their receptors in visual system development. Both hormones are able to cross cell membranes, bind intracellular receptors, and affect subsequent pathways and/or gene expression. Disruption of either estrogenic or thyroidogenic pathways, by clinical treatments or environmental endocrine disrupting compounds (EDCs), impact the visual system directly or indirectly, and early developmental exposure to endocrine disruptors can have long-term deleterious effects. In addition to the epidemiological significance of endocrine disruption in humans, these effects also impose consequences on ecological systems at a population level as visual perception is essential for the success, survival, and reproduction of many organisms. The purpose of this review is to compare/contrast the role(s) of thyroid hormone and estrogen in the proper function and development of the visual system in the zebrafish animal model.
Zebrafish
Zebrafish, Danio rerio, a small freshwater tropical fish native to Southeast Asia, are an existing vertebrate model for a variety of disciplines, including endocrinology, toxicology, developmental biology, and vision. Adult zebrafish measure 2.5–4 cm in length and, due to their small size, can be housed in large numbers at a low-cost relative to other available model organisms. The zebrafish genome has been sequenced in its entirety (https://www.sanger.ac.uk/data/zebrafish-genome-project/), making this species valuable for investigation of various disorders and disease. Zebrafish have more than 26,000 protein-coding genes and 70% of human genes have at least one obvious zebrafish orthologue (Howe et al., 2013). Mutant strains and transgenic lines can be easily and quickly produced and assessed using large-scale genetic screens. Further, large clutch sizes of externally developing, transparent embryos are amenable to exposure studies as compounds are administered directly into tank water resulting in behavioral and/or physiological responses that can be recorded.
In addition to the technical and practical advantages of zebrafish, they serve as a powerful model organism for studying visual system development, function, and underlying mechanisms of disease. Zebrafish eyes are similar in anatomy, circuitry, physiology, and gene expression to humans (Bibliowicz et al., 2012). The zebrafish retina contains similar cell types and circuitry to the human retina, and retina-specific diseases observed in humans, such as red color blindness (Brockerhoff et al., 1997) and congenital stationary night blindness (Peachey et al., 2012) occur in and are modeled with zebrafish.
Zebrafish have also been used to study early life and adult effects of hormones, at both organizational and activational levels. Zebrafish nervous and endocrine systems (Tata, 2005) are also similar to humans from development throughout adulthood (Kimmel et al., 1995; Kishida and Callard, 2001; Gerlai, 2016). Studies with EDCs reveal effects on development, reproduction, sensory systems, cell proliferation, and heart formation. EDC exposure has been linked to obesity (Hatch et al., 2010; Heindel et al., 2015), metabolic and reproductive issues (Wada et al., 2007; Casals-Casas and Desvergne, 2011), and neurological disorders (Kajta and Wojtowicz, 2013). Specific to this review, EDCs can affect the brain/neurogenesis (Kishida et al., 2001; Hamad et al., 2007; Pelligrini et al., 2007; Diotel et al., 2013), including negatively impacting the visual system (Dong et al., 2006; Hamad et al., 2007; Wang et al., 2012).
Here, we focus on the specific effects of estrogen and thyroid hormone signaling in retinal development and function. We begin with a general description of eye development and structure in zebrafish and signaling by estrogen and thyroid hormones. We then discuss the role of estrogenic and thyroidogenic signaling in vision. We conclude with a summary of these effects, revealing significant crosstalk among these two systems that is important for proper visual function.
Visual System Development
Morphogenesis of the zebrafish eye occurs very rapidly between 12 and 24 h post fertilization (hpf) and the structure of the eyes is thought to be fully realized by 36 hpf (Schmitt and Dowling, 1994; Schmitt and Dowling, 1999). Within the retina, differentiation first occurs in a ventronasal patch near the optic nerve, and like most other vertebrates, moves from inner to outer retina (Schmitt and Dowling, 1999). At 32 hpf, ganglion cells begin to form and the optic nerve exits the retina. By 50 hpf, amacrine and horizontal cells in the inner nuclear layer begin to differentiate. Bipolar cells in the inner nuclear layer begin to differentiate at 60 hpf, as do rod and cone synaptic terminals. At 74 hpf, the zebrafish eye is fully developed (Schmitt and Dowling, 1999). Optokinetic responses can be recorded from zebrafish larvae as young as 4 days postfertilization (dpf) (Neuhauss, 2003; Brockerhoff, 2006), and vision-based optomotor responses are reliably recorded at 7 dpf (Clark, 1981; Bilotta et al., 2002; Bahadori et al., 2003; Orger et al., 2004; Muto et al., 2005) (Figure 1).
[image: Figure 1]FIGURE 1 | Developmental timeline. Sequence of events in zebrafish eye and retinal development (black) beginning at fertilization (0 h postfertilization—hpf) and continuing until 7 days (days) postfertilization. During this time, maternally derived transcripts for estrogen receptors (ER—red) and maternally derived thyroid hormones (TH—blue) are present in yolk. At 24 hpf, when neural retina is developing, expression of ER and aromatase (AroB) are present in retina, and expression of the genes for both thyroid receptors (thraa, thrb) begins. Expression of G-protein coupled ER (gper) begins ∼36 hpf; at 48 hpf thrb is expressed in retina. At hatching (72 hpf), there is endogenous production of both TH and estrogen. The overlap and concurrent development of thyroid, estrogen, and retinal development, suggests these hormones are important for proper retinal/visual system development. GC = ganglion cell, AC = amacrine cell, HC = horizontal cell, R = red cone, B = blue cone, BC = bipolar cell, PR = photoreceptor, OKR = optokinetic response, OMR = optomotor response.
The adult zebrafish retina includes four cone types (R—red, G—green, B—blue, UV—ultraviolet) arranged in an orderly mosaic. These cone types are present in larval retinas, though the mosaic is less organized (Allison et al., 2010). During embryogenesis, photoreceptors develop at 43–48 hpf and opsins in rods, R and B cones are first detected at ∼50–52 hpf (Raymond et al., 1995; Tsujikawa and Malicki, 2004). The presence of four cone types confers rich color processing abilities (Meier et al., 2018), in both larvae and adults, with a diversity of color-evoked responses seen in second-order horizontal cells (Connaughton and Nelson, 2010) as well as third-order amacrine (Torvund et al., 2016) and ganglion cells (Connaughton and Nelson, 2010). Color responses in zebrafish retinal bipolar cells have not been recorded; though anatomical analysis of dendritic connections with cone pedicles suggests multiple spectral types (Li et al., 2012). Signal transduction in the retina is highly conserved across vertebrates, with the connections of retinal neurons, overall layered organization, parallel ON- and OFF-pathways, and excitatory glutamatergic inputs within the vertical transduction pathway (photoreceptors to bipolar cells to ganglion cells) observed in both zebrafish and humans. GABAergic, glycinergic, and dopaminergic cells are also present. A difference between zebrafish and mammals is seen in brain circuitry: the optic tectum, a midbrain structure, is responsible for all higher order visual processing in zebrafish. In humans, the midbrain LGN (lateral geniculate nucleus) receives and processes retinal inputs before projecting to visual cortex (V1) (Haynes et al., 2005). Though lacking V1, the zebrafish optic tectum is well developed and capable of cortical-level processing of visual stimuli, such as stimulus detection and orientation (Hunter et al., 2013), escape behaviors (Dunn et al., 2016), and prey capture (Muto and Kawakami, 2013). Thus, the overall similarities in anatomy and circuitry between zebrafish and humans, coupled with genetic techniques that can be easily applied, allows zebrafish to serve as a convenient and relevant model for testing the effects of endocrine disrupting compounds (EDCs) and for assessing deficits in visual physiology and behavior (Link and Collery, 2015).
Estrogen Localization, Signaling, Receptor Types
Classically, estrogen production occurs in the gonads and, to a lesser extent, the adrenal cortex, with release stimulated by the hypothalamic-pituitary axis. Estradiol (17β-estradiol or E2), the biologically relevant estrogen, is synthesized directly from the aromatization of testosterone by the enzyme aromatase (estrogen synthase), a product of the cyp19 gene. E2 is released from these glands directly into the bloodstream and, as it is best known for its roles in reproductive functions, is often referred to as a gonadal sex steroid (Menuet et al., 2005; Mccarthy, 2008). However, we have since learned that E2 synthesis and action are not restricted to reproductive tissues: E2 is locally produced via aromatase in a variety of non-reproductive tissues and throughout the nervous system (Lephart, 1996), inducing potent pleiotropic effects on central nervous system development, maturation, and function (Menuet et al., 2005).
For example, E2’s effects extend to the visual system. The retina expresses aromatase, and estrogen receptors (ERs) are found in all retinal layers across vertebrate species (Gellinas and Callard, 1993; Callard et al., 2001; Cascio et al., 2007; Cascio et al., 2015), pointing to a conserved functional significance of local E2 synthesis and action. Indeed, E2 is neuroprotective in retina, preventing excitotoxic cell death and protecting against retinal degeneration in humans (Cascio et al., 2007). E2 also influences eye structure and function and the incidence of many ocular diseases (Cascio et al., 2007) and changes in E2 levels from aging or hormone therapies are associated with neurodegenerative retinal diseases and visual complications (Cascio et al., 2015).
Developmentally, ER transcripts in newly fertilized zebrafish embryos are maternally derived (Bardet et al., 2002; Lassiter et al., 2002; Tingaud-Sequeira et al., 2004) with endogenous transcription beginning around 24–48 hpf (Figure 1) (Bardet et al., 2002; Lassiter et al., 2002; Tingaud-Sequeira et al., 2004) and corresponding with the onset of aromatase mRNA expression (Mouriec et al., 2009). By 7 dpf, aromatase can be detected in retina using immunocytochemistry (Le Page et al., 2011), suggesting local E2 expression.
Aromatase in the Fish Brain
Teleost fish have remarkably high levels of neural aromatase, a finding pioneered in longhorn sculpin (Callard et al., 1978) and goldfish (Pasmanik and Callard, 1988; Gellinas and Callard, 1993; Callard et al., 1995) and confirmed in other teleosts (Trimmers et al., 1987; Borg et al., 1989; Mayer et al., 1991; Gonzalez and Piferrer, 2002), including zebrafish (Kishida and Callard, 2001; Sawyer et al., 2006). It is estimated that teleost neural aromatase is about 100 to 1000-fold greater when compared to mammals and birds (Pellegrini et al., 2005), and this high aromatase is thought to be involved in the regenerative abilities and plasticity of the teleost brain, optic nerve, and eye (Hamad et al., 2007). Furthermore, estrogens and estrogenic compounds upregulate the expression of developmental aromatase (Menuet et al., 2005; Sawyer et al., 2006), allowing neural aromatase in teleosts to serve as an indicator of estrogen signaling and modulation (Kishida et al., 2001).
Another unique feature of teleosts is that neural aromatase is exclusively expressed in a single and distinct cell type: radial glial cells (Menuet et al., 2005). These radial glial cells serve as progenitor cells that are essential in neurogenesis, where in mammals they act as embryonic neural stem cells that disappear shortly after birth (Schmidt and Scholpp, 2013). While these cell types are similarly important during zebrafish neurogenesis, they also persist into adulthood, continuing to express high levels of aromatase, proliferate, self-renew, and generate new neurons (Schmidt and Scholpp, 2013). Therefore, adult zebrafish seem to possess embryonic mammalian features in terms of neurogenesis, allowing them to serve as sensitive models for estrogen signaling and the effects of disruption (Le Page et al., 2011).
Zebrafish have two separate and distinct aromatase expressing genes that have subdivided expression domains. The cyp19a gene encodes aromatase A (AroA) which is primarily expressed in the gonads, whereas the cyp19b gene encodes aromatase B (AroB) which is expressed in neural tissues, including the brain and retina (Callard et al., 2001; Menuet et al., 2005). In the retina of goldfish, AroB has been detected in horizontal, bipolar, and amacrine cells, and within ganglion cell projections to the brain from the optic nerve and tract (Callard et al., 1995). In support of a functional role of aromatase in the visual system, developmental exposure to known aromatase inhibitors causes thinning of retinal layers, delayed eye growth, and deficits in visually-guided behaviors (Hamad et al., 2007; Gould et al., 2017). Taken together, the localization of AroB in the retina and the anatomical and visual impacts from aromatase inhibition suggest a key role for E2 in the development and function of the visual system.
Estrogen Receptors and Signaling
Sequencing and phylogenetic analyses of human and zebrafish ERs reveal conserved functional motifs, high sequence homology, particularly in the DNA binding domain (C domain) (Bardet et al., 2002; Menuet et al., 2002) and near identical exon numbers and lengths (Lassiter et al., 2002). Further, human and teleost ERs exhibit similar binding characteristics (Thomas et al., 2010) and share the same intracellular signaling cascades (Thomas et al., 2010) and mechanisms of transcriptional activation (Klinge, 2001; Bardet et al., 2002). Thus, while we acknowledge that there may be species-specific differences in timing of events, the general signaling pathways and mechanisms of estrogen signaling are highly conserved across vertebrates (Klinge, 2001).
The actions of E2 are primarily mediated through two intracellular ERs, ERα and ERβ, that act as ligand-activated transcription factors to modulate estrogen target gene activity (Menuet et al., 2002). In the classical signaling pathway, intracellular ERs will form homo- or heterodimers upon E2 binding and translocate to the nucleus (Cascio et al., 2015). Once there, dimerized receptors bind to estrogen response elements (EREs) in promoter regions of DNA and recruit specific cofactors to alter gene expression (Belcher and Zsarnovszky, 2001; Mccarthy, 2008). E2 targets genes expressed in the retinal photoreceptor layer including grk7a and pde6ga (Hao et al., 2013). grk7a, or G-protein-coupled receptor kinase 7a, is involved in visual perception and phototransduction; pde6ga is predicted to be involved the activation of MAPK activity (Vogalis et al., 2011; Thisse and Thisse, 2014). E2 increases the expression of these genes, thus, lower E2 levels would decrease expression, causing lowered photosensitivity or lower level of function overall in retina (Vogalis et al., 2011; Thisse and Thisse, 2014).
In addition to direct interaction with EREs, E2-activated nuclear ERs can also regulate transcription via an indirect genomic mechanism by associating with and influencing activity of transcription factors, including stimulating protein 1 (SP-1), activator protein 1 (AP-1), nuclear factor-κB (NF-κB), and c-jun (Cui et al., 2013). Estrogen receptors can also participate in indirect “extranuclear signaling” through membrane-localized ERs in association with cytosolic kinases and growth factor signaling components to mediate rapid estrogenic effects (Levin, 2002). This extranuclear pathway can initiate multiple cytoplasmic signaling cascades that involve the downstream activation of MAPK/ERK, PI3K/AKT, and cAMP/PKA, which can ultimately also lead to transcriptional changes (Cortez et al., 2013).
The ERα and ERβ isoforms have distinct functions (Mccarthy, 2009), developmental expression patterns, tissue distributions, genes, and affinities for E2 (Menuet et al., 2002). However, the presence of ERα and ERβ in retina has been observed in many vertebrate animals, including rats, bovines, humans, and teleosts (Kobayashi et al., 1998; Cascio et al., 2015). In zebrafish, there are two forms of ERβ (zfERβ1 and zfERβ2), which likely resulted from a duplication event in the teleost lineage (Menuet et al., 2002). In development, it is thought that ERβ1 is most highly expressed (Paige et al., 1999; Froehlicher et al., 2009). All three ERs (zfERα, zfERβ1, and zfERβ2) are detected in zebrafish eyes where they begin to be highly expressed 24-48hpf (Menuet et al., 2002; Tingaud-Sequeira et al., 2004; Mouriec et al., 2009) (Figure 1).
E2 can also bind to a membrane-bound G protein-coupled estrogen receptor (GPER) to elicit indirect rapid non-genomic signaling (Belcher and Zsarnovszky, 2001). GPER binding E2 activates cAMP through adenylyl cyclase, which causes downstream activation of MAPK and CREB pathways, promoting neuronal growth and survival (Shi et al., 2013; Roque and Baltazar, 2019). GPER activation also promotes the activity of kinases involved in neuronal protection, such as PI3K/AKT (Roque and Baltazar, 2019).
Although the nervous system effects of E2 are largely attributed to classical ER genomic signaling, increasing evidence suggests that E2 mediated GPER activation is also involved (Luo and Liu, 2020). During zebrafish embryogenesis, GPER mRNA and protein shows a wide distribution throughout the central nervous system and can be detected from fertilization to 72 hpf, with high levels of expression occurring after 24 hpf (Jayasinghe and Volz, 2011; Shi et al., 2013). gper has also been detected in the zebrafish eye at 36 hpf and more recently in the retina, optic tract, and in nuclei of primary and secondary visual pathways of adult goldfish (Mangiamele et al., 2017). Further, genes involved in the MAPK/ERK pathway are present in zebrafish retina at various stages of development (Krens et al., 2006). GPER also plays a functional role as knockdowns induce apoptosis, decrease proliferation of brain cells, and cause abnormal development of sensory neurons (Shi et al., 2013). The presence of gper and downstream genes in the retina of embryonic zebrafish and the functional deficits of GPER knockdown suggest that E2 might rapidly modulate sensory processes via this non-genomic signaling pathway. Therefore, it appears that E2 exerts its effects in neurogenesis and neuroprotection using both long-term, transcriptional, and rapid, non-genomic mechanisms.
Thyroid Hormone Localization, Signaling, Receptor Types
The adult thyroid gland releases two thyroid hormones (THs): tri-iodothyronine (T3) and tetra-iodothyronine, or thyroxine (T4). Both T3 and T4 require iodine, which is taken up from the blood stream and, after binding tyrosine, is bound to thyroglobulin for storage within thyroid follicles (Sellitti and Suzuki, 2014). Though a greater amount of T4 is released, it is converted to T3 after release and T3, with greater affinity for thyroid receptors, is the more active form. Conversion of T4 and/or T3 occurs through the activity of three deiodinase enzymes: deiodinase type 2 (Dio2 or D2) converts T4 to T3, deiodinase type 3 (Dio3 or D3) inactivates T3 by converting it to reverse T3 (rT3) (Darras et al., 1999), and Dio1 (D1) performs both reactions, though it is considered the least efficient of the three (Bianco and Kim, 2006; Darras et al., 2011). All three deiodinases are present in zebrafish, and Dio2 is the major isoform producing useable T3 (Porazzi et al., 2009). Thyroid hormones impact all cells in the body, as they are important for growth and metabolic rate, and are involved in a variety of pathways during development (Silva et al., 2017).
In particular, THs are required for proper brain/CNS development (Boas et al., 2006; Darras et al., 1999; Howdeshell, 2002). In humans, initial TH levels are of maternal origin, with endogenous production occurring after 10–12 weeks gestation (Darras et al., 1999; Kohrle and Fradrich, 2021; Howdeshell, 2002). D3 activity in the placenta and fetus maintains constant fetal T3 levels (Patrick, 2009). Zebrafish embryos also have measurable levels of TH of maternal origin (Figure 1) (Silva et al., 2017; Gothie et al., 2019), resulting in stable whole body T3 and T4 levels until 60–72 hpf (Chang et al., 2012). At ∼72 hpf, endogenous TH synthesis begins (Porazzi et al., 2009; Darras et al., 2011; Gothie et al., 2019; Vancamp et al., 2019) causing internal TH levels to increase significantly, peaking at 10 dpf (T3) and 21 dpf (T4) (Chang et al., 2012). A more recent study measuring T3 and T4 levels using fluorescent antibodies found hormone levels peak earlier, at 6 dpf, and then decrease (Rehberger et al., 2018). Prior to hatching, thyroglobulin expression begins at 32 hpf and Na+/I+ symporter expression starts at 40 hpf (Alt et al., 2006). The first thyroid follicle is evident ∼55–60 hpf (Alt et al., 2006) and follicles can be clearly seen at 72 hpf, which coincides with the onset of endogenous T4 production (Porazzi et al., 2009). Interestingly, this development and early functioning of the thyroid gland does not require thyroid-stimulating hormone (TSH) (Alt et al., 2006) and is, therefore, independent of the hypothalamic-pituitary axis (Vancamp et al., 2019).
Altering T3 levels by knockdown of deiodinases disrupts eye development by decreasing eye size, reducing cone numbers, and altering visually guided responses in zebrafish (Houbrechts et al., 2016). Sensitivity of the retina to TH levels remains throughout life. Indeed, external application of T3 from 2 to 4 dpf alters cone opsin expression in exposed larvae, an effect also observed in juveniles exposed from 26 to 31 dpf (Mackin et al., 2019).
Thyroid Hormone Receptors and Signaling
T3 converted from T4 is transported into target cells via a high affinity membrane transporter (such as monocarboxylate transporter 8 or mct8) (Arjona et al., 2011), where it binds to a thyroid hormone receptor (TR). Similar to ERs and other members of the nuclear receptor superfamily, TRs act as ligand-activated transcription factors that influence transcription of target genes (Flamant et al., 2017). TRs bound to T3 form a dimer, commonly a heterodimer (Flamant et al., 2017), with the retinoid X receptor (TR/RXR) (Li et al., 2002; Li et al., 2004) or the retinoic acid receptor (TR/RAR) (Lee and Privalsky, 2005) before binding to a thyroid response element (TRE) on DNA to alter target gene transcription (Lazar et al., 1991). An interesting aspect of thyroid hormone signaling is that both RXR and RAR can also bind their natural ligand, retinoic acid, when bound to TR (Li et al., 2002; Li et al., 2004; Bohnsack and Kahana, 2013) and interactions between thyroid and retinoic acid signaling have been reported (Essner et al., 1997). In addition to this canonical genomic pathway, T3 can interact with plasma membrane integrin αvβ3 to initiate rapid intracellular signaling cascades involved in neuroprotection, growth, and apoptotic regulation, including MAPK (ERK1/2) and PI3K/AKT (Flamant et al., 2017).
In mammals there are 2 TR genes: TRα and TRβ (Bernal et al., 2003; Bernal, 2005). Zebrafish also have TRα and TRβ that respond to TH (Porazzi et al., 2009). In mammals, the TH receptor genes code for various protein products with TRα1, TRβ1, TRβ2, and TRβ3 able to bind to both T3 and to DNA (Bernal et al., 2003; Bernal, 2005). In zebrafish, one gene encodes TRβ (thrb), but two genes encode TRα (thraa and thrab) (Liu et al., 2000; Porazzi et al., 2009; Darras et al., 2011; Marelli et al., 2016), with all receptor isoforms expressed in retina. The thraa gene forms two proteins: TRαA-1 and TRαA1-2 (Porazzi et al., 2009; Darras et al., 2011), with TRαA-1 corresponding to mammalian TRα1 (Darras et al., 2011). Thrb encodes three isoforms: zTRβ1s (short), zTRβ1L (long) and zTRβ2 (Vancamp et al., 2019). All receptors bind T3 and are intracellular (Marelli et al., 2016).
During early embryogenesis, both thraa and thrb are expressed in zebrafish embryos (Liu et al., 2000; Porazzi et al., 2009; Vancamp et al., 2019), peaking at 18 hpf, then decreasing to undetectable levels until 24 hpf when expression again increases (Marelli et al., 2016). At 48 hpf, thrb is detectable in retina and it is still expressed in the eye and muscles of adult zebrafish (Marelli et al., 2016). Expression of mct8 (Vancamp et al., 2019) and Dio2 are also found in developing retina (Bohnsack and Kahana, 2013). Thus, though endogenous TH production does not begin until hatching, gene expression and/or development of thyroid signaling components are present much earlier, indicating high embryonic TH levels may drive expression of pathway components (Liu et al., 2000).
Role of Estrogen in Visual Function
As noted above, development of the retina/visual system and estrogenic signaling occur simultaneously (Figure 1), suggesting an interaction between these two processes. Indeed, many animal studies have suggested that proper estrogenic signaling is critical for neurogenesis of the visual system: developmental manipulation of estradiol signaling or synthesis causes abnormal eye growth (Hamad et al., 2007; Hano et al., 2007), deficits in visually guided behaviors (Lovato et al., 2017; Crowley-Perry et al., 2021), and thinning and apoptosis in the retina (Dong et al., 2006; Hamad et al., 2007). Much of this research uses EDCs to determine the role of E2 in the visual system. Here, we discuss the visual system effects of EDCs acting as E2 agonists—BPA and EE2—and E2 antagonists—TBT and 4-OH-A.
Bisphenol-A (BPA) is a familiar, ubiquitous chemical (Arase et al., 2011) used primarily in the manufacture of polycarbonate and epoxy resins (Chapin et al., 2008) and it is present in plastic water bottles, food containers, and dental sealants. BPA levels in humans are measurable and significant (Ben-Jonathan and Steinmetz, 1998) and occur in ∼93% of the population (Group, 2013). BPA is effective at extremely low (nM) doses (Ben-Jonathan and Steinmetz, 1998) which correspond to the median value reported in US streams (Kolpin et al., 2002). BPA levels can be measured in human tissues and fluids (Chapin et al., 2008; Vandenberg et al., 2010; Lakind and Naiman, 2011) and, significantly, BPA is able to cross the placenta (Takahashi and Oishi, 2000; Chapin et al., 2008; Vandenberg et al., 2009) resulting in measurable fetal levels (Schonfelder et al., 2002; Chapin et al., 2008). There are no reports documenting developmental effects of BPA on humans (Chapin et al., 2008); however, in utero exposure (Chapin et al., 2008) causes a variety of behavioral deficits (Farabollini et al., 1999; Jasarevic et al., 2011; Kim et al., 2011; Wolstenholme et al., 2012) and is linked to childhood asthma (Nakajima et al., 2012) in rodents.
Our lab, and others, have reported the deleterious effects of exposure to BPA on the visual system. BPA targets neuroendocrine systems as a weak E2 agonist that binds and activates both ERs (Chung et al., 2011; Cano-Nicolau et al., 2016) and GPER (Thomas and Dong, 2006). BPA is extremely effective at low concentrations (Ben-Jonathan and Steinmetz, 1998), with exposure causing hyperactivity (Saili et al., 2012; Kinch et al., 2015; Weber et al., 2015), reduced midbrain size (Tse et al., 2013), and reduced outgrowth of motor neurons (Wang et al., 2013) in zebrafish. Because ER and aromatase regulation are estrogen-dependent, BPA causes dramatic overexpression of aromatase (Chung et al., 2011; Cano-Nicolau et al., 2016) and ER mRNA (Kishida et al., 2001), resulting in abnormally high estrogen signaling with likely adverse effects on nervous system development and function (Cano-Nicolau et al., 2016). For example, acute (24–48 h) BPA exposure in embryonic zebrafish causes defects in otolith formation (Gibert et al., 2011) and decreases in hair cell survival and regeneration (Hayashi et al., 2015), demonstrating that short-term exposure to BPA can have deleterious effects on sensory systems. Specific to the visual system, a chronic 120-day exposure in embryonic zebrafish (2 hpf) to BPS, a BPA analogue with similar estrogenic actions (Qiu et al., 2016), decreased tracking ability and the thickness of the ganglion cell layer and retina, and induced irregular arrangement of photoreceptor cells (Liu et al., 2017). Lastly, acute (24 h) exposure to BPA in larval zebrafish aged 72 hpf and 7 dpf resulted in changes in eye diameter and visually guided behaviors that were evident 1–2 weeks after removal from treatment (Crowley-Perry et al., 2021). These findings suggest that short- and long-term exposure to BPA can evoke both immediate and sustained effects on sensory systems, including the visual system.
Ethinyl-estradiol (EE2) is another estrogen receptor agonist that has been tested in zebrafish. EE2 is a synthetic derivative of endogenous E2 and, due to its wide use as a constituent in oral contraceptives, reaches aquatic environments through wastewater effluents (Vilela et al., 2021); agricultural and aquaculture runoff are other sources (Tang et al., 2021). EE2 concentration in surface waters varies, ranging up to 62 ng/L (Versonnen and Janssen, 2004), and it is consistently identified worldwide make it a serious environmental contaminant (Tang et al., 2021). EE2 exhibits higher potency and ER binding affinity than E2 (Aten and Eisenfeld, 1982; Denny et al., 2009), thus eliciting estrogenic effects at and below levels detected in the environment. There are no available epidemiological reports of EE2 and its effects on human sensory systems. However, EE2 binds to teleost and mammalian ERs (Aten and Eisenfeld, 1982), and environmentally relevant levels adversely affect fish (Nikoleris et al., 2016; Tang et al., 2021; Ramirez-Montero et al., 2022).
Embryonic zebrafish at 8–10 dpf exposed to picomolar concentrations of EE2 (10–1,000 p.m.) between 1 and 7 dpf of development have significantly inhibited axonal nerve and hair cell regeneration, suggesting direct impairments to nervous and sensory system development (Nasri et al., 2021). Similar 7-day EE2 exposures using pM to low nM concentrations caused significant overexpression of brain AroB and ERα/β transcripts in juvenile Atlantic salmon (Lyssimachou et al., 2006) and 7 dpf zebrafish (Cano-Nicolau et al., 2016; Nasri et al., 2021). Specific EE2 effects have also been observed in retina, where a 32-day exposure to low nanomolar concentrations (4–100 ng/L) decreased the outer and inner plexiform layers and total retinal thickness of minnows assessed at 28 days post-hatch (Alcaraz et al., 2021), an effect likely attributed to disrupted and/or heightened estrogen signaling.
Tributyltin (TBT) is an EDC that targets estrogenic pathways, but with opposite effects to BPA and EE2. TBT is an organotin compound used commonly as a biocide in antifouling paints applied to boats and marine structures and was historically found at high concentrations in aquatic environments (Mcallister and Kime, 2003). Though the International Maritime Organization banned the use of TBT in anti-fouling paints in 2008 (Showalter and Savarese, 2004; Gipperth, 2009; IMO, 2019), which lead to reduced environmental levels (Liang et al., 2017) and wildlife recovery (Jones and Ross, 2018), recent reports identify spikes in TBT levels (µg/g) in coastal areas off of Latin America, Norway, and Panama (Batista-Andrade et al., 2018; Schoyen et al., 2019; Castro et al., 2021) and TBT-based paint is still sold (Uc-Peraza et al., 2022), suggesting continued exposure. TBT is not readily biodegradable (Mcallister and Kime, 2003) and, once ingested, bioaccumulates and crosses the blood brain barrier, concentrating in areas of the brain that receive sensory inputs (Roulea et al., 2003).
TBT exposure in humans is not well studied, though exposure is thought to occur through consumption of contaminated fish or shellfish (Chien et al., 2002; Antizar-Ladislao, 2008). Such dietary intake of TBT has been measured worldwide and TBT is reported to inhibit placental aromatase (reviewed in Antizar-Ladislao, 2008), suggesting an impact on development.
TBT exposure causes a range of adverse effects, including increasing oxidative stress, triggering an immune response, reducing neurotransmitter synthesis/levels, increasing lipid accumulation, and altering liver function (Zhang CN. et al., 2017; Zhang J. et al., 2017; Ortiz-Villanueva et al., 2018; Barbosa et al., 2019; Li and Li, 2021; Shi et al., 2021). Relevant to this review is that TBT is also a known aromatase inhibitor that prevents the synthesis of E2 and decreases AroB expression in zebrafish brain (Lyssimachou et al., 2006). Plasma levels of testosterone are correspondingly increased, leading to deleterious effects on the reproductive system and population sex ratios. High levels of imposex in gastropod mollusks (Schoyen et al., 2019) and masculinization in fish (Mcallister and Kime, 2003; Santos et al., 2006; Mcginnis and Crivello, 2011) occur after TBT exposure. Within the visual system, embryonic fish (<8 hpf) transiently exposed to TBT exhibit abnormal eye growth (Hano et al., 2007) and apoptosis of retinal neurons (Dong et al., 2006). Degeneration and abnormal ordering of retinal layers has also been observed in larvae exposed to TBT for 10 days (Fent and Meier, 1992). Additionally, transient 24-h exposure to TBT during development alters visually guided optomotor responses (OMRs) measured 1-week after removal from treatment (Bernardo and Connaughton, 2022). Effects were age-dependent, with reduced OMRs occurring if TBT exposure occurred at 72 hpf or 7 dpf; reduced eye diameters were also observed when exposure occurred at 7 dpf.
Exposure studies using the pharmaceutical EDC 4-hydroxy-androstendione (4-OH-A or Formestane), another potent aromatase inhibitor, provide further support for the role of E2 in visual system development. A 3-day application of 4-OH-A to 48 hpf zebrafish prevented expression of normal sensory motor behaviors, including swimming movement, tactile response, fin movement, and eye movement (Nelson et al., 2008). Co-application with E2 at a concentration determined to be optimal for the transcriptional activation of ERs (Menuet et al., 2002) and upregulation of AroB mRNA (Kishida et al., 2001) rescued all sensory responses (Nelson et al., 2008), pointing to a key functional role of E2 signaling via ERs in sensory system development. Additionally, acute, 24-h exposure to 4-OH-A significantly decreased eye diameter in 7 dpf zebrafish (Gould et al., 2019). We also observed that the visual system effects of 4-OH-A persist into adulthood, as a 24-h exposure at 24 hpf, 72 hpf, and 7 dpf larval zebrafish resulted in significantly decreased visually guided optomotor responses in adults (3–4 months removed from treatment) (Gould et al., 2017), suggesting that even a brief disruption to estrogen signaling during development can have effects on maturation and long-term function. Taken together, these studies indicate that modulating E2 signaling via EDCs imposes both immediate and long-term effects on visual system development and function at a wide range of concentrations, developmental timepoints, and exposure durations.
Role of Thyroid Hormones in Visual Function
Similar to estrogenic signaling, thyroid hormone signaling also coincides with retinal development (Figure 1). However, compared to E2, THs have a more direct involvement in retinal neurogenesis as they are required for neuronal maturation and cell fate of cone photoreceptors (Harpavat and Cepko, 2003; Roberts et al., 2006). In particular, TH binding to TRβ2 determines correct expression of cone opsins in both zebrafish (Harpavat and Cepko, 2003; Suzuki et al., 2013; Volkov et al., 2020) and rodents (Roberts et al., 2006). During development, zebrafish cones can express one of seven different opsins: lws1 (R1) or lws2 (R2) (red cones); rh2-1/rh2-2 (G1) or rh2-3 (G3) (green cones); sws2 (B1) or B2 (blue cones); sws1 (UV cones) (Takechi and Kawamura, 2005; Endeman et al., 2013; Nelson et al., 2019). trβ2 expression is specifically required for expression of the red cone opsin (Suzuki et al., 2013) lws1 (Suzuki et al., 2013; Mackin et al., 2019; Volkov et al., 2020). Consequently, knockdown of trβ2 reduces the number of red cones (Suzuki et al., 2013); zebrafish thrb mutants, as larvae or adults, have an anatomical loss of red cones (Volkov et al., 2020), which is associated with reduced response to red light and a loss of red cone inputs to the ERG (Deveau et al., 2020). Exposing zebrafish larvae to T3 from 2 to 4 dpf increased expression and distribution of lws1 (Mackin et al., 2019), consistent with effects in TRβ2 mutants. Interestingly, juveniles exposed to T4 from 26–31 dpf did not display a difference in lws1 expression (Mackin et al., 2019), though lws2 was altered. However, TH application upregulated cyp27c1 in zebrafish juveniles (Mackin et al., 2019; Volkov et al., 2020). cyp27c1 codes for the enzyme that converts vitamin A1 (the chromophore bound to opsin in zebrafish) to vitamin A2 in the retinal pigment epithelium (Allison et al., 2004; Enright et al., 2015; Volkov et al., 2020), consistent with a TH-induced shift toward longer wavelength sensitivity (Mackin et al., 2019; Volkov et al., 2020).
Though a major effect of trβ2 expression is found in red cones, other cone types are also affected by changes in expression of this TR. For example, reductions in trβ2 leads to an increase in the number of cones expressing UV opsin in zebrafish (Suzuki et al., 2013; Volkov et al., 2020), similar to the increase in S-cone number observed in TRβ2-null mice (Roberts et al., 2006), suggesting trβ2, and TH signaling, determines L-cone vs. UV-cone fate (Suzuki et al., 2013). Exposing trβ2 mutant zebrafish larvae (2–4 dpf) to T3 caused a dose dependent increase in rh2-2 and rh2-3 expression (Mackin et al., 2019) in green cones, which was observed physiologically as reduced green sensitivity and a shift to a longer peak wavelength in photopic ERG recordings (Deveau et al., 2020), another example of a TH-induced shift to longer wavelength sensitivity. These results in zebrafish agree with those from human retinal organoid cultures, which show that TH binding to TRβ2 is required for L/M cone development (Eldred et al., 2018).
The thyroid axis is very sensitive to environmental chemicals. Many identified contaminants are able to affect this system and all levels are sensitive to disruption (Howdeshell, 2002; Boas et al., 2006; Patrick, 2009; Kohrle and Fradrich, 2021). Clinically, and experimentally, two EDCs are used to block TH synthesis: methimazole (MMI) or propylthiouracil (PTU). Both compounds are used as a treatment for hyperthyroidism (Yu et al., 2020) as they reduce the activity of thyroid peroxidase, the enzyme that catalyzes binding of iodine to tyrosine (Ohtaki et al., 1996); PTU also prevents formation of T4 from thyroglobulin (Bohnsack and Kahana, 2013). Song et al. (2017) performed a meta-analysis to assess the risk of congenital abnormalities in children born to mothers prescribed MMI vs. PTU during pregnancy. They conclude that MMI exposure resulted in a greater risk of congenital malformations, compared to mothers taking PTU (Song et al., 2017). Furter, disruption of or reduced TH signaling during pregnancy causes abnormal brain development and/or cognitive impairments (Patrick, 2009; Noyes et al., 2019). These deleterious effects can extend to “brain derivatives” that include retina, cochlea, and pacemaker cells (Howdeshell, 2002).
Exposing zebrafish embryos to 0.3 mM MMI between 60 and 72 hpf causes smaller eye diameters at 65 hpf which corresponded to a thinner GCL and IPL in treated retinas (Reider and Connaughton, 2014). Other neuronal, pharyngeal, and esophageal anomalies were also reported in zebrafish embryonically exposed to MMI (Komoike et al., 2013). These latter effects are similar to anomalies resulting from in utero exposure in humans (Komoike et al., 2013). MMI also reduces TH levels in adult rodents and reduces expression of Dio3 and Dio2 (Glaschke et al., 2011), suggesting not only reduced overall synthesis of TH, but a reduced ability to convert/activate circulating TH.
Exposure to PTU from 0 to 5 dpf reduced eye size in zebrafish larvae and alters optokinetic responses (Baumann et al., 2016; Gothie et al., 2019); effects correlated with PTU-induced downregulation of TR expression (Baumann et al., 2016). Subsequent microarray analysis revealed PTU exposure caused downregulation of phototransduction-related genes coding for opsins, phosphodiesterase, and arrestin (Baumann et al., 2019). In fact, of the genes involved in sensory perception, expression of >90% were found to be downregulated by PTU. The number of downregulated genes remained high when measured after a 3-day removal from treatment, though the levels of downregulation were less (Baumann et al., 2019), suggesting differential sensitivity to specific genes and long-term impacts of exposure.
TBBPA (tetrabromobisphenol-A) has also been used to examine TH signaling. TBBPA can bind to TR as either an agonist or antagonist, depending on the concentration used. TBBPA exposure reduced eye size and altered OKR in zebrafish larvae exposed from 0 to 5 dpf (Baumann et al., 2016; Gothie et al., 2019). The effect of TBBPA exposure on expression of specific genes was variable (Baumann et al., 2016), consistent with agonistic and/or antagonistic effects of this compound. Indeed, though opsin expression was upregulated after a 5-day exposure to TBBPA (from 0 to 5 dpf), overall TBBPA exposure caused more general effects than PTU (Baumann et al., 2019). However, compared to PTU-induced downregulation of genes involved in sensory perception, >80% were upregulated by TBBPA. Following 3 days of recovery/removal from treatment, opsin gene expression was still upregulated and detectable in TBBPA treated fish (Baumann et al., 2019).
Summarizing E2 and TH Effects Identifies Crosstalk Between Estrogenic and Thyroidogenic Pathways
E2 and TH-based signaling pathways have many similarities (Figure 2). These similarities, though highlighted in zebrafish, are highly conserved across vertebrates. Both hormones are released from glands that receive stimulation through the hypothalamic-pituitary axis and both cross the plasma membrane of cells, bind intracellular receptors, initiate overlapping cytoplasmic signaling cascades, and interact with hormone response elements (HREs) to influence gene expression. Significantly, the half-sites of thyroid response elements (TREs) and estrogen response elements (EREs) exhibit striking sequence similarities in various promoters (Glass et al., 1988; Scott et al., 1997; Vasudevan et al., 2002). TRs have been shown to bind the consensus ERE with high affinity, preventing ERα-ERE interaction and consequently ERα-mediated transcription (Glass et al., 1988; Vasudevan et al., 2001; Vasudevan et al., 2002). There is evidence that ERs can also take part in this competition by binding TREs to suppress the effect of T3 on target promoters (Yarwood et al., 1993) and mediate strong estrogen-dependent activation of transcription (Graupner et al., 1991). Therefore, it appears that competition between ERs and TRs can lead to antagonizing effects.
[image: Figure 2]FIGURE 2 | Independent and interactive pathway components. Venn Diagram showing individual and interactive aspects of estrogen and thyroid signaling. Shared characteristics between both signaling pathways include the involvement of the hypothalamus-pituitary axis, intracellular receptors, some intracellular signaling molecules, and effects on gene transcription. Both E2 and TH are required for neurogenesis, including development of the visual system. Photoreceptors are the retinal cell type most sensitive, as TH is required for correct development and organization of cones. E2 is neuroprotective, preventing cell loss due to light-damage or disease.
One of the significant published reports related to cross talk between E2 and TH signaling relates to the shared sensitivity to BPA. As noted above, BPA is a weak estrogen agonist; however, it is also an antagonist of TR that prevents binding of T3 (Moriyama et al., 2002; Zoeller et al., 2005; Jung et al., 2007; Heimeier et al., 2009), thereby inhibiting negative feedback by TH and increasing serum T4 levels (Zoeller et al., 2005). BPA is a better antagonist for TRβ than TRα (Zoeller et al., 2005). Importantly, binding of BPA to TH receptors occurs at relatively high (>10 μM) BPA doses (Moriyama et al., 2002; Zoeller et al., 2005; Vandenberg et al., 2009). Low doses of BPA are reported to increase androgen receptor mRNA expression (Richter et al., 2007) but not to have anti-androgenic activity in vivo (Chapin et al., 2008). These interactions between TH and E2 signaling pathways, coupled to maternally derived TH and ER transcripts, their localization in the same tissues and the ability of those tissues to locally regulate hormonal actions, suggests TH and E2 signaling could mediate specific developmental events, such as retinal development.
Both hormones are present in the developing retina and synthesized locally within retinal tissue. In teleosts, the localization of neural aromatase, ERs, and GPER within embryonic and adult retina, and the functional deficits observed upon experimental estrogenic modulation, points to a key role of E2 in the visual system. Further, the importance of TRβ2 in cone photoreceptors and the strong early presence of maternal TH suggest a role for TH in the visual system. At 24 hpf, when the retina begins to develop, both thraa and thrb are expressed and TH levels are high due to maternally derived hormones in yolk. AroB and ER transcripts are detectable in retina at 24 hpf (Mouriec et al., 2009). Over the next ∼12 h, thyroglobulin (Alt et al., 2006) and gper (Mangiamele et al., 2017) expression is detected and the optic nerve leaves the eye (Steurmer et al., 1988). By 48–50 hpf, amacrine and horizontal cells in the INL appear, opsin expression begins, and thrb expression is seen in retina. When hatching occurs, retina and thyroid are fully functional and E2 signaling is functional.
Though thyroid and estrogen signaling have been examined for decades, there are still effects/mechanisms of these hormones that are poorly understood. Further their interaction(s) and influence(s) on each other is clearly complex and even less understood. However, considering the consequences of TH and E2 dysregulation, crosstalk in signaling, and developmental co-localization of receptors presented in this review, it is likely that these hormones work synergistically in the development, maturation, and function of the visual system. It is also likely that other sensory systems are impacted in a similar manner and future work should address these questions.
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Nerve growth factor (NGF) is the best characterized neurotrophin, and it is known to play an important role in ocular homeostasis. Here, we demonstrated the expression of NGF receptors in adult zebrafish retina and optimized a light-induced retina degeneration (LID) zebrafish model that mimics human cone-rod disorders, demonstrating that intravitreal (IV) administration of rhNGF can boost zebrafish retinal regeneration in this model. Adult zebrafish retinae exposed to 60 h of light irradiation (60 h LID) displayed evident reduction of outer nuclear layer (ONL) thickness and cell number with presence of apoptotic cells. Retinal histologic evaluation at different time points showed that IV therapeutic injection of rhNGF resulted in an increase of ONL thickness and cell number at late time points after damage (14 and 21 days post injury), ultimately accelerating retinal tissue recovery by driving retinal cell proliferation. At a molecular level, rhNGF activated the ERK1/2 pathway and enhanced the regenerative potential of Müller glia gfap- and vim-expressing cells by stimulating at early time points the expression of the photoreceptor regeneration factor Drgal1-L2. Our results demonstrate the highly conserved nature of NGF canonical pathway in zebrafish and thus support the use of zebrafish models for testing new compounds with potential retinal regenerative properties. Moreover, the pro-regenerative effects of IV-injected NGF that we observed pave the way to further studies aimed at evaluating its effects also in mammals, in order to expedite the development of novel rhNGF-based therapeutic approaches for ophthalmological disorders.
Keywords: nerve growth factor (NGF), age-related macular degeneration (AMD), retinitis pigmentosa (RP), zebrafish, retinal regeneration, Müller glia cells, neuroprotection, translational research
INTRODUCTION
Inherited, acquired, or iatrogenic, the retinal conditions are complex and multi-factorial diseases characterized by progressive bilateral degeneration of the rod and cone photoreceptors (Narayan et al., 2016; Al-Zamil and Yassin 2017). Photoreceptor degeneration ultimately leads to either partial or total visual impairment, thus severely compromising the quality of life of affected individuals (Teutsch et al., 2016; Welp et al., 2016). Over the years, several potential therapeutic approaches have been developed with the aim of delaying the progression of these diseases (Connors et al., 2021), but currently, a therapy that is able to promote the reversion of the phenotype remains an unmet medical need.
Photoreceptor apoptotic death is the final step of several retinal disorders, and the deregulation of the nerve growth factor (NGF) pathway observed in retinal degeneration models supports the hypothesis that a profound alteration of NGF pathway balance may account for the progressive neuronal cell death and photoreceptor loss (Santos et al., 2012; Garcia et al., 2017). NGF is the best characterized member of the neurotrophin family and has been widely described as a critical neuronal survival factor (Colafrancesco et al., 2011; L.; Mesentier-Louro et al., 2017; L. A.; Mesentier-Louro et al., 2018). It plays a crucial role also in regulating the homeostasis of ocular tissues (Aloe et al., 2012), where it is expressed with its receptors TrkA and p75 (Garcia et al., 2017): TrkA has high affinity and selectivity for NGF binding and can trigger different signaling pathways related to cell survival, proliferation, and differentiation, which involve the activation of ERK, PI3K, and PLC-γ (Wang et al., 2014); on the contrary, p75 has low affinity for NGF and high affinity for proNGF and is implicated in cell death mediation (Coassin et al., 2008). The role of NGF in visual function has been largely attributed to its ability to regulate phenotypic features of the neuro-retina, innervation density and plasticity (Sacchetti et al., 2017), cell body size, axonal terminal sprouting, and dendritic growth (Rocco et al., 2018). Notably, increasing lines of evidence have shown that NGF can be crucial for the treatment of blinding diseases, such as retinal degenerations, and several studies have already described the protective effect of NGF administration in experimental models of retinitis pigmentosa (RP) (Rocco et al., 2015) and age-related macular degeneration (AMD) (Lambiase et al., 2009).
In eye research, the availability of appropriate animal models has been extremely valuable to investigate pathological molecular mechanisms and to test new therapeutic interventions (Shah et al., 2019). Among the various species, zebrafish has progressively become a powerful model system especially for studying complex diseases, as the conservation between organization and function in human and zebrafish retinas has been a great advantage. Unlike mammals that cannot regenerate their retina after damage or degeneration, the zebrafish retina displays a robust regenerative response upon injury, and this feature can be exploited to gain insights into molecular mechanisms underlying healing of damaged tissues in eye human pathology (Wan and Goldman 2016; Richardson et al., 2017). Regeneration of the zebrafish retina (Nagashima et al., 2013; Wan and Goldman 2016) occurs via the ciliary marginal zone (CMZ), which is a stem cell niche that constantly adds new retinal neurons as the retina grows throughout life and via Müller glia (MG) cells, accounting for differentiated quiescent cells that normally help in maintaining retinal architecture and homeostasis but that can also be primed by a photic, chemical, or mechanical damage of the retina. In case of retinal injury, MG cells undergo a reprogramming event that leads to the generation of multipotent neuronal progenitors, which can then migrate and differentiate into any of the lost retinal cell type (Powell et al., 2016). The molecular circuitry driving MG reprogramming is poorly understood, but studies indicate that a remarkable variety of secreted factors contribute to retina regeneration in zebrafish and modulate MG reprogramming and proliferation in the injured retina (Faillace et al., 2002; Kassen et al., 2009; Ramachandran et al., 2011; Wan et al., 2012; Nelson et al., 2013).
Both NGF and its canonical receptors, known in the zebrafish as ntrk1 and ngfrb, are conserved and widely expressed in zebrafish neurons, suggesting a conserved pathway activation via binding of neuronal cell surface receptors (Götz and Schartl 1994; Martin et al., 1995; Nittoli et al., 2018; Cacialli et al., 2019; Hahn et al., 2020).
Here, we sought to assess the potential regenerative effect of intravitreal (IV) administration of rhNGF using a retinal degeneration paradigm in adult zebrafish based on constant light irradiation.
Our results show that NGF receptors are expressed in adult zebrafish retina and that administration of rhNGF can boost zebrafish retinal regeneration upon injury.
RESULTS
Expression Pattern of ngfrb and ntrk1 in Zebrafish Adult Retinae
Although a recent study confirmed the expression of ngfrb (ortologue of mammalian p75) and ntrk1 (ortologue of mammalian TrkA) genes in sensory neurons during zebrafish early development (Hahn et al., 2020), the expression of the two NGF receptors in adult zebrafish retina has not been reported yet. Thus, in order to evaluate the potential regenerative effect of rhNGF administration in adult zebrafish retinal degeneration model, we first assessed the expression of NGF receptors in adult zebrafish retina. With this aim, we performed in situ hybridization (ISH) on retinal sections for detection of ngfrb and ntrk1 in adult zebrafish eyes. Transcript localization of ngfrb and ntrk1 revealed a mild widespread expression in the adult zebrafish retina and showed that both NGF receptors are expressed predominantly in the photoreceptor cells of the outer nuclear cell layer (ONL) (Figure 1). These data demonstrate that NGF receptors are present in the adult zebrafish retina, thus suggesting that the tissue is potentially responsive to endogenous or exogenous NGF.
[image: Figure 1]FIGURE 1 | ngfrb and ntrk1 mRNA expression pattern in adult zebrafish eye. (A) Schematic representation of the zebrafish retina with nuclear and plexiform layers highlighted. (B) In situ hybridization (ISH) for ngfrb expression in cross sections of adult zebrafish retina (signal in blue/violet). (C) High magnification showing the expression of ngfrb gene in the different retinal layers and cell types. (D) ISH for ntrk1 expression in adult zebrafish retina (signal in blue/violet). (E) High magnification showing ntrk1 transcript localization in the different retinal layers and cell types. RPE: retinal pigmented epithelium. ONL: outer nuclear layer. OPL: outer plexiform layer. INL: inner nuclear layer. IPL: inner plexiform layer. GCL: ganglion cell layer. Scale bar: 50 μm.
Optimization of a Zebrafish-Based Retinal Degeneration Paradigm for Ophthalmological Studies
Since loss of photoreceptors is a hallmark of human retinal conditions such as AMD and RP (Marc et al., 2003; Kalloniatis and Fletcher 2004), we sought to assess whether IV administration of rhNGF might have a regenerative effect on photoreceptor cell population upon damage. With this aim, we first optimized a zebrafish model of retinal degeneration induced by constant light irradiation. Injury models based on photo-induced retinal degeneration have been developed in several species (Donovan et al., 2001; Saito et al., 2016; Sudharsan et al., 2017) and showed that constant light exposure induces loss of rod and cone photoreceptors and, macroscopically, thinning of the retinal outer nuclear layer (ONL), where these photoreceptors are located. Since fish have long-life ability to heal the retinal tissue, we first had to establish the appropriate time of light exposure needed to induce degeneration of the retinal tissue. Thus, after a period of dark acclimatization of 14 days, adult zebrafish were exposed to constant light (18,000–20,000 lumens) and eyes were enucleated at time 0 (not exposed to light) and then at different time points after light irradiation onset. Immunohistochemistry with Zpr1 antibody on enucleated eyes was performed to label red/green double cone photoreceptors (Matsuoka et al., 2013), used as reference cell population of the ONL, and thickness and cell number of ONL were established as phenotypic readouts to assess the severity of the injury. Initially, we exposed adult zebrafish to constant bright light for 48 h, as it was previously described as a stimulus able to induce a mild to drastic reduction of photoreceptors (Thomas et al., 2012; Saito et al., 2016). However, in our hands, 48 h of light-induced degeneration (48 h LID) only slightly reduced ONL thickness and cell number compared to non-injured retinae (NO LID) (Supplementary Figure S1). In order to induce a more consistent damage to photoreceptors, we increased the light treatment to 60 h, and indeed, at this time point, the integrity of double cone photoreceptors, in terms of density, was severely compromised compared to non-injured retinae (NO LID) (Figure 2A,B). Moreover, photoreceptor layer damage was confirmed by evident reduction of ONL thickness and cell number in LID retinae (Figure 2C,D). Injured retinal tissue displayed on average a significantly thinner ONL (7.671 ± 0.5606 SE μm) characterized by a significantly lower number of cells (25.42 ± 2.953 SEM) compared to control retinae thickness (20.05 ± 0.7203 SE μm) and cell number (103.6 ± 2.904 SEM). To further assess the injury effect on cell viability, we performed terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay for the detection of apoptotic photoreceptors. While no cell death could be observed in the ONL of control retinae (NO LID), several apoptotic cells were detected upon 60 h of light treatment (Figure 2E,G) in retinal tissues analyzed.
[image: Figure 2]FIGURE 2 | Light-induced retinal degeneration zebrafish model. (A,B) Representative images of retinal cryosections of adult zebrafish eyes immunostained with Zpr1 antibody (red), which labels photoreceptor cells, and stained with DAPI (blue), which labels nuclei. (A) Retinal cryosection of adult zebrafish eye not exposed to constant light (NO LID). (B) Retinal cryosection of adult zebrafish eye exposed to 60 h of constant light (light-induced degeneration—LID). (C) Quantification of ONL thickness (number of retinae analyzed = 12). (D) Quantification of ONL cell number (number of retinae analyzed = 12, total number of cells: 305 for injured and 1,243 for control retinae). (E,F) Representative images of retinal cryosections of adult zebrafish eyes stained with TUNEL (red), which labels apoptotic cells, and with DAPI (blue), which labels nuclei. (E) Retinal cryosection of adult zebrafish eye not damaged by light exposure (NO LID). (F) Retinal cryosection of adult zebrafish eye after 60 h of LID. (G) Quantification of TUNEL-positive cells shown as mean number per retina (number of retinae analyzed = 12). Data are shown as means ± SEM. ***p < 0.001 (Mann–Whitney test). Scale bar: 50 μm.
Based on these results, we determined that 60 h was the most appropriate light exposure time needed to induce degeneration of adult zebrafish retinal tissue in our model.
rhNGF Enhances Retinal Regeneration After Light-Induced Damage
Having defined the appropriate retina degeneration conditions (60 h LID), we used this experimental model to test the potential effect of rhNGF on zebrafish retinal recovery upon injury. To this end, we administered 5 μg/eye of rhNGF through eye incision and posterior IV injection in adult zebrafish immediately after 60 h of light exposure. Thereafter, groups of fish were sacrificed at five different time points [0 days post injury (dpi), 7 dpi, 14 dpi, 21 dpi, and 28 dpi] and eyes were removed. Incised and non-rhNGF-injected contralateral eyes were enucleated at the same time points and used as control, as no differences—in terms of ONL thickness and ONL cell number—were observed in a preliminary study in which we compared 60 LID non-injected (sham) and 60 LID saline-injected animals (data not shown).
As previously described, the readouts of the experiment were the ONL thickness and cell number per retinal length (Figure 3). As expected, at 0 dpi, analyzed retinal tissue displayed a reduced ONL (5.295 ± 0.3808 SEM μm) that was characterized by a low number of cells (22.30 ± 2.129 SEM) (Figure 3B). At 7 dpi, a comparable recovery in both readouts was observed in both rhNGF-injected and untreated retinae (Figure 3C,D). Notably, at 14 dpi, the recovery in rhNGF-injected retinae was significantly higher compared to untreated retinae and was demonstrated by an amelioration of ONL thickness and cell number (Figure 3E,F,K,L). A similar result was observed at 21 dpi, when rhNGF-treated retinal tissue displayed an improved recovery rate in both parameters compared to the untreated retinae (Figure 3G,H,K,L). At 28 dpi, treated and untreated retinae showed similar values of ONL thickness and cell number (Figure 3I,J).
[image: Figure 3]FIGURE 3 | Analysis of rhNGF-induced retinal tissue recovery upon light-induced degeneration (LID). (A–J) Representative images of retinal cryosection of adult zebrafish eyes immunostained for Zpr1 antibody (red) and stained with DAPI (blue). (A) Retinal cryosection of an adult zebrafish eye not exposed to light. (B) Retinal cryosection of an adult zebrafish eye exposed to 60 h of LID at T = 0 (N animals:10; N total cells: 223). (C) Cryosection of an untreated adult zebrafish retina at 7 dpi (N animals:10; N total cells: 332). (D) Retinal cryosection of rhNGF-injected adult zebrafish eye at 7 dpi (N animals:10; N total cells: 369). (E) Cryosection of an untreated adult zebrafish retina at 14 dpi (N animals:10; N total cells: 412). (F) Retinal cryosection of rhNGF-injected adult zebrafish eye at 14 dpi (N animals:10; N total cells: 518). (G) Cryosection of an untreated adult zebrafish retina at 21 dpi (N animals:10; N total cells: 498). (H) Retinal cryosection of rhNGF-injected adult zebrafish eye at 21 dpi (N animals:10; N total cells: 614). (I) Cryosection of an untreated adult zebrafish retina at 28 dpi (N animals:10; N total cells: 665).(J) Retinal cryosection of rhNGF-injected adult zebrafish eye at 28 dpi (N animals:10; N total cells: 731). (K) Quantification of ONL thickness in the different conditions. Data are shown as means ± SEM: *p < 0.05 (one-way ANOVA test followed by a Sidak’s multiple comparison test); 60 h LID T 14 dpi vs. 60 h LID T 14 dpi + rhNGF: Adjusted p-value: 0.0108; 60 h LID T 21 dpi vs. 60 h LID T 21 dpi + rhNGF: Adjusted p-value: 0.0394. (L) Quantification of ONL cell number in the different conditions. Data are shown as means ± SEM: *p < 0.05 (one-way ANOVA test followed by a Sidak’s multiple comparison test); 60 h LID T 14 dpi vs. 60 h LID T 14 dpi + rhNGF: Adjusted p-value: 0.0424; 60 h LID T 21 dpi vs. 60 h LID T 21 dpi + rhNGF: Adjusted p-value: 0.0240. DPI: days post injury. Scale bar: 50 μm.
To further investigate whether the improved condition of the photoceptor cell layer observed in rhNGF-treated retinae compared to untreated tissue was determined by an increase in cell proliferation or a reduction in apoptotic processes, we analyzed cell proliferation and apoptosis on retinae of the same groups of animals sacrificed for the ONL evaluation at all five time points. Cell proliferation was evaluated by immunohistochemical analysis of proliferation cell nuclear antigen (PCNA)-positive cells. Although, after 60 h of light irradiation, some degree of cell proliferation was visible also in untreated retinae compared to retinae of fish not exposed to light, a significantly higher number of dividing cells per tissue area was detected in retinae from rhNGF-injected eyes compared to untreated ones at all the analyzed time points, with the exception of 28 days, the time point corresponding to a plateau of tissue recovery, as also described in previous reports (Figure 4) (Thummel et al., 2008a; Thummel et al., 2008b; Thomas et al., 2016). In contrast, photoreceptor apoptosis detected by TUNEL staining did not vary between treated and non-treated groups over the 28 days of analysis (Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Analysis of rhNGF-induced cell proliferation upon light-induced degeneration (LID). (A–J) Representative images of retinal cryosection of adult zebrafish eyes immunostained with anti-PCNA antibody, which labels proliferating cells (green), and stained with DAPI (blue). (AI–JI) Images extrapolated from A–J displaying exclusively the PCNA signal. (A,A)I Retinal cryosection of an adult zebrafish eye not exposed to light (N retinae: 9). (B,BI) Retinal cryosection of adult zebrafish eye exposed to 60 h of LID (N retinae: 9). (C,CI) Cryosection of untreated adult zebrafish retina at 7 dpi (N retinae: 10). (D,DI) Retinal cryosection of rhNGF-injected adult zebrafish eye at 7 dpi (N retinae: 10). (E,EI). Cryosection of untreated adult zebrafish retina at 14 dpi (N retinae: 9). (F,FI) Retinal cryosection of rhNGF-injected adult zebrafish eye at 14 dpi (N retinae: 9). (G,GI) Cryosection of untreated adult zebrafish retina at 21 dpi (N retinae: 10).(H,HI) Retinal cryosection of rhNGF-injected adult zebrafish eye at 21 dpi (N retinae: 8). (I,II) Cryosection of untreated adult zebrafish retina at 28 dpi (N retinae: 9). (J,JI) Retinal cryosection of untreated rhNGF-injected adult zebrafish eye at 28 dpi (N retinae: 9).(K) Quantification of proliferating cells. Ratio of PCNA-positive cells over the analyzed area is shown. Data are shown as means ± SEM (n = 10). ***p < 0.001; **p < 0.01; *p < 0.05 (one-way ANOVA test followed by a Sidak’s multiple comparison test); 0 h LID T 7 dpi vs. 60 h LID T 7 dpi + rhNGF: Adjusted p-value:< 0.001; 60 h LID T 14 dpi vs. 60 h LID T 14 dpi + rhNGF: Adjusted p-value: 0.0379; 60 h LID T 21 dpi vs. 60 h LID T 21 dpi + rhNGF: Adjusted p-value: 0.0412. DPI: days post injury. Scale bar: 50 μm.
Overall, these results suggest that IV injection of rhNGF induces retinal tissue recovery by driving cell proliferation upon injury in our zebrafish retinal degeneration model, whereas it has no effect on photoreceptor cell death.
rhNGF-Mediated Pathway Activation and Gene Expression After Light-Induced Retinal Degeneration
In order to determine whether IV injection of rhNGF led to the activation of NGF canonical pathway, we analyzed the changes in ERK protein expression levels, a known NGF downstream effector, after light-induced retinal degeneration. The phosphorylation of these proteins indicates activation of the pathway; therefore, the ratio between phosphorylated ERK and total protein was evaluated. A significant increase in phosphorylated ERK levels was observed 36 h after the IV injection in eyes treated with rhNGF compared to non-injected contralateral eyes and to eyes extracted immediately after 60 h of light injury (Figures 5A–C), suggesting that rhNGF administration is able to induce activation of the canonical pathway.
[image: Figure 5]FIGURE 5 | rhNGF-mediated pathway activation and gene expression in adult zebrafish during retinal regeneration. (A, B) Western blot analysis of ERK during retinal regeneration. (A) Total ERK protein levels in non-injected and rhNGF-injected adult zebrafish eyes at 0 h post injury (hpi) and at 36 hpi. Ctr-0 hpi (N: 15 eyes); 36 hpi rhNGF − (N: nine eyes); 36 hpi rhNGF + (N: 9 eyes) (3 eyes × time point × condition). (B) Phosphorylated ERK protein levels in the same samples analyzed in A. (C) Bar plot of pERK/ERK ratio as normalized fluorescence intensity relative to protein levels. Data are shown as means and standard error of the mean (SEM). The statistical analysis test used was one-way ANOVA followed by a Dunnett’s multiple comparisons test; 0 hpi vs. 36 hpi rhNGF +: Adjusted p-value: 0.0078; 36 hpi un-injected N: nine eyes; 36 hpi rhNGF − vs. 36 hpi rhNGF +: Adjusted p-value: 0.0347. (D–F). Expression levels of Müller glia-specific genes gfap, vim, and drgal1-L2 during retinal regeneration (N three eyes time point condition). Data are shown as mean ± SEM. ***p < 0.001; **p < 0.01; *p < 0.05 (two-way ANOVA test followed by a Sidak’s multiple comparisons test). gfap: 21 dpi un-injected vs. 21 dpi rhNGF-injected. Adjusted p-value: 0.0134; vim: 21 dpi un-injected vs. 21 dpi rhNGF-injected: Adjusted p-value: 0.0052. drgaI: 72 hpi un-injected vs. 72 hpi rhNGF-injected: Adjusted p-value: <0.001. rhNGF: recombinant human nerve growth factor.
We next sought to evaluate the effect of rhNGF injection on regenerative mechanisms investigating the potential role of rhNGF on MG by analyzing the expression of genes specific of this cell population, gfap (glial fibrillary acidic protein) and vim (vimentin) (Figure 5D,E) (Ranski et al., 2018). In order to detect potential changes in expression from early activation to later regeneration phases, for the expression analysis, we selected a range of time spanning from 36 h post injury (hpi) to 21 dpi. Since the peak of photoreceptor apoptosis has been shown to occur at 24 hpi and is followed by MG cell-cycle re-entry at approximately 30 hpi (Vihtelic and Hyde 2000), changes in gene expression were evaluated at two additional time points (36 and 72 hpi) not included in the ONL regeneration analysis, while 28 dpi was identified as a plateau stage for regeneration analysis and therefore was considered not informative. No differences in expression levels were detected at the analyzed time points, with the exception of the last one. At 21 dpi, in fact, transcriptional levels of both gfap and vim increased threefold in rhNGF-injected eyes compared to the control eyes.
To investigate the mechanisms underlying the late effect of NGF on MG, we also analyzed also the expression of drgal1-L2 (galectin 1–like 2), a secreted factor that is expressed by microglia and regenerative MG and their lineage starting approximately 24 hpi, which is required for rod photoreceptor regeneration (Marc et al., 2003) and thus represents a molecular signature of regenerating zebrafish retina. At 36 hpi, an upregulation of drgal1-L2 transcription was observed in both injected and untreated eyes compared to the basal expression level (2 folds change); however, at 72 hpi, a drastic threefold increase was detected in rhNGF-injected retinal tissues compared to the untreated ones.
Overall, these results suggest that activation of NGF pathway by injection of exogenous growth factor might enhance the regenerative potential of the tissue, and this effect is possibly mediated by a rhNGF-induced proliferation of MG cell populations in the early post-injury time points, which would result in an increased size in the pool of MG in later time points.
DISCUSSION
Retinal degeneration and damage progressively lead to low vision and blindness, and no radical treatment is currently available (Jin and Takahashi 2012). Here, we evaluated the potential retinal regenerative effects of intravitreal injection of rhNGF in a model of light-induced retinal degeneration in adult zebrafish.
NGF and its receptors, TrkA and p75, are widely expressed in mammal central visual pathway (lateral geniculate nucleus and visual cortex), as well as in the optic nerve and retina (Chakrabarti et al., 1990). In the neural retina of adult rodents, NGF is mainly expressed by retinal ganglion cells (RGCs) and glial cells, like Müller cells and microglia, as well as by photoreceptors and in photoreceptor outer segments (Sun et al., 2008). The presence of TrkA and p75 in photoreceptors, RGCs, and Müller cells suggests that these cells can respond to NGF signaling, which might modulate their survival or death (Garcia et al., 2017). In line with this hypothesis, it has been shown that exogenous NGF protects retinal cells from degeneration and apoptosis in experimental retinal detachment (Sun et al., 2007) and in models of RP (Rocco et al., 2015; Sacchetti et al., 2017). In zebrafish, the expression of NGF receptors (ntrk1 and ngfrb) had been investigated and reported only during the early development of the nervous system (Nittoli et al., 2018; Hahn et al., 2020), while no data are available regarding the expression of these receptors in the adult fish. In this context, our result demonstrated the presence of ntrk1 and ngfrb, orthologues of TrkA and p75 in different layers in the retina of adult zebrafish and represent the first piece of evidence of the conservation of NGF retinal expression pattern between adult mammals and fish, suggesting that the potential therapeutic effects of rhNGF can be assessed in a zebrafish model of retinal degeneration.
During the last years, zebrafish have been extensively studied to understand molecular mechanisms underlying retinal regeneration, which, in this organism, lasts throughout the entire lifespan (Wan and Goldman 2016). Models of retinal disease have been described in zebrafish and mouse based on bright or UV light irradiation that leads to photoreceptor cell apoptosis and degeneration of the sensory retina (Belmonte et al., 2006; Saito et al., 2016). However, the reported experimental procedures vary among research groups and present different degrees of phenotype severity, as a standardized protocol has not been established yet. Some models involve the exposure of the animals to a constant bright light of a density of ∼8,000 lux (Vihtelic and Hyde 2000; Thomas et al., 2012) or even less, i.e., 2,800 lux (Thummel et al., 2008a), for a prolonged time (up to 4 days) to obtain significant reduction of outer nuclear layer (ONL) thickness and increase of apoptotic cells. Other studies, however, have reported the establishment of a light-induced retinal degeneration model in adult pigmented zebrafish using a greater light density (∼16–20,000 lux). Under these conditions, Rajaram et al. (2014) described severe damage of ONL at 51 hpi, while in another study (Saito et al., 2016), the effect on fish retinae could be achieved even by a lower exposure time (up to 48 h). Starting from these previous reports, we irradiated fish with a constant light intensity of 18,000–20,000 lumens and carefully set up our model checking for retinal damage at 48 and 60 h, finally choosing this latter time point based on ONL thickness and cell number. In the present study, we thus defined a robust experimental procedure for light-induced retinal degeneration based on 60 h of constant bright light irradiation. We have shown that such exposure causes photoreceptor apoptosis, which leads to a striking reduction of ONL thickness and cell number, the readouts used to assess retinal tissue damage. In this model, IV administration of rhNGF speeded up the amelioration of damaged retinal tissue in treated animals compared to untreated siblings, which was especially evident and significant in the late stages of regeneration. In fact, injected and control retinae showed a similar phenotype during the first phases of regeneration (7 dpi), while a significant improvement in ONL thickness and cell number was observed at later (14 and 21 dpi) time points. These results suggest that rhNGF might activate underlying molecular mechanisms in the early regeneration processes, such as MG dedifferentiation and proliferation, and this would result in faster recovery from damage at late stages of regeneration, until reaching the plateau in the final phases.
In zebrafish, the primary source of regeneration is the MG, which can generate and replace all types of retinal neurons after injury (Ramachandran et al., 2010). Thus, the improvement that we observed in ONL thickness and cell number after the treatment with NGF could be the result of two processes: on one side, NGF could have stimulated MG division, thus leading to the repopulation of retinal tissue through the differentiation of different classes of retinal neurons; on the other hand, NGF-induced proliferation could have led to an expansion of the MG pool at later time points, when the regeneration process was completed. The high expression of proliferating cell nuclear antigen (PCNA) that we observed in NGF-treated retinae and data from a seminal work demonstrating the mitogenic effect of NGF in culture MG and the expression of NGF receptors in this cell population (Ikeda and Puro 1994) might validate the second scenario supporting a direct proliferating effect of NGF on the MG.
Analysis of the downstream effectors of NGF in treated zebrafish revealed a significant upregulation of the ERK1/2 pathway at 36 hpi in rhNGF-injected eyes compared to controls, indicating that injection of rhNGF activates the pathway at early time points inducing cell proliferation, which accounts for the enhanced retinal regeneration documented by later ONL thickness improvement and increment of MG-specific gene expression, gfap and vim. In line with this, the injection of rhNGF also drastically increased the levels of Drgal1-L2, a secreted factor that plays a key role in retinal development and photoreceptor regeneration. This upregulation of regeneration-specific gene programs at 72 hpi, in association with the faster recovery of the photoreceptor cell layer observed by cytological analysis, indicates that rhNGF treatment boosts the regenerative potential of zebrafish retinal tissue upon injury.
Although the use of zebrafish as a model to test the effects of therapeutic or neuroprotective compounds has been scarce until now (Cunvong et al., 2013; Saito et al., 2016), our results on NGF receptors’ expression and pathway activation in adult zebrafish strongly sustain the potential successful exploitation of zebrafish as a powerful alternative model for testing the efficacy of novel IV injection-based treatments for retinal diseases. Moreover, the regenerative effects that we observed in zebrafish retinae upon NGF treatment have an important translational impact. An increasing body of evidence in fact indicates that MG retains multipotency and can be reprogrammed in neurons to restore cellular function in damaged retina stem cells also in adult mammals (Yao et al., 2018), and thus similar regenerative effects can be expected after the treatment with rhNGF also in mammal MG, potentially leading to retinal regeneration after injury or degeneration.
In light of our data and considerations, our study opens the way to the use of zebrafish as a useful model to test new compounds potentially able to stimulate the regeneration properties of the retina and paves the ground to further studies aimed at evaluating in particular the effects of IV-injected NGF also in mammals, in order to expedite the development of novel and promising alternative therapeutic approaches for ophthalmological indications based on rhNGF administration.
MATERIALS AND METHODS
In vivo Experiments
Zebrafish (Danio rerio) were maintained at 24°C on a 12-h light/12-h dark cycle. Collected embryos were cultured in fish water containing 0.01% methylene blue to prevent fungal growth. Fish were grown in the fish facility of ZeClinics SL. Light-induced retinal damage protocol was adapted and optimized from previous reports (Belmonte et al., 2006; Saito et al., 2016). Adult fish anesthetized with 100 mg/L of MS-222 (Millipore Sigma, St. Louis, MO) were positioned on one side and the outer cornea was removed. Next, a small hole was opened close to the lens and 5 µg of rhNGF (Dompé farmaceutici s.p.a) was injected intravitreally, after 60 h of light irradiation (60 h LID). All procedures performed were in accordance with Spanish and European Union animal welfare guidelines and approved by the Animal Testing Ethics Committee (CEEA; n:20–005-ISA).
Immunohistochemistry and Imaging
Following euthanasia with 300 mg/L of MS-222 at 0, 7, 14, 21, and 28 dpi, zebrafish eyes were removed, fixed in 4% paraformaldehyde/1 × phosphate buffered saline (PBS; pH 7.4) overnight at 4°C and cryoprotected overnight (O/N) in 30% sucrose/0.02% sodium azide/PBS before embedding in O.C.T. compound (Sakura Finetech, Torrance, CA). Embedded samples were then frozen on dry ice, and 14-μm sections were mounted on Fisherbrand Superfrost Plus slides (Fisher Scientific, Waltham, MA). Cryosections were washed three times in 1 × PBS/0.1% Tween-20 (PBS-T) solution and incubated for 1 h at room temperature (RT) in 10% Normal Goat Serum (ThermoFisher, Carlsbad, CA) in PBS-T blocking solution. Sections were stained O/N at 4°C with mouse Zpr1 antibody (1:250) (AbCam, Cambridge, United Kingdom), a monoclonal antibody that recognizes zebrafish cone arrestin 3a, which is expressed specifically by both red and green cones from the synaptic pedicle of the apex of the inner segment. Goat anti-mouse IgG AF594 antibody (1:200) (ThermoFisher, Carlsbad, CA) and DAPI (4′,6-diamidino-2-phenylindole) DNA fluorescent stain (1:500) (Sigma) in blocking solution were added for 2 h at RT. Sections washed in PBS-T were mounted with Vectashield mounting media (Vector Laboratories, Burlingame, CA). Slides were left at RT for 1 h before imaging with a Leica SP5 confocal microscope. Images were analyzed with ImageJ software 3, 25. Statistical significance was assessed with GraphPad Prism One-way ANOVA followed by Dunnett’s or Sidak’s test.
Gene Expression Analysis by Real-Time PCR
At 36 hpi, 72 hpi, 7 dpi, 14 dpi, and 21 dpi, three eyes per condition were homogenized in TRIreagent (MilliporeSigma), and total RNA was extracted following the manufacturer’s protocol. RNA concentration was estimated using a NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies; Wilmington, DE). One hundred nanograms of RNA was retrotranscribed to cDNA by reverse transcriptase (Superscript III RT-Enzyme, ThermoFisher) and stored at −20°C. Gene expression was assessed with a Lightcycler® 480 system (Roche) using the SYBR GREEN method from 1:10 cDNA and β-actin as a housekeeping gene (stability determined by Bestkeeper© software). Relative expression levels were quantified using the ΔΔCt method.
Riboprobe Synthesis for In Situ Hybridization (ISH)
In vitro transcription of probes was performed using RNA Labeling Kit (Roche) following the manufacturer’s instructions. cDNAs were amplified by PCR from a custom zebrafish cDNA library obtained by RT-PCR performed on mRNA from 4 months adult zebrafish. SP6 sequence linker was included in reverse primers to directly use synthesized PCR products as templates to amplify the reverse riboprobe for ISH. After ISH, embryos were analyzed on a Leica M165 FC microscope. Images were processed using Adobe Illustrator software.
In Situ Hybridization on Cryosections
Slides were digested with 20 μg/ml proteinase K in pre-warmed 50 mM Tris for 10–20 min at 37°C and thus rinsed 5 × in distilled water. Afterwards, sections were immersed in ice-cold 20% (v/v) acetic acid for 20 s and dehydrated by washing for approximately 1 min per wash in 70% ethanol, 95% ethanol, and 100% ethanol. Hybridization solution (100 µl) was then added to each slide. The slides were incubated for 1 h in a humidified hybridization chamber at 62°C while the probes were diluted in hybridization solution and heated at 95°C for 2 min. We added 100 μl of diluted probe per section and incubated the slides in a humidified chamber at 65°C overnight. Cover the sample with a cover slip to prevent evaporation. Thus, we performed stringency washes to remove non-specific bindings. Thereafter, slides were washed twice in MABT (maleic acid buffer containing Tween 20) for 30 min at room temperature. We proceeded with blocking and revealing according to standard protocol by Abcam (https://www.abcam.com/protocols/ish-in-situ-hybridization-protocol).
PCNA Detection and TUNEL Detection
The 14-μm sections were mounted on Fisherbrand Superfrost Plus slides. Prior to anti-PCNA immunostaining, an antigen retrieval step has been performed. Slides were incubated with 10 mM NaCitrate 0.05% Tween 20 Buffer pH 6.0 in a steamer for 20 min and then cooled down at room temperature for 30 min. Immunohistochemistry has been performed incubating the slides overnight at 4°C with anti-PCNA primary antibody diluted 1/500 in blocking solution. After three washes with PBST, slides were incubated for 2 h at room temperature with anti-Mouse Alexa Fluor 488 secondary antibody diluted 1/500 in blocking solution and finally washed with PBST. For TUNEL assay, retinal cross sections were fixed with 4% PFA for 15 min at RT and apoptotic cells were labeled with In Situ Cell Death Detection Kit and TMR red kit following the manufacturer’s instructions (Roche).
Image Analysis
Adult fish retinae were cryo-sectioned with 14 μm thickness. For analysis, we used sections of the central part of the dorsal half of the retina. Section orientation was established and maintained throughout the different experiments in order to obtain retinal regions that could be compared in the study. The entire volume of a representative cryosection was imaged with a Leica SP5 confocal microscope (for imaging of samples in Figures 2–4), employing a ×20 objective (1 μm per stack). For quantification of the thickness and cell number parameters, the imaged acquired were processed through ImageJ software. As the thinning of the ONL upon damage makes it difficult to use parameters other than length for the analysis of retinal tissue, we identified a “retinal length unit” in the central part of the dorsal half of the retina, which has been then used as reference for all the experiments. In particular, we established a retinal length of 70 μm as our reference region of interest (ROI) for ONL nuclei counting, which was then used also for comparison with other conditions. A maximum projection of the total number of the stacks was performed for each imaged retina. ONL thickness measurement was performed in Maximum projection images through ImageJ software in the central part of the ROI by using the straight-line tool. ONL cell count measurement was performed in Maximum projection images through ImageJ by using the point selection tool after background subtraction. For PCNA and TUNEL staining, cryosections were analyzed on a Leica DMI6000B microscope system. For quantification, positive cells were counted using the point selection tool after background subtraction. The number of stained cells were then divided by area of retina analyzed. Area was calculated using ImageJ Fiji function “measurement” across the ROI used for the counting. Results were plotted using GraphPad Prism software and statistical significance was assessed using the most appropriate statistical test.
Western Blot
Three eyes per condition were lysed in 150 ml of RIPA buffer (MilliporeSigma) plus proteinase inhibitors (Roche), homogenized, incubated on ice for 15 min, and finally sonicated for 15 s. Samples were kept on ice for an additional 15 min and centrifuged for 20 min at 4°C. Supernatant was stored at −80°C. Proteins were quantified using Bradford assay (MilliporeSigma). Twenty milligrams of protein per sample was combined with 3 ml of 5 × Laemmli loading buffer and water to a final 15-ml volume, boiled at 98°C for 5 min, and loaded onto a 10% SDS-PAGE gel (Bio-Rad, Hercules, CA). Proteins were transferred to a PVDF membrane, blocked for 1 h at RT, and incubated with antibodies for MAPK (1:500) and pMAPK (1:1,000) (Cell Signaling Technology Danvers, MA) in blocking buffer (Licor, Lincoln, NE) diluted 1:2 with TBS-T (0.2%) O/N at 4°C. Blots were then incubated in secondary antibodies (1:5,000) (Licor) in TBS-T for 1 h at RT. Antibody against tubulin (Sigma) and its corresponding secondary were incubated for 1 h at RT. Blots were developed with Odyssey instrument and analyzed using Image Studio Lite software.
Primers for ISH
A list of the primers used for ISH is reported in Table 1.
TABLE 1 | List of the primers used for ISH.
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A list of the primers used for real-time PCR is reported in Table 2.
TABLE 2 | List of the primers used for real-time PCR.
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A wide variety of human diseases have been modelled in zebrafish, including various types of cancer, cardiovascular diseases and neurodegenerative diseases like Alzheimer’s and Parkinson’s. Recent reviews have summarized the currently available zebrafish models of Parkinson’s Disease, which include gene-based, chemically induced and chemogenetic ablation models. The present review updates the literature, critically evaluates each of the available models of Parkinson’s Disease in zebrafish and compares them with similar models in invertebrates and mammals to determine their advantages and disadvantages. We examine gene-based models, including ones linked to Early-Onset Parkinson’s Disease: PARKIN, PINK1, DJ-1, and SNCA; but we also examine LRRK2, which is linked to Late-Onset Parkinson’s Disease. We evaluate chemically induced models like MPTP, 6-OHDA, rotenone and paraquat, as well as chemogenetic ablation models like metronidazole-nitroreductase. The article also reviews the unique advantages of zebrafish, including the abundance of behavioural assays available to researchers and the efficiency of high-throughput screens. This offers a rare opportunity for assessing the potential therapeutic efficacy of pharmacological interventions. Zebrafish also are very amenable to genetic manipulation using a wide variety of techniques, which can be combined with an array of advanced microscopic imaging methods to enable in vivo visualization of cells and tissue. Taken together, these factors place zebrafish on the forefront of research as a versatile model for investigating disease states. The end goal of this review is to determine the benefits of using zebrafish in comparison to utilising other animals and to consider the limitations of zebrafish for investigating human disease.
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1 INTRODUCTION
1.1 Parkinson’s Disease
Parkinson’s Disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s Disease. It typically affects individuals over the age of 65, although Early Onset Parkinson’s Disease (EOPD) is well-noted. With the current aging world population, the number of people living with PD is expected to reach 12 million by the year 2040 (Dorsey and Bloem, 2018; Dorsey et al., 2018). Symptoms primarily affect movement, including tremors, bradykinesia (slow movements), rigidity and postural instability; in addition, patients may also manifest cognitive symptoms like impaired memory and executive dysfunction (Rana et al., 2015). Despite extensive research, no definitive cause has been identified. Numerous genes have been implicated, including, but not limited to: LRRK2, SNCA (PARK1/4), DJ-1, PINK1, and PARKIN (Best and Alderton, 2008). The majority of PD cases, however, are sporadic and not associated with any particular gene (Lang and Lozano, 1998; Coulom and Birman, 2004). Environmental factors, like chemical exposure to MPTP, pesticides and solvents, may also play a role in the onset of PD (Best and Alderton, 2008; Vázquez-Vélez and Zoghbi, 2021).
The two main physiological characteristics of PD are the loss of nigrostriatal dopaminergic neurons and diffuse brain deposition of Lewy bodies, proteinaceous inclusions mainly containing α-synuclein fibrils. (Braak and Braak, 2000; Davie, 2008). Many interconnected factors contribute to the pathophysiology of PD, some of which are not fully elucidated (Vázquez-Vélez and Zoghbi, 2021).
Alpha-synuclein, produced by the SNCA gene, has been associated with several linked cellular pathways that are altered in PD pathophysiology. Impairments in lysosomal pathways, whether genetically induced or not, cause a reduction in α-synuclein degradation (Cuervo et al., 2004; Vogiatzi et al., 2008; Vázquez-Vélez and Zoghbi, 2021). Dysregulation and/or improper processing of α-synuclein also leads to mitochondrial dysfunction and the generation of reactive oxygen species (ROS). Although the mechanisms are not precisely clear, mitochondrial dysfunction can also affect α-synuclein in a feedback loop (Nakamura et al., 2011; Di Maio et al., 2016).
Mitochondrial dysfunction itself is a fundamental part of PD pathophysiology and is an important factor in dopaminergic cell death (Malpartida et al., 2021). The genes PINK1 and PARKIN have been linked to mitophagy and recent studies suggest that mutations in the genes LRRK2 and SNCA also contribute to mitochondrial dysfunction (Malpartida et al., 2021). Several of the chemical substances identified as environmental risk factors for developing PD specifically target Complex I of the mitochondrial electron transport chain (ETC) and subsequently cause neuron death (Moore et al., 2005).
ROS also play a large role in PD pathophysiology and are tightly connected with dysregulation of α-synuclein and mitochondrial dysfunction (Weng et al., 2018). Alpha-synuclein promotes pro-inflammatory factors in microglia, the immune cells of the central nervous system, which results in ROS production (Block et al., 2007; Thameem Dheen et al., 2007). Mitochondrial dysfunction leads to production of ROS which then interferes with the ETC and leads to a reduction in cellular energy stores, and subsequently causes cell death (Bhat et al., 2015; Hang et al., 2015). Even dopamine, the neurotransmitter at the heart of PD, is notably unstable and can auto-oxidize and form ROS, in addition to ROS being generated as by-products of dopamine degradation by monoamine oxidase B (MAO-B) (Youdim et al., 2006; Hastings, 2009). Many other elements have been implicated in PD; however a full review of the disease pathophysiology is beyond the scope of this article. For a more in-depth treatment, the reader is referred to excellent reviews on the topic (Moore et al., 2005; Weng et al., 2018; Malpartida et al., 2021; Vázquez-Vélez and Zoghbi, 2021).
Due to the myriad of mechanisms and potential causes involved in PD, the development of a model recapitulating the main features of the disease, including the selective degeneration of nigrostriatal neurons, Lewy bodies-like pathology and motor deficits has proven to be problematic.
1.2 Using Animal Models to Investigate Causes
Studying in vitro human cell models can impart substantial information, but such models cannot yet replicate the multi-system interactions observed in the human disease or in vivo animal models. When choosing a model organism, a critical analysis must be performed to determine the value of findings with respect to human disease. Most importantly, studies of a model must possess a high level of replicability (Caramillo and Echevarria, 2017). A meta-analysis of transcriptional profiles of transgenic mouse models of Alzheimer’s Disease found that those models were not always similar within their own group, between groups or to human Alzheimer’s Disease models, indicating poor replicability and it is expected that this finding would also be relevant to models of PD (Hargis and Blalock, 2017). Accordingly, many of the therapies developed with animal models do not translate well to human clinical trials for a host of reasons (van der Worp et al., 2010). These challenges must be addressed when developing animal models of human disease.
Mice and rats are traditional animal models for studying human diseases (Jucker, 2010). As mammals, they possess relatively similar anatomy and physiology to humans; and in the case of mice, numerous transgenic strains have been developed. However, despite their small size, mice are still expensive to keep in large numbers, and transgenic strains are labour-intensive to produce (Jucker, 2010). Conversely, invertebrates like the fruit fly, Drosophila melanogaster, and the nematode, Caenorhabditis elegans, have been used for many years as medical models. Such invertebrates possess many of the same basic cellular processes and basic gene functions as mammals but are inexpensive and suitable for large scale experiments (Ségalat, 2007). The obvious drawback of these invertebrates is that they lack similar brain structures and organ systems to humans, so they may not model human disease accurately. The zebrafish has become widely established as a medical model in recent years, conveniently combining the versatility of invertebrates with the anatomical similarity of mammals (Spence et al., 2008).
1.3 Benefits of Using Zebrafish
Zebrafish have been used to study numerous human diseases, including neuropsychiatric and neurodegenerative diseases, owing to similarities with human brain physiology and anatomy (Xi et al., 2011; Fontana et al., 2018). To date, models have been developed for some of these diseases including amyotrophic lateral sclerosis (ALS) and Huntington’s Disease, with the bulk of extant research focused on Alzheimer’s and Parkinson’s Diseases (Xi et al., 2011; Babin et al., 2014; Martín-Jiménez et al., 2015). The zebrafish brain is comparable to the mammalian brain, with fore-, mid- and hindbrain sections also containing a diencephalon and telencephalon and primary neurotransmitter function is generally similar to that in humans (Panula et al., 2006; Lieschke and Currie, 2007; Toledo-Ibarra et al., 2013; Stoyek et al., 2015; Caramillo and Echevarria, 2017). Like mammals, zebrafish possess a blood brain barrier, and permeability tests indicate that its physiological properties are conserved between zebrafish and humans (Cuoghi and Mola, 2007; Wager and Russell, 2013). In addition to their physiological benefits, zebrafish also exhibit sophisticated cognitive behaviours, such as learning and retaining associations, and they manifest well-documented anxiety behaviours (Lieschke and Currie, 2007).
One of the key advantages of zebrafish is their suitability for genetic manipulation, which has led to the development of thousands of mutant, transgenic and otherwise genetically-altered strains (See Section 2.1) (Ruzicka et al., 2019). For example, adult zebrafish of some mutant strains are optically transparent, enabling in vivo imaging of internal tissues and cells (White et al., 2008). These transparent mutations extend the optical transparency that is already a useful feature of all larval zebrafish into adulthood (Parichy et al., 2009). Genetically altered zebrafish featuring a genotype or phenotype of interest can be produced with less effort than their rodent counterparts, as DNA or RNA can more easily be injected at the single cell stage, due to external fertilisation and development of the fish (Clark et al., 2011). Fluorescent reporters linked to specific promotors provide an array of imaging opportunities (Halpern et al., 2008). Besides traditional reporters, like green fluorescent protein (GFP), genetically encoded calcium indicators like GCaMP and the optogenetic reporter channel rhodopsin can easily be incorporated into transgenic zebrafish lines (Halpern et al., 2008; Howe et al., 2017). Combining the ability to create custom transgenic lines with current imaging techniques presents a unique opportunity to study the functions of genes in a living animal, something not easily achieved with other models. With advanced microscopy techniques imaging live transgenic lines is becoming more accessible. Light sheet microscopy enables the user to illuminate and image an entire plane of tissue, which has advantages over traditional point-scanning methods like confocal and two-photon (Hillman et al., 2019). Fluorescence lifetime imaging microscopy (FLIM) offers the ability to perform in vivo observations of zebrafish over the temporal lifespan of the fluorophore, and can provide additional data on overlapping emission spectra and the intensity of the fluorophore (Zhang et al., 2021). In addition to the advantages described above, zebrafish are becoming increasingly popular for use in high-throughput screens due to their prolific reproduction and cost-efficient size. Based on these factors, potential therapeutics and genes can be quickly identified in a fraction of the time required for rodents (See Section 5: Discussion).
1.4 Dopaminergic Neurons in Zebrafish
The dopaminergic system, the primary site of PD, has been extensively studied in zebrafish. Retrograde tracing studies in the adult zebrafish brain found that dopaminergic neurons projecting to the ventral telencephalon are located in the posterior tuberculum of the ventral diencephalon (Xi et al., 2011). Although it has been suggested that these dopaminergic neurons in the ventral diencephalon may be analogous to the midbrain dopaminergic neurons of the nigrostriatal pathway, this has been questioned by others (Wullimann and Rink, 2001; Tay et al., 2011). The dopaminergic system in embryonic zebrafish is also well characterized. Dopaminergic neurons are first detected at 18 h post fertilization (hpf) in a cluster in the ventral diencephalon, and by 72 hpf, the organization of the central nervous system is complete and subsequent development only adds increased numbers of neurons (Kimmel et al., 1995; Wullimann and Rink, 2001). In addition to the ventral diencephalon, dopaminergic neurons are also found in the olfactory bulb, preoptic region, retina and pretectum (Rink and Wullimann, 2002). Zebrafish had been found to have similar dopaminergic signalling pathways to mammals, and transcription factors have been shown to play evolutionarily conserved roles in the development of zebrafish dopaminergic neurons (Xi et al., 2011). Dopaminergic neurons in zebrafish are sensitive to oxidative stress, which is one of the main causes of their death in PD (McCormack et al., 2006; Rappold et al., 2011; also see above). The well-characterized dopaminergic system, along with the other benefits mentioned above, make the zebrafish a suitable model for studying PD.
1.5 Goals of This Review
Reviews published in the last few years have catalogued the numerous gene and chemically based models of PD in zebrafish (Razali et al., 2021; Wang et al., 2021). However, it is still unclear how these models compare to PD models in more established animals, like rodents, Drosophila and C. elegans. This paper presents a critical review of several gene-based and chemical-based models of PD in zebrafish. Each of the currently available models will be evaluated on its strengths, weaknesses and contributions, or potential future contributions, to knowledge of the disease; however, emphasis will be placed on the most characterized and relevant models.
2 GENE-BASED MODELS
2.1 Creating Gene-Based Models in Zebrafish
The models described in this section use various methods of genomic manipulation, each with its own advantages and disadvantages.
One of the earliest methods of creating models was to expose zebrafish to mutagenic substances and then perform extensive phenotyping to identify fish with mutations of interest (Driever et al., 1996; van Eeden et al., 1998). This labour intensive process was facilitated by the advent of TILLING (targeting induced local lesions in genomes) which can easily identify genes of interest (Amsterdam and Hopkins, 2006; Rafferty and Quinn, 2018). Another method for disabling genes is using zinc-finger nucleases (ZFNs), restriction enzymes which cleave a target section of DNA. ZFNs are very accurate at targeting specific nucleotide sequences, but sometimes mutations occur at the repair site. Furthermore, this process is expensive and can be difficult to design (Carroll, 2011; Hruscha et al., 2013).
In the past, one of the most popular tools for genetic manipulation had been the transient gene knock down using morpholino oligonucleotides (MOs). MOs work by either blocking translation of target mRNA or preventing splicing of pre-mRNA. This method revolutionized gene manipulation, as it was cost effective and relatively easy to use, with many of the studies reviewed here employing this method. It is well documented that MOs may inhibit off-target genes in addition to, or instead of, the target gene (Bill et al., 2009; Blum et al., 2015). Furthermore, it is difficult to inject precise and reproducible volumes of MOs into zebrafish eggs (Eisen and Smith, 2008).
Many of the gene-based models in this review utilised genetically altered strains of zebrafish, which were created using several methods. In one method, a plasmid containing a gene or nucleotide sequence of interest is injected into zebrafish eggs, and this DNA is eventually integrated into the genome. However, this method has a low rate of success, as only about 5% of the resultant fish possess the desired genotype (Kawakami, 2007). A notable improvement uses the tol2 system which depends on identified tol2 sequences, which are found throughout zebrafish DNA. Injected transposase mRNA cleaves the DNA at these sequences, and a plasmid containing a tol2 construct with desired new DNA inserts into the resulting gap. This method is much more accurate and 50–70% of the offspring inherit the inserted DNA.
The advent of new genomic editing techniques presents the opportunity to create knock downs with fewer off-target effects. One of the most accurate is TALEN (transcription activator-like effector nucleases), which utilises TALEs (transcription activator-like effectors) designed to bind to specific DNA sequences (Joung and Sander, 2013). TALEs are combined with nucleases, which enable them to cleave DNA at precise locations. This method can be used to excise a gene or generate a site for a gene to be inserted. TALEs are relatively easy to design but have labour-intensive cloning steps and may not be accessible to all labs (Hruscha et al., 2013). The newest method is the CRISPR (clustered, regularly interspaced, short palindromic repeats)/Cas9 system, which was developed from a bacterial immune defence mechanism. Emmanuelle Charpentier and Jennifer Doudna won the Nobel Prize in Chemistry in 2020 for their work on CRISPR and it has rapidly become one of the most widely used genetic editing techniques, generally and specifically in zebrafish (Westermann et al., 2021). The first step is the construction of a short piece of synthetic RNA that targets a complementary segment of desired DNA. The Cas9 protein, an enzyme that cleaves DNA, uses the synthetic RNA to identify the site of DNA cleavage (Ran et al., 2013). Like TALEN, it can be used to excise genes or introduce a new gene. CRISPR/Cas9 is cheaper and much less time consuming than either ZFN or TALEN. In zebrafish, CRISPR/Cas9 is highly effective: the mutation can be induced in 86% percent of fish on average and be completely heritable (Hruscha et al., 2013). This technique shows immense promise for the creation of new zebrafish lines.
For a summary of the following specific models refer to Table 1.
TABLE 1 | Gene-based zebrafish models of Parkinson’s Disease.
[image: Table 1]2.2 Parkin
Mutations in the Parkin gene are the most common autosomal-recessive mutations in EOPD (Kitada et al., 1998). The Parkin gene encodes an E3 ubiquitin ligase which is involved in the proteasome degradation system and also may be involved in mitochondrial function along with the other PD-related genes PINK1 and DJ-1 (Flinn et al., 2009). The ParkinQ311X mouse, which expresses a human parkin variant, exhibited dysfunction and degeneration in dopaminergic neurons (Regoni et al., 2020, 2021). However, Parkin-null mice showed no evidence of dopaminergic neuron loss, decreased mitochondrial function or abnormal behaviour (Dawson et al., 2010). Conversely, loss of Parkin function in Drosophila results in decreased numbers of dopaminergic neurons and a reduction of mitochondria in the indirect flight muscles (Greene et al., 2003; Whitworth et al., 2005).
Zebrafish parkin has 62% similarity with the human counterpart and is expressed ubiquitously in larval and adult fish (Flinn et al., 2009). An MO knock down of parkin caused a 20% decrease in the numbers of diencephalic dopaminergic neurons, and an increased sensitivity of these neurons to the neurotoxin MPP+ (See Section 3.1) at 3 days post fertilization (dpf) (Flinn et al., 2009). The knock down did not have abnormal mitochondria morphology but did have reduced mitochondrial Complex I activity, something also noted in human patients with Parkin mutations (Durcan and Fon, 2015). There was no effect on the normal onset of swimming behaviour at 5 dpf, but it is unclear whether the observed 20% neuron loss would have been sufficient to cause such motor symptoms.
In contrast, another MO knock down of parkin in zebrafish showed no loss of dopaminergic neurons but did show increased susceptibility to stress-induced cell death (Fett et al., 2010). There was no effect on mitochondrial morphology, but parkin was transcriptionally upregulated in response to mitochondrial stress, as in humans. Parkin may also have a protective effect because overexpression inhibits proteotoxic stress, which causes cell death.
Flinn et al. (2009) stated that their MO knock down of parkin has biochemical and pathological changes analogous to those in humans with Parkin mutations. However, as with other MO knock downs, there is a definite discrepancy between the results in these studies, which may indicate different off-target effects or different knock down efficiencies. Both Flinn et al. (2009) and Fett et al. (2010) indicate that parkin has similar protective functions, and they are comparable to the effects seen in humans. A parkin-deficient fish created using a more consistent method is required to clarify these results.
2.3 PINK1
Mutations in the gene encoding PINK1 (PTEN (phosphatase/tensin homolog)-induced putative kinase I) are the second most common cause of autosomal-recessive EOPD (Xi et al., 2011). Loss of PINK1 function in humans causes increased lipid peroxidation and decreased function of mitochondrial Complex I (Exner et al., 2007). In PINK1-deficient mouse models, no dopaminergic neuron loss was characterized, but dopamine release was impaired (Kitada et al., 2007; Zhou et al., 2007). In Drosophila, deactivation of PINK1 caused various effects, notably death of dopaminergic neurons and muscle degeneration (Yang et al., 2006).
Zebrafish pink1, which is 54% similar to human PINK1, is expressed ubiquitously in larvae but found only in the periventricular zones and in some diencephalic dopaminergic neurons of the adult fish brain (Anichtchik et al., 2008). An MO knock down of pink1 reduced the number of dopaminergic neurons by 40% in the ventral diencephalon and was accompanied by severe defects in body morphology. This severe phenotype was partially rescued by wild-type human PINK1 but not mutant PINK1. There were also differences in mitochondrial function, including increased caspase-3 activity and ROS levels (Anichtchik et al., 2008).
A different MO knock down of pink1 (Sallinen et al., 2010) was not able to replicate the results from Anichtchik et al. (2008). The severe morphological effects seen in Anichtchik et al. were only noted in the Sallinen et al. study in MOs with strong off-target effects that could not be rescued by pink1 mRNA. It is likely that the MO developed by Anichtchik et al. may have had strong off-target effects and this knock down should be replicated using a different genetic editing technique. Sallinen et al. (2010) noted no loss of dopaminergic neurons in their knock down, but they did show an increased sensitivity to the neurotoxin MPTP (See Section 3.1). The pink1 knock down fish, when exposed to MPTP, swam significantly less and experienced a greater loss of tyrosine hydroxylase (TH)-immunoreactive neurons than controls exposed to MPTP alone. TH is the rate limiting enzyme in the synthetic pathway for dopamine and often used to identify dopaminergic cells.
A third MO knock down of pink1 also found little loss of dopaminergic neurons but did note some abnormal morphology of said neurons (Xi et al., 2010). The pink1 deficient fish exhibited altered locomotor activity, including decreased swimming behaviour and response to touch. There was also decreased mitochondrial function due to reduced numbers of mitochondria and a loss of cristae (Xi et al., 2010, 2011).
A pink1−/− mutant zebrafish, identified using TILLING, showed loss of dopaminergic neurons, increased mitochondrial size and decreased mitochondrial Complex I and III activity in both larvae and adults (Flinn et al., 2013). These fish also upregulated the apoptosis regulator TigarB (orthologue to human TIGAR), and an MO knock down of TigarB completely rescued dopaminergic neuron loss in the pink1 mutants. Flinn et al. (2013) verified the results by creating first a MO knock down of pink1, which mirrored the mutant results, and then a double knock down of pink1 and TigarB, which rescued the dopaminergic neurons and mitochondrial function.
The many contradictory results from knock downs of pink1 in zebrafish are suggestive of off-target effects, stemming from the different MOs used (See Section 5: Discussion). The mutant model presented by Flinn et al. (2013) may present a more stable platform to study the function of pink1. The congruence between the findings of their MO knock down and mutant models is strong evidence of a successful MO knock down. This study also indicated that pink1 plays an important role in dopaminergic neuron development and mitochondrial function and suggests a target (TigarB) for future therapeutic intervention.
2.4 DJ-1
DJ-1 is a redox-sensitive chaperone that protects against oxidative stress. Mutations in the gene encoding DJ-1 (also known as PARK7) have been linked to autosomal-recessive EOPD, causing altered mitochondrial morphology and increased production of ROS (Cookson, 2005). DJ-1 null mice showed no apparent direct effects in dopaminergic neurons, but those neurons were more sensitive to oxidative stress (Kim et al., 2005). Drosophila studies of an interference RNA knock down of DJ-1 showed degrees of dopaminergic neuron loss and an increased sensitivity to oxidative stress (Meulener et al., 2005; Yang et al., 2005).
Zebrafish dj-1 is 83% identical to the human version and is expressed throughout the brain, including in dopaminergic neurons in the CNS (specifically cell groups in the olfactory bulbs, diencephalon and telencephalon) (Bai et al., 2006).
An immunohistochemical study of a dj-1 MO knock down showed no decrease in the numbers of dopaminergic (TH-positive) neurons. As in the mouse model, the zebrafish dopaminergic neurons were more susceptible to apoptosis and showed increased sensitivity to hydrogen peroxide or to a proteasome inhibitor. In zebrafish subjected to oxidative stress, dj-1 is upregulated. This indicates that mutations in dj-1 may impair the response of dopaminergic neurons to environmental stress, leaving them susceptible to cell death (Baulac et al., 2009).
Recently, the CRISPR-Cas9 method was used to produce a dj-1 deficient zebrafish, which developed normally until the adult stage, at which point the fish began to exhibit low body mass and lower levels of TH. A proteomic analysis on the brains revealed a dysregulation in proteins involved with mitochondrial mitophagy, redox regulation, stress response and inflammation (Edson et al., 2019).
As only one knock down study of dj-1 was characterized in zebrafish, it is difficult to assess its effectiveness (Baulac et al., 2009). The CRISPR study is very promising as the fish can be studied in adulthood, compared to the MO knock downs that could only be achieved in larvae. In general, the results mirror those from the mice study, and therefore the gene appears to have a similar function to its mammalian counterpart and may provide a good basis for future study.
2.5 LRRK2
Mutations in the gene encoding LRRK2 (Leucine-rich repeat kinase 2) are the most prevalent cause of autosomal dominant PD in humans (Blandini and Armentero, 2012). Not much is known about the function of LRRK2, but it seems to be involved in neurodegeneration and kidney function (MacLeod et al., 2006). There are contradictory results with Drosophila models of LRRK2 deficiency. One study reports reduction of dopaminergic neuron numbers (Lee et al., 2007), but the other saw no change in the neurons (Wang et al., 2008). In mice, disruption of LRRK2 had no obvious effect on dopaminergic neurons and no increased sensitivity to the neurotoxin, MPTP (Andres-Mateos et al., 2009).
The zebrafish orthologue lrrk2 has a 38% similarity to its human counterpart (Sager et al., 2010). An MO knock down of lrrk2 caused severe morphological defects, a loss of diencephalic TH-positive cells and death by 3 dpf (Sheng et al., 2010). Due to the severe phenotype, another MO knock down was created targeting a domain of LRRK2 called WD40, which is associated with PD-inducing mutations in humans. These fish showed increasing loss of diencephalic dopaminergic neurons with increasing MO concentration. The WD40 knock downs also had reduced swimming activity that could be rescued by wild-type zebrafish or human LRRK2 or L-DOPA, a common treatment for the symptoms of PD (Cools, 2006; Sheng et al., 2010).
A replication of the study by Sheng et al. (2010), however, showed no dopaminergic neuron loss in a knock down of the WD40 domain of LRRK2 (Ren et al., 2011). An analysis of swimming behaviour showed no differences between the knock downs and controls.
A recent study developed a knock down which reduced the levels of lrrk2 by 50%, and showed a reduction in the numbers of dopaminergic neurons and moderate defects in body morphology (Prabhudesai et al., 2016). The knock down also upregulated other PD-associated genes and caused β-synuclein (see below) aggregates in the diencephalon, midbrain and hindbrain.
There is some evidence to suggest that loss of lrrk2 function is associated with dopaminergic neuron loss, but results present too much variation to be definitive. Again, such findings highlight the variety of results from MO knock downs. A direct replication of Sheng et al. (2010) failed to achieve the same outcomes. Ren et al. (2011) suggested the recreation of the knock down using ZFNs; this or CRISPR would help to clarify the function of lrrk2 in zebrafish.
2.6 Alpha-Synuclein
Lewy bodies made of insoluble α-synuclein aggregates are a feature of PD and are thought to be caused by the dysregulation of α-synuclein, which is produced by the gene SNCA (Spillantini et al., 1998). In addition to α-synuclein, mammals also have β- and γ-synucleins, each encoded by its own gene (Clayton and George, 1998). In zebrafish, there is no evidence of a gene encoding α-synuclein. This gene may have been lost over time because of the overlapping function between the other synucleins (Chen et al., 2009); zebrafish do possess β-synuclein and co-orthologues for γ-synuclein (γ1 and γ2), but only β and γ1 are expressed in the CNS (Sun and Gitler, 2008).
An MO knock down of β- or γ1-synuclein caused decreased motor activity; and knock down of both β and γ1 caused delayed differentiation of dopaminergic neurons, reduced dopamine levels and impaired motor functions. Interestingly, expression of human α-synuclein can rescue this phenotype in zebrafish (Milanese et al., 2012).
Using a DNA plasmid, researchers created a zebrafish model that expresses large amounts of human α-synuclein, which resulted in high mortality rates but also α-synuclein aggregates and α-synuclein-induced apoptosis. This severe phenotype was greatly improved by the addition of CLR01, a “molecular tweezer” known to inhibit the assembly and toxicity of many amyloidogenic proteins (Prabhudesai et al., 2012).
Additionally when γ1-synuclein was overexpressed, fish developed aggregates within neurons similar to those found within fish expressing human α-synuclein (O’Donnell et al., 2014; Lulla et al., 2016). Zebrafish larvae were exposed to ziram, a fungicide that increases α-synuclein expression in rat cells. The larvae showed neuronal aggregates and dopaminergic neuron toxicity, which could be prevented when treated with CLR01.
In summary, studies suggest that although zebrafish do not possess an α-synuclein orthologue, γ1-synuclein may perform a comparable function to human α-synuclein, however more research is required to confirm this hypothesis. The human α-synuclein gene can be successfully expressed in zebrafish and causes aggregates within neurons. Studies also confirmed the successful use of CLR01, a potential PD therapy, in zebrafish.
3 CHEMICAL-BASED MODELS OF PARKINSON’S DISEASE
For a summary of these models refer to Table 2
TABLE 2 | Chemical-based zebrafish models of Parkinson’s Disease.
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Administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been a well-documented method of inducing dopaminergic neurodegeneration in a variety of animals (Dauer and Przedborski, 2003). The highly lipophilic MPTP crosses the blood brain barrier and is converted to the metabolite 1-methyl-4phenylpyridinium ion (MPP+) by monoamine oxidase B (Blandini and Armentero 2012). MPP+ has a high affinity for the dopamine transporter and is carried into the dopaminergic neurons of the substantia nigra where it blocks mitochondrial Complex I activity (Blandini and Armentero, 2012). It produces Parkinsonian-like symptoms in humans; however, it does not create the Lewy body-like inclusions that are present in PD (Blandini and Armentero, 2012). Exposure of C. elegans to MPTP causes reduced movement and degeneration of dopaminergic neurons (Braungart et al., 2004). Similarly, MPTP exposure in Drosophila causes oxidative stress and inflammation as well as behavioural deficits (Abolaji et al., 2018; Aryal and Lee, 2019). Rats injected with MPTP do not develop Parkinsonian-like symptoms, for unknown reasons (Beal, 2001). To achieve dopaminergic depletion in mice, large doses of MPTP must be administered regularly. Injecting MPTP in conjunction with probenecid prevents the clearance of MPTP from the brain and kidneys, such that a chronic depletion of dopamine may be realised (Petroske et al., 2001; Meredith et al., 2008).
When exposed to MPTP, larval zebrafish exhibited a 39% loss of dopaminergic neurons in the ventral diencephalon (Lam et al., 2005; Kalyn et al., 2020). Both larval and adult zebrafish showed decreases in swimming responses after treatment with MPTP (Bretaud et al., 2004; Sallinen et al., 2009). Inhibition of monoamine oxidase B or the dopamine transporter mitigates the neuronal loss following administration of MPTP, which confirms the same mechanism of action as in mammals (Lam et al., 2005; McKinley et al., 2005).
A transgenic zebrafish, expressing green fluorescing protein (GFP) in neurons expressing vesicular monoamine transporter 2, was created to characterize the loss of TH-positive neurons within the context of all monoaminergic neurons present in the nervous system (Wen et al., 2008). They noted loss of TH-positive neurons in the posterior tuberculum of the ventral diencephalon and the hypothalamus following MPTP exposure. Another transgenic GFP line was developed to visualize the mitochondria of dopaminergic neurons (Dukes et al., 2016). After exposure to MPP+, there was a reduction of all mitochondrial transport, which likely plays a role in the dopaminergic neuron loss.
A study on adult zebrafish injected intraperitoneally with MPTP showed a decrease in swimming behaviour and increased “freezing,” as a response to stress, but also increased γ1-and γ2-synuclein expression, which was visualized with an antibody against human α-synuclein (Babu et al., 2016). This study was mainly proteomic in nature and identified 73 proteins that demonstrated altered expression in the MPTP-induced state.
In summary, one of the most popular chemical models of PD, MPTP and its metabolite (MPP+) cause reliable dopaminergic neuron loss in both larval and adult zebrafish and the dosages for both are well established. Like most chemical models, this one does not cause Lewy body-like inclusions in the brain. The use of transgenic GFP lines make the characterization of neuron loss and intracellular activities easy to visualize in vivo. In addition, Babu et al. (2016) identified new, potential targets for study when they identified proteins that have altered expression after MPTP exposure.
3.2 6–Hydroxydopamine
The hydroxylated analogue of dopamine, 6-hydroxydopamine (6-OHDA), was used to create one of the first animal models of PD (Schober, 2004). It has a high affinity for the dopamine transporter, which carries 6-OHDA inside dopaminergic neurons where it accumulates and causes cell death (Blandini and Armentero, 2012). In mice and rats, administration of 6-OHDA caused reduction in dopaminergic neuron numbers and marked locomotor defects but no evidence of Lewy body-like inclusions (Schober, 2004; Stott and Barker, 2014). C. elegans exposed to 6-OHDA showed selective degeneration of dopaminergic neurons (Nass et al., 2002).
Intramuscular injections of 6-OHDA in zebrafish caused locomotor defects and decreased dopamine levels which indicate that 6-OHDA crosses the blood-brain barrier (BBB) more readily in zebrafish than in mammals (Murray et al., 1975; Anichtchik et al., 2004). When 6-OHDA was administered to larval zebrafish there was increased oxidation throughout the brain and a significant reduction in the number of TH-positive neurons in the diencephalon (hypothalamus, posterior tuberculum, ventral thalamus, and pretectum) (Parng et al., 2007). Another study of larval fish found that the antioxidant Vitamin E was able to rescue the locomotor defects and the decrease in TH expression caused by 6-OHDA exposure (Feng et al., 2014). They also found that the microglia inhibitor, minocycline, can reverse both locomotor defects and the expression of inflammatory genes in 6-OHDA-treated fish. Feng et al. (2014) also assessed a clinical PD treatment, Sinemet (a combination of L-dopa and carbidopa), and found that it can also rescue locomotor activity and reduced the expression of pink1 and parkin in treated animals.
A more recent study injected 6-OHDA directly into the diencephalon and demonstrated both decreases in TH immunoreactive neurons and decreases in swim speed and distance travelled of the fish (Vijayanathan et al., 2017). Interestingly, animals showed recovery of the lost TH immunoreactive neurons 30 days after injection.
The effects of 6-OHDA have been well characterized in both adult and larval zebrafish, and although the toxin does not induce Lewy bodies found in PD, it seems to be a good model for screening therapeutic options for PD. There is a suggestion that 6-OHDA has greater effects on the brain of zebrafish than in rodents because of the ease with which it crosses the blood-brain barrier (Murray et al., 1975). Vijayanathan et al. (2017) found that the fish recover from 6-OHDA spontaneously. This may indicate that neurogenesis is occurring, which is common in zebrafish (Kizil et al., 2012).
3.3 Rotenone
Rotenone is widely used as both an insecticide and piscicide (fish toxin). It readily crosses the blood brain barrier and is a high-affinity inhibitor of Complex I of the mitochondrial ETC (Sherer et al., 2003; Bové et al., 2005). Humans exposed to high levels of rotenone are 2.5 times more likely to develop Parkinsonian-like symptoms than the general population (Innos and Hickey, 2021). In rats, rotenone exposure causes degradation of the nigrostriatal dopaminergic neurons and behavioural symptoms characteristic of PD (Sherer et al., 2003). The affected neurons possess intracellular inclusions that appear to be Lewy bodies, showing immunoreactivity for α-synuclein and ubiquitin as with human Lewy bodies (Blesa and Przedborski, 2014). In Drosophila and C. elegans, rotenone causes locomotor deficits and loss of dopaminergic neurons (Coulom and Birman, 2004; Zhou et al., 2013). Chronic oral administration of rotenone to mice resulted in behavioural impairments and a significant loss of TH-positive neurons. In addition α-synuclein expression was increased in remaining neurons as the treatment progressed (Inden et al., 2011).
Exposure of larval zebrafish to rotenone at LD50 concentration (50 nM) resulted in moderate locomotor defects and 36% reduction in the amount dopaminergic neurons in the ventral diencephalon (Kalyn et al., 2020). A study of environmental neurotoxins found that high dosages of rotenone were lethal to adult zebrafish after a few days, and embryos exposed to high dosages expressed increased pigmentation and eventually death (Bretaud et al., 2004). However, lower doses caused no morphological or locomotor defects.
In another study, adult zebrafish administered rotenone (chronic exposure over 4 weeks) exhibited both motor and non-motor (cognitive) effects of PD which mirrors the effects of the Kalyn et al. (2020) study in larvae (Wang et al., 2017). This contradicts the findings of Bretaud et al. (2004), which showed no locomotor defects after 4 weeks of exposure to the same dosage of rotenone (2 μg/L). In the Wang et al. (2017) study, rotenone-treated fish showed a reduction in dopamine concentrations in the brain as well as a decrease in TH expression. They also exhibited a 70% reduction in swimming duration and distance travelled, which may be comparable to the bradykinesia observed in PD patients. In a light/dark box test, treated fish spent more time in the light and showed a longer latency to enter the dark component, which Wang et al. (2017) suggests indicates depression-like behaviour. Treated fish also showed a decreased affinity for amino acids, which may indicate a loss of olfactory function, a common symptom in PD (Ruan et al., 2012). This study also examined the expression of PD-related genes and found that in treated fish, dj-1 was down-regulated by 60% and lrrk2 was up-regulated. Other genes, synuclein (unspecified), parkin and pink1 remained unchanged.
The chronic exposure of zebrafish to rotenone and the development of clinical and biochemical symptoms common to PD make this an interesting model to study the disease. There is some contention about dosage and reported symptoms. The role of rotenone as an aquatic pesticide means only small dosages can be used in any fish model. Rotenone also causes Lewy body-like inclusions in rodents, although it is unclear if that is the case in zebrafish.
3.4 Paraquat
Paraquat or N,N′-dimethyl-4-4′-bipiridinium is a widely used agricultural herbicide that subsequently becomes an aquatic contaminant due to run-off (Dinis-Oliveira et al., 2006). It is thought that paraquat impairs mitochondrial Complex I, leading to problems with the ETC and consequently the overproduction of ROS (Wang et al., 2018). It is very similar in structure to the MPTP metabolite MPP+ and also has specificity for the same dopamine transporter, and therefore it acts mainly on dopaminergic neurons (Manning-Bog et al., 2003; Bové et al., 2005). Like rotenone, humans exposed to high levels of paraquat, usually during the manufacture or use of the herbicide, develop Parkinsonian-like symptoms (Boyd et al., 2020). Chronic paraquat exposure in rats caused an increase in anxiety-like behaviour, a loss of olfactory function and a marked decrease in mitochondrial function (Czerniczyniec et al., 2011). In Drosophila and C. elegans, paraquat exposure caused severe locomotor deficits (Jahromi et al., 2015; Bora et al., 2021).
An early study of paraquat found that chronic water exposure did not cause any motor defects or changes in TH levels of adult or larval zebrafish (Bretaud et al., 2004). However, subsequent studies report that paraquat-exposed larval fish showed increased oxidative stress, upregulation of antioxidant genes and general apoptosis (Nellore and Nandita, 2015; Wang et al., 2016). Mitochondrial respiration was reduced by 70% in treated fish (Wang et al., 2018). At LD50 concentrations, paraquat did not cause locomotor defects but did cause a 16% reduction in the number of dopaminergic neurons in the ventral diencephalon of larval zebrafish (Kalyn et al., 2020).
However, adult zebrafish injected intraperitoneally with paraquat showed locomotor defects, increased “freezing” behaviour indicative of anxiety and increased aggression when presented with their own reflection (Nunes et al., 2017; Müller et al., 2018). The fish experienced some cognitive deficiencies, as they could not learn associations in a Y-maze as well as controls. There was no decrease in dopamine levels, but depending on the paraquat dosage, dopamine transporter (DAT) expression decreased (Bortolotto et al., 2014). Sodium selenite (Na2SeO3), an antioxidant, rescues some of the behavioural symptoms (Müller et al., 2018).
As with the other chemical models, there seems to be a disagreement with effective dosages to induce PD-like symptoms. Like rotenone, paraquat does not seem to cause Lewy body-like inclusions in zebrafish, but some of the later studies seem to have developed stable models to investigate the underlying mechanisms and potential therapeutic substances.
3.5 Titanium Dioxide Nanoparticles
Titanium dioxide nanoparticles are widely produced for various commercial applications. Unfortunately, they can also cause health issues due to environmental or workplace exposure (Shi et al., 2013). Large scale exposure of mice to titanium dioxide nanoparticles caused motor deficits and reduction of dopaminergic neurons in the midbrain substantia nigra (Heidari et al., 2019). When embryonic zebrafish were exposed to titanium dioxide nanoparticles from 0–96 hpf, the titanium accumulated in the brain, causing the generation of ROS and ultimately cell death in the hypothalamus. The nanoparticles also caused loss of dopaminergic neurons and increased the expression of pink1 and parkin (Hu et al., 2017). This shows promise as a method of inducing a Parkinsonian-like state, and future work could confirm its validity.
4 CHEMOGENETIC ABLATIONS
These models are unique in that they employ a combination of genetic and chemical methods to achieve the ablation of specific cells. The models discussed in this review use nitroreductase (NTR), a bacterial enzyme derived from Escherichia coli, which converts the antibiotic metronidazole into a cytotoxic metabolite (Curado et al., 2008). By creating a transgenic zebrafish line that expresses NTR under a specific promoter, metronidazole will only be converted into a toxin in those cells where NTR is present and when metronidazole is administered. This leads to spatially and temporally specific ablation of targeted cells (Pisharath and Parsons, 2009).
4.1 Cytotoxic Metabolite of Metronidazole
A study created a transgenic zebrafish expressing NTR fused to cyan fluorescent protein (CFP) under the control of the dopamine transporter (DAT), in the telencephalon, diencephalon, olfactory bulb and caudal hypothalamus (Godoy et al., 2015). Administration of the anti-bacterial pro-drug metronidazole at 1 dpf resulted in loss of DAT-expressing neurons at 5 dpf in addition to motor impairments. Some motor function was re-established by 7 dpf when there was evidence of new DAT-expressing cells; however, there was still a deficit at 14 dpf. A follow-up study in adult transgenic zebrafish found that a 24 h exposure to metronidazole resulted in significant loss of dopaminergic neurons in the olfactory bulb and a decrease in the ability to smell (Godoy et al., 2020). Another study has suggested that using a similar drug, ronidazole, can achieve comparable results at lower concentrations (Lai et al., 2021). The cytotoxic metabolites of these drugs appear to induce Parkinsonian-like symptoms, like other chemical models, and may provide a basis for understanding mechanisms underlying neuronal loss.
5 DISCUSSION
As discussed throughout this review zebrafish present numerous promising avenues for research. They generally possess the same genes as humans with comparable functions and most of the toxins mentioned produce similar outcomes. This provides an outstanding opportunity to study basic underlying mechanisms in a more tractable model than offer by traditional mammalian species. Advanced imaging techniques in conjunction with genetic manipulation make zebrafish a highly versatile model for researching PD. The specific aspects of each model were reviewed in detail in Sections 2, 3, 4. In this section, the strengths and weaknesses of models are discussed. For instance, many orthologues of PD-related genes have been identified in zebrafish and evidence suggests that fish can provide useful insights into both their normal functions and their roles in disease progression. However, the major issue with many of the gene-based models of PD is their current reliance on MO antisense oligonucleotides to create gene knock downs. It became evident during the evaluation of these models that there was great variation in findings between different studies, even when targeting the same gene. For example, three different knock downs of pink1 had vastly different results (Anichtchik et al., 2008; Sallinen et al., 2010; Xi et al., 2010). In another case, a direct replication of an lrrk2 knock down was unable to reproduce the same results, even when using the same methods (Ren et al., 2011). This lack of reproducibility obscures the function of these genes in zebrafish because it is unclear whether the knock downs have off target effects. It has been well-documented that MOs can often have severe off-target effects, and it is difficult to differentiate between specific and non-specific effects (Schulte-Merker and Stainier, 2014; Blum et al., 2015). Some researchers, therefore, suggest that MOs should not be used as a primary method of studying gene function (Kok et al., 2015), but others insist that they are still valuable if the proper controls are in place. Eisen and Smith (2008) outlined guidelines for using MOs appropriately and avoiding off-target effects. While some of the reviewed studies employed one or more of these techniques, few followed all of the recommended guidelines. Consequently, the relative accuracy of these studies cannot be directly compared, except in cases where they were employed alongside a strain made by another technique as accomplished by Flinn et al. (2013) (See Section 2.3). Otherwise, the accuracy of models that utilise MOs may be compromised. The CRISPR/Cas9 system however, shows immense promise for the creation of genetically altered zebrafish lines and this genomic editing technique presents an opportunity to create more accurate gene knock downs/ins, which may elucidate some of the gene functions that are unclear in other models. It also enables researchers to examine gene knock downs in adult animals, as MOs generally only work until the larvae is a few days old. The study by Edson et al. (2019), created a dj-1 knock down with CRISPR that successfully grew to adulthood.
In addition to evaluating the methods of creating genetic models, a critical review of the literature must also consider the unique characteristics of zebrafish. A possibly problematic feature of zebrafish is their duplicated genome, when compared to mammals. As mentioned in the reviews of gene-based models, zebrafish may have one or two homologous genes corresponding to a single human gene (Lieschke and Currie, 2007). Unfortunately, there is no evidence of consistency in the duplicated gene functions. The doubled genes may have unrelated functions, or alternatively, they may have semi-overlapping functions, which may be exploited to provide insight into different aspects of the genes’ functions by selectively knocking out one or the other (Newman et al., 2014).
Another feature of the zebrafish that sets it apart from mammals and that is relevant to both gene-based and chemically-induced models is the high level of post-embryonic neurogenesis that persists into adulthood in the fish. This is potentially problematic in studies of neuronal loss, as recovery from these states is very possible in zebrafish, unlike in mammals where recovery of neurons it is greatly limited (Kizil et al., 2012).
A further issue with current genetic models of PD in zebrafish is that PD is usually a disease of adults or older individuals. However, most of the models discussed in this review were performed on larvae, juvenile or young adult zebrafish. In fact, MOs are only effective when injected in the single cell stage and only function for a few days, therefore serious questions arise as to how well any such model can represent the disease as a whole (Eisen and Smith, 2008). With the advent of new genetic manipulation techniques mentioned above, it is possible to generate animals that express these PD phenotypes into adulthood. Generally, housing animals into senescence can become expensive and add years to potential studies, however the cost can be mitigated with economical animals like zebrafish.
Another general problem with attempts to replicate PD in any animals is that they do not naturally develop the full array of symptoms associated with the disease in humans. The genetic models can elicit some of the features of PD, but they never precisely replicate it. The chemical models generally do not induce PD, but instead use different mechanisms to achieve similar phenotypes. These mechanisms do not necessarily represent all aspects of the disease accurately. For instance, most of the chemical models of PD successfully induce a Parkinsonian-like state in zebrafish with losses of dopaminergic neurons and some behavioural symptoms, but none of them recreate the Lewy body-like inclusions seen in humans with the disease.
A final common issue with the reviewed models is that there is very little replication of experiments. Compared to other medical models, zebrafish are relatively new on the scene. Therefore, many of these models have only been the subject of one or two studies to date, with the notable exception of a handful of well-established models induced by chemicals such as MPTP. In contrast, there are many transgenic mouse models of PD (Duty and Jenner, 2011; Sharma et al., 2017). In time, further replication of previous studies may serve to solidify the status of these models and provide a basis to develop more complex models.
Despite some of the issues that one must consider when developing a zebrafish model of PD, there are several distinct advantages. As mentioned above, zebrafish are relatively easy to manipulate genetically, and a wide variety of custom strains can be created to allow sophisticated imaging techniques to be performed. With the CRISPR/Cas9 system, gene knock downs can be achieved in adult animals to examine this typically adult disease in older fish. This genetic adaptability can also be applied in conjunction with other areas of research, such as behavioural screens and high-throughput screens.
5.1 Future Directions
5.1.1 Behavioural Screens
A practical method of assessing disease model effects on a normal phenotype is to examine changes in behaviour (Khan et al., 2017). For rodent models, there is a wide range of paradigms available to examine the effects of experimental treatment on behaviour, ranging from simple evaluation of locomotion to complex cognitive abilities like learning and memory (Sousa et al., 2006). Accordingly, rodent behavioural paradigms have been used extensively to study PD (Ameen-Ali et al., 2017; Vingill et al., 2018).
Zebrafish also possess a wide repertoire with many normal and abnormal behaviours catalogued (Kalueff et al., 2013). Zebrafish are inherently communal animals, living in shoals, so they display a wide variety of social behaviours. They also have well-documented expressions of fear and anxiety, and they can learn complex associations (Lieschke and Currie, 2007). Consequently, there have been many behavioural tests developed for zebrafish that are suitable for models of PD.
Several zebrafish paradigms are analogous to well established ones developed for rodents (Champagne et al., 2010). For instance, the novel tank test is an assessment of anxiety-like behaviour in zebrafish to a new stark environment and can be compared to the open-field test in rodents (Blaser and Rosemberg, 2012; Harro, 2018). There are also numerous paradigms that test cognitive behaviours, as the fish can rapidly learn associations using various unconditioned stimuli (Karnik and Gerlai, 2012). Zebrafish are highly visual animals and can differentiate between basic colours or patterns, but they can also form associations using olfactory or auditory stimuli (Colwill et al., 2005; Braubach et al., 2009; Avdesh et al., 2012; Doyle et al., 2017). Many common apparatuses used for studying cognitive behaviours in rodents have been adapted for zebrafish, including shuttle boxes, Y-mazes, T-mazes, and plus-mazes (Pather and Gerlai, 2009; Gerlai, 2010; Sison and Gerlai, 2010). Zebrafish training is highly reproducible and can therefore be automated and performed using groups of animals (Wyeth et al., 2011; Miller and Gerlai, 2012; Doyle et al., 2017). Commercially-available software offers three-dimensional, automated tracking of multiple fish simultaneously (Stewart et al., 2015).
Most of these learning paradigms are suitable for use with adult zebrafish; however, only the simplest behavioural assays are suitable for larvae (Colwill and Creton, 2011; Kalueff et al., 2013). Larvae can be examined for general behavioural abnormalities, but larvae under 5 dpf do not swim well (Lindsey et al., 2010). By 30 dpf, however, juvenile fish can perform in adult-appropriate paradigms (Kalueff et al., 2013; Merovitch, 2016).
In summary, many of the models reviewed in this study use some form of behavioural analysis to examine different aspects of PD. Several experiments use larvae, which limits the available behavioural analysis paradigms; however, the use of genetically altered zebrafish that can survive to adulthood in a disease-like state, presents the opportunity to examine disease models in older animals. Chemical-based models utilising adults are also viable and have been studied with behavioural paradigms, as reviewed in Section 3. Adult animals display more complex cognitive abilities than larvae, which may be studied to provide greater insight into the cognitive deficits seen in PD. However, while some paradigms can be used with groups of animals, none of the reviewed models utilised large-scale behavioural tests. Adaptation of some of these paradigms to use larger numbers of fish would allow rapid and efficient assessment of cognitive or behavioural defects induced in the disease models.
5.1.2 High-Throughput Screening
One of the most touted benefits of the zebrafish is their suitability for high-throughput screening (Gerlai, 2010). Rodents are expensive and relatively large, which makes them less practical to use in drug screens. High throughput screens with C. elegans and Drosophila also exist, but as invertebrates, they are less similar to humans. These species also possess tough cuticles, which may present barriers to the diffusion of drugs (Wells, 1998; Manev et al., 2003). By contrast, chemicals can enter the larval zebrafish by diffusion from the surrounding water (Langheinrich, 2003). Dissolving chemicals into water is simpler and quicker than injecting each animal (Parng et al., 2002). Moreover, larval zebrafish are quite small and can subsist in only 200 µl of water, so they fit efficiently in a 96-well plate, and only small amounts of test chemicals are needed (Best and Alderton, 2008). Often, larval zebrafish can be dosed with microliters of solution, compared to milliliters that may be required for rodents. This allows a greater number of animals to be tested with the same quantity of drugs (Parng et al., 2002). However, the aquatic environment does present some challenges. The precise delivery of some chemicals in water can be problematic. There may be some difficulty determining dosage, and chemicals may not be soluble in water, although this can often be remedied via solvents (i.e. dimethyl sulfoxide) (Rubinstein, 2003; Maes et al., 2012).
A further advantage is that the characterization of drug effects can be much simpler in larval zebrafish than in rodents (Parng et al., 2002). As previously mentioned, their transparent bodies, combined with the availability of numerous fluorescent reporters, make target areas or cell types relatively easy to visualize (Vaz et al., 2018). Each zebrafish larva can be tracked, and commercial systems are available to facilitate automated tracking (Stewart et al., 2015). The zebrafish has therefore shown promise as a subject for high throughput screening of potential disease treatments or discovery of novel compounds (Langheinrich, 2003; Bowman and Zon, 2010; Stewart et al., 2014; Vaz et al., 2018). Many of the gene knock downs mentioned in this review created altered phenotypes; high-throughput screening of drugs may be used to readily identify treatments that rescue these phenotypes.
There are, however, limitations to these high-throughput screens. Although this review found several cases of human drugs having the same function in zebrafish, physiological differences mean that some drugs that are effective on zebrafish may not work on humans (Bowman and Zon, 2010). Even in cases where drugs have the same function on the molecular level, they may interact differently within the context of human physiology (Van Dam and De Deyn, 2011). Most screens utilise chemical libraries of previously approved drugs, with the goal of finding new therapeutic applications for old drugs (North et al., 2007; Hao et al., 2010). These drugs have already been deemed safe for human use, so approval depends exclusively on effectiveness, thus streamlining the process. Larval zebrafish are well suited for these large-scale drug screens, but with the development of new genetically altered strains, there are increasing numbers of gene knock outs in adult fish that can be investigated (Kalueff et al., 2014). There have recently been increased efforts to develop large scale testing of adult fish. While adult fish do not have the same advantages as larvae in terms of water requirements, they do present opportunities for different types of behavioural screening.
As discussed in Section 5.1.1, several of the common behavioural paradigms are easily adaptable to accommodate large numbers of fish. One study presents a high volume study to identify fluorophores in adult zebrafish (Blackburn et al., 2011). This was performed in normally pigmented fish, but there are also strains of mutant zebrafish (e.g. CASPER) that remain transparent into adulthood, which would facilitate the visualization of fluorescence (White et al., 2008). The intersecting developments in genomic editing, high-throughput screening and behavioural screening collectively represent fertile ground for future research into zebrafish disease models of PD.
6 CONCLUSION
No animal model can perfectly mimic human disease, especially highly complex neurodegenerative diseases such as PD. However, the use of multiple animal models can mitigate their limitations. For such a nascent model organism, there is a surprising array of zebrafish models that investigate various aspects of PD.
Gene-based studies have established that zebrafish possess genes to that are homologous to human PD genes, and they generally serve similar functions. However, gene-based models that rely on MOs tend to show conflicting results, which detract from their value. Their use should follow strict guidelines to ensure repeatability, but off-target effects remain problematic regardless. Alternatively, new methods of genomic editing such as CRISPR show immense promise for more consistent generation of gene knock outs/ins. Whatever the method, researchers must account for the duplication within the zebrafish genome, which in some cases may even present promising avenues for future research.
Chemical methods can readily induce disease-like states but do not accurately model all aspects of the disease. There are several well-established chemically induced models of PD, which provide stable bases for study; and newer methods show great potential but are not currently as well studied. Zebrafish models typically show the same effects as the mammalian models when exposed to the same chemicals, indicating the validity of zebrafish for this application.
As a relatively new model organism, the zebrafish initially lacked the well-established body of research that surrounds some other animals, but with the advent of new genomic editing technology and the development of advanced imaging techniques zebrafish are swiftly becoming a highly favoured model. With the array of behavioural paradigms and high-throughput screens available, the zebrafish as a disease model is on the threshold of new discoveries.
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In Vivo Dopamine Neuron Imaging-Based Small Molecule Screen Identifies Novel Neuroprotective Compounds and Targets
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Parkinson’s disease (PD) is the second most common neurodegenerative disorder with prominent dopamine (DA) neuron degeneration. PD affects millions of people worldwide, but currently available therapies are limited to temporary relief of symptoms. As an effort to discover disease-modifying therapeutics, we have conducted a screen of 1,403 bioactive small molecule compounds using an in vivo whole organism screening assay in transgenic larval zebrafish. The transgenic model expresses the bacterial enzyme nitroreductase (NTR) driven by the tyrosine hydroxylase (th) promotor. NTR converts the commonly used antibiotic pro-drug metronidazole (MTZ) to the toxic nitroso radical form to induce DA neuronal loss. 57 compounds were identified with a brain health score (BHS) that was significantly improved compared to the MTZ treatment alone after FDR adjustment (padj<0.05). Independently, we curated the high throughput screening (HTS) data by annotating each compound with pharmaceutical classification, known mechanism of action, indication, IC50, and target. Using the Reactome database, we performed pathway analysis, which uncovered previously unknown pathways in addition to validating previously known pathways associated with PD. Non-topology-based pathway analysis of the screening data further identified apoptosis, estrogen hormone, dipeptidyl-peptidase 4, and opioid receptor Mu1 to be potentially significant pathways and targets involved in neuroprotection. A total of 12 compounds were examined with a secondary assay that imaged DA neurons before and after compound treatment. The z’-factor of this secondary assay was determined to be 0.58, suggesting it is an excellent assay for screening. Etodolac, nepafenac, aloperine, protionamide, and olmesartan showed significant neuroprotection and was also validated by blinded manual DA neuronal counting. To determine whether these compounds are broadly relevant for neuroprotection, we tested them on a conduritol-b-epoxide (CBE)-induced Gaucher disease (GD) model, in which the activity of glucocerebrosidase (GBA), a commonly known genetic risk factor for PD, was inhibited. Aloperine, olmesartan, and nepafenac showed significant protection of DA neurons in this assay. Together, this work, which combines high content whole organism in vivo imaging-based screen and bioinformatic pathway analysis of the screening dataset, delineates a previously uncharted approach for identifying hit-to-lead candidates and for implicating previously unknown pathways and targets involved in DA neuron protection.
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INTRODUCTION
Neurodegenerative diseases, characterized by progressive loss of neuronal types in the central or peripheral nervous systems (CNS or PNS) followed by multi-organ dysfunction or dementia, are a major source of disability worldwide. Parkinson’s disease (PD) is of particular concern as its prevalence is increasing rapidly but the development of disease-modifying therapeutics has been stagnant (Jankovic and Tan, 2020; Paolini Paoletti et al., 2020). PD is the second most common neurodegenerative disorder that affects more than 10 million people worldwide as of 2020, with an economic burden of $51.9 billion in the United States alone (Yang et al., 2020). Loss of dopamine (DA) neurons in the PD patients results in the cardinal motor symptoms that include bradykinesia, resting tremor, postural instability, and rigidity. Additionally, many PD patients also experience comorbidities including cardiac disorders and increased infection rates that can significantly impede the quality of life and pose severe burdens on their families and caregivers (DeMaagd and Philip, 2015; Armstrong and Okun, 2020). While there are several treatment options for PD that work by enhancing dopamine action, decreasing metabolism of dopamine, or replacing the natural form of dopamine with exogenous drugs tailored for each patient, these therapies provide symptomatic relief only (Armstrong and Okun, 2020). Levodopa is considered the gold standard therapy but is associated with significant complications such as the “wearing off” effect and levodopa-induced dyskinesia. The surgical method with deep brain stimulation has been established for alleviating some of these motor complications and possibly offering neuroprotection in animal models, but the mechanism remains inconclusive (Koprich et al., 2017; Jakobs et al., 2020). Thus, there is an urgent need for identifying disease-modifying therapeutics for PD.
While current therapeutic drug discovery is largely target-based, the implementation of phenotypic drug discovery has significant advantages particularly for neurodegenerative diseases (Ibhazehiebo et al., 2018; Lam and Peterson, 2019; Kim et al., 2021; Zhang et al., 2021). Phenotypic assays for a direct impact on neuronal integrity can bypass the need to fully understand complex biological processes underlying neurodegeneration, and in many cases provide leads to novel targets (Liu et al., 2016; Moffat et al., 2017). By directly imaging brain DA neuronal loss which is the hallmark of PD, our phenotypic screen aims to overcome the current challenge in target-based drug discovery, that is, difficulty in identifying suitable targets for idiopathic conditions. Larval zebrafish is an attractive model for phenotypic drug discovery as it possesses a high degree of genetic, physiological and morphological similarity with humans. Zebrafish genes share 70% homology with human counterparts and 82% disease-related genes have at least one zebrafish orthologue (Howe et al., 2013). The diencephalic region of the zebrafish brain is homologous to the substantia nigra pars compacta in humans which is the region of DA loss in PD patients. DA neurons are readily detectable in larvae as young as 3 days post-fertilization (dpf). zebrafish can produce many embryos on a weekly basis, which can grow up to seven dpf without the need for feeding or handling. The transgenic model used in the screening assay expresses the E. coli nitroreductase (NTR) controlled by the promoter of tyrosine hydroxylase (th), a rate-limiting enzyme in DA synthesis. This model, upon addition of the commonly used antibiotic metronidazole (MTZ), shows robust DA neuronal loss at the larval stage that is suitable for high throughput screening (HTS) screening. Neither genetic models nor neurotoxin (e.g., MPTP) models of PD offer such strength, due to late onset, weak or variable DA neuronal loss. The NTR converts MTZ to the toxic nitroso radical form (Curado et al., 2008; Pisharath and Parsons, 2009; Williams et al., 2015) in vivo causing DA neuronal loss that is quantifiable in the ventral forebrain region and involves mitochondrial dysfunction (Kim et al., 2021).
HTS generates large amounts of data and there are many different approaches towards deciding which compounds to pursue further for secondary validation. A widely accepted method for estimating the variability and effect size of the data is through the strictly standardized mean difference (SSMD) (Zhang et al., 2007). While SSMD scores can capture data variability, simply selecting the highest scoring compounds may not be sufficient to uncover candidate hits because SSMD is based on the ratio of mean to standard deviation which could lead to high SSMD scores even with a small mean, resulting in less desirable compounds. Likewise, simply looking at the mean scores (e.g., the brain health scores-BHS) may also result in false positives due to one skewed sample data.
Previously, we developed a high throughput DA neuron imaging method (Liu et al., 2016) and reported the identification of renin-angiotensin-aldosterone system (RAAS) inhibition as neuroprotective via mitochondrial targeting in DA neurons (Kim et al., 2021). In this study, we present for the first time the results of the entire 1403 HTS bioactive compound screen and uncover additional neuroprotective candidates after secondary validation. We apply a multi-pronged approach that incorporates the threshold-based method, topology-based analysis using the Reactome pathway database, and a non-topology-based method. By analyzing the entire screening datasets obtained from the HTS, significant and previously unknown pathways were identified to be involved in neuroprotection.
MATERIALS AND METHODS
Ethics Statement
The study was reviewed and approved by University of California, San Francisco Institutional Animal Care and Use Committee (approval number AN179000). The zebrafish system was regularly inspected by the University of California, San Francisco Laboratory Animal Resource Center.
Zebrafish Husbandry and Transgenic Lines
For all experiments in the study, homozygous Transgenic Tg[fuguth:gal4-uas:GFP; uas-NTRmCherry] and AB wild type were used. Zebrafish were raised on a 14:10 h light/dark cycle and maintained in the zebrafish facility according to the University of California San Francisco Institutional Animal Care and Use Committee standards. Embryos were raised in Blue Egg Water (0.12 g CaSO4, 0.2 g IO Salt, 30 μL of 1% Methylene per L).
High Throughput Screening of 1,403 Bioactive Compounds
For the in vivo high throughput screening assay we utilized a bioactive compound library from SelleckChem obtained from the UCSF Small Molecule Discovery Center (SMDC). As many of these compounds are FDA approved or validated in preclinical research, the target profiles and pharmacodynamics have been established. The assay was performed on a weekly protocol (Figure 1A) spanning from the initial collection of Tg[fuguth:gal4-uas:GFP; uas:NTRmCherry] embryos at day 0 and treatment with 200 µM 1-phenyl 2-thiourea (PTU) on 1dpf to remove the pigment. On 3dpf, larvae were transferred to round bottom 96-well plates containing 10 µM of screening compounds and treated with 4.5 mM MTZ for 48 h. The concentration and treatment period of MTZ was determined based on our previous work (Liu et al., 2016), which resulted in robust DA neuron loss (∼60%) without affecting larval zebrafish development and morphology. On 5dpf the larvae were treated with tricaine at a low concentration of 160 ug/mL 30 min prior to imaging the ventral forebrain dopamine (DA) neurons using the InCell 2000 (GE healthcare 28–9,534–63) automated microscope with the TexasRed channel and bright field using a 4 × 0.2NA objective (Nikon) using the built-in 2.5 D deconvolution setting. A total of five different poses were acquired by reorienting the larvae with a liquid handler (Biomek FXp) that mixed 40 μL of the solution in each well to change the orientation.
[image: Figure 1]FIGURE 1 | In vivo dopamine neuron imaging-based high throughput screening in larval zebrafish identifies potential neuroprotective compounds. (A) Overview of the high throughput screening assay. 3 dpf larvae are transferred to 96 well plates with 10 μM screening compounds. DMSO (positive control) or 4.5 mM MTZ (negative control) was added 3 hours later and the treatment lasted for 24 hr, followed by imaging with brightfield and TexRed channels on InCell 6,000. Images were analyzed with the Cellprofiler pipeline. (B) Schematic of the image processing pipeline using the custom generated MATLAB “fishplatebrowser” and Cellprofiler. The brightfield and TexRed images were used to automatically detect the eye and diencephalic region of the brain and to quantify DA neurons. (C) Dual flashlight plot generated from custom made GUI “HitDataBrowser” with MATLAB. Compounds can be selected and exported with SSMD, BHS, and corresponding sample number. (D) Compounds in the top right quadrant with high BHS and SSMD scores based on manual selection. Details of the compounds are shown in Table 1. PTU: 1-phenyl 2-thiourea MTZ: Metronidazole DMSO: dimethyl sulfoxide.
The images were analyzed on a custom generated MATLAB script (Figure 1B) that allows the manual selection of the best pose and the neurons are automatically extracted using the brightfield images with eyes as landmarks to automatically identify and extract the DA neurons. The analysis was based on a custom CellProfiler (McQuin et al., 2018) pipeline that processes and quantifies the fluorescent intensity and calculates the brain health score (BHS) based on the logarithm of the covariance between the brain image and a reference image generated from multiple healthy brains that was previously described (Liu et al., 2016). The BHS equation is as follows: BHS = log2 Σi,j IijMij, where I is the pixel intensity of the image and M is the pixel intensity of a template image based on the average of 35 brain images at pixel i, j. The SSMD was defined as the ratio of mean to the standard deviation of the difference between the MTZ treated negative control and the sample. The custom pipeline can be found in the Zenodo repository https://doi.org/10.5281/zenodo.5787480. All the experiments were performed in a blinded manner from compound treatment to analysis.
Topology and Non-Topology-Based Pathway Analysis
The bioactive compound library data was annotated with the Hugo Gene Nomenclature Committee (HGNC) database (Tweedie et al., 2021) and the Therapeutics target database (Wang et al., 2020). For each compound, the pharmaceutical class, known mechanism of action, indication, the half maximal inhibitory concentration (IC50), target, and the activity information was recorded (Figure 2A). For the SSMD and BHS scores of the compounds with opposing mechanisms of action such as inducer versus inhibitor, and agonist versus antagonist, the scores for the compounds with negative SSMD and BHS scores were inverted during the pathway analysis. The Reactome pathway analysis was conducted using the HGNC gene symbols as the identifier and the BHS as the numeric value. The non-topology-based pathway analysis was conducted with the entire HTS dataset. The annotated targets or pathways were analyzed with a Wilcoxon rank sum test to determine whether any had a brain health score that was significantly higher than the average of the entire dataset (FDR adj p < 0.05).
[image: Figure 2]FIGURE 2 | Curation and pathway analysis of the screening dataset identify novel mechanisms of neuroprotection. (A) Schematic showing the data processing and analysis pipeline. The example output of the annotations are shown on the right side with the corresponding numbers of each step. Hit calling was based on three criteria, including manual selection with good BHS and SSMD score, Wilcoxon rank sum test, and Reactome pathway analysis. (B) A list of significant pathways from the Reactome pathway analysis sorted from highest to lowest significance (Padj <0.01). (C) Significant pathways from the non-topology-based pathway analysis of the screening dataset. BHS of the chemicals in the same pathway were compared against BHS of all compounds in the dataset. (n = 5 to 13; Padj <0.05, Wilcoxon rank sum test). ADRA2A: Alpha-2A adrenergic receptor, PIK3: Phosphoinositide 3-kinase, COX1: Cytochrome c oxidase subunit I, OPRM1: Mu type opioid receptor, CHRNA1: Cholinergic Receptor Nicotinic Alpha 1 Subunit, RAAS: Renin angiotensin system, MAPK: Mitogen-activated protein kinase, PCP/CE: Planar cell polarity and convergent extension, DPP4: Dipeptidyl peptidase-4, TP53: Tumor protein P53.
Secondary Assay Optimization and Hit Validation
To validate candidate hit compounds from the primary screen, we developed a medium throughput secondary assay that incorporates larger sample size, higher resolution, and statistical effect size. 5 dpf larvae were embedded in 1.2% agarose and imaged both before chemical treatment and 24 h after treatment, using the same x,y,z coordinates (Figure 3A). Image analysis was conducted by determining the ratio of “after treatment BHS” to “before treatment BHS”. Since embedding did not need the multi-pose method from the initial screen (Liu et al., 2016), a flat bottom 96 well plate was used for greater efficiency in embedding and better tracking of well coordinates and resolution.
[image: Figure 3]FIGURE 3 | Establishment of a secondary hit validation assay and validation of candidate hit compounds. (A) Schematic of the secondary hit validation assay using agarose embedding and automated imaging. At 5 dpf, larvae were embedded in 1.2% agarose and imaged under brightfield and DsRed channels. The larvae were treated with 0.2% DMSO or 9 mM MTZ with or without hit compounds. At 6 dpf, larvae were again imaged with the same x,y,z coordinates on the microscope. Image shown is an example of a 0.2% DMSO control. (B) Comparison of 40 and 50 μL 1.2% low melting point agarose for embedding. Samples embedded with 40 μL agarose showed significant difference between DMSO control and 9 mM MTZ (n = 8; p < 0.05, unpaired t test), whereas those with 50 μL agarose did not, due to increased distance between the objective and the samples. (C) Evaluation of Z′-factor for the secondary hit validation assay. The 0.2% DMSO control and 24 h of 9 mM MTZ treatment showed a significant difference in DA neuron intensity with a z’factor of 0.58. (D) Secondary hit validation of compounds with the embedding assay. Samples were treated with 10 μM of each candidate compound and 9 mM MTZ for 24 h. Etodolac, nepafenac, NAC, aloperine, Protionamide, olmesartan, and captopril showed significantly greater “BHS After treatment” to “BHS before treatment” ratio compared to the negative control (9 mM MTZ) (n = 22 to 30; one-way ANOVA F = 12.33, p = 0.003, post-hoc Fishers LSD *p < 0.05, **p < 0.01, ***p < 0.001). MTZ: metronidazole, DMSO: dimethyl sulfoxide, NAC: N-Acetyl Cysteine, NMDA: N-methyl-d-aspartate, MMF: Mycophenolate mofetil, SGC: SGC-CBP30.
The hit candidates selected from the pathway analysis underwent a secondary assay validation with greater sample size. Unlike the primary HTS assay, the secondary assay was designed as a low throughput assay that involves manual embedding of each larval zebrafish in a thin layer of agarose to obtain the most optimal position for visualizing the DA neurons, followed by imaging using a ×20 objective under a confocal microscope with both before and after images taken. The assay was optimized by determining the shape of the well, agarose concentration, and volume of agarose used for embedding. A flat bottom 96 well plate (Griener cat no 655096) was used. The candidate hits were added in 10 μM concentration for 3 h prior to the administration of 9 mM MTZ. The 5 dpf before treatment images were taken on the InCell 6,000 (GE healthcare) and subsequently taken again post 24 h incubation. The images were taken with an inverted ×20 objective under dsRed and brightfield channels (0.45NA, 7.5 mm working distance). 3 μm Z-slices for a total of 40 slices were obtained and the max intensity projection was processed with ImageJ. The BHS was calculated based on the Cellprofiler pipeline as described above. The ratio of BHS before treatment and BHS after treatment was used to quantify the neuroprotective effect and to account for any changes due to brain development during the incubation period. For the dose response studies, concentrations of the compounds were prepared from a series of 5-fold dilutions that were determined by a range based on the known EC50 properties. The candidate compounds were purchased from SelleckChem (NMDA: S7072, Sophocarpine: S2405, IWR Endo: S7086, Etodolac: S1328, Nepafenac: S1255, Aloperine: S2420, SGC-CBP30: S7256, NAC: S1623, AT9283: S1134, Protionamide: S1881, olmesartan: S1604, captopril: S2051, Mycophenolate Mofetil: S1501). The manual screening was performed in a blinded manner by having a single investigator code the compounds and another investigator counting the medium- and large-sized DA neurons under the 20x epifluorescent compound microscope (Zeiss).
RESULTS
In Vivo DA Neuron Imaging-Based High Throughput Screening Identifies Neuroprotective Compounds
A total of 1,403 bioactive compounds (SelleckChem) were screened at 10 μM concentration that were obtained from the UCSF Small Molecule Discovery Center (SMDC). The dual flashlight plot was created to visualize the strictly standardized mean difference (SSMD) and the BHS (Figures 1C,D). A total of 57 compounds had a BHS score that was significantly greater when compared to MTZ treatment alone (FDR adjusted p < 0.05) (Table 1). 67% of the hit compounds identified were inhibitors while 14% were agonists or activators. The remaining compounds were synthetic hormones or glucocorticoids including prednisolone, budesonide, hexestrol, and mestranol. Four compounds were natural products from plants including aloperine, matrine, and sesamin. The primary therapeutic class for the compounds consisted of 32% anti-cancer, 31% neurological, 15% infectious diseases, 12% cardiovascular, and 10% endocrinology drugs.
TABLE 1 | Top 30 hit compounds from the bioactive high throughput screen with high SSMD and BHS (ranked by BHS).
[image: Table 1]Pathway Analyses Identify Previously Unknown and Validate Previously Known Pathways Associated With PD
The Reactome pathway analysis identified 24 significant pathways after correcting for false discoveries (Figure 2B) (p < 0.05, FDR = 0.01). With PD being highly related to mitochondrial dysfunction, pathways including deubiquitylation, cyclooxygenase (COX), respiratory electron transport, mitochondrial biogenesis were found to be significant. Other pathways relevant to PD such as acetylcholine receptors, adrenergic signaling, mitogen activated protein kinase (MAPK) were also found to be significant. Additionally, cell cycle and development pathways were found significant including transcriptional regulation by AP-2 and G2/M DNA replication checkpoint. Several pathways were novel or have limited implications in PD, including RAR Related Orphan Receptor A (RORA) gene activation, circadian clock, ovarian tumor proteases, Peroxisome proliferator-activated receptor alpha (PPARα), renin angiotensin system, and insulin regulation.
The non-topology-based pathway analysis using the Wilcoxon rank sum test of the entire dataset showed 15 targets and pathways to be significant (p < 0.05, FDR = 0.05) (Figure 1C). Apoptosis, estrogen hormone, dipeptidyl-peptidase 4 (DPP4), and opioid receptor Mu 1 were significant in the Wilcoxon rank sum test but not in the Reactome analysis. A total of 83 compounds were shown to be significant in both the Reactome and Wilcoxon rank sum test (Table 2). 32 compounds were already FDA approved and 20 compounds were in early phase clinical trials.
TABLE 2 | Significant compounds and pathways identified from the Reactome and Wilcoxon Rank sum test. Detailed information of the 83 compounds from the initial compound library that were shown to be significant in both the Reactome pathway analysis and wilcoxon rank sum test. The strictly standardized mean difference (SSMD) score measures the effect size and the variance amongst the triplicate larval samples for each compound. The brain health score (BHS) was defined as the logarithm of the covariance between the brain image and a template image. During the analysis pipeline, the SSMD and BHS scores were converted for directionality based on the pharmacological activity profile obtained from the Therapeutic Target database. The pathway names were outputted directly based on the target and activity profile from Reactome.
[image: Table 2]Secondary Hit Validation Identifies Non-Steroidal Anti-inflammatory Drugs, Renin Angiotensin System, Aloperine, and Protionamide to Be Neuroprotective
For secondary hit validation, we developed an agarose embedding method to achieve better resolution for imaging DA neurons. We first experimented with the volume of agarose used for embedding. 40 μL was chosen as it did not harm or stress larvae during the 24 h incubation period (Figure 3B). The higher 50 uL volume of agarose resulted in worsening image quality due to the distance between the DA neurons and inverted objective lens. Furthermore, having too much agarose possibly resulted in less air exchange, thus impairing the health of the larvae when embedded for a prolonged period of time. The calculated z’ factor of the secondary assay was 0.58, which is considered an excellent assay with less within-group variation compared to the z’ factor 0.35 of the primary assay (Figure 3C, Supplementary Figure S1).
Utilizing the secondary hit validation assay, a total of 12 candidate compounds were tested for neuroprotection. We selected these compounds based on a combination of statistical thresholding using SSMD and BHS and pathway analyses. Additionally, N-Acetyl Cysteine (NAC) was used as a reference compound based on previous studies showing significant neuroprotection in other DA models (Monti et al., 2019). After treatment with 9 mM MTZ for 48 h and comparing the BHS of the before and after images, 10 μM etodolac, nepafenac, aloperine, NAC, protionamide, olmesartan, and captopril showed significant neuroprotection (Figure 3D). These compounds were then manually validated in a single blinded design by counting the medium to high intensity dopamine neurons after 24 h of MTZ treatment. All compounds except for nepafenac were shown to be significant compared to control (p < 0.05) (Figure 4A). A dose response study of nepafenac showed lower doses (0.04 and 2.0 μM) to be neuroprotective (Supplementary Figure S2). For the dose response study, there were no linear dose response relationships observed in the BHS scores and toxicity was observed for all compounds at the highest concentrations.
[image: Figure 4]FIGURE 4 | Manual screening and combination screening of hit candidates based on secondary assay. (A) Manual screening of the significant compounds identified from the secondary hit validation assay. All samples were manually quantified in a blinded manner after 24 h treatment with candidate compounds and MTZ as described above. (n = 7 to 8; one-way ANOVA F = 16.72, p < 0.001, post-hoc Fishers LSD *p < 0.05, **p < 0.01). (B) Heatmap matrix showing the BHS for testing hit compounds in combination. All candidate compounds were 10 μM in concentration. The combination of etodolac-nepafenac, etodolac-protionamide, and etodolac-aloperine showed greater BHS compared to the administration of either alone. 0.2% DMSO for positive control and 9 mM MTZ for negative control. (n = 12 to 16; *p < 0.05, **p < 0.01, unpaired t test).
Significantly neuroprotective drugs were also tested in combination to determine the possible drug pairs that could provide additive or synergistic effects on neuroprotection. The combination of etodolac-nepafenac, etodolac-protionamide, and etodolac-aloperine showed a greater BHS compared to the administration of either compound alone (Figure 4B).
Validation of Candidate Compounds in a Chemically Induced Gaucher Disease Model Uncovers DA Neuron Protection
As the NTR-MTZ induced DA neuron degeneration does not directly relate to the etiology of PD in humans, we next tested the candidate compounds using a chemically induced Gaucher’s disease model. Gaucher’s disease involves mutations in the glucocerebrosidase (gba1) gene, which is known to be the most common genetic risk factor for PD (Riboldi and Di Fonzo, 2019). Chemical inhibition of GBA was achieved using conduritol B-epoxide, which has been previously established in both mice and zebrafish (Vardi et al., 2016; Artola et al., 2019). 5 dpf larvae were treated with 10 μM of the candidate compounds etodolac, nepafenac, olmesartan, protionamide, and aloperine along with 500 μM CBE for 48 h. At 7 dpf, the larvae were imaged with the InCell 6,000 high throughput confocal imaging platform and the ventral DA neurons were analyzed with the custom CellProfiler pipeline (Figure 5A). The compounds nepafenac, olmesartan, and aloperine showed significant neuroprotection compared to the CBE treatment alone (p < 0.01, p < 0.01, and p < 0.001 respectively, one-way ANOVA with post-hoc Fischer’s LSD) (Figure 5B).
[image: Figure 5]FIGURE 5 | Validation of candidate compounds in a chemically induced Gaucher disease model. (A) High throughput imaging of DA neurons with the InCell 6,000 platform for the positive control, CBE, and the candidate compounds. The bottom left image shows the DA neuron isolation process in the custom Cellprofiler pipeline used for image analysis. (B) Hit validation of candidate compounds with 48 h treatment of 500 μM CBE. At 5 dpf, larvae were treated with 0.2% DMSO (positive control), 500 μM CBE (negative control), and the CBE+ 10 μM candidate compounds for 48 h. At 7 dpf, the larvae were imaged with a confocal microscope. The 500 μM CBE showed significant reduction in DA neurons compared to the 0.2% DMSO control (N = 12; p = 0.0012, unpaired t-test). Nepafenac, olmesartan, and aloperine showed significant neuroprotection when co-treated with CBE (N = 10 to 12; one-way ANOVA F = 6.205, p < 0.001, post-hoc Fishers LSD **p < 0.01, ***p < 0.001, unpaired t-test). CBE: Conduritol B epoxide.
Statistical Analysis
The SSMD and BHS data from high throughput screening studies were analyzed by one-way ANOVA and post-hoc Fishers LSD (lease squares difference) test with the R program and is expressed as means ± SEM unless otherwise stated. When only two groups were present (i.e., DMSO versus MTZ control or 40uL agarose versus 50uL agarose), an unpaired t-test was performed. The pathway analysis with Reactome was conducted with an over-representation (hypergeometric) test. The non-topology-based pathway analysis was carried out using the Wilcoxon rank sum test to identify significant targets from the entire screen. All the secondary hit validations were conducted with a one-way ANOVA and post-hoc LSD between the sample and negative control (MTZ treatment).
DISCUSSION
By developing a whole organism screening assay that directly images DA neurons of larval zebrafish in a high throughput manner, we have introduced a phenotype-based method for identifying compounds that protect against DA neuron degeneration. The secondary hit validation assay that utilizes the embedding technique to image before and after treatment showed an excellent z’ factor score. Since a threshold-based hit calling method using SSMD and BHS scores focuses primarily on the selection of top scored hits, this is limited due to the small sample size of n = 3 in the primary screen, some true hit may be missed due to low affinity of the compounds that may be improvable by future medicinal chemistry. We therefore employed additional bioinformatic analysis to select candidates based on significant results from the pathway analysis. These efforts led to the identification of new pathways previously not linked to PD, as well as the validation of pathways previously implicated in PD.
Pathway analysis revealed mitochondrial dysfunction and respiratory transport chain pathways that are known to be closely tied to the etiology of PD (Park et al., 2018). This finding further strengthens the relevance of our screening assay to PD. The relevance of our screening assay has also been established in our recent report of an in-depth analysis of the RAAS inhibitors in PD (Kim et al., 2021). Etodolac and nepafenac identified in our screen are known COX-2 selective inhibitors, which have been previously studied as potential PD therapeutics with its anti-inflammatory properties. Particularly COX-2 is involved in microglia activation, production of radicals, and protects against DA neuron loss in 6-OHDA rat models (Sánchez-Pernaute et al., 2004; Bartels and Leenders, 2010).
Pathways that are not previously associated with PD could lead to new targets and therapeutics. The pathway related to circadian rhythm regulation was found significant from the Reactome pathway analysis. These include the BMAL1:CLOCK:NPAS2 circadian gene expression pathway. Sleep disturbance is a common nonmotor complaint in PD but the etiology is not well understood (Breen et al., 2014). The circadian clock gene BMAL1 is important in sleep control and leukocytes of PD patients have shown to have altered expression that also correlates with PD severity (Cai et al., 2010). Studies in mice have shown that cholinergic neurons of the basal forebrain are more active in Bmal1 muscle-overexpressed mice (Ehlen et al., 2017). In zebrafish, circadian genes modulate dopamine levels (Huang et al., 2015). Insulin regulation and glucose control was also found to be significantly linked to neuroprotection in the pathway analysis. This is supported by a previous report that hyperglycemia increases the production of reactive oxygen species from the mitochondrial electron transport chain and type 2 diabetes is associated with an increased risk of PD (Hu et al., 2007).
The natural product aloperine showed strong and validated neuroprotective effects in this study. Aloperine is a quinolizidine-type alkaloid that is known to have antioxidant properties through suppression of NF-κB signaling (Xu et al., 2014), activation of nuclear factor erythroid-related factor 2 (Song et al., 2018). Aloperine can also inhibit apoptosis in amyloid induced mouse cells in a mitochondria-dependent pathway (Zhao et al., 2018). The neuroprotective benefits of natural compounds are a promising topic of interest but further efforts on elucidating their pharmacokinetic and pharmacodynamic properties are needed (Sharifi-Rad et al., 2020).
The initial screen had a relatively low sample size of n = 3 which could have led to variability and potential false errors. However, this was mitigated by calculating the SSMD score and evaluating not single compounds, but a group of compounds based on pharmacological targets and pathway analysis. Furthermore, secondary validation was conducted with greater sample size along with a blinded manual screen. With the NTR/MTZ assay, it is possible that the compounds that act as inhibitors of NTR could come across as being neuroprotective. These compounds should not show neuroprotection in the second model, the CBE-induced GD model. Therefore, by using both assays in our study, we shall be able to identify broad neuroprotective compounds and distinguish them from NTR inhibitors. The hit compounds identified in this paper will require follow up studies in other animal models and at the mechanistic levels to understand their potential neuroprotective effects in PD.
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Alkaloids that target nicotinic acetylcholine receptors (nAChR) are of great interest because of the critical role they play in mood and anxiety. However, understanding of the neuropharmacological effects of nicotinic alkaloids, such as cotinine and anatabine, is very limited. In this study, we investigated the neuropharmacological effects of three naturally occurring alkaloids—nicotine, cotinine, and anatabine—in vitro and in vivo. A single injection of nicotine induced anxiolytic-like behavioral features in mice by using the SmartCube® behavioral profiling system, while cotinine and anatabine had no detectable effect. The results were corroborated by using the zebrafish novel tank test (NTT), which showed a profound anxiolytic-like effect induced by multiple doses of nicotine after a single 20-min treatment. When the regulation of dopamine and norepinephrine release—the neurotransmitter systems relevant for anxiety—were examined in vitro, we found that nicotine stimulated the release of both norepinephrine and dopamine, while cotinine and anatabine mainly stimulated the dopamine release. The molecular targets of nicotine were confirmed to be nAChRs with its most potent activities against α4β2 and α6/3β2β3 subtypes in vitro. Anatabine was a weaker agonist for these receptors than nicotine. Cotinine was the least potent nAChR compound, only being able to activate α4β2 and α6/3β2β3 subtypes at high doses and no detectable activities against α3β4 and α7 subtypes at the concentrations tested. The observed effects were unlikely due to the off-target effect, because these alkaloids did not bind or regulate >160 other molecular targets in vitro. Thus, the present results suggest that natural nicotinic alkaloids can induce an anxiolytic-like behavior in nonclinical animal models, potency of which may depend on the activation of various nAChRs and regulation of various neurotransmitter systems. Further investigations would help understand their effects on humans, because non-clinical studies should not be taken as a direct indication for human behavior and nicotine is not risk free.
Keywords: nicotine, cotinine, anatabine, alkaloids, nicotinic acetylcholine receptor (nAChR), anxiety
1 INTRODUCTION
Alkaloids are naturally occurring compounds present in a wide spectrum of plants, and their effects on animal behavior are being investigated for their therapeutic potential in various mood disorders and neurodegenerative diseases (Maione et al., 2013; Perviz et al., 2016; Hussain et al., 2018). There are more than 3,000 alkaloids identified, and their botanical and biochemical origins as well as chemical structures and pharmacological actions vary (Vina et al., 2012). In particular, pyridine alkaloids that target nicotinic acetylcholine receptors (nAChRs) are of great interest due to the critical role they play in neuropharmacology of mood and anxiety (Koob and Le Moal, 1997; Picciotto et al., 2002; Picciotto et al., 2015; Perviz et al., 2016). Nicotinic acetylcholine receptors are composed of a (α1–α10), ß (β1–β4), and other (δ, γ, ε) subunits, forming ligand-gated pentameric cation channels. Among the nAChRs, the homomeric α7 and heteromeric α4β2 nAChRs are the best characterized and most abundant subtypes in the central nervous system (Gotti et al., 2006). Other nAChRs in the brain can contain α3, α4, α5, α6, β2, β3, and β4 subunits in various combinations (Gotti and Clementi, 2004; Gotti et al., 2006). It is believed that the various receptor subtypes, inducing different time courses of activation and sensitization in various cell types involved in the diverse neurotransmitter systems, are responsible for the behavioral complexity induced by nicotinic compounds (Picciotto et al., 2002). For example, clinical studies suggest that abnormalities in cholinergic signaling are associated with major depressive disorder, whereas nonclinical studies have implicated both β2 subunit-containing (β2) and α7 nAChRs in anxiety- and depression-like behaviors (Perera et al., 2007; Mineur et al., 2013; Yu et al., 2014; Mineur et al., 2016). Thus, both nonclinical animal studies and clinical trials suggest that compounds that alter nAChR activity can affect behaviors related to mood and anxiety (Breslau, 1995; Diwan et al., 1998).
Among numerous alkaloids that activates nAChRs, nicotine is the most well-known natural alkaloid that can be found in many plants of the Solanaceae family with well-established activities on nAChRs (Alijevic et al., 2020; Xing et al., 2020). However, nicotine is not risk-free with reported negative effects on respiratory, gastrointestinal, cardiovascular functions and on addiction (Mishra, et al., 2015). A number of studies have also reported efficacy of nicotine in regulating memory, anxiety, and depression in rodents and humans (Levin, 2002; Terry et al., 2015; Bertrand and Terry, 2018; Terry and Callahan, 2019). In contrast, the effects of other alkaloids from the same chemical class in Solanaceae plans, such as cotinine and anatabine, are less well known (Dwoskin et al., 1995; Lippiello et al., 1996; Andersson et al., 2003; Vazquez-Palacios et al., 2004; Suemaru et al., 2006; Andreasen and Redrobe, 2009; Levin et al., 2014; Anderson and Brunzell, 2015; Terry et al., 2015; Xia et al., 2019). For example, anatabine is mainly known for its anti-inflammatory effect in neurodegenerative models in rodents (Paris et al., 2013a; Paris et al., 2013b; Verma et al., 2015), with a single study suggesting anxiolytic-like effect and improved social interaction and social memory in PS1/APPswe transgenic mice (Verma et al., 2015). In addition, little is known about the behavioral effects of anatabine when administered acutely.
In this study, the behavioral effects of three nicotinic alkaloids—nicotine, cotinine, and anatabine—were first assessed by using a proprietary machine learning system, SmartCube®, in order to discover their potential acute neurological effects in a relatively high-throughput manner. The SmartCube® system allows phenotypic classification of test compounds by comparing the behavioral features induced by the compounds against a reference behavioral database built from known marketed drugs, including for example, buspirone, ipsapirone, and flesinoxan (Alexandrov et al., 2015; Alexandrov et al., 2016). The advantages of this system are automation of scoring and analysis and relatively high throughput, considering more than 2,000 of behavioral features obtained in one session. Using this innovative technology, the behavioral features induced by the three nicotinic alkaloids after a single intraperitoneal (i.p.) injection in mice were analyzed to understand their possible drug classifications. We chose to treat the animals acutely to understand the direct effect of the compounds on behavior without potential tolerability-related changes that are known to occur for nicotine (Perkins, 2002). In addition, the clinical references used to establish the behavior profile database for SmartCube® used an acute single injection paradigm.
The three alkaloids were then examined by using the zebrafish novel tank test (NTT) of anxiety. The zebrafish NTT takes advantage of the innate behavior of zebrafish to dive and dwell at the bottom of a body of water when anxious. This behavioral paradigm is increasingly being accepted as a relative high-throughput method with some translational value to humans (Levin et al., 2007; Papke et al., 2012; Stewart et al., 2012). Nicotinic compounds as well as anxiolytic drugs, such as diazepam and buspirone, have been shown to induce anxiolytic-like effect in this zebrafish paradigm (Levin and Rezvani, 2007; Bencan and Levin, 2008; Bencan et al., 2009; Stewart et al., 2012). Lastly, the effects of these alkaloids on the neurotransmitter release and their molecular targets were assessed in vitro to understand the possible mechanisms underlying the behavioral findings.
2 MATERIALS AND METHODS
2.1 Chemicals
(-)-Nicotine free base (CAS no. 54-11-5) and (-)-cotinine free base (CAS no. 486-56-6) were purchased from Sigma-Aldrich® (St. Louis, MO, United States). (±)-Anatabine citrate (purity 98.92% by HPLC) was purchased from Concept Life Sciences (Manchester, UK). (±)-Anatabine free base (purity >95% by HPLC) used for the SmartCube® study was a generous gift from Indena® S. p.A. (Milan, Italy) (Rossia et al., 2018). (±)-Anatabine free base used for the zebrafish NTT was custom synthesized by WuXi AppTec (purity ≥95%; Shanghai, China). PNU282987 (CAS no. 711085-63-1) and buspirone hydrochloride (CAS No. 33386-08-2) were purchased from Tocris Bioscience (Bio-Techne®, Minneapolis, MN, United States). AZD1446 (CAS no. 1025007-04-8) was purchased from Key Organics Limited (Cornwall, UK).
2.2 Animals
2.2.1 Mice for the SmartCube® Experiment
Male C57Bl/6 mice (8-9 weeks old; Jackson Laboratories, Bar Harbor, ME, United States) were group-housed in OPTImice® ventilated cages (4 mice/cage). Mice were acclimated to the colony room for at least 1 week prior to testing and subsequently tested at approximately 9-10 weeks of age. All animals were examined, handled, and weighed prior to the initiation of the study to assure adequate health and suitability and to minimize handling stress. During the course of the study, 12/12-h light/dark cycles were maintained. The room temperature was maintained between 20 and 23°C with a relative humidity between 30 and 70%. Chow and water were provided ad libitum in the home cages. Mice were randomly assigned to the treatment groups. For tolerability tests, mice were single-housed in OPTImice® ventilated cages for the duration of the study. All behavioral studies were conducted by PsychoGenics Inc. (Paramus, NJ, United States), a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The procedures were approved by the Institutional Animal Care and Use Committee in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (protocols 195-0513, 233-0214 and 277-1113).
2.2.2 Zebrafish for NTT
Wild-type zebrafish (Danio rerio; strain AB) were bred and housed at Biobide (San Sebastián, Gipuzkoa, Spain) in accordance with standard procedures (Zebrafish Information Network) as described previously (Alzualde et al., 2018; Quevedo et al., 2019). In brief, the fish were maintained in a 300-L aquarium with a maximum of 1,000 fish per tank. System water was maintained at 28.5°C, pH 7–7.8, conductivity at 500–800 μS, and 80–100% oxygen and continuously filtered. The system water condition was monitored daily and regulated, if required. The fish were kept under a 14-/10-h light/dark cycle (light on at 7:30 a.m.). Adults were fed ground dry pellets (Gemma Micro 300; Sketting Zebrafish, Westbrook, ME, United States) and live food (Artemia; Catvis B.V, ‘s-Hertogenbosch, Netherlands) once a day. All behavioral experiments were performed on male and female adult zebrafish (approximately 36–52 weeks post fertilization) in accordance with European standards of animal welfare on animal use for scientific purposes (2010/63/EU), compiled with national regulations for the care of experimental animals, and were approved as described in national regulations (RD 53/2013) by local and regional committees: PRO-AE-SS-121 and PRO-AE-SS-134.
2.2.3 Rats for Neurotransmitter Assay
Adult male Sprague Dawley rats (200—225 g body weight) were purchased from Charles River UK, Ltd. (Kent, United Kingdom) and were housed at the University of Birmingham animal facility, which has a procedure establishment license issued by the Secretary of State and conforms to all relevant United Kingdom legislation. The animals were terminated in accordance with schedule one procedures issued by the UK home office.
2.3 Tolerability
Tolerability tests were conducted by both manually scored observations and open-field activity tests to ensure that the doses used for the SmartCube® test did not have any adverse effects on basic physiology and behavior. In brief, mice were single-housed prior to the test and evaluated for baseline body weight, body temperature, and other parameters. Animals exhibiting abnormal parameters were removed from the tolerability test, and the remaining mice were randomly assigned to the treatment groups, balanced by their body weight and body temperature. On day 1, the mice were i. p. injected with saline (vehicle) or a test compound at 10 ml/kg body weight. Then, body temperature was measured at 15 min, 4 h, and 24 h and body weight on days 1 and 2. Neurological and motor parameters were evaluated at 15 min, 2 h, and 4 h after administration. The list of parameters is provided in Supplementary Figure S1 in Supplementary Material S1. Behaviors that were significantly different from the vehicle-treated mice were considered abnormal.
In addition, within 5 min after the 15-min observation period, mice were placed in open-field chambers for 30 min to determine their general motor activity (distance traveled), ambulatory time, and number of rears. The open-field chambers were made of Plexiglas (27.3 × 27.3 × 20.3 cm; Med Associates Inc, St Albans, VT, United States) surrounded by infrared photobeam sources (16 × 16 × 16 beams). Horizontal activity (distance and time traveled) and vertical activity (number and frequency of rears) were measured by consecutive beam breaks. At the end of each open-field test session, the chambers were thoroughly cleaned with NOLVASAN® solution (Zoetis Services LLC, Parsippany, NJ, United States). Four mice were used per treatment condition. Mice were terminated after completion of the last tolerability observation.
All compounds were diluted in saline, and the pH was adjusted to approximately 7.0 with HCl or NaOH on the day of the experiment. The doses of the chemicals tested were as follows: nicotine (0.25, 0.5, and 1 mg/kg body weight), cotinine (2.5, 5, 10 mg/kg body weight), anatabine (1, 2, and 4 mg/kg body weight), AZD1446 (0.1, 0.3, 1, 3, and 10 mg/kg body weight), PNU282987 (0.1, 1, and 10 mg/kg body weight). The doses were calculated based on the free base molecular weight of the compounds.
2.4 SmartCube® Behavioral Profiling
The SmartCube® system is a unique mouse behavior profiling system developed by PsychoGenics Inc. It extracts over 2000 spontaneous and challenge-induced behavioral features during a session (Alexandrov et al., 2015; Alexandrov et al., 2016). The recorded behavioral parameters are then compared against the behavioral profiles of marketed reference compounds in the database, and the test compounds are classified into known drug classes using PsychoGenics’ proprietary bioinformatics algorithms. In brief, mice were i. p. injected with vehicle or test compound at 10 ml/kg body weight and placed in the SmartCube® arena (24 cm × 25 cm) 15 min later. Spontaneous and stimulus-induced behaviors of mice were recorded using force sensors distributed throughout the arena during a 45-min test session. In addition, three high-resolution video cameras provided a constant 3-dimensional (3D) view of the mouse behavior in the SmartCube® arena throughout the testing period. The bedding was vacuumed, and the arena was cleaned with NOLVASAN® solution between each run. Data from the SmartCube® test were processed using PsychoGenics’ proprietary Computer Vision feature extraction, Bayesian probabilistic density models, and data mining algorithms, trained on a large library of reference compounds with known therapeutic indications to predict the underlying class of each test compound (Alexandrov et al., 2015; Alexandrov et al., 2016). Twelve mice were tested per condition. Mice were terminated after the completion of the SmartCube® test.
The doses of the tested chemicals were chosen based on the tolerability test findings as follows: nicotine (0.125, 0.25, and 0.5 mg/kg body weight), cotinine (0.25, 0.5, 1, 2.5, 5, and 10 mg/kg body weight), anatabine (0.5, 1, and 2 mg/kg body weight), AZD1446 (0.01, 0.03, 0.1, 0.3, 1, 3, and 10 mg/kg body weight), PNU282987 (0.1, 0.3, 1, 3, and 10 mg/kg body weight). The doses were calculated based on the free base molecular weight. The doses were selected based on the tolerability test results.
2.5 Zebrafish NTT
Adult male and female wild-type zebrafish were treated with the compounds for 20 min in a final volume of 50 ml in a 250-ml treatment beaker one fish at a time. The fish were briefly rinsed in fresh system water, and then immediately transferred to a trapezoidal tank (14.6 cm height x 5.5 cm width x 27.9 cm top length and x 23.6 cm bottom length) filled with 1.5 L system water. The behavior of the fish was monitored for the next 5 min by using the Noldus EthoVision XT system (Wageningen, Netherlands), with the camera placed approximately 1 m from the test tank. The part of the tank filled with water (11.5 cm height) was virtually divided into top, center, and bottom of equal heights (approximately 3.8 cm per segment) for the analysis. The average time spent at the top and bottom portions of the tank was analyzed to determine the anxiety-like behavior of fish. The average total distance travelled and freezing time were calculated to determine the effects of the compounds on the general behavior of fish. Freezing was defined by a complete cessation of movement except for gills and eyes (Kalueff et al., 2013). A minimum of 12 fish (6 females and 6 males) per condition were used for the study. The experimenter was blind to the test conditions. Any fish that stayed immobile for longer than 200 s out of a total of 5-min test period were considered as an outlier as it was generally >2 standard deviations away from the mean and excluded from the analysis. Three fish from vehicle control, one fish from 10 mg/L anatabine, and three fish from 100 mg/L buspirone were removed from the final analysis, but these changes did not alter the significance of statistical results.
The test concentrations were determined by first testing the compounds at 30 mg/L. If the fish tolerated the dose (as determined by the lack of abnormal behavior such as tail or body tremors or floating at the surface of the water), then higher doses were tested. If not, the dose was reduced until no obvious signs of tolerability problems were observed. The test concentrations for the NTT were as follows: nicotine (0.3, 1, 3, and 10 mg/L; equivalent to 2, 6, 19, and 62 µM), cotinine (30, 100, and 300 mg/L; equivalent to 171, 568, and 1705 µM), anatabine (0.3, 1, 3, and 10 mg/L, equivalent to 2, 6, 19, and 63 µM), and buspirone (10, 30, and 100 mg/L; equivalent to 26, 78, and 259 µM). The concentrations were calculated based on the free base molecular weight. Buspirone—a clinical anxiolytic drug used acutely and chronically to investigate the change in the anxiety-like behavior (Maximino, et al., 2011; Maximino, et al., 2013)—was included as a positive control.
2.6 In vitro Neurotransmitter Release Assay
In vitro neurotransmitter assays using crude synaptosome preparations were conducted by Gifford Biosciences Limited (Birmingham, UK) based on the previously described protocols (Clarke and Reuben, 1996; Gifford et al., 2000). In brief, male Sprague Dawley rats (200–225 g) were terminated by cervical dislocation followed by decapitation. The striatums or hippocampi were dissected and homogenized in ice-cold 0.32 M sucrose using a Dounce homogenizer. The homogenates were centrifuged at 100 x g for 5 min to pellet cell debris. The supernatants were collected and centrifuged at 17,000 x g for 10 min at 4°C to pellet crude synaptosomes. The pellets were resuspended in 5 ml Krebs buffer, pH 7.4 (in mM (pH 7.4): 120 NaCl, 3.3 KCl, 1.2 MgSO4, 1.3 CaCl2, 1.2 K2HPO4, 25 HEPES, 11 glucose, 0.01 ascorbic acid, 0.025 pargyline, and 0.1% BSA containing 2 μCi/ml [3H]norepinephrine for hippocampal synaptosomes or 1 μCi/ml [3H]dopamine for striatal synaptosomes and incubated for 15 min at 35°C with gentle shaking.
The [3H]norepinephrine- or [3H]dopamine-treated crude synaptosomes were loaded onto closed filter chambers containing Whatman® Grade GF/C Glass Microfiber filters (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and placed in a superfusion system. Preoxygenated Krebs buffer was perfused through the chambers at a rate of 1 ml/min at 37 °C using an 8-channel peristaltic pump. To ensure an even flow over the synaptosomal bed, trapped air bubbles were removed from the filters prior to collection of the fractions. After a superfusion period of 40 min, three basal fractions (1.5 ml/fraction) were collected first, followed by three fractions (1.5 ml/fraction) containing the test compound. Two additional fractions were collected in the presence of 30 mM KCl to depolarize the synaptosomes. A 0.4-ml aliquot of each fraction was then transferred to a counting plate, and a scintillation cocktail was added to measure the radioactivity using a Wallac® TriLux 1450 MicroBeta counter (PerkinElmer Life Sciences, Zaventem, Belgium). Once all fractions were collected, the filters holding the crude synaptosome samples were removed and dried overnight at room temperature. On the following day, the scintillation cocktail was added and the filters were counted to determine residual radioactivity.
Compound-evoked release of neurotransmitters was calculated by subtracting the counts per minute (CPM) in the two basal fractions collected immediately prior to compound addition from those in the two fractions collected immediately following compound addition. The compound-evoked release was then expressed as a percentage of the basal release from that chamber. Potassium-evoked release was calculated by subtracting the CPM in the fraction immediately prior to KCl addition from the CPM in the three fractions immediately following potassium addition. Stimulated release was calculated as the percentage of basal release for that chamber. The increase in stimulated release above the baseline (no compound) release for that experimental run was determined, and the latter values were plotted on the graphs. Dose–response curves were determined using non-linear curve fitting in Prism (GraphPad Software, Inc, San Diego, CA, United States). All experiments were repeated at least three times.
2.7 In vitro nAChR Functional Assay
Electrophysiological responses were recorded using an automated patch-clamp Patchliner Octo® system (Nanion Technologies, Munich, Germany) equipped with two EPC-10 Quadro patch-clamp amplifiers (HEKA Elektronik, Lambrecht, Germany) as described by (Alijevic et al., 2020). In brief, Chinese hamster ovary (CHO) or human embryonic kidney-293 (HEK-293) cells stably expressing human nAChRs (Charles River Laboratories, Wilmington, MA, United States) were maintained in DMEM/F12 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and penicillin–streptomycin (100 U/mL and 0.1 mg/ml, respectively; Sigma-Aldrich, St. Louis, MO, United States) at 37°C in 5% CO2 and 70% humidity. The following selection antibiotics were used for the cell lines: G418 (0.25 mg/ml; Sigma-Aldrich) and ZeocinTM (0.4 mg/ml; InvivoGen, San Diego, CA, United States) for α7/Ric3 nAChR and α3β4 nAChR cells; puromycin (8 μg/ml; InvivoGen) and hygromycin B (0.4 mg/ml; Gibco) for α4β2 nAChR cells; and G418 (0.5 mg/ml), puromycin (0.25 μg/ml), and hygromycin B (0.02 mg/ml) for α6/3β2/β3 nAChR cells. The cells were used for characterizing nAChR pharmacology, because no endogenous ionotropic nicotinic receptors are found (Roncarati et al., 2008; Papke and Smith-Maxwell, 2009; Kirsch et al., 2016; Scheffel et al., 2018). The subunit distributions in the cells have been previously described (Alijevic et al., 2020). The human nAChRs were selected due to the lack of commercially available nAChR expression systems for mouse or zebrafish. The translatability of findings between zebrafish and human nAChR activities have been previously reported (Papke and Smith-Maxwell, 2009; Papke et al., 2012; Alijevic et al., 2020).
On the day of the experiment, nAChR-expressing cells were suspended in extracellular solution (in mM: 140 NaCl, 4KCl, one MgCl2, two CaCl2, five glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH (298 mOsmol)), then placed in the Patchliner Octo® system. The internal solution contained in mM: 50 KCl, 60 kF, 10 NaCl, 20 EGTA, and 10 HEPES, adjusted to pH 7.2 with KOH (285 mOsmol). A seal-enhancer solution (in mM: 80 NaCl, 3 KCl, 10 MgCl2, 35 CaCl2, and 10 HEPES (pH 7.4, adjusted with HCl; 298 mOsmol) was used and replaced with the external solution once the whole-cell configuration was established. For activating the nAChRs, cells were stimulated with 5–10 μL of the test compounds in 0.3% DMSO, applied at 114 μL/s, followed by a washout using 120 μL external solution. Their response was recorded at a holding potential of−70 mV and a sampling rate of 20 kHz and filtered at 3 kHz using the PatchControlHT software (Nanion Technologies, v2.01.31) in combination with the Patchmaster software (HEKA Elektronik, v2×90.4 beta). Data were analyzed using the Patchmaster software and corrected for leak current. The data acceptance criteria were as follows: seal resistance >100 MΩ; seal resistance loss variation <50%; access resistance <20 MΩ; and minimum current amplitude elicited by maximal effect concentration acetylcholine >50 pA. Offline data analysis was performed in OpenOffice™ (v4.1.2; The Apache Software Foundation, Wakefield, MA, United States). Data are presented as mean ± S.D. All experiments were performed at room temperature (24°C) and repeated at least three times. Igor Pro (v6.2.2.2; WaveMetrics, Lake Oswego, OR, United States) or Prism (v8.2.1) were used for assessing the concentration–response curves.
2.8 In vitro Molecular Target Profiling
One hundred sixty five molecular targets were selected based on various references and databases. Majority of targets were selected by using SuperPred database as a guide for known and predicted targets of the three compounds (Nickel et al., 2014). SuperPred is a publicly accessible database that provides both experimentally reported drug–target interactions (DTIs) and predicted DTIs derived by a molecular similarity approach, covering a total of 665,000 DTIs connecting 31,000 compounds and 1800 targets (Nickel et al., 2014). This database was chosen because of its comprehensive coverage for nicotine, anatabine, and cotinine compared to other databases (Fang et al., 2017). Additional targets were included based on previous in-house proteomics and SmartCube® investigations, the abuse potential guidelines published by the United States Food and Drug Administration in 2017 (U.S. Department of Health and Human Services Food and Drug Administration (FDA) Center for Drug Evaluation and Research (CDER), 2017), and preclinical drug safety screening guidelines (Whitebread et al., 2005; Bowes et al., 2012). Combining the results of these resources, nicotine, cotinine, and anatabine were tested in technical duplicates against 175 assays including, for example, 86 GPCRs, 23 ion channels, 7 transporters, 15 kinases, and 35 other enzymes.
All binding and functional assays for molecular target characterization were conducted by Eurofins Cerep SA (Celle-Lévescault, France) and Eurofins Panlabs Discovery Services Taiwan, Ltd. (New Taipei City, Taiwan) using their standard in vitro binding and functional assays (Supplementary Material S2). A single concentration of each compound (10 µM in 0.1% DMSO) was used for the initial screen, followed by a full dose–response analysis for those targets for which the compounds showed an effect greater than 50%. Negative values were considered to be an artifact arising from, for example, compounds interfering with the assay readout. The initial dose was selected based on our findings that 0.5 mg/kg nicotine showed an effect in the SmartCube®, which corresponded to a plasma concentration of approximately 5–6 μM according to the pharmacokinetics data reported by Petersen et al. (1984).
The radioligand displacement binding assays employed the gold standard filtration method using membrane preparations from stable cell lines (HEK-293 or CHO cells) expressing human or rodent target proteins to determine the interaction of the compounds with specific receptors, channels, and transporters. For this purpose, the competitive binding of test compounds against a [125I]- [3H]-, or [35S]-labelled agonist and/or antagonist was determined. The specific list of radiolabeled ligands and experimental conditions are summarized in Supplementary Material S2.
2.9 Statistical Analysis
For the tolerability tests, passive signs and manipulation responses were analyzed for effects of the treatment by the Kruskal–Wallis test. Body temperature and body weight data were analyzed by two-way repeated measures analysis of variance (ANOVA). The total distance and time traveled and number and frequency of rears in the open-field activity test were analyzed by one-way ANOVA, followed by the Tukey post-hoc test. For the analyses of the zebrafish NTT data, one-way ANOVA was used, followed by Dunnett’s multiple comparison test, if it passed the Shapiro-Wilk normality test. If the data set did not pass the normality test, then Kruskal–Wallis test followed by Dunn’s multiple comparison test was used. An effect was considered significant if p < 0.05. The half maximal effective concentration (EC50) and half-maximal inhibitory concentration (IC50) for the receptor pharmacology and neurotransmitter release assay were determined by using nonlinear regression analysis. Statistical analyses were conducted using GraphPad Prism.
3 RESULTS
3.1 SmartCube® Behavioral Profiling and Classification
To investigate a wide range of neurobehavioral effects, nicotine, cotinine, and anatabine were tested in the SmartCube® system after a single i.p. injection in mice. Two reference compounds, AZD1446 and PNU282987, were included as α4β2 and α7 nAChR-specific agonists, respectively. The treatment protocol was chosen to be consistent with the treatment protocol used to establish the SmartCube® reference database. To determine the test doses, three doses of each compound were tested for tolerability. The results indicated that the highest dose (10 mg/kg) of cotinine, AZD1446, and PNU282987 were well tolerated and thus, 10 mg/kg was selected as the highest dose to be tested on the SmartCube® system (Supplementary Material S3; Supplementary Figure S2 in Supplementary Material S1). For anatabine and nicotine, the highest dose tested (4 mg/kg and 1 mg/kg, respectively) decreased the body temperature of the mice 15 min after the injection (Supplementary Figure S3 in Supplementary Material S1; main treatment effect: F (6, 21) = 12.619; p < 0.001; treatment × time interaction effect: F (6, 21) = 11.755; p < 0.001; LSD post hoc: p < 0.05 for both). Thus, a lower dose (2 mg/kg and 0.5 mg/kg, respectively) was chosen to be tested as the highest dose for the SmartCube® experiment.
Among the compounds tested on the SmartCube® system, only nicotine at the highest dose (0.5 mg/kg body weight) showed anxiolytic-like behavior features in mice. Other compounds did not induce any behavioral changes that significantly differed from those induced by the vehicle control (Figure 1).
[image: Figure 1]FIGURE 1 | Drug classifications of the plant alkaloids. The drug classifications of nicotine, cotinine, anatabine, and nAChR reference compounds (AZD1446 and PNU282987) determined by using the SmartCube® system in mice are presented. Only nicotine induced anxiolytic-like behavioral signature (yellow bar). Neither the free base nor citrate form of anatabine showed any changes in behavior. Thus, only the free base data are shown for anatabine. The doses are indicated on the x-axis as mg/kg. The color code is described in the figure legend on the left. N = 12 mice.
3.2 Effects of Alkaloids on Zebrafish NTT Response
The zebrafish NTT was used to assess the anxiolytic-like effects of three alkaloids. In this experiment, zebrafish were placed in a beaker containing nicotine, cotinine, or anatabine for 20 min, then placed in a novel tank. The top three concentrations of nicotine (1, 3, and 10 mg/L) increased the time spent at the top and reduced the time spent at the bottom (Figures 2B, E, H; H (4) = 36.38; p < 0.001; Dunn’s post hoc: p = 0.001, 0.013, <0.0001 for 1, 3, and 10 mg/L, respectively for the time spent at the top; H (4) = 59.66; Dunn’s post hoc: p < 0.0001 for 1 and 10 mg/L, p < 0.004 for 3 mg/L for the time spent at the bottom). Zebrafish exposed to 100 mg/kg cotinine spent less time at the bottom of the tank, but other concentrations had no effect (Figures 2C,F,I; H (3) = 23.86; p < 0.0001; Dunn’s post hoc: p < 0.0001). The time spent at the top was not affected by any doses of cotinine. Anatabine increased the time spent at the top and reduced the time spent at the bottom only at the highest dose tested (Figures 2D,G,J; H (4) = 24.40; p < 0.0001; Dunn’s post hoc: p = 0.001 for the time spent at the top; H (4) = 30.73; p < 0.0001; Dunn’s post hoc: p < 0.0001 for the time spent at the bottom). The anxiolytic reference compound buspirone increased the time spent at the top for all three doses tested and reduced the time spent at the bottom for the middle two doses (Supplementary Figures S4A, B in Supplementary Material S1; F (3, 58) = 22.60; p < 0.0001; Dunnett’s post hoc: p = 0.0002, <0.0001, 0.0078 for 10, 30, and 100 mg/L, respectively for the time spent at the top; H (3) = 33.21; p < 0.0001; Dunn’s post hoc: p = 0.014 and <0.0001 for 10 and 30 mg/L, respectively for the time spent at the bottom), supporting the validity of the zebrafish NTT to detect anxiolytic-like compounds.
[image: Figure 2]FIGURE 2 | Effects of alkaloids on anxiety-like behavior in zebrafish. Heatmaps of the general activity of zebrafish after (A) vehicle, (B) nicotine (1 mg/L), (C) cotinine (100 mg/L), or (D) anatabine (10 mg/L) treatment are shown. Nicotine increased the time spent at the top and decreased the time spent at the bottom for the three highest doses, 1, 3, and 10 mg/L (E, H). Cotinine decreased the time spent at the bottom only at 100 mg/L and did not affect the time spent at the top (F, I). Anatabine increased the time spent at the top and decreased the time spent at the bottom at only the highest dose tested (10 mg/L; (G, J). Each individual circle represent one zebrafish. Solid circles = males; open circles = females; n = 12–36; *p < 0.05 and ***p < 0.001. Data are presented as mean ± S.D.
When the general behavior was examined, the fish treated with 1 and 10 mg/L nicotine showed decreased total distance traveled, but showed no freezing response (Figures 3A,D in Supplementary Material S1; F (4, 100) = 8.520; p < 0.0001; Dunnetts’ post hoc: p < 0.0001 for 1 mg/L, p = 0.010 for 10 mg/L for total distance traveled). Total distance traveled in fish exposed to 100 mg/L cotinine was reduced without affecting their freezing time (Figures 3B,E in Supplementary Material S1; F (3, 77) = 4.832; p = 0.0039; Dunnett’s post hoc: p = 0.049). Total distance travelled was reduced in zebrafish exposed to 0.3 and 10 mg/L anatabine (Figure 3C in Supplementary Material S1; H (4) = 19.19; p < 0.001; Dunn’s post hoc: p = 0.002 and 0.001 for 0.3 and 10 mg/L, respectively). The freezing time was increased only at 0.3 mg/L (Figure 3F; H (4) = 14.53; p < 0.006; Dunn’s post hoc: p = 0.002). The total distance traveled was decreased and the freezing time was increased at 100 mg/L buspirone (Supplementary Figures S4C, D in Supplementary Material S1; F (3, 58) = 4.785; p = 0.005; Dunnett’s post hoc: p = 0.009 for total distance; H (3) = 29.22; p < 0.0001; Dunnett’s post hoc: p < 0.0001 for freezing time), suggesting potential tolerability challenge at this very high dose of buspirone. The changes in total distance travelled for all compounds were rather small albeit significant, and the reduced activity did not always result in anxiolytic-like behavior and vice versa (e.g., 3 mg/L nicotine and 0.3 mg/L anatabine). There were also no significant differences between male and female zebrafish responses for all the parameters examined.
[image: Figure 3]FIGURE 3 | Effects of alkaloids on general movement in zebrafish. Total distance traveled over 5 min test period for (A) nicotine, (B) cotinine, and (C) anatabine and freezing time for (D) nicotine, (E) cotinine, and (F) anatabine are presented. A slight reduction in the movement was detected for fish exposed to nicotine at 1 and 10 mg/L, cotinine at 100 mg/L, and anatabine at 0.3 and 10 mg/L. Freezing time was only increased by 0.3 mg/L anatabine treatment. Each individual circle represent one zebrafish. Solid circles = males; open circles = females; n = 12–36; *p < 0.05 and ***p < Data are presented as mean ± S.D.
3.3 Neurotransmitter Release
To understand the possible regulatory role of nicotine, cotinine, and anatabine on neurotransmitter systems relevant for emotionality such as anxiety, we investigated the effects of these alkaloids on dopamine and norepinephrine release in vitro. The AZD1446 and PNU282987 were included as α4β2 and α7 nAChR specific reference compounds, respectively (Bodnar et al., 2005; Mazurov et al., 2012), and acetylcholine as an endogenous nAChR ligand. Our results showed that dopamine release from striatal synaptosomes was partially induced by nicotine, anatabine, AZD1446, and acetylcholine (EC50: 0.19, 1.76, 8.4, and 0.27 μM, respectively) (Figure 4). Cotinine and PNU282987 at higher concentrations induced 20–30% dopamine release, but the results were either too variable or not sufficiently potent to reliably assess EC50 values. Norepinephrine release from hippocampal synaptosomes was induced only by nicotine and acetylcholine (EC50: 4.22 and 13.5 μM, respectively) (Figure 5). Anatabine induced a slight increase (∼20%) in norepinephrine release at the higher doses, but its EC50 could not be reliably assessed due to the high variability of the data at the highest concentration tested. The α4β2 nAChR agonist AZD1446 and the α7 nAChR agonist PNU282987 induced negligible change in norepinephrine release.
[image: Figure 4]FIGURE 4 | Effects of nAChR ligands on dopamine release in vitro. Dopamine (DA) release from crude striatal synaptosome preparations were measured after (A) nicotine, (B) cotinine, (C) anatabine, (D) AZD1446 (E) PNU282987, and (F) acetylcholine treatment. All tested compounds elicited robust DA release except for cotinine and PNU282987 at the concentrations tested. Data are presented as mean ± S.D.
[image: Figure 5]FIGURE 5 | Effects of nAChR ligands on in vitro norepinephrine release. Norepinephrine (NE) release from crude hippocampal synaptosome preparations were measured after (A) nicotine (B) cotinine, (C) anatabine, (D) AZD1446, (E) PNU282987, and (F) acetylcholine treatment. Only nicotine and acetylcholine seem to elicit clear NE release at the concentrations tested. Data are presented as mean ± S.D.
3.4 In vitro Molecular Target Profiling of Nicotine, cotinine, and Anatabine
To understand the molecular mechanisms, dose–response binding and/or functional studies were conducted for α3β4, α4β2, α6/3β2β3, and α7 nAChR subtypes in vitro (Figure 6; Table 1, and Supplementary Figure S5 in Supplementary Material S1). Nicotine was a potent full agonist for α4β2 and α6/3β2β3 nAChRs (EC50 = 1.0 ± 0.2 and 0.7 ± 0.1 µM, respectively) and showed weak activity against α3β4 and α7 nAChRs (EC50 = 42.4 ± 2.2 and 54.5 ± 10.6 µM, respectively). Anatabine showed a slightly weaker potency for all receptor subtypes compared to nicotine (EC50 for α3β4 nAChR = 70.6 ± 8.2 µM; for α4β2 nAChR = 6.1 ± 1.4 µM; for α6/3β2β3 nAChR = 3.6 ± 0.3 µM; for α7 nAChR = 158.5 ± 11.4 µM). Cotinine was the least potent of the three alkaloids with EC50 for α4β2 and α6/3β2β3 nAChRs greater than 100 µM and no detectable activities for α3β4 and α7 nAChRs for the range of concentrations tested in this study. In support of this weak activity, the cotinine binding for α3β4 and α7 nAChRs were also undetectable and for α4β2 was barely detectable (Supplementary Figures S5B, E, and H in Supplementary Material S1). In contrast, nicotine and anatabine showed a strong binding affinity towards α3β4 and α4β2 nAChRs (α3β4 nAChR IC50 for nicotine and anatabine = 1.00 ± 0.08 and 0.96 ± 0.20 µM, respectively; α4β2 nAChR IC50 for nicotine and anatabine = 0.04 ± 0.002 and 0.71 ± 0.09 µM, respectively) (Supplementary Figure S5A, D in Supplementary Material S1, for nicotine; 6C and F for anatabine). The EC50 values for α7 nAChR were barely detectable at 10 µM for both nicotine and anatabine (Supplementary Figures S5G, I in Supplementary Material S1). Binding assays could not be conducted for α6/3β2β3 nAChRs due to the lack of commercially available compounds that are specific to α6-contatining subtypes. It is worth noting that independent functional assays were conducted for each compound, and, thus, the possible roles of the compounds as non-competitive or silent agonists or allosteric modulators were not assessed.
[image: Figure 6]FIGURE 6 | Concentration response curves of the alkaloids for various nAChRs. Functional activity of nicotine, cotinine, and anatabine were tested against (A) α3β4, (B) α4β2, (C) α6/3β2β3, and (D) α7 in vitro. Mean EC50 values (in µM) are indicated in Table 1. Nicotine = black lines with solid circles; Cotinine = grey lines with solid squares; anatabine = grey lines with crosses. Data are presented as mean ± S.D.
TABLE 1 | The EC50 values of alkaloids for various nAChR subtypes.
[image: Table 1]To understand potential off-target effects of these alkaloids, we selected 175 in vitro binding and enzymatic assays to determine the molecular target specificity of nicotine, cotinine, and anatabine based on the database and previous studies. The result indicated that all three alkaloids showed specific binding to α4β2 and muscle-type nAChR, but did not bind or regulate the activities of other molecular targets in vitro (Figure 7).
[image: Figure 7]FIGURE 7 | Off-target effect assessment. (A) Nicotine, (B) cotinine, and (C) anatabine were tested in 175 in vitro binding or functional assays as summarized in Supplementary Material S2. Each dot represents the outcome of one assay. The grey shaded area covers any assay that showed an effect smaller than 50%. Red dots represent assays that showed greater than 50% change by the respective compounds compared to the vehicle control. N = three repeats.
4 DISCUSSION
In this study, we investigated the neurobehavioral effects of three alkaloids—nicotine, cotinine, and anatabine—by using two relatively high-throughput behavioral paradigms, the SmartCube® system and zebrafish NTT. We were able to demonstrate the anxiolytic-like effect of nicotine by using both systems, supporting the robustness of the finding across species. Cotinine induced a weak anxiolytic-like effect at a concentration 100-fold higher than nicotine in zebrafish, with the effect only observable when the time spent at the bottom was considered. Similarly, anatabine also induced an anxiolytic-like effect, but only at the highest tolerated concentration, which was 10-fold higher than nicotine. The relative low potency of cotinine and anatabine may have been reflected by the lack of anxiolytic-like effect detected in the SmartCube® system. The fact that cotinine did not induce a strong neurobehavioral effect suggests that the observed effect of nicotine was likely due to the direct effect of nicotine and not due to its metabolic product. Furthermore, nicotine was able to induce dopamine and norepinephrine release in vitro, while cotinine and anatabine mainly induced dopamine release only. Previous studies have demonstrated the translational value of dopamine and norepinephrine signaling systems among zebrafish, rodents, and humans (Singh et al., 2015; Ek et al., 2016; Feng et al., 2019). Thus, although the in vitro dopamine and norepinephrine release assays were conducted using rat synaptosomes, the findings should be applicable across species. The differences of these alkaloids in regulating neurobehavioral effects and neurotransmitter release may be reflected by the different levels of nAChR activation, where nicotine showed the strongest potency against almost all receptor subtypes examined. In addition, our preliminary results suggested that anatabine may not fully activate α3β4, α4β2, and α6/3β2β4 nAChRs, inducing perhaps, 40, 60, and 70% of the full receptor activity, respectively (data not shown).
Dopamine and norepinephrine are tightly regulated to control anxiety in animals (Garcia-Garcia et al., 2014; Montoya et al., 2016). It has been well-documented that activation of nAChRs induces the release of norepinephrine in the hippocampus from terminals originating in the locus coeruleus and of dopamine in the striatum from terminals originating in the substantia nigra or the ventral tegmentum (Rapier et al., 1988; Rapier et al., 1990; Sacaan et al., 1995; Clarke and Reuben, 1996). Various reports suggest that presynaptic nAChRs associated with striatal dopaminergic and hippocampal noradrenergic terminals differ pharmacologically to finely regulate their neurotransmitter release mechanisms. For example, nigrostriatal dopaminergic terminals have been suggested to have at least two types of nAChRs: a-conotoxin MII (α-CtxMII)-sensitive and -insensitive nAChRs (Kulak et al., 1997). The β2 subunit of nAChRs is absolutely required for both a-CtxMII-sensitive and -insensitive nAChR-mediated dopamine release, while the β4 and α7 subunits are not (Salminen et al., 2004). The distinguishing composition of these nAChRs is that the a-CtxMII-sensitive response requires the β3 and α6 subunits and is partially dependent on the α4 subunit (e.g., α6β3β2 and α4α6β3β2), whereas the a-CtxMII-resistant release requires the α4 subunit and is partially dependent on the α5 subunit (e.g., α4β2 and α4α5β2) (Champtiaux et al., 2002; Champtiaux et al., 2003; Luetje, 2004; Salminen et al., 2004). The contribution of α7 receptors to the control of dopamine release and, in fact, of norepinephrine release also, is mediated indirectly via an increase in glutamate release (Salminen et al., 2004; Barik and Wonnacott, 2006). Consistent with these results, Zoli et al. (2002) concluded that nicotinic binding sites expressed in rats include α4β2, α4α5β2, α6β2 (β3), and α4α6β2 (β3) nAChRs (Zoli et al., 2002). Thus, α4β2 nAChR-activating compounds, such as nicotine, anatabine, and AZD1446 used in the current study, can strongly induce dopamine release in vitro, while α7 nAChR agonists, such as PNU282987, induce a marginal effect.
Similarly, locus coeruleus noradrenergic neurons projecting to the hippocampus also show specific nAChR subunit compositions that can be differentially modulated by various nAChR ligands. Two populations of neurons can be distinguished on the basis of nAChR mRNA expression patterns and electrophysiological properties (Wada et al., 1989; Wada et al., 1990; Dineley-Miller and Patrick, 1992; Lena et al., 1999). One population of small cells systematically express α3 and β4 mRNAs (and often α6, β3, α5, and α4 mRNAs). Another population of cells with large soma systematically express α6 and β3 (and often α4), but not α3 and β4 mRNAs. Nicotine preferentially elicits large currents in the large cells, while cytisine preferentially elicits large currents in the small cells. This nAChR-specific and, thus, cell-type specific activation allows nicotine to more potently induce norepinephrine release than cytisine in the hippocampus, indicating that the noradrenergic terminals in the hippocampus most likely originate from the large α6-and β3-expressing cells (e.g., α6β3β2 and α4α6β3β2) in the locus coeruleus (Lena et al., 1999). This fine-tuning of norepinephrine release by receptor subtype-specific activation may explain why nicotine was uniquely classified as an anxiolytic-like compound using mice in this study, while others, such as cotinine and anatabine with no potency or low potency and partial activation (approximately 67% of nicotine; preliminary data) of α6-containing nAChRs, respectively, were not.
It is worthy to note that previous studies have reported both anxiolytic and anxiogenic effects of nicotine in other nonclinical models (Lippiello et al., 1996; Lippiello et al., 2007; Mineur et al., 2007; Terry et al., 2012; Grizzell et al., 2014; Levin et al., 2014; Grizzell and Echeverria, 2015; Terry et al., 2015; Elhassan et al., 2017; Xia et al., 2019). Similarly, nAChR antagonists, such as mecamylamine, have also been reported to possess both anxiolytic and anxiogenic properties in nonclinical studies (Zarrindast et al., 2000; Newman et al., 2001; Picciotto et al., 2002). The ability of nAChR agonists and antagonists to act as an anxiolytic or anxiogenic substance is quite complex and dependent on the regimen of administration (acute vs chronic regimens, or withdrawal), route of administration (i.p., subcutaneous, intravenous, or inhaled), and behavioral state of the experimental subjects (relaxed vs stressed) (Picciotto et al., 2002; Picciotto et al., 2015). In particular, the baseline level of endogenous acetylcholine, which can vary depending on, for example, the stress level of the animal, could be rather important to understand the drug effects (Imperato et al., 1989; Imperato et al., 1991). The changing endogenous acetylcholine levels can modify nAChR sensitization or desensitization state, which ultimately determine the drug effect on behavioral outcome (Lu et al., 1999; Giniatullin et al., 2005; Yu et al., 2014). These various factors in nonclinical models, influencing the effect of nicotine and anxiety, in general, also make it challenging to interpret their implications in human neuropharmacology and ultimately, human behavior. Thus, future research is certainly worthwhile to assess if chronic treatment of nicotinic alkaloids or other considerations can produce similar anxiolytic-like effects.
Taken together, our results indicate that nicotinic ligands can induce an anxiolytic-like effect. The differential neurobehavioral effects induced by the three alkaloids suggest a fine regulation of neurotransmitter systems orchestrated by a complex combination of various nAChR subtypes. Previous studies showing nAChR-mediated mechanisms using specific antagonists (Levin, 2002; Terry et al., 2015; Bertrand and Terry, 2018; Terry and Callahan, 2019) support these concepts outlined in this study. Although cotinine and anatabine did not induce a strong anxiolytic-like effect, cotinine, in particular was well tolerated in both fish and mice. Thus, these findings support the importance of investigating the therapeutic potential of natural compounds that are well tolerated.
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Atrazine and Diuron are widely used herbicides. The use of pesticides contaminates the aquatic environment, threatening biodiversity and non-target organisms such as fish. In this study, we investigated the effects of acute exposure for 96 h hours to atrazine and diuron commercial formulations in zebrafish (Danio rerio, wild-type AB) embryos and larvae and adult stages. We observed a significant concentration-dependent survival decrease and hatching delays in animals exposed to both herbicides and in the frequency of malformations compared to the control groups. Morphological defects included cardiac edema, tail reduction, and head malformation. At 7 days post-fertilization (dpf), atrazine exposure resulted in a reduction in the head length at 2, 2.5, and 5 mg/L and increased the ocular distance at 1, 2, 2.5, and 5 mg/L atrazine when compared to controls. At the same age, diuron increased the ocular distance in animals exposed to diuron (1.0 and 1.5 mg/L) and no effects were observed on the head length. We also evaluated a behavioral repertoire in larvae at 7 dpf, and there were no significant differences in distance traveled, mean speed, time in movement, and thigmotaxis for atrazine and diuron when animals were individually placed in a new environment. The cognitive ability of the larvae was tested at 7 dpf for avoidance and optomotor responses, and neither atrazine nor diuron had significant impacts when treated groups were compared to their corresponding controls. Adults’ behavior was evaluated 7 and 8 days after the end of the acute herbicide exposure. Exploration of a new environment and associated anxiety-like parameters, social interaction, and aggressiveness were not altered. Our results highlight the need for further studies on the sublethal effects of both herbicides and the consideration of the effects of commercial formulas vs. isolated active ingredients. It also emphasizes the need to take sublethal effects into consideration when establishing the environmental limits of residues.
Keywords: survival, teratogenesis, exploratory behavior, cognition, social interaction, atrazine, diuron, zebrafish
1 INTRODUCTION
The demand for greater agricultural productivity over the last few decades was accompanied by the increased use of agrochemicals, such as herbicides, in pest and weed control. The fate of these substances on the environment depends on several factors, such as the concentration and frequency of use, application methods, and environmental biotic and abiotic characteristics (Rodrigues et al., 2017; Tang et al., 2021). The extensive use of these substances leads to air and soil contamination not only at the planting sites but also in local water bodies and groundwater (Fernandes et al., 2020). The persistence of these substances in the environment and the combined use of more than one agrochemical in the same area result in added contamination hazards. Presently, some notoriously toxic substances are still used in several global areas, contributing to biodiversity threats and environmental pollution (Sharma et al., 2019; Maggi et al., 2020; Tang et al., 2021). Country specific regulatory limits and guideline levels for pesticide residues in drinking water and groundwater are mostly based on animal mortality studies that estimate the median lethal concentration (LC50) (Hamilton et al., 2003), but do not include sublethal teratogenic and behavioral effects that may compromise animals’ endurance.
Atrazine and diuron are globally used herbicides associated with significant threat to the ecosystem and human health, despite their ban from some developed countries. In Brazil, diuron and atrazine are used in pre- and post-emergent control of annual grasses and broadleaf weeds in several crops, mainly in cotton, corn, soybean, sugarcane, and pineapple (Lyer, 2003; Solomon et al., 2008; Švorc et al., 2013). Both are water soluble and can leach from fields to surface and groundwater persisting in the environment and possibly affecting the non-target aquatic species (Pereira et al., 2009; Velki et al., 2017). Increased concern is associated with the current lack of information regarding the effect of recurrent and combined exposure to pesticides and their derivatives in more realistic setups, including their environmental and non-target organism impacts (Dellamatrice and Monteiro 2014).
Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea] is a phenylurea herbicide extensively used to control weeds in agriculture, urban, and industrial settings (Liu et al., 2013). Stable to hydrolysis at neutral pH (pH 5–9), it is generally persistent in soil with a half-life of more than 200 days (Tang et al., 2021), reaching water bodies through leaching or surface runoff (Giacomazzi and Cochet 2004; Langeron et al., 2014; Liu et al., 2016) and even atmospheric deposition. Moreover, its main degradation product, 3,4-dichloroaniline, exhibits higher toxicity and increased persistence in soils (Giacomazzi and Cochet 2004; Tasca et al., 2018). Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is the most widely used triazine herbicide in crops globally and acts as a selective systemic herbicide by inhibiting photosynthesis (Plhalova et al., 2012). Its half-life is around 4 weeks and may persist in the environment for up to 2 years (Liu et al., 2016; Tai et al., 2021; Tang et al., 2021). Atrazine is metabolized to desethyl atrazine (DEA), desisopropyl atrazine (DIA), and diaminochlorotriazine (DACT) through cytochrome P450 enzymes in mammals but its mechanism is not fully understood in other species (Liu et al., 2016; Tai et al., 2021) so that its metabolites cause greater toxicity in non-target species. Both substances are also suggested to act as endocrine disruptors (Amaral, 2014; Wirbisky et al., 2015; Akcha et al., 2016; Horzmann et al., 2021). Diuron and atrazine LC50 for fish are 4.50 and 6.70 mg/L, respectively (Tang et al., 2021).
Zebrafish (Danio rerio) is an oviparous species with rapid organogenesis, especially suited for toxicological testing through water exposure in all life stages (Sipes et al., 2011; MacRae and Peterson 2015). This social species has a diverse and complex behavioral repertoire (Gerlai et al., 2000; Kalueff et al., 2013) that can contribute for the identification of sublethal effects of agrochemicals and their underlying cellular and molecular mechanisms.
In Brazil, the National Council for the Environment (CONAMA) establishes, through normative resolution CONAMA 357 (2005), limits and allowed environmental concentrations for the agrochemical’s active principles and their environmental hazard classification. However, commercial formulations, known to have increased toxicity due to synergistic effects between components (Liu et al., 2013; Mansano et al., 2016), are not tested to establish such limits, neither are other biological parameters that can hinder species survival due to long-term effects on development, behavior, and reproduction. Also, while isolated atrazine is listed, for diuron these parameters have not been established in the country. For this reason, we decided to test both in parallel.
This study was designed to evaluate the individual toxicity of commercial formulations of atrazine and diuron on survival, hatching, and malformations in zebrafish early life stages. We also evaluated the behavioral parameters of ecological significance, such as exploration of a new environment, cognitive responses, social interaction, and aggression at different life stages, including larvae and adults.
2 MATERIALS AND METHODS
2.1 Animals and Ethics
Zebrafish (wild-type, AB strain) embryos and larvae (0–7 days post-fertilization, dpf) and adults (12–18 months) were used. Animals were obtained from our breeding colony and maintained in recirculating systems (Zebtec, Tecniplast, Italy) with equilibrated filtered water to reach the species standard temperature (28 ± 2°C), pH (7.0–7.5), conductivity (300–700 µS), ammonia (<0.02 mg/L), nitrite (<1 mg/L), nitrate (<50 mg/L), and chloride (0 mg/L) levels. Between 5 and 14 dpf, larvae were fed three times a day with crushed commercial flakes (TetraMin Tropical Flake Fish®), once including live paramecium. From 14 dpf, animals were also fed thrice a day and received commercial flakes and brine shrimp (Artemia salina) (Westerfield, 2000).
For breeding, female and males (1:2) were placed in breeding tanks (Tecniplast, Italy) overnight, and separated by a transparent barrier that was removed after lights went on, the following morning. The embryos, no more than 4 hpf were collected, sanitized, and randomly assigned to each treatment group or control. All procedures followed the guidelines of the Brazilian Council of Animal Experimentation for Use of Fish in Research (CONCEA, 2016), and all protocols were approved by the Animal Care Committee of the Pontifical Catholic University of Rio Grande do Sul (10136/20—CEUA PUCRS). This study is registered at the Sistema Nacional de Gestão do Patrimônio Genético e Conhecimento Tradicional Associado—SISGEN (Protocol No. AD9D212). We followed the ARRIVE guidelines for reporting in vivo experiments (Percie du Sert et al., 2020).
2.2 Atrazine and Diuron Acute Exposure
Commercial herbicide formulations of atrazine (AclamadoBR®, 500 g/L, 50% purity—SC) and diuron (Diuron Nortox®, 500 g/L, 50% purity—SC) were diluted in water from recirculating tank systems (Tecniplast, Italy) and the solutions’ pH was adjusted with sodium hydroxide (NaOH) solution to be within the aforementioned range and was verified daily. Embryos and adults were subjected to acute treatment for 96 h, as follows.
The herbicide concentration range was established based on the recommended working solutions and the environmental limits for atrazine. Experiments with embryos and larvae were performed chronologically first and additional concentrations were included for diuron, as it was not regulated in Brazil, and we aimed to explore a greater set of sampling points. Based on the initial findings, subsequent experiments with adults included the same concentrations for both herbicides. Each herbicide had a dedicated control group, to which treated animals were compared, hereafter called as the corresponding control group.
2.2.1 Larval Treatment
Embryos up to 4 h post-fertilization (hpf) were placed in Petri dishes (20 embryos per dish, in triplicate) and exposed to concentrations of the isolated herbicides atrazine (0.5, 1.0, 2.0, 2.5, and 5.0 mg/L) or diuron (0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 5.0 mg/L) for 96 h. After 96 hpf, the embryos were transferred to a pesticide-free environment until 168 hpf, that is, 7 dpf (Figure 1A). The control group went through the same manipulation; however, it was exposed just to the recirculating tank system water (Tecniplast, Italy). The dishes were kept in a biochemical oxygen demand (B.O.D) incubator with a constant temperature of 28°C and light/dark period of 14/10 h.
[image: Figure 1]FIGURE 1 | Experimental design timeline for different life stages. (A) Zebrafish embryos up to 4 h post-fertilization (hpf) were exposed to water (control groups) or to different concentrations of the two herbicides (atrazine or diuron) for 96 h, after which they were transferred to an environment free of herbicides in which they remained until 7 days post-fertilization (dpf). During 7 dpf, morphological parameters, survival, and hatching rates were daily monitored. At 7 dpf, behavioral analyzes were performed and included the exploration of a new environment, aversive behavior, and optomotor response and individuals were photographed. (B) Adult animals aged 12–18 months were exposed to water (control groups) or to different concentrations of atrazine or diuron. Animals were exposed for 96 h, after which they were transferred to an environment free of herbicides where they remained for more than 3 days. On the third day, their performance on a new environment and the social interaction were evaluated. In the following day, an analysis of aggressive behavior was performed.
2.2.2 Adults Treatment
Adult animals, aged between 12 and 18 months of both sexes, were exposed to the concentrations of 0.5, 1.0, 2.0, 2.5, and 5.0 mg/L for both herbicides for 96 h. Animals were maintained in dedicated glass 3L tanks (30 cm long × 15 cm high × 10 cm wide), with aeration at a density of six zebrafish per liter, in triplicate. After the treatment, the animals were transferred to a pesticide-free environment for 3 days until behavioral analysis (Figure 1B). The control group also went through the same manipulation; however, it was exposed just to the recirculating tank system water (Tecniplast, Italy).
2.3 Survival and Hatching Rates
Embryos and hatched larvae were daily monitored for 7 dpf for survival defined by the presence of heartbeat and monitored under an inverted stereomicroscope (SMZ 1500 Nikon, Melville, EUA). Daily hatching was determined by the absence of chorion and was expected to occur between 48 and 72 hpf (Westerfield, 2000). The sample size was 60 embryos per group (n = 60).
2.4 Morphological and Teratogenic Evaluation
Treatment-induced morphological defects were estimated by morphological evaluation of 7 dpf larvae (n = 10 in triplicate) under a stereomicroscope (×3 magnification) and included the following parameters: body length (µm), head length (µm), ocular distance (µm), and forebrain and mesencephalon distance (µm), measured after photographic registration using NIS-Elements D software for Windows 3.2 (Nikon Instruments Inc., Melville, United States). Kimmel et al. (1995) staging series were used as a reference from normal development. The body length was defined as the distance from the mouth to the pigmented tip of the tail; the head length was measured from the mouth to the beginning of the pectoral fins; the ocular distance was the distance between the inner edge of the two eyes (Lutte et al., 2015; Wiprich et al., 2020), and the forebrain and mesencephalon width were measured in a coronal body orientation.
2.5 Larval Behavioral Analysis
All larvae behavioral experiments were conducted between 11 a.m. and 5 p.m. in a temperature-controlled room (27 ± 2°C) (Altenhofen et al., 2017a; Wiprich et al., 2020). Data quantification and analysis were performed automatedly using EthoVision XT tracking software (version 11.5, Noldus) and by experimenter’s blind-to-individuals’ group assignment.
2.5.1 Exploratory Behavior
At 7 dpf, larvae with no morphological defects were used for general exploratory and locomotion analysis (9 individuals per group, in triplicate) on a protocol adapted from Colwill and Creton (2011; Nabinger et al., 2018; Wiprich et al., 2020). Larvae were individually placed in a 24-well cell culture dish filled with 2 ml of recirculating tank system water (Tecniplast, Italy) and video recorded for automated analysis using EthoVision XT tracking software (version 11.5, Noldus) for 6 min, in a designed protocol that virtually divided each 15 mm diameter well in the inside (7.5 mm diameter) and outside areas (7.5 mm diameter) (Wiprich et al., 2020). Exploratory behavior was analyzed for 5 min after the 1-min acclimatization (Colwill and Creton 2011; Wiprich et al., 2020), and the video-tracking data was used to determine the following parameters: total distance traveled (m) and velocity (m/s, the ratio between distance traveled and movement), and were considered as parameters of exploration of the new environment. The parameter movement was defined as the period during which the zebrafish exceeded the start velocity (defined as 0.06 cm/s) and remained moving until reaching the stop velocity (defined as 0.01 cm/s; Mahmood et al., 2013). The anxiety-like behavior was also measured, and the time spent in each well position (outside area vs. inside area) was considered an index of anxiety. This task exploits the natural tendency of zebrafish to spend most of the time in the outside area when introduced to a novel environment, and then, the animals gradually extend the swimming range to include the inside portion of the test well. A longer time spent in the outside area and the less time spent in the inside of the well indicate increased anxiety (Colwill and Creton 2011).
2.5.2 Avoidance Behavior
The avoidance behavior evaluates animals’ ability to escape an aversive stimulus. After the exploratory behavior, larvae were placed in a 6-well plate (5 larvae per well, in triplicate, per group) over an LCD monitor for the estimation of their avoidance behavior from an aversive visual stimulus (Pelkowski et al., 2011; Nery et al., 2014; Nabinger et al., 2018) for a 5-min session following 2 min of acclimation. A red bouncing ball (1.35 cm diameter) traveled from left to right over a straight 2 cm trajectory under one half of the well (stimulus area), which could be avoided by swimming to the other (non-stimulus) half. The number of larvae in the non-stimulus area was counted every 20 s during the 5-min session and was considered indicative of their cognitive ability of escaping an aversive stimulus (response of escape). Data are reported as the mean percentage of individuals from each group on each trial in the non-stimulus area.
2.5.3 Optomotor Behavior
The optomotor response is a visually driven behavior, in which larvae orientate and move their bodies according to the direction of white and black moving stripes (24.5 cm wide and 1.5 cm high) adapted from Creton (2009) (Nery et al., 2017; Nabinger et al., 2020). Seven dpf larvae (15 larvae per dish, in triplicate, per group) were placed in a Petri dish over an LCD monitor, in which a sequence of animated images of moving stripes were presented for 10 min, following 2 min of acclimation. The stripes moved in alternating directions every 1 min, separated by a blank white screen that lasted 5 s. At the end of each min, when the blank background was presented, animals position inside the well was analyzed. Cognitively and visually apt individuals were expected to follow the stripes movement and therefor to be positioned at the end of the dish into which the stripes were moving. Data are expressed as the mean percentage of individuals from each group on each trial positioned on the far end into which sense the stripes were moving.
2.6 Adults Behavioral Analysis
All adult behavioral analyses were performed in a temperature-controlled room (27 ± 2°C) between 8:30 a.m. and 1:00 p.m. to avoid overlapping with their feeding schedule and unspecific effects on performance (Nabinger et al., 2018; Wiprich et al., 2020). Data quantification and analysis were performed automatedly using EthoVision XT tracking software (version 11.5, Noldus) or by experimenter’s blind-to-individuals’ group assignment.
2.6.1 Exploratory Behavior
Three days after the end of the 96 h treatment, each adult animal (six animals per group, in triplicate) was placed individually in experimental tanks (30 cm long × 15 cm high × 10 cm wide) with the recirculating tank system water (Tecniplast, Italy) and the locomotion and exploratory behavior was recorded for 6 min. After 1 min of habituation, the subsequent 5 min was analyzed by using EthoVision XT software (version 11.5, Noldus). The following behavioral parameters were analyzed: distance traveled (m), velocity (m/s, the ratio between distance traveled and movement), time in movement (s), and time spent in upper half of the water column (upper zone) (s). When zebrafish are introduced into a new environment, especially when isolated from their shoal, they tend to spend more time at the bottom of the tank until gradually moving to the upper zone (Levin et al., 2007). Increased time at the half bottom of the water column is indicative of an anxiety-like behavior (Cachat et al., 2010). Time mobile was defined as the period during which animals exceeded the start velocity (0.6 cm/s) and remained moving until reaching the stop velocity (0.59 cm/s), (Tran et al., 2016).
2.6.2 Social Interaction Test
Adults’ social interaction was evaluated 3 days after the end of 96-h acute treatment (6 animals per group, in triplicate), with the same animals used to evaluate exploratory behavior, immediately after, in the same tank to minimize the manipulation interference. Zebrafish are schooling fish that may exhibit a preference for their conspecifics under certain circumstances (Breder and Halpern, 1946; Gerlai et al., 2000). For this, each fish remained individually placed in the experimental tanks (30 cm long × 15 cm high × 10 cm wide). On each smaller side wall of the experimental tank was a glass tank, identically sized (10 cm long × 15 cm high × 10 cm wide): one without fish and one with six adult zebrafish, the latter designated as the “stimulus tank.” To quantify social interaction and innate preference for conspecifics, the experimental tank was virtually divided into three parts: a “stimulus zone” closer to the “stimulus tank” and a “non-stimulus zone” closer to the empty tank, separated by a third central one of equal size. Individual preferences between the stimulus tank zone and the non-stimulus tank zone were automatedly analyzed using EthoVision XT® tracking software (version 11.5, Noldus) (Gusso et al., 2021). Data are presented as mean time (s) spent by individuals from each group in the stimulus zone.
2.6.3 Aggression Test
Four days after the end of 96-h acute treatment, that is, on the day following the exploratory behavior and social interaction tests to ensure experiments were performed within the same time-window for all groups, aggressive behavior was estimated in adult animals (6 animals per group, in triplicate) using the mirror test according to the procedure described by Gerlai et al. (2000) and adapted by Wiprich et al. (2020). Each fish was individually placed in an experimental tank (30 cm long × 15 cm high × 10 cm wide). A mirror (45 cm long) was placed outside the tank at an angle of 22.5° from the 30 cm long wall so that the left vertical edge of the mirror touched the side of the tank, and the right edge was further away. Thus, when the experimental fish swam to the left side of the tank, their mirror image appeared closer to them. After 1-min acclimatization, a 5 min session was recorded for subsequent quantification of aggression behaviors using EthoVision XT tracking software (version 11.5, Noldus). Virtual vertical lines were used to divide the tank into six equally sized sections to allow the investigators to record the number of entries the fish made into each section. Entry to the left-most segment, the sixth part closer to the mirror, indicated a preference for proximity to the “opponent,” whereas entry to the right-most segments implied avoidance. This segment was designated as the stimulus zone. The amount of time the experimental fish spent in each segment was measured as the number of bites against the mirror image, another parameter of aggression. Data are presented as mean time (s) spent by individuals in the stimulus zone, closer to the mirror and the mean number of bites from each group.
2.7 Statistical Analysis
Data analyses were performed using Graphpad Prism software version 8.0 (GraphPad Software, Inc.). The data were checked for normality prior to further analysis by the Shapiro–Wilk normality test. Larval survival and hatching rates during the initial 7 dpf were examined with the Kaplan–Meier test. Data from multiple groups of the same herbicide and their respective controls were compared by ANOVA followed by the Tukey’s post-hoc test. The data are presented as the mean ± standard error of the mean (S.E.M), except for larval survival and hatching rates that are presented as percentage. For all comparisons, the significance level was set at p < 0.05. Statistical differences are graphically indicated as follows: * represents significant differences at p ≤ 0.05, ** at p ≤ 0.01, *** at p ≤ 0.001, and **** at p ≤ 0.0001 in relation to the corresponding control group.
3 RESULTS
3.1 Survival and Hatching Rates
The survival and hatching rates were evaluated from 4 hpf until 168 hpf, that is, 7 dpf, and analyzed by the Kaplan–Meier test. Exposure to atrazine commercial formula decreased the survival rate when all groups were compared (p < 0.0001, n = 60). The control group showed more than 90% survival, as expected for animals from our breeding colony, while only 46% of the animals exposed to 5 mg/L atrazine survived, mostly died at 24 hpf (Figure 2A). Diuron commercial formula also caused a significant decrease in the survival rate (p < 0.0001, n = 60) when all groups were compared. Dedicated controls also had a 93% of survival rate, whereas animals exposed to 2.5 and 5 mg/L diuron showed 26 and 25% of survival, respectively (Figure 2C).
[image: Figure 2]FIGURE 2 | Kaplan–Meier survival and hatching rates for zebrafish embryos and larvae exposed to the herbicides atrazine and diuron during their first 96 hpf and monitored for 7 days (168 hpf). (A) Atrazine effects on survival rates. Atrazine significantly reduced survival (p < 0.0001) at 5 mg/L when compared to controls; (B) Diuron effects on survival rates. Diuron significantly reduced survival (p < 0.0001) at 2.5 and 5 mg/L when compared to controls; (C) atrazine effects on the hatching rate. Atrazine did not impact hatching on surviving animals (p = 0.1231); (D) diuron effects on the hatching rate. Diuron significantly delayed hatching (p = 0.0359). Rates are expressed as percentage of the total number of animals from each group. Experiments were performed in triplicate, n = 60.
There was no significant difference in the hatching rate of surviving embryos exposed to atrazine (p = 0.1231, n = 60). Most groups hatched between 48 and 96 hpf, as expected for this species (Kimmel et al., 1995; Westerfield, 2000), whereas in animals exposed to 5 mg/L atrazine hatching spanned for more than 96 hpf (Figure 2B). The hatching rate was significantly impacted when all groups were compared (p = 0.0359, n = 60), delayed in groups exposed to the herbicide at 2.5 and 5 mg/L in relation to controls. Whereas most animals started hatching at 48 hpf, and animals exposed to 2.5 and 5 mg/L hatched at 72 hpf (Figure 2D).
3.2 Morphology and Teratogenic Evaluation
The teratogenic effects of atrazine and diuron herbicides were daily evaluated over 7 dpf in embryos and larvae previously exposed to the herbicides for the initial 96 hpf and photographed at 7 dpf for quantification. For both herbicides, we observed a concentration-dependent increase in the incidence of deformations on body shape, including severe edema of the yolk sac, yolk sac deformation, reduced tail, and absence of head at all concentrations tested, while controls had 1.6% individuals with minor malformation, 0.5, 1.0, and 2.0 mg/L atrazine exposed groups had 5% of altered individuals, 2.5 mg/L had 8% and 5.0 mg/L had 10% (Figure 3F). Similarly, for diuron, controls only had one altered animal (1.6%) while the increasing concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 5 mg/L also had a progressively increased incidence of 3.3, 5, 6.6, 6.6, 11.6, and 15%, respectively (Figure 3L).
[image: Figure 3]FIGURE 3 | Morphological effects of exposure to the herbicides atrazine and diuron during their first 96 hpf in zebrafish larvae at 7 dpf. (A) Atrazine exposure effects on the body length (µm); (B) atrazine exposure effects on the head length (µm); (C) atrazine exposure effects on the mesencephalon width (µm); (D) atrazine exposure effects on the forebrain width (µm); (E) atrazine exposure effects on the ocular distance (µm); (F) representative images of the most prominent morphology or teratogenic effects observed in individuals exposed to atrazine during the 7 dpf; (G) diuron exposure effects on the body length (µm); (H) diuron exposure effects on the head length (µm); (I) diuron exposure effects on the mesencephalon width (µm); (J) diuron exposure effects on the forebrain width (µm); (K) diuron exposure effects on the ocular distance (µm); (L) representative images of the most prominent morphology or teratogenic effects observed in individuals exposed to diuron during 7 dpf. Data were analyzed by one-way ANOVA followed by a post-hoc Tukey’s test. ** represents significant differences at p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 in relation to control.
Quantification of discrete morphological parameters at 7 dpf showed that exposure to both herbicides significantly induced malformations on the head structure and brain vesicles, between treatment concentrations and in relation to their dedicated controls.
The body length was different between 1.0 and 2.0 mg/L groups exposed to atrazine (p = 0.0005). Atrazine resulted in a reduction in the head length at 2, 2.5, and 5 mg/L at p < 0.0001, p = 0.0001, and p = 0.00027 (F(5,114) = 9.307), respectively, when compared to controls (Figure 3A). The head length also differed between 2.0 mg/L and 0.5 and 1.0 mg/L groups and p = 0.0017 and 0.0012, respectively (Figure 3B). A significant increase in the ocular distance in all atrazine groups, except the lower concentration, was observed when compared to controls at p < 0.0001 (F(5,97) = 11.85) was observed (Figure 3E). No differences between groups were observed in mesencephalon (p = 0.1543; F(5,114) = 1.643) and forebrain (p = 0.1027; F(5,114) = 1.883) dimensions (Figures 3C,D).
Animals exposed to diuron also had effects in morphological parameters. The body length differed between 1.0 and 5.0 mg/L groups at p = 0.0177 (Figure 3G). The ocular distance was increased in animals exposed to diuron 1.0 and 1.5 mg/L at p = 0.0016 and p = 0.0006 (F(7,216) = 4.164), respectively (Figure 3K). This parameter was also increased in animals exposed to 1.5 mg/L in relation to 5.0 mg/L, suggesting an inverted U concentration-response curve. Forebrain dimensions were significantly reduced in animals exposed to 1.5 mg/L diuron when compared to 1.0 mg/L (p = 0.0432) (Figure 3J). The head length was not significantly impacted in animals exposed to diuron (p = 0.7072, F(7,216) = 0.6582) or the mesencephalon dimensions (p = 0.5762; F(7,216) = 0.8143) (Figures 3H,I).
3.3 Behavior Analysis in Larvae
3.3.1 Exploratory and Locomotor Behavior
The exploratory behavior of larvae in a new environment was analyzed at 7 dpf to determine whether atrazine or diuron exposure could alter larvae locomotion and anxiety. For atrazine, there were no significant differences in distance traveled (m) (p = 0.5597; F(5,155) = 0.7881) (Figure 4A), mean speed (m/s) (p = 0.5934; F(5,155) = 0.7415) (Figure 4B), time in movement (s) (p = 0.8542; F(5,154) = 1.982) (Figure 4C), and the time spent outside the well area (s) (p = 0.2765; F(5,154) = 1.277) when all groups were compared (Figure 4D). Despite the lack of statistical significance, when the mean distance traveled in controls (3.1 m) is contrasted with treated groups, an increase is observed in all tested concentrations (4, 3.2, 3.6, and 3.6 m in 0.5, 1.5, 2.0, 2.5, and 5.0 mgL, respectively), except 1.0 mg/L (2.5 m). The same pattern was observed regarding the mean speed.
[image: Figure 4]FIGURE 4 | Exploratory behavior of zebrafish larvae at 7 dpf after atrazine or diuron exposure during the initial 96 hpf. Columns depict means ± S.E.M. Sample sizes are n = 27 for each group. (A) Atrazine exposure effects on total distance traveled (m); (B) atrazine exposure effects on mean speed (m/s); (C) atrazine exposure effects on time in movement (s); (D) atrazine exposure effects on time in the outer area (s) of the well; (E) diuron exposure effects on total distance traveled (m); (F) diuron exposure effects on mean speed (m/s); (G) diuron exposure effects on time in movement (s); (H) diuron exposure effects on time in the outside area (s). Data were analyzed by one-way ANOVA followed by a post-hoc Tukey’s test. Asterisks represent significant differences at *p ≤ 0.01 and ***p ≤ 0.001 in relation to controls.
For diuron, a similar inverted U pattern of mean total distance traveled, and speed is seen (Figures 4E,F) mostly due to the increased values on the lower concentrations in these parameters. Statistically significant differences were seen in the total distance traveled between 0.1 and 0.5 mg/L groups (p = 0.0309), and mean speed between 0.5 mg/L and controls (p = 0.0309). Time in movement was increased in diuron 0.1 mg/L in relation to controls (p = 0.0021) (Figure 4G). No differences were observed between groups regarding the time spent in the outside area (p = 0.1388; F(7,208) = 1.594) (Figure 4H).
3.3.2 Avoidance Behavior
Avoidance from a red bouncing ball was evaluated at 7 dpf to test individuals’ cognitive ability to escape an aversive stimulus and the effects of herbicide exposure. There were no changes in avoidance responses after acute exposure to atrazine (p = 0.0798; F(5,48) = 2.114) or diuron (p = 0.6342; F(7,61) = 0.7459) when exposed groups were compared to their corresponding controls (Figures 5A,B). Nonetheless, when mean responses of herbicide-exposed groups were examined in relation to their controls, that escaped the stimulus in average 74–75%, larvae exposed to all herbicide concentrations showed a lower mean ability to escape the stimulus and move to the non-stimulus zone.
[image: Figure 5]FIGURE 5 | Cognitive effects of atrazine or diuron exposure during the initial 96 hpf at 7 dpf larvae. Columns depict means ± S.E.M. Sample sizes are n = 45 for each group. (A) Atrazine exposure effects on the avoidance from an aversive visual stimulus; (B) Diuron exposure effects on the avoidance from an aversive visual stimulus; (C) Atrazine exposure effects on the optomotor response to moving stripes; (D) Diuron exposure effects on effects on the optomotor response to moving stripes. Data were analyzed by one-way ANOVA followed by a post-hoc Tukey’s test.
3.3.3 Optomotor Response
The optomotor response to black and white moving stripes in alternating directions was analyzed at 7 dpf. There were no changes on optomotor response after acute exposure to atrazine (p = 0.1137; (F(5,12) = 2.269)) and diuron (p = 0.4399; (F(7,15) = 1.049)) when exposed groups were compared to their corresponding controls. Animals from all groups showed a positive optomotor response, following the same direction as the stripes, both up and down (Figures 5C,D).
3.4 Behavior Analysis in Adults
3.4.1 Exploratory
The exploratory and swimming pattern of adult animals in a new environment was analyzed 3 days after the end of the 96 h acute exposure to herbicides. There were no significant differences at any analyzed parameter when herbicide-exposed groups were compared to their dedicated controls. When atrazine groups and their controls were compared, the herbicide exposure did not impact the total traveled distance (p = 0.8351, F(5,118)= 0.4185) (Figure 6A), means speed (p = 0.4441; F(5,118) = 0.9620) (Figure 6B), time mobile (p = 0.6198; F(5,118) = 0.7063) (Figure 6C), and not the time spent in the upper zone of the tank (p = 0.0929; F(5,118) = 1.945) (Figure 6D).
[image: Figure 6]FIGURE 6 | Effects of acute exposure to atrazine or diuron on locomotion and exploratory behavior in adult zebrafish. Columns depict means ± S.E.M. Sample sizes are n = 18 for each group (A) Atrazine exposure effects on total distance traveled (m); (B) atrazine exposure effects on mean speed (m/s); (C) atrazine exposure effects on time mobile (s); (D) atrazine exposure effects on time spent in the upper tank zone (s); (E) diuron exposure effects on total distance traveled (m); (F) diuron exposure effects mean speed (m/s); (G) diuron exposure effects time mobile (s); (H) diuron exposure effects time spent in the upper zone (s). Data were analyzed by one-way ANOVA followed by a post-hoc Tukey’s test.
For diuron, a similar pattern was observed. Distance traveled (p = 0.4484; F(5,121) = 0.9572), (Figure 6E) mean speed (p = 0.4011; F(5,121) = 1.034) (Figure 6F), time mobile (p = 0.7554; F(5,121) = 0.5271) (Figure 6G), and time in the upper area (p = 0.3300; F(5,121) = 1.166) (Figure 6H) were not statistically different between groups. The mean time spent in the upper tank zone varied between groups, but probably due to dispersion, the comparisons were not statistically significant.
3.4.2 Social Interaction
Social interaction was evaluated after the exploratory behavioral test, also 3 days after the end of the 96-h exposure to atrazine and diuron herbicides, in the same apparatus. Atrazine and diuron acute exposure at all concentrations tested did not induce any social interaction deficits measured by the time spent in the stimulus zone when all groups were compared (p = 0.5900; F(5,120) = 0.7468 and p = 0.7297; F(5,118) = 0.5610) for atrazine and diuron, respectively. Despite the lack of significant effect, a subtle increase is observed in all herbicide-exposed groups in relation to the mean responses of their dedicated controls (Figures 7A,B).
[image: Figure 7]FIGURE 7 | Effects of acute exposure to atrazine or diuron on aggression and social interaction in adult zebrafish. Columns depict means ± S.E.M. Sample sizes are n = 18 for each group. (A) Atrazine exposure effects on aggressive behavior estimated by the time spent at the stimulus zone closer to the mirror (s); (B) atrazine exposure effects on the number of bites; (C) diuron exposure effects on aggressive behavior estimated by the time spent at the stimulus zone closer to the mirror (s); (D) diuron exposure effects on the number of bites; atrazine exposure effects on time mobile (s); (E) atrazine exposure effects on social behavior estimated by the time spent at the stimulus zone closer to the mirror (s); (F) atrazine exposure effects on social behavior estimated by the time spent at the stimulus zone closer to the mirror (s). Data were analyzed by one-way ANOVA followed by a post-hoc Tukey’s test.
3.4.3 Aggression
Aggressive behavior was analyzed 4 days after the end of 96 h exposure to herbicides and two parameters were used, the time spent in most proximity of the mirror (stimulus zone) and the number of bites directed to their own reflection in the mirror. There were no significant differences in the time spent in the stimulus zone for atrazine (p = 0.2250, F(5,94)=1.418) (Figure 7C) and diuron (p = 0.2268, F(5,98)=1.411) (Figure 7E) when all groups are compared. The number of bites were also not statistically different between atrazine (p = 0.7520; F(5,100) = 0.5314) (Figure 7D) and diuron (p = 0.1742; F(5,102) = 1.574) (Figure 7F) exposed groups and their controls.
Despite the lack of statistical effect, animals exposed to all concentrations tested of atrazine spent in average more time in the segment nearest to the mirror when compared to the control group and showed an increased average number of biting episodes. In turn, for diuron-exposed groups, the average time spent in the stimulus zone was lower than that of controls, while the number of bites fluctuated.
4 DISCUSSION
Non-target species contamination by herbicides in aquatic environments occurs as a result of leaching, direct spraying, or during heavy rainfall of agricultural fields (Roy et al., 2016; Bridi et al., 2017). In the last years, Brazil was the country that had the highest consumption of pesticides and that most approved new commercial formulations in a few months (Ferrari et al., 2014; Frota et al., 2021). Most of these formulations have not been tested or regulated by CONAMA, so they do not have residue limit levels despite current use. For this reason, we analyzed, in a wide range of decreasing concentrations in relation to the known fish LC50 for the active principles of each, two herbicides: atrazine, a regulated pesticide, and diuron, currently unregulated in Brazil. In Brazil, it has been reported that diuron and atrazine herbicides are the second and the fourth most used herbicides, respectively, mostly found in surface waters, mainly near sugarcane crops (Bortoluzzi et al., 2006; Britto et al., 2011) at concentrations much higher than those allowed for the triazine group, and that should not exceed 2.0 μg/L (CONAMA 357, 2005).
Atrazine and diuron usage concentrations differ in the literature, but most studies with animal models and zebrafish use the isolated substance with >92% purity, which is not representative of the potential impacts due to the well reported synergistic toxicity between principle and vehicle substances (Corvi et al., 2012; Wang et al., 2015; Akcha et al., 2016; Liu et al., 2016; Velki et al., 2017, 2019; Horzmann et al., 2021; Tai et al., 2021). This is, to our knowledge, one of the very few studies that assess sublethal effects using commercial formulation as starter solution for treatment preparation, which is expected to be more realistic in estimating potential contamination effects on off-target organisms and environment.
Atrazine has a long history of toxicological tests and debatable toxicity, and data for model organisms vary according to species, developmental stage, exposure duration, concentrations, and formulation used. For diuron, however, there is a shortage of studies in non-target species such as fish (Velki et al., 2017), especially in adults, but also in embryos, and larvae zebrafish (Velki et al., 2017; Velki et al., 2019; 1314 Kao et al., 2018). Other species such as Nile tilapia Oreochromis niloticus) (Felício et al., 2017; Boscolo et al., 2018) and Javanese medaka also have a very limited number of studies (Oryzias javanicus) (Ibrahim et al., 2020).
Importantly, we observed a significant concentration-dependent survival decrease and hatching delays in animals exposed to both herbicides (Figure 2). Our survival curves are in accordance with the LC50 range for both substances, and differences may result from species and formulations used, in addition to manipulation. Our findings agree with Velki et al. (2017), that found 96 h-LC50 values of 6.31 ± 0.19 mg/L for zebrafish embryos exposed to diuron non-commercial formulation on the FET assay. Walker et al. (2018), also using isolated atrazine, found atrazine-induced mortality in an equivalent time window, but at lower concentrations.
The hatching delays observed are in accordance with previous reports using the isolated atrazine pure principle at lower concentrations (Liu et al., 2016; Walker et al., 2018). The interrelation between survival and hatching rates may hinder some deleterious effects that are not evident in the later parameter, as the lack of hatching delay in 5.0 mg/L atrazine-exposed animals only includes the surviving half population and may be considered when interpreting data.
Morphological defects and malformations were also more prevalent in herbicide-exposed groups than controls and included cardiac edema, tail reduction, and absence of head. The malformation types were found to agree with those expected for the species embryotoxicity tests (Beekhuijzen et al., 2015). The low incidence of malformations observed is typically seen in control animals from our AB wild-type breeding colony (Velki et al., 2017; Horzmann et al., 2021; Tai et al., 2021) and may vary depending on the vehicle solution controls exposed to, but are in accordance to other studies testing atrazine toxicity in similar and lower concentrations (Liu et al., 2016). Our findings are also in agreement with Blahova et al. (2020) that tested a wide range of environmentally relevant atrazine concentrations, using the isolated principle and found a significant increase in the occurrence of pericardial edema in the 10 mg/L group in relation to controls. They also paralleled those from Velki et al. (2017) which also observed body defects induced by pure diuron at 1.0, 2.0, and 3.8 mg/L.
In addition to a concentration-dependent effect on the frequency of malformations, specific morphological differences were observed between herbicide-exposed groups and their controls. The ocular distance was the most affected parameter, followed by the head length. Atrazine had more robust morphological effects than diuron, inducing reduced head length and increased ocular distance at several concentrations, while diuron increased the ocular distance in specific groups. Increased ocular distance may be associated with several factors, including changes in overall head morphology and reduced ocular dimensions. Craniofacial abnormalities resulting from the developmental defects on chondrogenesis and osteogenesis may underly these effects, as atrazine exposure was previously shown to result in craniofacial defects in zebrafish embryos (Walker et al., 2018), but it has not been associated with diuron and deserve further investigation. The observed decrease in the head length and increase in the ocular distance may also be associated with the brain developmental effects of the herbicide exposure. Horzmann et al. (2021) demonstrated that early atrazine exposure results in neurotoxic changes in adult males, behavioral changes and anxiety, and cellular density on raphe brain cell population months after exposure.
Even discrete morphological effects may have lasting impacts on individuals’ behavioral performance and physiology, endangering animals through their life cycle. To try to separate the morphological effects from exploratory and cognitive impacts of herbicide exposure, we only included individuals free from morphological defects on the behavioral analysis of 7 dpf larvae. This, of course, resulted in less pronounced behavioral effects than if abnormal animals were included, but may be strategic when looking for discrete effects (Velki et al., 2017). Despite the resulting lack of effect on exploratory parameters, traveled distances and mean speeds for each set of herbicide-exposed groups show a similar profile, as can be observed in Figure 4. Additionally, no effect was observed regarding thigmotaxis, suggesting anxiety was not impacted under these conditions and that has not been tested in other studies.
We also investigated exploratory parameters of 7 dpf larvae in a new environment. Swimming and responding to threats are critical abilities for larval fish, as is responding to visual cues. We did not observe any significant impact on exploratory and cognitive responses under tested conditions. The lack of effect is not in agreement with Liu et al (2016) that found reduced locomotion in zebrafish larvae after exposure to 100 and 300 ug/L atrazine. Velki et al (2017) also found an increase in the total distance moved by zebrafish larvae 118 h after exposure to diuron at concentrations of 1 and 2 mg/L, but not 3 mg/L, in a sudden light–dark transition test. Despite statistically significant, their effects were very subtle and may be related to the specific task, in which sudden transitions in lighting foster behavioral changes. These differences may be related to exposure conditions and may be attributed to research suggesting that the effects of exposure to atrazine are reversible once the exposure ends (Solomon et al., 2008).
Despite a reduced cognitive repertoire in comparison to adults, zebrafish larvae show specific visual-driven cognitive responses. We used previously established and validated protocols (Pelkowski et al., 2011; Nery et al., 2014, 2017; Nabinger et al., 2018; Nabinger et al., 2020) to measure aversive and optomotor responses in 7 dpf larvae exposed to atrazine and diuron. No significant differences were observed when treated animals were compared to their corresponding controls. Studies conducted with other pesticides showed a decrease in response to a visual stimulus, for glyphosate and Roundup® (Bridi et al., 2017) and the tebuconazole insecticide (Altenhofen et al., 2017b). Differences may be attributed to the different substances, underlying mechanisms and concentrations tested.
Adult zebrafish has a well-characterized behavioral repertoire (Kalueff et al., 2013) and consistent protocols to evaluate them under experimental conditions (Nery et al., 2014, 2017; Altenhofen et al., 2017a; Bridi et al., 2017; Nabinger et al., 2018; Nabinger et al., 2020; Wiprich et al., 2020; Gusso et al., 2021). This is, however, the first study assessing the acute toxic effects of diuron on the adult zebrafish behavior. We chose to evaluate ecologically relevant sets of behaviors: exploration of a new environment and associated anxiety-like parameters, social interaction, and aggressiveness. We did not find any significant effect on exploratory parameters and anxiety when they were individually placed in a new environment, while studies investigating the effects of diuron on behavior of zebrafish are scarce, diuron influences on the behavior of other fish have been assessed, that is, goldfish observed a higher burst swimming activity after exposure to diuron (Saglio and Trijasse 1998).
Adult zebrafish are social and interdependent of their school conspecifics. Social behavior, including aggression, social interaction, dominance, and inter-dependence tends to be impacted by separation from their conspecifics (Pagnussat et al., 2013). Under the conditions tested, we did not observe significant impacts of herbicide exposure on the parameters of social interaction. Our data diverges from the decreased social interaction found by Schmidel et al. (2014), showing increased inter-fish distance and an overall shoal area after 1.0 mg/L atrazine exposure. Differences between their and our findings regarding the social interaction may be attributed to the treatment regimen, which was subchronic and lasted 14 days, in contrast to ours that only lasted 4 days.
The lack of behavioral effects does not the exempt these substances from inducing other deleterious impacts. Sposito et al. (2018) demonstrated that atrazine and diuron on ng/L concentration range could alter zebrafish embryos gene expression after 3 days of exposure beginning at 48 hpf. Importantly, our findings agree to the expected increased susceptibility of early life stages, parallel to increased tolerance of adults. However, it is important to consider the possible long-term effects of the early life exposure in adults, which was not tested here, but were reported by Horzmann et al. (2021). In their study, they demonstrated that embryonic atrazine exposure during the initial 72 hpf decreases locomotor activity in males and alters gene expression.
5 CONCLUSION
This study investigated toxicological effects of atrazine and diuron exposure in sublethal concentrations—below the estimated LC50 for fish—and found impacts of survival, hatching, and morphology of zebrafish embryos, and larvae. These effects may be further explored to characterize its underlying mechanisms and potential impacts in other outcomes that can hinder animals’ health span and lead to significant population decline.
Despite the lack of significant effects on behavioral outcomes in larvae and adult individuals, future studies may deepen the behavioral characterization of the herbicides’ effects of fish, as behavioral changes may represent advantageous endpoints to estimate sublethal toxicity and fishes are vulnerable to the environmental contamination by agrochemicals.
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Approximately 30% of patients with epilepsy do not achieve adequate seizure control through current anti-seizure drugs and treatment methods. Therefore, a critical need exists to efficiently screen anti-seizure drugs to enhance our ability to tailor treatment protocols and improve patient outcomes. The zebrafish pentylenetetrazol (PTZ) seizure model has become an increasingly popular screening paradigm for novel anti-seizure compounds. However, previous research using this model was variable due to differing experimental methods. Here, we present a method that was optimized to improve reliability and reproducibility in our laboratory using this PTZ model to develop a more robust screening of anti-seizure drugs comparing behavior and neural activity. Our behavior assay, spanning 90 min using 10 mM PTZ on 7 days post fertilization zebrafish, provides a broad window to observe anti-seizure drug efficacy. To compare our method with previously published data, we tested carbamazepine, lamotrigine, and topiramate, which have been tested in previous PTZ zebrafish assays. In addition, we assessed the candidate anti-seizure compound GS967, which has not been previously tested in the zebrafish seizure model. We examined the efficacy of anti-seizure drugs by acute administration concurrent with PTZ application and by pretreatment prior to exposure with PTZ. Pretreatment permitted us to examine potential neuroprotection and determine whether treatment time affects anti-seizure drugs’ responses. As independent validation of anti-seizure drugs’ effects, we evaluated whether the anti-seizure drug efficacy in the behavioral assay correlated with neural activity measurements, using electroencephalogram (EEG) and calcium signaling using GCaMP. There was no significant difference in the reduction of PTZ-induced seizure behavior activity between the pretreatment groups and acute treatment groups. Acute treatment with anti-seizure drugs in the EEG and GCaMP assays from 15 to 30 min post-anti-seizure drug exposure revealed consistent results between behavioral, EEG, and GCaMP assays for two of the three anti-seizure drugs. Lamotrigine only reduced neural activity (EEG and GCaMP assays). Carbamazepine, topiramate, and GS967 reduced activity in all three assays. The findings show that EEG and GCaMP assays largely correlate with the behavior findings, helping us connect physiological and behavior responses to anti-seizure drug and better assess anti-seizure drug efficacy.
Keywords: epilepsy, zebrafish, pentylenetetrazol (PTZ), behavior models, anti-seizure drugs
INTRODUCTION
Epilepsy is a disease classified by the recurrent state of seizures due to an imbalance between neuronal inhibition and excitation (Scharfman, 2007). Physicians manage individual patients with epilepsy, often by trying different medications to effectively control their seizures. However, using currently available treatments, at least 30% percent are unable to achieve adequate seizure control (Romanelli et al., 2012). There is a critical need to screen current and novel anti-seizure drugs to more effectively aid those individuals who are treatment refractory.
The zebrafish pentylenetetrazol (PTZ) seizure behavioral model has been employed to test anti-seizure drugs using a variety of methods, producing divergent results across the field because no standard protocol currently exists (Baraban et al., 2005; Gupta et al., 2014; Afrikanova et al., 2013; Kundap et al., 2017). For example, zebrafish adults were used to evaluate anti-seizure drugs on a PTZ treated behavior paradigm (Gupta et al., 2014; Kundap et al., 2017). Also, different concentrations of PTZ treatments using larvae are reported: 15–20 mM (Afrikanova et al., 2013) and 2.5–15 mM (Baraban et al., 2005). There are also various lengths of observation windows, and administration routes of anti-seizure drugs being used. Afrikanova et al. (2013) pretreated 7 days post fertilization (dpf) zebrafish with anti-seizure drugs for 18 h before PTZ was added, and the fish were given 5 min to habituate to a dark chamber before monitoring and quantifying movement for 30 min using a ZebraBox™. Baraban et al. (2005) took 2 min recordings of seven dpf zebrafish in control medium using a CCD camera and locomotion tracking software, comparing this to fish that were placed in 2.5–15 mM PTZ solution for 10 min. Again, 2 min recordings of movements were quantified. They also evaluated seizure type and percentage of fish affected.
The experimental approach was standardized and optimized in our laboratory to evaluate seizure activity in zebrafish, including behavioral, EEG, and GCaMP assays, producing reliable, and comparable results and to test a candidate anti-seizure compound. The zebrafish PTZ model has construct validity by inducing seizures, and it models seizure events in humans providing face validity. Previously tested anti-seizure drugs that work in humans also reduce seizures in the zebrafish PTZ model, indicating potential predictive validity. This study optimized the zebrafish PTZ model of seizure by examining the impact of varied PTZ concentrations and the duration of its effects. We tested carbamazepine, lamotrigine, topiramate, and the candidate anti-seizure compound, GS967 (a persistent sodium channel modulator; Anderson et al., 2014; Baker et al., 2018). Using longer assay time (90 min) and a concentration of 10 mM PTZ allowed for a broader view of anti-seizure drug efficacy. We tested carbamazepine, lamotrigine, topiramate which have been tested in previous PTZ zebrafish assays (Baraban et al., 2005; Gupta et al., 2014; Afrikanova et al., 2013). We also evaluated the candidate anti-seizure compound GS967 in our PTZ model, which has been used in mouse models and shown to be specifically effective for SCN8A (Baker et al., 2018) and SCN2A epilepsy (Anderson et al., 2014). We used our optimized assay to then test two hypotheses: 1) the efficacy of anti-seizure drugs may depend on whether anti-seizure drugs are administered acutely with PTZ or whether with pretreatment of the anti-seizure drugs before PTZ exposure; and 2) the efficacy of anti-seizure drug variability is consistent using different assays, like behavior, EEG, and GCaMP. Pretreatment versus acute application permitted us to examine whether anti-seizure drug/candidate pretreatment protects against PTZ induced seizures or whether only acute administration is needed. The outcomes of our experiments provide a consistent and effective model that will facilitate comparisons of various drugs.
Comparing different anti-seizure drugs using one reliable behavioral assay allowed us to resolve contradictory behavioral assay results in the literature. Observing behavior with the assistance of Viewpoint ZebraBox™ technology allowed for a consistent and high throughput assessment of anti-seizure drug efficacy. EEG readings and GCaMP imaging provided an independent evaluation of seizure activity for the behavioral assay. Using these zebrafish assays, rapid and robust comparison were made between known anti-seizure drugs and a candidate anti-seizure compound.
MATERIALS AND METHODS
Zebrafish Husbandry
The Indiana University Policy on Animal Care and Use guidelines were followed, and all experiments and procedures were approved by the IUPUI School of Science Institutional Animal Care and Use Committee. Zebrafish (Danio rerio) AB strain were raised and maintained under standard laboratory conditions (Westerfield, 2007). Fertilized eggs were collected from mating chambers and rinsed with embryo medium (EM). Zebrafish larva and embryos were maintained at 28.5°C, on a 14/10 h light/dark cycle under standard conditions.
Drug Administration
At six dpf, zebrafish were moved to individual wells of a 96-well plate and placed in 300 μL EM. Two different methods were used to administer anti-seizure drugs: pretreatment and acute. The pretreated groups were placed in 150 μl EM along with 150 μl at 2x of the final concentration of the respective anti-seizure drugs 24 h before the behavioral assay was performed. Thus seven dpf was the development stage used for EEG, GCaMP, and behavioral testing. Ten to 12 larvae were used per treatment parameter, and five to eight 96-well plates were used per experiment. All groups were tested together on each plate to control for potential differences in per plate variation. All larvae were raised in the same embryo medium and in the same Petri plate to control for variation in incubation conditions. On day 7, larvae were allowed to habituate for 30 min in the light at room temperature. After pre-incubation, 300 µl of embryo medium or 300 µl of a 2x solution for the acute group was added to obtain a final concentration of 1x for all treatment groups. This method was used for all larvae in all experiments.
Three anti-seizure drugs, carbamazepine (CBZ), lamotrigine (LTG), topiramate (TPR), and one candidate anti-seizure compound, GS967 were tested in our assay. Anti-seizure drugs were tested at several concentrations using previous studies as a guide. The candidate compound, GS967, has not been tested in zebrafish and required more testing at several concentrations (data not shown). Optimal concentrations were reported as follows. CBZ and LTG were both used at a final concentration of 100 µM. TPR was used at a final concentration of 200 µM in line with previous research (Bradford, 1995; Afrikanova et al., 2013; Gupta et al., 2014). As GS967 had not been used previously in zebrafish PTZ behavioral assays, a dose response test was performed, and 0.05 µM GS967 was found to be the most effective concentration at reducing seizure activity without anesthetizing the fish (i.e., high enough to reduce seizures, low enough that the control fish still move). These concentrations remained consistent throughout all assays. The anti-seizure drugs were evaluated based on duration and acute vs pretreatment. Only acute treatment of anti-seizure drugs was used in the EEG and GCaMP Assays.
Movement Tracking System
After adding PTZ, larvae were immediately moved to an automated tracking device, the ZebraBox™ apparatus. The large movement count was then quantified using ZebraLab™ software. Large count activity is defined as the number of movement events over a speed of 8 mm/s. Integration periods were grouped into 15 min intervals. Locomotion was tracked and measured over a total 90 min assay. This longer period of tracking differs from previous studies that used shorter periods. The ZebraBox™ collects data on fish movement, eliminating subjectivity in the observation of seizures to control for experimental bias.
GCaMP Assay
A seven dpf larva was embedded in 1% low-melting-point agarose. The plate containing the embedded larva had 2 ml of EM added to it. The larvae were allowed to habituate in embryo medium for 10 min. Once the initial 10 min of habituation had concluded, a Z-stack image was taken using a confocal microscope using a ×10 objective (Zeiss LSM 700). The maximum projection feature was used to create a single image of the zebrafish larva’s baseline synaptic activity in EM. The GCaMP assay treatments were not blinded. An equal volume of 2x solution (DMSO, anti-seizure drug, PTZ or PTZ + anti-seizure drug) was then added to each plate and the larva was given 15 min to incubate in the testing solution. After 15 min a second Z-stack image was taken and once again the 21 slices were used to create a single image via maximum projection. All settings remained the same between both Z-stack sessions. The GCaMP assay used ImageJ for objective measurement of fluorescence.
EEG Assay
Each 7 dpf larva was then embedded in 1% low-melting-point agarose. The plate containing the embedded larva had 2 ml of EM added to it. A glass electrode filled with 2 M NaCl was placed into the optic tectum and recordings were performed in current clamp mode, low-pass filtered at 1 kHz, high-pass filtered at 0.1 Hz, digital gain 10, sampling interval 10 µs (EPC10, Heka Electronic). The larvae were allowed to habituate with electrode in place for 10 min. Once the initial 10 min of habituation was complete, a 10 min baseline reading occurred. The EEG treatments were not blinded. An equal volume of 2x solution (DMSO, anti-seizure drug, PTZ or PTZ + anti-seizure drug) was then added to each plate. The recordings started each time exactly 5 min after removal of the larva from proconvulsant solution and were continued for 10 min. Thus, EEG recordings were performed consistently from minutes 20 through 30 following exposure to PTZ. Recordings from eight larvae were taken per experimental condition. Seizure activity was analyzed according to the amount of spiking paroxysmal events or local field potentials (LFP). The EEG assay uses a set level of voltage (2 mV) to standardize the evaluation of potential seizure activity. This threshold is approximately 5 times the noise level and allowed detection of major events in the recordings.
Statistical Analysis
ARRIVE guidelines 2.0 were used in our animal experiments for reproducibility and rigor assurance. Sample sizes of larvae were determined using pilot experiments rather than power analysis to determine numbers needed. This approach was pursued because the ZebraBox™ apparatus has a variable number of wells in the plates that show excessive background. Thus, we have variable numbers of larvae per experiment. All larvae were included that did not show background in the measurements.
Behavior
Locomotor behavior data from replicate tracking run time points were subsequently averaged and analyzed by two-way ANOVA. Tukey’s post-hoc comparisons were appropriate. The total large counts of each treatment group within 90 min were compared using one-way ANOVA followed by a Tukey’s post hoc test where appropriate (GraphPad Prism software version 8.2). Embryo medium was used as the control group for untreated, dimethyl sulfoxide (DMSO) was used as the vehicle control, and 10 mM PTZ groups were used to represent the untreated epileptic condition.
GCaMP
In order to assess calcium signaling, a line of Tg (elavl3:GCaMP6s) zebrafish were obtained from the zebrafish resource center (zfin.org). The fish were heterozygous for the transgenic gene upon arrival and were backcrossed until a homozygous line was created and kept. We used these homozygous Tg (elavl3:GCaMP6s) zebrafish for our calcium signaling experiments. Fluorescence of the midbrain was measured using ImageJ. The initial image was measured and normalized to 1. The treated image fluorescence was divided by the initial image fluorescence and was recorded as a normalized value compared to the initial embryo medium fluorescence. We followed this procedure for all treatments. Normalizing the fluorescence based on the same fish allowed us to rule out noise based on differences in fluorescence scores between different larvae. The normalized fluorescence scores were grouped by solution and were compared using one-way ANOVA followed by a Tukey’s post hoc test (GraphPad Prism software version 8.2). Embryo medium was used as the control group for untreated, dimethyl sulfoxide (DMSO) was used as the vehicle control, embryo medium-15 (EM-15), which was used as the control group for the 15 min time difference in between Z-stacks, and 10 mM PTZ groups were used to represent the untreated epileptic condition.
EEG Assay
We took the total number of spiking paroxysmal events in the initial baseline recording. We then divided the total number of spiking paroxysmal events during baseline for individual larvae by the total number of spiking paroxysmal events during treatment for the same larvae to eliminate variability between different larvae. All spikes of 2 mV or higher were counted and totaled to compare the EEG spikes before and after administration of treatments. The initial baseline paroxysmal events count was normalized to one, which was divided by the paroxysmal events after treatment. Scores were grouped by solution and were compared using one-way ANOVA followed by a Tukey’s post hoc test (GraphPad Prism software version 8.2). Embryo medium was used as the control group for untreated, dimethyl sulfoxide (DMSO) was used as the vehicle control, and embryo medium-15 (EM-15), which was used as the control group for the 15 min time difference in between recordings and 10 mM PTZ groups were used to represent the untreated epileptic condition.
RESULTS
Anti-Seizure Drugs Effects on PTZ-Induced Seizure Behavioral Activity of Zebrafish 7 dpf Larvae: Assay Description
We first investigated the effects of several PTZ concentrations on the zebrafish behavior profile over an extended 90 min time duration. Concentrations of 10 mM PTZ, 20 mM PTZ and 40 mM PTZ produced robust seizure activity. With 5 mM PTZ, an increased large count was observed but was inconsistent between replicates. 10 mM PTZ produced seizure activity that was more consistent than other concentrations over the course of the 90 min assay in repeated trials. In contrast, 20 and 40 mM PTZ significantly increased large (>8 mm/s) movement counts at the beginning of the assay (Figure 1). However, the seizure-like behavior subsided substantially over the course of the 90 min assay.
[image: Figure 1]FIGURE 1 | Behavioral profile of zebrafish larvae exposed to PTZ. The following graphs displays the average large count (y-axis) of larvae. (A) The average larval large count is depicted per 15 min interval (x-axis) of the tracking session. Zebrafish larvae were tested PTZ concentrations at 5 mM, 10 mM, 20 mM, and 40 mM (n = 70 fish/solution/concentration). Embryo medium (EM) was used as the control. Significance indicated by *p < 0.05 PTZ vs. EM, two-way ANOVA, Tukey’s post-hoc. (B) The total large count (y-axis) over 90 min is displayed. The respective treatment groups (x-axis). Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM).
Given the consistent increases in seizure activity over 90 min seen in 7 dpf zebrafish larvae exposure, 10 mM PTZ was used as the optimal concentration for the experiments exploring the effectiveness of three distinct anti-seizure drugs and GS967, a candidate anti-seizure compound, on reducing PTZ-induced seizure activity (Figure 1; Supplementary Tables S1‐S7).
Figures 2–5 show the results of the various anti-seizure drugs and anti-seizure compound assays performed over an extended 90 min duration in independent assays. There were seven treatment groups in each assay. The groups were as follows: embryo medium; 0.1% DMSO: 10 mM PTZ; anti-seizure drug alone (pretreated); anti-seizure drug alone (acute); 10 mM PTZ + anti-seizure drug (pretreated); and 10 mM PTZ + anti-seizure drug (acute). Significance indicated vs. EM by * and vs. PTZ alone by &.
[image: Figure 2]FIGURE 2 | Behavioral profile of zebrafish larvae exposed to carbamazepine (A) displays the average large count (y-axis) of larvae. The average larval large count is depicted per 15 min interval (x-axis) of the tracking session. The respective treatment groups are listed on the x-axis. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked and (p < 0.05) to indicate significant differences to 10 mM PTZ. (B) The total large count (y-axis) over 90 min is displayed. The respective treatment groups (x-axis). Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 76 fish/treatment group).
[image: Figure 3]FIGURE 3 | Behavioral profile of zebrafish larvae exposed to lamotrigine. (A) The average large count (y-axis) of larvae is depicted per 15 min interval (x-axis) of the tracking session. The respective treatment groups are listed on the x-axis. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (B) The total large count (y-axis) over 90 min is displayed. The respective treatment groups (x-axis). Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 76 fish/treatment group).
[image: Figure 4]FIGURE 4 | Behavioral profile of zebrafish larvae exposed to topiramate. (A) The average large count (y-axis) of larvae is depicted per 15 min interval (x-axis) of the tracking session. The respective treatment groups (x-axis). Analyses (two-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (B) The total large count (y-axis) over 90 min is displayed. The respective treatment groups (x-axis). Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 91 fish/treatment group).
[image: Figure 5]FIGURE 5 | Behavioral profile of zebrafish larvae exposed to GS967. (A) The average large count (y-axis) of larvae. The average larval large count is depicted per 15 min interval (x-axis) of the tracking session. The respective treatment groups (x-axis). Analyses (two-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (two-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (B) The total large count (y-axis) over 90 min is displayed. The respective treatment groups (x-axis). Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 60 fish/treatment group).
CBZ Effects on Seizure Behavioral Activity in 7 dpf Larvae
In this set of experiments, the effect of 100 µM CBZ was examined on the zebrafish activity. Compared to EM exposed zebrafish, acute exposure to CBZ alone (no PTZ exposure) induced a significant decrease in large movement counts throughout all six time periods (0–90 min). A decrease in activity was observed at four of the six assay time periods: 0–15 min, 30–45 min, 60–75 min, and–90 min. By contrast, the vehicle, DMSO, did not impact zebrafish behavior. Zebrafish exposed to PTZ (10 mM) exhibited a significant increase in large movement counts (compared to EM) across six time periods (0–90 min).
A significant decrease in large movement counts was observed during three time periods (30–45 min, 45–60 min and 60–75 min) when pretreatment with CBZ was followed by PTZ, and during two time periods (30–45 min and 45–60 min) for the acute CBZ group where CBZ and PTZ exposures were compared (Figure 2A).
To further compare these data, we summed the large count over the entire 90 min assay for the various treatment groups (Figure 2B). The DMSO and CBZ-pretreatment alone groups had similar large count totals compared to EM. Acute CBZ treatment alone decreased total large count movement (Figure 2B) compared to EM. PTZ significantly increased large count movement compared to EM. CBZ, both acute and pretreated reduced PTZ induced seizure activity over multiple time periods (Figure 2A) and in total large count (Figure 2B).
LTG Effects on Seizure Behavioral Activity in 7 dpf Larvae
The effect of 100 µM LTG was examined on the zebrafish activity. Compared to EM exposed zebrafish, DMSO, the vehicle, did not significantly impact zebrafish behavior and neither did the addition of LTG alone regardless of administration method (acute or pretreatment). In this set of experiments, zebrafish exposed to PTZ (10 mM) exhibited a significant increase in large movement counts (compared to EM) across all six time periods (0–90 min). PTZ with acute LTG administration did not significantly reduce seizure activity at any individual time point However, PTZ with larvae pretreated with LTG did experience significantly reduced large movement counts for the last 30 min of the assay compared to PTZ alone. To further compare these data, we summed the large count over the entire 90 min assay for the seven treatment groups shown in Figure 3B. The DMSO, LTG-acute alone, and LTG-pretreatment alone groups had similar large count totals compared to EM. PTZ, PTZ + LTG (both acute and pretreated) significantly increased large count movement compared to EM. LTG, both acute and pretreated, did not significantly reduce PTZ induced seizure activity in total large count (Figure 3B).
TPR Effects on Seizure Behavioral Activity in 7 dpf Larvae
The effect of 200 µM TPR was examined on the zebrafish activity. Compared to EM exposed zebrafish, acute exposure to TPR alone induced a significant decrease in large movement counts in four time periods (15–30 min, 30–45 min, 45–60 min, and 75–90 min). With TPR pre-treatment alone, a decrease in large movement counts was observed at two time periods (0–15 min and 15–30 min). DMSO did not impact zebrafish behavior. The zebrafish exposed to PTZ (10 mM) exhibited a significant increase in large movement counts (compared to EM) across all six time periods (0–90 min).
The large movement counts were summed over the entire 90 min assay for the various TPR treatment groups (Figure 4B). The DMSO, and both TPR groups had similar large count totals compared to EM. The total large movement counts for both the TPR pretreatment + PTZ group and the acute TPR + PTZ group were significantly lower than the PTZ group total large counts.
GS967 Effects on Seizure Behavioral Activity in 7 dpf Larvae
In this set of experiments the effect of 0.05 µM GS967 was examined on the zebrafish activity. Compared to EM exposed zebrafish, acute exposure to GS967 alone induced a significant decrease in large movement counts throughout three time periods (15–30 min, 30–45 min, and 60–75 min). With GS967 pre-treatment, a decrease in activity was observed at five of the six time periods (0–60 min, 75–90 min). By contrast, the vehicle, DMSO did not impact zebrafish behavior. Zebrafish exposed to PTZ (10 mM) exhibited a significant increase in large movement counts (compared to EM) across six time periods (0–90 min).
A significant decrease in large movement counts was observed during five time periods (0–15 min, 30–45 min, 60–75 min and 75–90 min) when pretreatment with GS967 was followed by PTZ, and during six time periods (0–90 min) for the acute GS967 group when GS967 and PTZ exposures were compared to PTZ alone (Figure 5A).
To further compare these data, we summed the large count over the entire 90 min assay for the various treatment groups (Figure 5B). The DMSO group had similar large count totals compared to EM. GS967 treatments decreased total large count movement (Figure 5B) compared to EM. PTZ significantly increased large count movement compared to EM and GS967 with PTZ groups. Acute and pretreated GS967 both reduced PTZ induced seizure activity over multiple time periods (Figure 5A) and in total large count (Figure 5B). Interestingly, GS967 with PTZ groups had similar large count movements to EM.
PTZ and Anti-Seizure Drug Effects on Calcium Signaling Activity in 7 dpf Larvae
Transgenic Tg (elavl3:GCaMP6s) zebrafish have been used to monitor PTZ induced seizures (Turrini et al., 2017). We were able to observe and measure the difference in fluorescence between baseline activity in embryo medium, the increased fluorescence seen once zebrafish were allowed to habituate in a 10 mM PTZ solution, and the difference between PTZ fluorescence and PTZ + anti-seizure drug. The midbrain was chosen as the region of interest to measure so we would be able to pair it with the EEG data in which the probe is placed in the optic tectum, the largest midbrain structure (Baraban et al., 2007). We found that in the behavioral experiments there was not a significant difference between the pretreatment groups and acute treatment groups’ ability to reduce PTZ induced seizure activity for each of the anti-seizure drugs tested. Based on this result, we tested only acute treatment of the anti-seizure drug in the EEG and GCaMP assays using the observation window of 15 min post exposure to 30 min post exposure to see if the results matched the results observed in the behavioral assays.
It was observed during this experiment that DMSO, EM-15, and PTZ + GS967 all had similar fluorescence scores compared to EM (Figure 6). PTZ had significantly higher fluorescence than EM and all PTZ + anti-seizure drug groups. This result further correlates the ability of the four respective anti-seizure drugs/compound (CBZ, LTG, TPR, and GS967) ability to reduce seizure activity and corroborates the data shown in the behavioral assays.
[image: Figure 6]FIGURE 6 | Calcium signaling activity in 7 dpf larvae. The fluorescence score is displayed on the y-axis. The respective treatment groups are shown on the x-axis. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 12 fish/treatment group).
PTZ and Anti-Seizure Drug Effects on EEG Activity in 7 dpf Larvae
We observed and measured the difference in the number of LFP for baseline activity in embryo medium, once zebrafish were allowed to habituate in a 10 mM PTZ solution, and additionally the difference between PTZ and PTZ + anti-seizure drugs. EEG data was taken from the optic tectum providing consistency with calcium signaling data. Choosing the optic tectum allowed us to target a portion of the brain that could be consistently seen and probed similarly between all groups and larvae, thus, reducing variability between individual zebrafish.
DMSO, EM-15, and all PTZ + anti-seizure drug groups had similar LFP counts compared to EM (Figure 7). PTZ had significantly higher LFP than EM and all PTZ + anti-seizure drug groups. This result, in combination with the GCaMP and behavioral assays results, corroborates the reliability of the behavioral model in measuring an anti-seizure drugs effectiveness on reducing seizure activity.
[image: Figure 7]FIGURE 7 | Local field potentials in 7 dpf larvae. (A) Representative tracings recorded in the presence of EM (top) and 10 mM PTZ (bottom) are shown. (B) The relative LFP difference is displayed on the y-axis. The respective treatment groups are shown on the x-axis. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked * (p < 0.05) to indicate significant differences to embryo medium (EM). Standard error of the means is shown. Analyses (one-way ANOVA, Tukey’s post-hoc) are marked & (p < 0.05) to indicate significant differences to 10 mM PTZ. (n = 8 fish/treatment group).
DISCUSSION
Inconsistencies in methods evaluating anti-seizure drugs could make it difficult to determine the relative effects. Our findings evaluated PTZ and anti-seizure effects over a longer time period using a moderate PTZ concentration. Higher PTZ concentrations can produce synaptic fatigue, exhaustion, or death, producing a reduction in swimming behavior in later time increments. This variability could confound comparisons of anti-seizure drugs.
The optimized PTZ assay conditions were used to determine whether three clinically useful anti-seizure drugs and a candidate anti-seizure compound exhibited efficacy against 10 mM PTZ induced seizure like behavior when given acutely with PTZ or pretreated for 24 h with the anti-seizure drug before PTZ exposure. Large movement counts were compared in our assay, but other measures, including small movement counts, large distance travelled, and small distance travelled, also showed effects of the PTZ and anti-seizure compounds. The large movement measure showed the most sensitivity. Anti-seizure drugs were also tested using two distinct assays, EEG and GCaMP, to see if there were discrepancies between the results found in the behavioral assays and those observed in the EEG and/or GCaMP assays. Three of the four anti-seizure drugs/compounds reduced PTZ-induced seizures in all the three assay types. Overall, there was no significant difference between pretreating and acute treatment of anti-seizure drugs in the behavioral models; thus only acute administration was used in the EEG and GCaMP assays. Future experiments could be used to determine whether pretreatment in EEG and GCaMP assays shows any difference with behavior. These assays corroborated the effectiveness of the behavioral assays’ ability to determine anti-seizure drug efficacy.
In this study our aim was to use the optimized assay to assess the efficacy of four different anti-seizure drugs/compounds and validate our behavioral assessments using two additional activity measures. CBZ was previously found to be ineffective in reducing seizure behavior and EEG activity in the zebrafish PTZ model (Bariban et al., 2005; Afrikanova et al., 2013), which contrasts with our findings. However, we used a lower concentration of PTZ over a longer time period. Interestingly, Gupta et al. (2014) found that CBZ reduced PTZ induced seizure behavior in adult zebrafish. LTG was previously shown to be ineffective in reducing seizure behavior and EEG activity in the zebrafish PTZ model (Afrikanova et al., 2013). Our behavior results were consistent with these findings, but our EEG and GCaMP studies showed LTG reduced neural activity in the zebrafish PTZ model. TPR was previously shown to be effective in reducing seizure behavior and ineffective in EEG activity in the zebrafish PTZ model (Afrikanova et al., 2013). Our results showed TPR reduced behavior and neural activity in the zebrafish PTZ model. It is worth noting that while LTG did not reduce seizure activity in our behavioral model. LTG and TPR were shown to have an anticonvulsant effect in an adult zebrafish behavioral (Pierog et al., 2021).
A candidate anti-seizure compounds, GS967, that has shown efficacy in preclinical models (Anderson et al., 2014; Baker et al., 2018) showed the greatest attenuation of PTZ induced seizure like behavior, and this compound reduced EEG and GCaMP activity, thus reducing PTZ-induced seizures in all the three assay types. We were able to clearly determine the effectiveness these anti-seizure drugs have on seizures by comparing the drugs over different assays, which helped resolve variation seen in the literature. The behavioral assay allows higher throughput evaluation of candidate compounds, and the EEG and GCAMP assays can validate potential anti-seizure compounds.
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The clinical heterogeneity of heart failure has challenged our understanding of the underlying genetic mechanisms of this disease. In this respect, large-scale patient DNA sequencing studies have become an invaluable strategy for identifying potential genetic contributing factors. The complex aetiology of heart failure, however, also means that in vivo models are vital to understand the links between genetic perturbations and functional impacts as part of the process for validating potential new drug targets. Traditional approaches (e.g., genetically-modified mice) are optimal for assessing small numbers of genes, but less practical when multiple genes are identified. The zebrafish, in contrast, offers great potential for higher throughput in vivo gene functional assessment to aid target prioritisation, by providing more confidence in target relevance and facilitating gene selection for definitive loss of function studies undertaken in mice. Here we used whole-exome sequencing and bioinformatics on human patient data to identify 3 genes (API5, HSPB7, and LMO2) suggestively associated with heart failure that were also predicted to play a broader role in disease aetiology. The role of these genes in cardiovascular system development and function was then further investigated using in vivo CRISPR/Cas9-mediated gene mutation analysis in zebrafish. We observed multiple impacts in F0 knockout zebrafish embryos (crispants) following effective somatic mutation, including changes in ventricle size, pericardial oedema, and chamber malformation. In the case of lmo2, there was also a significant impact on cardiovascular function as well as an expected reduction in erythropoiesis. The data generated from both the human in silico and zebrafish in vivo assessments undertaken supports further investigation of the potential roles of API5, HSPB7, and LMO2 in human cardiovascular disease. The data presented also supports the use of human in silico genetic variant analysis, in combination with zebrafish crispant phenotyping, as a powerful approach for assessing gene function as part of an integrated multi-level drug target validation strategy.
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INTRODUCTION
Chronic heart failure is characterised by a mismatch between cardiac output and the oxygen demands of organs. Behind the clinical syndrome there is a well-established sequence of pathophysiological events eventually resulting in maladaptive cardiac remodelling, ventricular dilatation and poor cardiac performance manifested as reduced ejection fraction (Konstam et al., 2011). Despite this, at least half of the heart failure population falls outside of the definition of heart failure associated with reduced ejection fraction (HFrEF), and although the aetiology of heart failure in HFrEF patients is largely unknown, a paradigm has been proposed arguing that the root cause is extracardiac (Senni et al., 2014). This multifactorial aetiology makes identifying new drug targets for the treatment of chronic heart failure challenging. Target identification has been greatly aided by the emergence of large-scale patient DNA sequencing approaches (Suwinski et al., 2019; Povysil et al., 2020), although this strategy has its own limitations. Candidate gene progression, for example, is often complicated by identification of multiple potential genes that require subsequent functional characterisation and prioritisation. This is compounded by the fact that higher throughput screening approaches are currently limited to in silico or in vitro methods that lack the ability to score organ system-dependent gene function. On the other hand, higher-tier genetic target validation assessments in traditional animal models are not practical for screening multiple candidate genes. As an alternative in vivo model, the embryo-larval zebrafish could fill this gap. The zebrafish combines genetic tractability, higher throughput amenability, and optical transparency allowing the relatively simple assessment of organ system morphology, and functionality, across multiple candidate genes (Gut et al., 2017). Such studies can, therefore, provide more confidence in target relevance and facilitate gene selection for definitive loss of function studies undertaken in mice. Importantly, the zebrafish is also widely considered to be an appropriate animal model for studying human cardiovascular biology (MacRae and Peterson, 2015). Furthermore, recent studies have demonstrated the great utility of zebrafish in CRISPR/Cas9 mediated screens using F0 knockouts (crispants) as rapid, highly reproducible and scalable knockout models (Burger et al., 2016; Kroll et al., 2021), including for investigating the role of genes in cardiovascular development and functionality (Wu et al., 2018; Quick et al., 2021). Here, we used this approach to investigate the function of 3 genes implicated in human cardiovascular disease from a large-scale patient DNA sequencing study.
Whole exome sequencing (WES) and subsequent bioinformatics were used to identify genes from clinical cohorts that were suggestively associated with heart failure (Povysil et al., 2020). We identified a subset of three genes (API5, HSPB7, and LMO2) predicted to play a broader role in heart failure aetiology, and undertook in vivo phenotypic assessment in zebrafish. These specific genes were selected as they were representative of genes that: had broad pleiotropic functions without evidence of preferential cardiac expression (API5); showed preferential expression in the heart, but with ambiguous function (HSPB7); or were expressed in the haematopoietic compartment and thus had potential impacts on erythrocyte physiology, oxygen delivery and leukocyte biology (LMO2). The positive control gene selected was GATA5, which has a critical role in heart development and has been implicated in multiple human cardiovascular disease aetiologies (Gu et al., 2012; Wei et al., 2013; Zhang et al., 2015).
Functional knockout of gata5 resulted in zebrafish larvae exhibiting the expected cardiovascular phenotype, and mutation of each of api5, hspb7, and lmo2 resulted in some degree of negative impact on the physiology and/or development of the zebrafish cardiovascular system. The evidence presented supports the use of human in silico gene variant analysis in combination with zebrafish crispant assessment as a powerful screening approach for initially assessing gene function as part of early target identification activities. Furthermore, the data generated provides strong in vivo evidence to support the further investigation of these genes and their role in human cardiovascular disease.
MATERIALS AND METHODS
Case-Control Collapsing Analysis and Bioinformatics
Candidate genes were initially identified by WES in heart failure patients from two clinical trials: candesartan in Heart Failure-Assessment of Reduction in Mortality and Morbidity (CHARM) (Pfeffer et al., 2003); and Controlled rosuvastatin Multinational Trial in Heart Failure (CORONA) (Kjekshus et al., 2007). 5,942 heart failure cases from these trials were compared to controls without reported heart disease using gene-based rare-variant collapsing analysis, the results of which were published by Povysil et al. (2020). One gene, TTN (encoding Titin), reached study-wide significance, with the strongest association in the dominant protein-truncating variant (PTV) model (p = 3.35 × 10−13), a finding that was replicated in the United Kingdom Biobank WES data (Povysil et al., 2020) and was supported by our subsequent in silico analysis. From this, a list of 255 genes that had p-values above the study-wide significance threshold, but below 1 × 10−4, were further explored for data supporting a role in cardiovascular disease using a bioinformatics prioritisation assessment as described below.
The subsequent in silico analysis of candidate genes largely relied upon public on-line resources. Each candidate gene was first assessed for genetic association to human disease phenotypes based on large-scale genome-wide association (GWAS) and WES studies encompassing common to low frequency variants (Common Metabolic Diseases Knowledge Portal or CMDKP (https://hugeamp.org/), GWAS Catalog (https://www.ebi.ac.uk/gwas/), Phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/). Rare variant associations reported in Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/) and ClinVar (www.ncbi.nlm.nih.gov/clinvar/) were also captured.
Next, baseline tissue and cellular expression of candidate genes were investigated based on bulk and single cell RNA sequencing data from human tissues (Human Protein Atlas (HPA), https://www.proteinatlas.org/ and GTex portal, https://gtexportal.org/home/). Studies of expression dysregulation in cardiovascular disease were also conducted using patient transcriptomics data deposited in NCBI Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/), using QIAGEN’s OmicSoft DiseaseLand (release humandisease_B37_20191215_v14a), which applies generalised linear models on log2 transformed intensities (microarray data), and DESeq2 for raw counts data (RNAseq data). Genes were considered significantly differentially expressed at an adjusted p < 0.05. For mechanistic inference assessment, network-based functional enrichment analysis was performed using three separate tools (STRING (https://string-db.org/), Harmonizome (https://maayanlab.cloud/Harmonizome/) and GeneMANIA (https://genemania.org/)), all relying on multiple data types including protein-protein interactions, co-expression, database and text mining. The differential expression analysis of candidate genes was considered particularly important when assessing links to heart failure, as this is a clinical syndrome involving many comorbidities, any of which may be the culprit disease driver. From these in silico analyses, we prioritised 3 genes for subsequent in vivo assessment in zebrafish. API5 was selected as a gene possessing broad pleiotropic functions without evidence of preferential cardiac expression; HSPB7 showed preferential expression in the heart but without clearly defined cardiac functionality; and LMO2 as it had potential for an indirect role in heart failure through its known role in haematopoiesis.
Guide RNA Design and Preparation
For the zebrafish orthologues of each gene assessed (gata5∼ENSDARG00000017821; api5∼ENSDARG00000033597; hspb7∼ENSDARG00000104441; lmo2∼ENSDARG00000095019), three individual guide RNAs (gRNAs) were designed using CHOPCHOP (https://chopchop.cbu.uib.no) to target discrete sections of coding exon 1 or 2 (Supplementary Figure S1). When selecting gRNAs, we excluded candidate target sites that had potential off-target sites with less than 2 mismatch sequences in the genome, and also confirmed that off-target target sites with 3 mismatch sequences were not located in any exon or UTR region of the protein-coding gene. Selected gRNAs were also BLAST-checked to confirm a lack of off-target gene interaction. Three gRNAs were designed within a 200 bp region, except api5, to promote PCR amplification of the region using a single primer set during subsequent molecular analyses. For api5, two gRNAs were designed at exon 1 and one gRNA at exon 2, as we were not able to design three gRNAs within a single coding exon. Each gRNA was applied alone (termed g#1, g#2 or g#3) to assess the consistency of phenotypes across different target sites, and as a combined injection containing all three gRNAs (termed g#1,2,3) to ensure functionally-effective mutation, alongside Cas9-only injection controls. Cas9 protein was considered likely to be the most biologically active component of the experimental injection mixture and, therefore, the most appropriate injection control for use when assessing multiple candidate genes as part of a higher throughput screening protocol. Although alternative gRNAs could have been used as additional controls, this was not considered necessary as we had already demonstrated phenotype variability across the genes and gRNA designs used (see results section). A comparison of the data from the different controls tested during method development is presented in Supplementary Figure S2.
Prior to injection, gene-specific crRNA and tracrRNA (Integrated DNA Technologies Inc. Coralville, United States) were diluted to a final concentration of 12 μM in nuclease-free duplex buffer and the resultant gRNA mixture incubated at 95°C for 5 min. Immediately prior to use, 5 μl of the gRNA mixture was mixed with Cas9-NLS protein (final concentration of 5 μM. New England Biolabs, Ipswich, United States), 2M KCl (final concentration of 300 mM), and 0.5% v/v Phenol red solution (Sigma Aldrich Ltd. Poole, United Kingdom) in a total volume of 10 μl. The resultant mixture was incubated at 37°C for 10 min to assemble the gRNA/Cas9 ribonucleoprotein complex, and then held at room temperature until use.
Zebrafish Culture
Adult WIK (Wild-type India Kolkata) strain zebrafish (Danio rerio), originally obtained from the Zebrafish International Resource Center (ZIRC, University of Oregon, Eugene, United States), were held under optimal spawning conditions (12 h light: 12 h dark cycle, with 20 min dusk-dawn transition periods, 28 ± 1°C), in mixed sex groups in flow through aquaria. Each injection day embryos were collected from individual male-female pairs and injected at the one-cell stage. In addition, the cmlc2::DsRed2-nuc transgenic zebrafish (Mably et al., 2003) used for confocal cardiomyocyte microscopic analysis were cultured under identical conditions.
Microinjection
Microinjection needles were prepared from thin wall borosilicate glass capillaries with filament (Outer diameter 1.0 mm, inner diameter 0.75 mm. World Precision Instruments, Sarasota, United States) on a micropipette puller (P-1000, Sutter Instruments, Novato, United States) using the following settings: Heat 501, Pull 60, Velocity 60, Time 20, Pressure 300, Ramp 499.
From pairs of spawning zebrafish, eggs were assessed for the desired development stage (1-cell) and for condition before being transferred in batches of 50–60 into the furrows of an injection mould-imprinted agar plate. Next, the injection needle was loaded with the injection mixture calibrated using a microscale graticule to deliver 1–1.7 nl per injection and each egg was injected (FemtoJet 4x, Eppendorf, Hamburg, Germany), once, close to the cell/yolk boundary layer. Successful injection was indicated by the presence of phenol red. Injected eggs were then transferred to a Petri dish containing culture water and methylene blue (2 drops per litre of water) and cultured on a black background under the same conditions as the adult fish. At the end of day 0, all unfertilised and dead embryos were removed and 48 viable embryos, selected at random for each treatment, were individually transferred to wells of 48-well microplates (each in 1 ml) for later assessment.
Morphological Assessment at 2 and 4 dpf
At 2 days post fertilization (dpf), the general morphological phenotype of all embryos across all three individual and a combined gRNA injected group (named g#1, g#2, g#3 and g#1,2,3 respectively) was assessed. This was undertaken to identify the most effective guides (i.e., those resulting in the most prominent phenotype vs. the Cas9-only injected controls) for complete morphological and functional phenotyping at 4 dpf. Scoring was undertaken (without anaesthesia) using a dissecting microscope against a list of criteria shown in Supplementary Table S1. In addition, 8 embryos were removed from each treatment for the analysis of gene mutation efficiency (see below).
At 3 dpf, if necessary, embryos were manually dechorionated using fine forceps allowing the spine to straighten to facilitate complete phenotyping at 4 dpf. At 4 dpf, 10 animals were selected at random from the 2 most effective treatments groups, alongside 10 embryos from the Cas9-only injected control group for full morphological scoring using a method based upon Gustafson et al. (2012), and Ball et al. (2014). To facilitate scoring, animals were lightly anaesthetised by immersion in 0.165 g/L tricaine methanesulfonate (pH 7.5) and scored according to the criteria shown in Supplementary Table S2. Images were taken from representative animals within each treatment group. In addition to scoring the frequency of abnormalities, an estimate of the size of the pericardial oedema was made from each image saved. For this, the shortest distance was measured between the ventricle outer wall and the pericardial sac edge using Leica Application Suite (LAS) X core and LAS X measurements® (Leica Microsystems Ltd, Milton Keynes, United Kingdom). Note that in some cases it was not possible to obtain a clear anterior-posterior image of the larva and thus accurate measurement was not possible.
After assessment, each animal was directly transferred to benzocaine solution (1 g/L in 1% ethanol) for euthanasia. The guide-injected group providing the most robust phenotype was also selected for a second run to confirm the observed effect in a separate batch of embryos.
Analysis of Mutation Efficiency
Genomic DNA was extracted from individual 2 dpf larvae using the HotSHOT method (Meeker et al., 2007). Briefly, all water was removed from each PCR tube containing an embryo, 50 μl of 50 mM NaOH added, and the sample heated for 10 min at 95°C. The samples were then vigorously vortexed and subsequently cooled on ice. Next 5 μl of 1M Tris-HCl (pH 8.0) was added and the samples were well mixed. The samples were then centrifuged and the supernatant containing the genomic DNA was removed and stored at −20°C until further processing. The PCR primers were designed and obtained from Eurofins Genomics (Ebersberg, Germany). The primers used were: gata5 (forward: GGA​AAC​CAT​CGC​ATT​TGG​AG and reverse: AGG​GCA​CTT​CCA​TAT​TGA​TC); api5 (exon 1 forward: ATA​CAG​CGG​AAG​TAT​CCG​AC, exon 1 reverse: TCA​ATT​CTC​GCT​CAG​GCT​TG. exon 2 forward: TCT​GGA​TGG​TGT​CAA​AGG​AG, and exon 2 reverse: CGG​ACA​ACA​TGT​AAA​TAC​CAG); hspb7 (forward: GAA​TAA​GAA​CTT​GAT​CAC​CGG and reverse: GCA​TAT​AGC​TTT​CCA​CTC​AC); and lmo2 (Forward: TGG​ATG​AGG​TGC​TCC​AGA​TG and reverse: ATC​TCT​CCT​GCA​CAG​CTT​TC). The PCR mixture was prepared as follows: 10 μl of 2x PCRBIO Taq Mix Red (PCR Biosystems Ltd, London, United Kingdom); 0.8 μl each of 10 μM forward and reverse primers; 1 μl of genomic DNA; and 7.4 μl of water. The PCR machine settings were as follows: 1 min at 95°C; 30 cycles of 15 s at 95°C, 15 s at 58°C, 15 s at 72°C; and finally 1 min at 72°C. DNA amplification was checked on a 3% agar gel. T7 endonuclease I (T7E1) assays were undertaken to detect heteroduplexes in the PCR product. For this, PCR products were denatured at 95°C for 5 min and then cooled down. Next, the T7E1 reaction mixture was made as follows: 10 μl of each PCR product; 1.5 μl NEBuffer 2 (New England Biolabs, Ipswich, United States); 0.3 μl T7E1 enzyme at 10 Units/μl (New England Biolabs, Ipswich, United States); and 3.2 μl water. Next digestion was undertaken for 15 min at 37°C and the resultant products were assessed on a 3% agar gel. A sub-sample of amplified DNA from each PCR product was also sent for Sanger sequencing by Eurofins Genomics (Ebersberg, Germany) using the forward or reverse primers described previously. The rates and types of insertions and deletions (indels) in the PCR products were analysed by Inference of CRISPR Edits (ICE; https://ice.synthego.com).
Histology
For histological analysis, 4 dpf animals were terminated by anaesthetic overdose in fixation tubes (2 g/L tricaine methanesulfonate, pH 7.5). Next the anaesthetic was replaced with 10% neutral buffered formalin for 4 h, followed by 70% alcohol in which they were stored at 4°C until further processing. For sectioning, animals were transferred into agar moulds for orientation (Sabaliauskas et al., 2006; Copper et al., 2018), and subsequently into tissue cassettes and embedded in paraffin using an automatic tissue processor (Thermo Scientific Excelsior AS, Thermo Fisher Scientific Ltd, Waltham, United States). The sequence of fixation and embedding steps applied are summarised in Supplementary Table S3. Following fixation, 5 μm sections were cut from each paraffin block using a microtome (Shandon AS325, ThermoFisher Scientific Ltd., Waltham, United States). The resultant sections were haemoxylin and eosin (H&E) stained on an automatic stainer (Shandon Varistain 24–4, ThermoFisher Scientific Ltd., Waltham, United States) using the sequence summarised in Supplementary Table S4. After staining, images of each section were captured on a binocular microscope (Axioskop 40, Zeiss, Oberkochen, Germany) equipped with a colour digital camera (DP70, Olympus, Tokyo, Japan) to allow histopathological analysis.
Cardiovascular Functional Assessment at 4 dpf
Cardiovascular function was assessed in ten 4 dpf embryos selected at random from each treatment, using the method outlined in Parker et al. (2014). Briefly, each animal was lightly anaesthetised by immersion in tricaine methanesulfonate (0.1 g/L pH 7.5) and then transferred into low melting point agarose (1 g/100 ml of the same tricaine methanesulfonate solution to maintain anaesthesia during imaging) and then deposited on its side on a clear microscope slide. Imaging was undertaken on an inverted light microscope (Leica DM IRB, Leica Microsystems United Kingdom Ltd, Milton Keynes, United Kingdom, ×10 magnification) equipped with two video cameras: one recording the heart at 25 frames per second (fps. Grasshopper® GRAS-50S5C-C, Point Grey, Richmond, Canada); and the second recording the dorsal aorta at 120 fps (Grasshopper® GRAS-03K2M-C, Point Grey, Richmond, Canada). Recording was undertaken for 10 min following which animals were directly transferred to benzocaine solution (1 g/L in 1% ethanol) for euthanasia without recovery.
Heart videos were analysed using MicroZebraLab™ (v3.5, ViewPoint, Lyon, France) from which beat frequencies were provided for each of the atrium (atrial beat rate or ABR) and the ventricle (ventricular beat rate or VBR). This allowed global heart rate measurement and the detection of certain arrhythmias such as the decoupling of atrial and ventricular beat frequencies, which has been previously described in association with exposure to some QT-prolonging drugs. Blood flow videos were analysed using ZebraBlood™ (v1.3.2, ViewPoint, Lyon, France), which provided measures of blood flow (nL/sec), blood linear velocity (μm/sec) and vessel diameter (μm). In addition to the directly determined parameters, estimates of stroke volume and cardiac output were calculated using measurements of heart rate and blood flow (termed surrogate stroke volume (SSV) and surrogate cardiac output (SCO)). Normally stroke volume is precisely calculated using the difference between end-systolic and end-diastolic volumes (see below). However, using our system a surrogate measure of SSV was calculated by dividing the dorsal aorta flow rate (in nL/sec), by the VBR per second. Similarly, cardiac output is normally calculated by dividing the stroke volume by the heart rate to provide a volume of blood pumped per minute. Here, however, SCO was calculated by multiplying the SSV by the VBR in bpm.
Ventricular Dimension-Related Parameter Measurements
Using the videos of the heart captured for functional analyses, 10 animals were randomly selected per treatment (5 per run) from which a manual measurement of ventricle diameters was undertaken. Using VirtualDub (http://www.virtualdub.org/), heart videos were converted to JPEGs from which 10 images showing the minimum (end-systolic) and 10 showing the maximum (end-diastolic) ventricle chamber extension were selected at random from each animal. On each image, the long and short axis ventricle chamber lengths were measured using ImageJ (https://imagej.net/). Next, using the Equation 1/6*π*long axis*short axis2 and assuming a prolate spheroidal shape (Yalcin et al., 2017), end-systolic and end-diastolic ventricle volumes were calculated (in nL). From these measurements, stroke volume (end-diastolic minus end-systolic volumes, in nL), cardiac output (stroke volume*ventricular beat rate, in nL/min), and ejection fraction (stroke volume/end-diastolic volume*100, as a %) were calculated to supplement the surrogate measures of cardiac performance described previously. Although of much slower throughput, manual measurement of ventricular diameters is particularly useful where the absence of measurable blood flow means that SSV and SCO values are effectively zero. It should be noted, however, that as 2D images were derived from videos that were used for the functional analysis, in some cases precise determination of chamber edges was difficult and as such the actual dimensions should be considered approximations. In addition, it was not possible to normalise these measurements to the length of the specific animals used for functional assessment. However, ventricle measurements have been considered within the context of the average total body length of embryos within the same batch of animals used for the morphological evaluation.
Confocal Analysis of Cardiomyocyte Development and Morphology
To assess the impact of gene mutation on cardiomyocyte hyperplasia or hypertrophy, additional injections were undertaken in 4 dpf cmlc2::DsRed2-nuc transgenic zebrafish. For each gene and for Cas9-only injected animals, 10 randomly selected animals were assessed on a Nikon A1R laser scanning confocal microscope (Nikon, Tokyo, Japan) using 568 nm laser excitation (power 90, PMT 85) and transmitted light (PMT 25). At 20x magnification, Z-slices were taken every 5 μm through the heart from which maximum intensity z-projections were then generated. For imaging, the embryo’s hearts were stopped by immersion in 1 g/L tricaine methanesulfonate (pH 7.5) after which they were transferred to 1 g/100 ml low melting point agarose made using the same tricaine methanesulfonate solution for immobilization during imaging. As before, after imaging larvae were directly transferred to a solution of benzocaine (1 g/L in 1% ethanol) for euthanasia without recovery. Each maximum intensity projection was imported into ImageJ, and the brightness was adjusted to aid visualization of cardiomyocyte nuclei. From these images, cardiomyocyte number was estimated in the ventricle of each animal using a manual cell counter.
Data Analysis
All measured parameters were averaged per animal to provide a series of individual values from which the treatment mean and standard error of the mean (SEM) were calculated. For statistical analysis, each group was first tested for normality (Anderson-Darling Test) and homogeneity of variance (Levene’s, Bartlett’s, or F-test). Each treatment was then compared with the Cas9-injected control group using either the Student’s T-tests or 1-way ANOVA and Tukey’s HSD tests (parametric), or the Mann Whitney U-tests or Kruskal Wallis and Dunn’s Tests (non-parametric). All analyses were undertaken using Minitab™. Throughout data are shown as the mean, ± SEM (n), with a minimum α level of 0.05 applied (with a Bonferroni correction in the case of multiple comparisons).
RESULTS
From WES and subsequent bioinformatics, three genes were identified as suggestively associated with heart failure and were considered representative of groups of genes predicted to play a broader role in heart failure aetiology (Povysil et al., 2020). These genes were then subjected to in vivo phenotypic assessment in zebrafish alongside the positive control gene gata5, in order to further investigate their role in vertebrate cardiovascular development and function.
In Silico Analysis of Clinical Data
Key results of the in silico analysis are summarised in Figure 1. Additional data are contained within Supplementary Figures S3, S4 and Supplementary Data S1–S4, and literature-derived information summarised in Supplementary Table S5.
[image: Figure 1]FIGURE 1 | Snapshot of the results from the in silico assessment of the heart failure candidate genes API5 (top right), HSPB7 (bottom left), LMO2 (bottom right), and positive control gene GATA5 (top left panel). (A). The top 10 tissues showing expression based on RNA sequencing data from the Human Protein Atlas (HPA) and EMBL-EBI Expression Atlas as summarized by Open Targets Platform (https://www.targetvalidation.org). (B). Gene expression changes in cardiovascular disease conditions based on publicly available transcriptome studies from NCBI Gene Expression Omnibus (GEO). Disease conditions are shown on the Y-axis and log2 fold changes (vs. normal controls) on the X-axis. Icons are coloured by direction of change; red and green represent up- and downregulation in that disease, respectively. Icon shapes represent tissue type subjected to transcriptomics; circles and triangles represent heart and blood, respectively. Finally, icon size reflects statistical significance; the larger the icon the lower the p-value. All findings shown are significant (Adjusted p-value<0.05). (C). Common variant gene locus association data from 190 datasets and 251 traits in Common Metabolic Diseases Knowledge Portal (CMDKP). Traits considered genome-wide significant (p-value ≤ 5 × 10−8) are highlighted (border-line significant traits are marked with *).
Relative human tissue mRNA expression levels of the positive control gene GATA5, and the three candidate genes API5, HSPB7 and LMO2 are shown in Figure 1 under normal (Panel A in each case) and cardiovascular disease conditions (Panel B in each case), alongside analysis of common variant gene-level associations (Panel C in each case). As expected, heart GATA5 mRNA expression was significantly altered in association with various cardiovascular disease states the most significant being downregulated expression in association with dilated cardiomyopathy. The most pronounced changes in cardiac and blood API5 expression included downregulated expression in association with myocardial infarction, and upregulated heart API5 expression in association with ischemic and non-ischemic cardiomyopathies. Heart HSPB7 expression was largely downregulated in association with various cardiac disease conditions, except for dilated cardiomyopathy in which HSPB7 was found to be upregulated in two independent studies. LMO2 blood mRNA expression predominantly showed upregulation, including in association with ischemic cardiomyopathy, coronary artery disease and myocardial infarction. In contrast, cardiac LMO2 mRNA expression showed multiple increases and decreases across the same range of disease states, for example expression was increased in association with hypertrophic cardiomyopathy but decreased in association with dilated cardiomyopathy. Analysis of common variant gene-level associations (Figure 1, Panel C for each gene) revealed that GATA5 was significantly associated with various lung functions and haematological traits. Despite this, no significant common variant associations with heart disease were found, although rare loss-of-function mutations in GATA5 have been reported to cause congenital heart defects (Jiang et al., 2013). Assessment of API5 revealed a significant association with body mass index (BMI) and a borderline significant association with neutrophil count (p-value = 9 × 10−7). Among the cardiovascular traits assessed, low frequency 3′UTR or intron API5 genetic variants showed a significant association with “Cause of death: atrial fibrillation and flutter” (p = 6.4−22), and “Cause of death: acute and subacute infective endocarditis” (p = 6.7−13). HSPB7 common variant data showed a significant association with cardiovascular, renal, haematological and musculoskeletal traits with the most significant association to cardiac function including left ventricular ejection fraction, and left ventricular end-systolic volume. Other GWAS data revealed significant associations between common variants in HSPB7 intron 3′ and 5′UTR and idiopathic dilated and sporadic cardiomyopathy (p = 5.3−13 and p = 1.4−9 respectively), as well as with systolic blood pressure (p = 7−12). Finally, analysis of the LMO2 data revealed significant associations with various haematological traits including mean corpuscular volume, haemoglobin and red blood cell count. The most significant cardiovascular trait association was only suggestive (P-wave duration at p = 2.1−5). Further analysis did, however, reveal that LMO2 intron variants were significantly associated with “Cause of death: cardiomegaly” (p = 3.0−9) and “Cause of death: dilated cardiomyopathy” (p = 1.3−8).
In Vivo Gene Mutation Efficiency
Site-specific mutagenesis in zebrafish embryos was evaluated using the T7E1 assay for rapid assessment, reinforced with sequencing of genomic PCR products amplifying the region that gRNAs target for confirmation (Figure 2). Initially the T7E1 assay was assessed for consistency across all gRNAs designed to target gata5 (Supplementary Figure S5). The data from this initial assessment suggested the method was suitable for rapidly detecting effective mutation across all gRNAs plus Cas9, but not in the Cas9 injected controls. This supported its application to indicate effective mutagenesis using analysis of the g#1,2,3 + Cas9 group only for the other genes assessed.
[image: Figure 2]FIGURE 2 | Mutation efficiency of the gRNAs for each candidate gene. Data for gata5 are shown in top left panel, api5 in top right panel, hspb7 in bottom left panel, and lmo2 in bottom right panel. In each panel, the upper gel images show the bands obtained following targeted PCR of genomic DNA extracted from four individual animals injected with the two most effective CRISPR gRNAs + Cas9 (based on 2 dpf morphological analysis), compared with the Cas9 injected control animals. The lower gel images show the same samples following T7E1 assay undertaken to reveal the cleavage of heteroduplex DNA. The chromatogram images in the middle of each panel show the result of Sanger sequencing undertaken on representative genomic DNA samples from the most effective gRNA + Cas9, per gene, compared with that from a representative Cas9-injected control animal. The lower scatter plot graphs in each panel show the indel size and frequency in the PCR products from most effective gRNA + Cas9 group (n = 4) per gene. Data points with same colour indicate the indels identified in the same individual embryo within the group. The size ranges of deletions between gRNA target sites are shaded. Indels with less than 5% frequency are presented by open circles. Note in all cases the most effective gRNA was the combined guide group (g#1,2,3) except for lmo2 which, due to high mortality in the g#1,2,3 group, the g#2-injected animals were selected for full analysis.
There was clear cleavage of PCR products by T7E1 in the presence of Cas9 and gRNAs, and sequencing confirmed that effective site-specific gene mutation was achieved for all genes, but not in the case of the Cas9-only injected controls. The efficiency of site-specific mutagenesis was estimated further by ICE analysis. For gata5, the average overall indel rates in the injected embryos using individual gRNAs ranged between 68 and 77% (Supplementary Figure S5, n = 4 per group), and the efficiency was 100% in g#1,2,3 + Cas9 injected animals. In the combined gRNA group, a large deletion between gRNA target sites (g#1 and g#3) in the genome was identified as well as small indels (Figure 2). Average overall indel rates in the api5, hspb7 and lmo2 crispants were 92.8, 100, and 86.3%, respectively, demonstrating highly efficient mutagenesis across the four genes assessed.
Morphology and Function of Crispants
At 2 dpf, the most robust gata5 crispant phenotypes occurred after injection of g#1,2,3, followed by injection of g#1 alone (Supplementary Figure S6). By 4 dpf (Figure 3), all gata5 crispants showed elevated pericardial oedema (in terms of frequency and size), and there were high incidences of misshapen and small heart chambers (e.g., 85% of the combined gRNA group) together with a frequent lack of chamber definition (e.g., 40% of the combined gRNA group). In addition, both groups of gata5 crispants exhibited a range of non-cardiac developmental abnormalities (Figure 3) that included an increased incidence of poorly defined somites, malformed fins, small and malformed eyes, reduced neural tube size, a lack of definition of the fore-midbrain boundary and reduced size of the olfactory region. In addition, the g#1,2,3 group exhibited a comparatively high incidence of malformed brachial arches and deficient or absent jaw structures. Histological analysis of the heart (Figure 4A and Supplementary Figure S7) revealed that gata5 crispants generally exhibited cardiac hypoplasia, chamber malformation, an absence of visible heart valves and pericardial distension. This abnormal cardiac phenotype was further supported after the analysis of ventricle dimensional parameters (Figure 4B), which revealed significantly smaller end-diastolic and end-systolic ventricle diameters and volumes, as well as reduced stroke volume, cardiac output and ejection fraction in the gata5 crispants vs. the Cas9 control animals. Furthermore, gata5 crispants (Figure 4C and Supplementary Figure S8) exhibited weaker and patchy DsRed2 fluorescence, reduced numbers of cardiomyocytes (estimated at 18 ± 4.2 vs 70 ± 3.06 in the Cas9 controls. Mean, ± SEM, n = 10) and predominantly misshapen and small cardiomyocyte nuclei. The abnormal cardiac phenotype was reflected in reduced cardiovascular function in the gata5 crispants. For all endpoints measured except vessel diameter (only measurable where blood flow occurred), gata5 crispants showed reduced cardiovascular function compared with the Cas9 controls (Figure 5, with accompanying videos in Supplementary Videos). Collectively these data supported a negative impact of gata5 mutation on 4 dpf zebrafish cardiovascular physiology, supporting the validity of our screening approach in zebrafish crispants.
[image: Figure 3]FIGURE 3 | Results of the morphological analysis of 4 dpf gata5 (positive control), api5, hspb7 and lmo2 zebrafish crispants vs. the Cas9-injected control animals. Panel (A): General whole body morphological endpoints measured following injection of Cas9 alone, or after mutation of each of the genes assessed. Data are shown as the % incidence of abnormalities under each category, with shades from white (0%) through to red (100%) providing an indication of the proportion of animals exhibiting a malformation within that category. Note different n-numbers present as two runs were undertaken for the Cas9 control and the gRNA + Cas9-injected group showing the most robust phenotype from run 1 (for lmo2 g#2 was run twice due to concerns about excessive mortality in the g#1,2,3 group). The guide combination used for two runs in each case is shown in the lower panel of the example images for each gene. Ai: Expansion of heart-specific endpoints showing the full range scored including estimates of the size of pericardial oedema. Data are shown as the mean, ±SEM and (n = number of measures possible) for each treatment, For these data, **signifies a statistically significant difference vs. the Cas9 control at p < 0.01, and *** at p < 0.001 (t-test or Mann Whitney U-tests for the combined guide injected groups, or 1-way ANOVA and Tukey’s HSD tests or Kruskal–Wallis and Dunn’s tests for the single guide injected groups, in which run 1 and 2 data were combined). (B): example larvae following gata5 mutation vs. the Cas9-injected control. The yellow arrows indicate the position of the pericardial membrane and the extent of pericardial oedema, which was minimal in the controls but extensive in most crispant animals (two examples are shown for g#1-injected animals as there was some variability in the severities seen). (C–E): examples of larvae following knockout of each of the other genes assessed (note the apparent lack of effect of api5 mutation on general morphology). The scale bar shown in the first image of panels B–E represents 500 μm.
[image: Figure 4]FIGURE 4 | Results of the cardiac pathological analysis of 4 dpf gata5 (positive control), api5, hspb7 and lmo2 zebrafish crispants vs. the Cas9-injected control animals. Panel (A) Example haematoxylin and eosin stained coronal sections through the heart (top, A = atrium, V = ventricle, *bulbous arteriosus) from each of the treatment groups vs. the Cas9-injected controls (left-hand panels). Note in particular the extreme cardiac hypoplasia after gata5 and lmo2 mutation (indicated by a red arrow in the images) in which the atrium is not visible probably due to the severe pericardial oedema and resultant distension of the heart muscle. In each panel, animals are orientated with the head to the left, and viewed in the dorsal plane at a magnification of ×40 (the scale bar shown in left-hand image represents 200 μm). Panel B) Results of the analysis of ventricular dimensional analysis of the crispant vs. Cas9 control animals. Shown are the ventricle dimensions and cardiac functional parameters, calculated from the measurement of ventricle dimensions in 5 randomly selected embryos from each of the two runs undertaken on each gene. Panel (Bi) shows a graph of the ventricle diameter, cardiac output and ejection fraction data, and Panel (Bii) a graph of the ventricle volume-related measurements. In all cases data are shown as the mean and ±SEM of the animals in each group (n = 10 per group except n = 9 for the gata5 cardiac output data due to the absence of a heart beat in one animal). For brevity the Cas9 data are shown as the mean across all 4 Cas9 datasets (n = 40 animals), however, statistical analysis was undertaken on the crispants versus the corresponding Cas9 control data in each case. *signifies a statistically significant difference vs. the Cas9 control for that parameter at p < 0.05, ** at p < 0.01, and *** at p < 0.001 (Student’s t-test or Mann Whitney U-tests). Note: the overall body lengths of the gata5 and the lmo2 crispants were also significantly reduced (p < 0.001). Panel (C) Example images of hearts from cmlc2:DsRed2-nuc larvae in which the cardiomyocytes are labelled red, especially prominently in the ventricle. The top row of panels shows the image with transmitted light and cmlc2::DsRed2-nuc fluorescence signals, and the lower row shows the same example but with the cmlc2::DsRed2-nuc signal alone. Note the severe oedema, weaker cmlc2::DsRed2-nuc fluorescence signal, reduced number of cells and smaller chamber size typical of the gata5 crispant (indicated by the yellow arrow in images); the oedema, and slightly enlarged ventricle observed in the api5 crispant; and the severe oedema, disorganisation of myocytes and smaller chamber size typical of the lmo2 crispants (yellow arrow). hspb7 crispant larval hearts outwardly appeared no different to the Cas9 controls. The scale bar shown in the upper left-hand image represents 50 μm.
[image: Figure 5]FIGURE 5 | Results of the analysis of cardiovascular function in 4 dpf gata5 (positive control), api5, hspb7 and lmo2 zebrafish crispants versus the Cas9-injected control animals. (A): Images of example Cas9 control larvae alongside larvae treated with the two gRNAs + Cas9 mixtures giving the most robust phenotypes (as assessed at 2 dpf). Images are shown for gata5 crispants in the top left; for api5 in the top right; for hspb7 in the bottom left; and for lmo2 in the bottom right. In each case the top row shows the trunk vasculature with the position of the dorsal aorta outlined in yellow dashed lines, where blood flow and vessel diameter measurements were taken. The lower row of images shows the heart from the same animals, with the atrium highlighted by a small white arrow, and the ventricle by a small yellow arrow. The large red arrows show the position of the pericardial membrane and the extent of pericardial oedema. Most Cas9 control animals exhibited normal morphology and function in contrast with many of the crispants. (B): Cardiovascular functional endpoints quantified in the same groups of animals, with data shown for gata5 crispants in the top left; for api5 in the top right; for hspb7 in the bottom left; and for lmo2 in the bottom right. Note: the complete absence of blood flow measured in all of the gata5 g#1,2,3, and in 6/10 of the g#1-injected animals; and the absence of effective blood flow in the lmo2 g#1,2,3 and g#2-injected animals due to the absence of erythrocytes, meaning flow was not visible. Vessel diameter measurements were not possible in animals lacking blood flow (indicated by n/a). Data are shown as the mean % change versus the Cas9-control group (100% indicated by the red dashed line), ± SEM, n = 19–20 for the Cas9 and right-hand crispant treatment for each gene (data combined from two runs) and 10 for the left-hand treatment group for each gene where only one run was undertaken. *signifies a statistically significant difference versus the Cas9 control at p < 0.05, ** at p < 0.01, and *** at p < 0.001 (T-test or Mann Whitney U-tests for the combined guide injected groups, or 1-way ANOVA and Tukey’s HSD tests or Kruskal–Wallis and Dunn’s tests, for the single guide injected groups in which runs 1 and 2 were combined). The scale bar shown in the upper left-hand image of each panel represents 100 μm. The scale bar shown in the lower left-hand image of each panel represents 50 μm as a higher magnification camera mount was used in this case.
At 2 dpf the most robust api5 crispant phenotypes were observed after injection of g#1,2,3, followed by g#1 alone (Supplementary Figure S6), although by 4 dpf there was little indication of any gross morphological impact other than a 40% incidence of very mild pericardial oedema (the size of the oedemas was not significantly increased) in the g#1-injected animals (Figure 3). Histology (Figure 4A and Supplementary Figure S7) suggested a slight enlargement of the heart chambers with myocardial wall thinning, although this varied between individual animals. Chamber enlargement was, however supported by a small but significant increase in end-diastolic and end-systolic ventricle dimensions and volume in the api5 crispants (Figure 4B), which also resulted in a small, but significant, increase in stroke volume (although this was not evident from the video tracking-based analysis of cardiovascular function. See below). Confocal assessment of cmlc2::DsRed2-nuc animals (Figure 4C and Supplementary Figure S8) revealed that api5 crispants exhibited no evidence of an impact on cardiomyocyte number (estimated at 73 ± 4.2 vs 70 ± 3.06 in the Cas9 controls. Mean, ± SEM, n = 10) and no obvious abnormal cardiomyocyte organisation or ultrastructure was observed. The apparent mild impact of api5 mutation was also reflected in the absence of any significant effects on cardiovascular function after video tracking-based assessment (Figure 5 and Supplementary Videos).
The most robust hspb7 crispant phenotypes at 2 dpf occurred after injection of g#1,2,3, followed by g#3 alone (Supplementary Figure S6), and at 4 dpf there were widespread developmental abnormalities across multiple tissues compared with the Cas9 controls (Figure 3). These abnormalities were particularly prevalent in the g#1,2,3-injected animals and included a 60% incidence of bent (predominantly pectoral) fins, a 45% incidence of a compressed/reduced size or malformed forebrain, and a 55% occurrence of malformed branchial arches or upper and lower jaw structures. In addition, there was a high incidence of pericardial oedema (60–80% of crispants, with both injection groups showing significantly increased oedema size) and in 20% of g#1,2,3 injected animals, misshapen, poorly-defined and small heart chambers. Histology (Figure 4A and Supplementary Figure S7), however, did not reveal any clear ultrastructural abnormalities. A significant reduction in the end-diastolic and end-systolic long axis ventricle diameters was, however, detected along with a significant reduction in end-systolic volume suggesting a reduction in ventricle size (Figure 4B). Analysis of cardiomyocyte organisation in cmlc2::DsRed2-nuc animals (Figure 4C and Supplementary Figure S8) also revealed some evidence of disorganised distribution of cardiomyocytes in the myocardium, and a small decrease in the numbers of cells present after hspb7 mutation (estimated at 64 ± 3.06 vs 79 ± 2.78 in the Cas9 controls. Mean, ± SEM, n = 10). Interestingly, despite the high incidence of pericardial oedema and evidence of an impact on ventricle size and myocardial structure observed in the hspb7 crispants, the impact on cardiovascular function in these animals was mild (Figure 5 and Supplementary Videos). A small reduction in SSV in the g#1,2,3-injected animals was detected suggesting (along with blood pooling observed at 2 dpf) a small reduction in pumping efficiency (Note, however, that no impact was seen on stroke volume when ventricular dimensions were used for its calculation).
Assessment of lmo2 crispants at 2 dpf revealed the most prominent phenotypes after injection of g#1,2,3, followed by g#2 alone (Supplementary Figure S6). The high mortality exhibited in the g#1,2,3-injected animals (76% in the first run), however, supported the use of g#2 for the second confirmatory run. At 4 dpf, there was a 100% incidence of heart, craniofacial, neural tube, jaw, swim bladder and yolk ball abnormalities and a high incidence of other non-cardiovascular abnormalities across all lmo2 treatments (Figure 3). The hearts of all 4 dpf lmo2 crispants exhibited elevated pericardial oedema (both in frequency and size), reduced heart size, lack of chamber definition and an abnormal heart shape. In addition to these cardiac specific effects, somites were poorly defined, fins small and bent, optic and otic vesicles were small and malformed, fore and midbrain boundaries were not present, brain sizes were reduced, and jaws were heavily malformed in terms of shape and size (in some individuals the presence of the jaw could not be determined). Additionally, swim bladder, liver and foregut structures could not be determined by visual inspection. The yolk ball was also excessive and the presence of yolk oedema was determined in 50% of the g#2 crispants. Histological analysis further supported the cardiac phenotype in the crispants, with observation of cardiac hypoplasia, chamber malformation and pericardial distension (Figure 4A and Supplementary Figure S7). In addition, there was altered cardiomyocyte shape in the g#1,2,3, and a pyknotic nucleus structure evident in g#2-injected larvae. The severe impact of lmo2 mutation was also reflected in significantly smaller ventricle end-diastolic and systolic dimensions, along with significantly reduced stroke volume, cardiac output and ejection fraction (Figure 4B). Confocal assessment of cmlc2::DsRed2-nuc crispants (Figure 4C and Supplementary Figure S8) revealed lower cardiomyocyte numbers with frequent misshapen nuclei (estimated at 43 ± 2.59 vs 79 ± 2.78 in the Cas9 controls. Mean, ± SEM, n = 10), along with an apparent breakdown in the uniformity of cell and DsRed2 distribution across the myocardium. The clear structural impact on the heart of lmo2 crispants was reflected in the functional assessment (Figure 5 and Supplementary Videos), with both crispant groups showing significantly reduced cardiovascular functionality compared with the Cas9 injection controls. It was also notable that the lmo2 crispants lacked visible circulating erythrocytes, which is consistent with the key role of this gene in haematopoiesis and which also meant that blood flow and associated cardiovascular parameters were effectively zero.
DISCUSSION
Selection of novel drug targets generally relies on accumulated experimental evidence to support the hypothesis that target modulation affects disease pathophysiology. The use of databases and bioinformatics tools is pivotal in this process, enabling mining and integration of multiple sources of evidence linking candidate targets to disease(s) (Paananen and Fortino, 2020). Furthermore, the exponential increase in omics data generation during recent years has helped bring new insights into target discovery and validation, enabling systematic and unbiased evaluation of therapeutic efficacy and safety, as well as mechanism of action. Crucially, it is recognised that the demonstration of genetic linkage to a disease phenotype provides more confidence in target validation and a lower likelihood of drug failure due to a lack of efficacy (Cook et al., 2014). In the present study we have evaluated candidate disease genes identified in a WES study of heart failure patients via the use of bioinformatic tools and integrative omics data analysis. The candidate targets were assessed in terms of tissue and cell type expression, expression dysregulation and genetic association to cardiovascular disease, as well as potential mechanism of action via network-based methods for gene function prediction. From this, three genes were identified as having a plausible link to human cardiovascular disease prevalence and prioritised for further study. CRISPR/Cas9-mediated mutagenesis followed by morphological and functional phenotyping in zebrafish crispants was then used to reveal the role of these genes in the development and pathophysiology of the cardiovascular system in vivo.
Using CRISPR/Cas9-mediated multi-site mutation in zebrafish crispants resulted in the effective mutation of all 4 genes that were targeted. Adopting multi-site strategies to induce gene mutation, as used here, rapidly achieve high proportions of null alleles in F0 knockouts. Such approaches, however, can also increase off-target mutations, increase double strand breaks and are not suitable for inducing site specific mutations, where precise knockins and the creation of stable genetically modified lines may be more appropriate. Despite this, such strategies are highly beneficial for rapidly generating high-efficiency gene mutation (Kroll et al., 2021; Quick et al., 2021). This advantage is amplified when coupled with high throughput initial candidate gene identification and prioritisation, creating a potentially powerful approach for rapidly providing in vivo gene function data to support candidate selection as a strategy for accelerating early target validation within the wider drug discovery process. Furthermore, the inclusion of automation technology, for example, for the delivery of gRNAs/Cas9 (Zhao et al., 2018) or for the microscopic assessment of resultant phenotypes (Early et al., 2018), would only serve to increase throughput and, therefore, the utility of this approach. Supporting our approach, the positive control gata5 crispants exhibited an expected severe and consistent impact on cardiovascular development and function at 4 dpf. Our data are consistent with the known link between GATA5 variants and multiple human cardiovascular pathologies including familial dilated cardiomyopathy (Zhang et al., 2015) and congenital ventricular-septal defects (Wei et al., 2013). These data are also in line with previous work in zebrafish including demonstration of prominent defects in myocardial differentiation and the formation of ectopic beating myocardial tissue after loss and gain of function, respectively (Reiter et al., 1999). Here, the impact of gata5 mutation was also evident beyond the cardiovascular system impacting various structures including the somites, fins, eyes and brain. This extracardiac impact is supported by the spatiotemporal expression of gata5 in developing mice (Chen et al., 2009), and by previous work in zebrafish demonstrating the central role of gata5 in endodermal morphogenesis more broadly (Reiter et al., 2001).
The first candidate gene assessed was API5, which encodes human apoptosis inhibitor-5 protein (Bong et al., 2020). Published evidence for a role for API5 in human cardiovascular disease is limited to reports of a potential involvement in vascular endothelial cell apoptosis (Lu et al., 2016; Mao et al., 2020). Our in silico data also suggested a relatively strong association with myocardial infarction and various cardiomyopathies. In vivo mutation of zebrafish api5 resulted in mild pericardial oedema and evidence of an increase in ventricle size. The latter is of particular interest given the observation of an association between api5 downregulation and hypertrophic and dilated cardiomyopathies from the in silico data analysis. In the case of the former, histological analysis did not support myocardial thickening in 4 dpf zebrafish, although the absence of any clear change in cardiomyocycte number in cmlc2::DsRed2-nuc api5-crispants suggested that the change in ventricle size may be driven more by cardiac hypertrophy, rather than hyperplasia. Analysis of the cardiovascular phenotype in older animals would help to further clarify the mechanism(s) at play. Although published data on the function of api5 in zebrafish are limited, it is modestly upregulated in adult zebrafish hearts following hypoxic insult (Marques et al., 2008) perhaps supporting a cardio-protective role against tissue injury. As our data suggest that api5 does not play a critical role in early cardiovascular development, this may further support a role for api5 in organ-system protection under conditions of physiological stress, or as a consequence of tissue injury.
HSPB7 encodes small heat shock protein 7, and although highly expressed in the developing and adult mammalian heart, its cardiac function remains obscure (Mercer et al., 2018). HSPB7 gene variants have been implicated in a range of human cardiovascular diseases including heart failure (Cappola et al., 2010; Aung et al., 2019) and dilated cardiomyopathy (Villard et al., 2011; Esslinger et al., 2017). Our in silico analysis supported an association of HSPB7 with various human cardiovascular pathologies, most notably downregulation associated with various cardiomyopathies, heart failure and atrial fibrillation, and upregulation associated with dilated cardiomyopathy. A central involvement in cardiovascular development and disease is certainly supported by knockout studies in mice. Wu et al. (2017), found that Hspb7 played a critical role in development, with knockout proving embryo-lethal by around stage E12.5. Further studies on cardiac pathology in embryonic mice revealed that mutants exhibited smaller left ventricles, cardinal vein enlargement and the presence of abnormal actin bundles. Liao et al. (2017) used an inducible-conditional knockout approach to overcome the embryo-lethal effect of Hspb7 knockout in adult mice. These authors further revealed a critical non-developmental cardiac functional role of Hspb7 reporting disrupted myofibrillar organisation and cardiomyocyte membrane integrity, combined with abnormal cardiac conductivity, heart arrhythmia and sudden death, likely due to a reported disruption of intercalated disc structure. Here, 4 dpf hspb7 crispant zebrafish exhibited widespread morphological abnormalities, which included a 20% occurrence of malformed or small hearts. Furthermore, a reduction in ventricle size was also detected along with some evidence of disorganised cardiomyocyte distribution, which was reminiscent of the results previously reported in Hspb7 knockout mice. Our data are also in broad agreement with a previous study into the role of hspb7 in zebrafish cardiovascular development using morpholino-mediated knockdown (Rosenfeld et al., 2013). These authors reported that loss of hspb7 function resulted in disrupted heart tube looping and ventricular cardiomyocyte development. The latter effect, specifically seen in the ventricle, was reported to be driven by reduced cardiomyocyte size, rather than number and no abnormalities of cellular ultrastructure were observed. In a more recent study, Mercer et al. (2018) used TALENs to generate a frameshift near the N-terminus of zebrafish hspb7 and reported normal cardiovascular development, including timely cardiac jogging and looping. This is in contrast to the morpholino-based knockdown work in zebrafish, previous studies in knockout mice, and the data supporting a role for hspb7 in cardiac development generated here. In this respect, it should be noted that a crispant knockout approach generates a diversity of null alleles, which can be a drawback in disease modelling where a precise mutation needs to be duplicated. However, as our experimental objective was to reveal the consequences of the absence of the encoded protein, this approach can be advantageous in avoiding genetic compensation mechanisms, which can be observed in stable zebrafish knockout lines (El-Brolosy et al., 2019). Indeed, some aspects of the reported TALEN-based frame shift mutation point towards possible gene compensation, as the expression of hspb5 was strongly upregulated (Mercer et al., 2018). Interestingly, despite the lack of a clear morphological phenotype in the hspb7 mutants, these animals exhibited a reduced capacity for exercise-induced cardiovascular stress, and histopathological analysis suggested an underlying pathology manifested as cardiomegaly and mild multi-focal cardiac fibrosis (Mercer et al., 2018). This further suggests that a greater functional impact of hspb7 may be observable under conditions of cardiovascular stress, something that could be tested through the use of an inducible-conditional knockout zebrafish and forced swimming assessment in adult animals.
LMO2 is highly conserved amongst vertebrate lineages, and encodes the Lim-domain only 2 nuclear transcriptional co-regulator crucial in early embryonic erythropoiesis and angiogenic remodelling (Chambers and Rabbitts, 2015). Beyond highlighting its well-established role in haematopoiesis and vascular development (Meng et al., 2016), our in silico data supported an association between LMO2 variants and cardiomegaly and cardiomyopathy, although comparative expression data were less conclusive. CRISPR/Cas9-mediated knockout in 4 dpf zebrafish here resulted in an expected absence of circulating erythrocytes, as well as widespread morphological abnormalities affecting multiple body structures. Amongst these, lmo2 crispants uniformly exhibited reduced heart sizes, a lack of chamber definition and an abnormal heart shape. The abnormal cardiac phenotype was reinforced by clear reductions in ventricular dimensions, reduced cardiomyocyte number and disorganisation of cell distribution through the myocardium, as well significant impacts on multiple cardiovascular functional parameters. Although the role of LMO2 in erythropoiesis is well documented, published data on cardiac-specific impacts of LMO2 loss of function are more limited. Deletion of Lmo2 in mice is embryo-lethal, with the complete failure of yolk sac erythropoiesis leading to death by around stage E10.5 (Nam and Rabbitts, 2006). Compared to wild type littermates, Lmo2 knockout mice were reported to show no evidence of circulating erythroid cells, a small yolk sac, progressive pericardial oedema, growth retardation, significantly shortened anteroposterior axis and fewer somite pairs. Furthermore, although developing major organs were described as smaller, neurulation appeared normal, cardiac contraction was noted and there was no obvious impact on cardiac morphology (Warren et al., 1994). Knockout of lmo2 has also previously been reported in zebrafish and appeared to result in a less severe phenotype than that observed in mice. Matrone et al. (2021) reported CRISPR/Cas9-mediated lmo2 mutation that resulted in a 4-nucleotide insertion in exon 2 and a downstream stop codon. The resultant phenotype was described as showing mild body bending, reduced skin pigmentation, fewer circulating red blood cells, mild pericardial oedema, and mild cephalomegaly at 72 hpf. Weiss et al. (2012) also reported severe head oedema and impaired optic fissure closure in 2 dpf lmo2 mutants isolated from an ENU-mutagenesis screen. The reason for this apparent difference in severity vs. our lmo2 crispants is not clear, however, the complete absence of visible erythrocytes in 29/30 crispants assessed for cardiovascular function (1 animal had around 10 visible erythrocytes in the dorsal aorta) does support the extremely effective loss of lmo2 function. Moreover, in our g#2 injected animals, an absence of blood flow was apparent in all resultant crispants. Additionally, 73% of these animals showed pericardial oedema, 82% misshapen hearts, and 11% a lack of heart chamber definition at 2 dpf suggesting the observed cardiac phenotype was initiated at a relatively early stage of development. Although it is unknown if lmo2 is expressed in cardiomyocytes or endocardial cells themselves, it is well known that fluid forces can profoundly affect cardiac structural development. Reviewed by Sidhwani and Yelon (2019), blood flow has, for example, been shown to impact endothelial cell number and polarity, cardiac chamber morphology, cardiomyocyte shape, size and myofibril maturation, as well as endocardial cell development and morphology, atrioventricular valve formation and ventricular trabeculation. Consequently the absence of circulating erythrocytes in our lmo2 cripsants could have significantly affected the structure and function of the developing heart. At this point, we also cannot exclude the possibility of off-target effects contributing to the observed phenotype at 4dpf, particularly in the g#1,2,3 crispants. Although off-target effects are potentially more likely in this group due to the targeting of 3 sites on lmo2, the demonstration of a consistent phenotype across 3 separate gRNA injection groups at 2 dpf, and between the g#1,2,3 and g#2 injected animals at 4 dpf does support the notion that lmo2 gene function was specifically impaired. Although beyond the scope of the current study’s focus on demonstrating a higher throughput work flow for supporting early stage target validation, undertaking rescue experiments would be a good strategy to provide further confidence in the genotype-phenotype link, as part of follow up work on triaged genes of particular interest.
Regarding the wider developmental impact of lmo2 deletion in our crispants, although data in zebrafish are limited, it has been reported that in embryonic mice there is consistent expression of Lmo2 in multiple non-haematopoietic/vascular tissues in early-mid gestation including brain, eyes, somites, liver, limb buds, tail buds and developing limbs. Furthermore, the organisation of expression in an anterior/posterior pattern was interpreted as a likely involvement in some major patterning activities during early development (Calero-Nieto et al., 2013), perhaps hinting at a wider developmental role for this gene. As suggested with hspb7, this is a case where the generation of an inducible-conditional knockout model may help to delineate the role of lmo2 outside that of early development.
In conclusion, using a novel combination of in silico analysis of clinical data with in vivo assessment of CRISPR/Cas9-mediated mutation in zebrafish crispants we have generated data to strongly support the role of api5, hspb7 and lmo2 (and gata5) in vertebrate cardiovascular development and function, and by inference, the potential effect of loss of gene function on subsequent organ system pathophysiology. The approach we used allowed rapid screening of the impact of gene mutation on embryo-larval development and organ system function. The provision of such data greatly facilitates early target validation by providing in vivo data to support the selection and prioritisation of candidate genes for further investigations. These further investigations could include the creation of loss of function models in mouse, or ultimately the creation of models with disease-relevant readouts in which to test the efficacy of new chemical entities. Although the approach presented here provides in vivo data on gene function within just a few days, the assessment of phenotypes in early zebrafish larvae has some limitations. For example, delineation of the developmental and adult roles of candidate genes is more difficult, and embryo-lethal phenotypes would preclude the assessment of gene function at later life stages. In this respect, the generation of conditional inducible knockouts in older zebrafish would be a highly valuable next step and, if combined with the use of precise genome editing tools such as base- or prime-editing to generate specific mutant alleles, would result in a more directly translatable model of adult human heart failure. Finally, assessing organ system functionality at rest may also be relatively insensitive, whereas the use of experimental paradigms, in which cardiovascular stress is applied, may prove more revealing when relating the loss of gene function to real clinical outcomes.
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The zebrafish (Danio rerio) is an established model organism in pharmacology and biomedicine, including in research on alcohol use disorders and alcohol-related disease. In the past 2 decades, zebrafish has been used to study the complex effects of ethanol on the vertebrate brain and behavior in both acute, chronic and developmental exposure paradigms. Sex differences in the neurobehavioral response to ethanol are well documented for humans and rodents, yet no consensus has been reached for zebrafish. Here, we show for the first time that male zebrafish of the AB strain display more severe behavioral impairments than females for equal exposure concentrations. Adult zebrafish were immersed in 0, 1 or 2% (v/v) ethanol for 30 min, after which behavior was individually assessed in the zebrafish Multivariate Concentric Square Field™ (zMCSF) arena. Males exposed to 2% ethanol showed clear signs of sedation, including reduced activity, increased shelter seeking and reduced exploration of shallow zones. The 1% male group displayed effects in the same direction but of smaller magnitude; this group also explored the shallow areas less, but did not show a general reduction in activity nor an increase in shelter seeking. By contrast, 1 and 2% exposed females showed no alterations in explorative behavior. Females exposed to 2% ethanol did not display a general reduction in activity, rather activity gradually increased from hypoactivity to hyperactivity over the course of the test. This mixed stimulatory/depressant effect was only quantifiable when locomotory variables were analyzed over time and was not apparent from averages of the whole 30-min test, which may explain why previous studies failed to detect sex-specific effects on locomotion. Our results emphasize the importance of explicitly including sex and time as factors in pharmacological studies of zebrafish behavior. We hypothesize that the lower sensitivity of female zebrafish to ethanol may be explained by their greater body weight and associated larger distribution volume for ethanol, which may render lower brain ethanol concentrations in females.
Keywords: alcohol, swimming kinematics, exploration, anxiety-like behavior, sex differences, multivariate concentric square field (MCSF), risk taking, shelter seeking behaviour
1 INTRODUCTION
Alcohol use disorders (AUDs) and alcohol-related disease have a severe negative impact on individual health and social functioning, and on society. It is estimated that worldwide, 3 million deaths every year occur as a result of the harmful use of alcohol (Poznyak and Rekve, 2018). Alcohol (ethanol, EtOH) has both acute and chronic effects on the brain and on behavior, which to a large extent has been characterized using rodents as model organisms (Bell et al., 2017). Ethanol has a highly complex mechanism of action (Koob et al., 1998; Abrahao et al., 2017), therefore much remains to be investigated. In recent years, the zebrafish has gained popularity as a model organism in biomedical research owing to its short developmental time, ease of maintenance, high egg production, external fertilization and possibilities for gene editing tools (Liu et al., 2019). Given the increasing use of zebrafish it is important to translate and confirm results from rodents to zebrafish.
Ethanol can be administered to zebrafish via the holding water for studies of both acute (Gerlai et al., 2000) and chronic effects (Gerlai et al., 2006; Gerlai et al., 2009) as well as developmental ethanol exposure (Carvan et al., 2004; Lockwood et al., 2004). The most commonly used doses are immersion treatments with 0.25, 0.5 and 1.0% (v/v) ethanol for one hour, which result in blood and brain ethanol concentrations that are comparable to human drinkers after mild to moderate acute ethanol consumption (Dlugos and Rabin, 2003; Echevarria et al., 2011; Rosemberg et al., 2012). In agreement with mammals (Pohorecky, 1977; Calabrese and Baldwin, 2003), acute ethanol exposure alters zebrafish locomotory behavior in a biphasic dose-dependent manner; low concentrations (0.25 and 0.5% for 60 min) increase locomotory activity while higher concentrations (1% for 60 min) result in reduced activity (Gerlai et al., 2000; Gerlai, 2003), suggesting a sedative effect (but see (Gerlai et al., 2006; Mathur and Guo, 2011)). Moreover, increases in risk-taking behavior have been reported for the 0.5 and 1% dose (60 min immersion duration), including a reduced avoidance reaction (Gerlai et al., 2006; Gerlai et al., 2009), reduced diving response (Gerlai et al., 2008; Mathur and Guo, 2011), reduced scototaxis (Gebauer et al., 2011; Mathur and Guo, 2011) and reduced shoaling behavior (Gerlai et al., 2009). Finally, considerable differences in the behavioral responses to ethanol have been found between zebrafish strains (Gerlai et al., 2008; Gerlai et al., 2009; Pannia et al., 2014), emphasizing the importance of genetic differences.
Although zebrafish males and females can be difficult to distinguish from one another morphologically, it is well recognized that the sexes display behavioral differences in locomotory activity, exploration, boldness and aggression (Dahlbom et al., 2011; Dahlbom et al., 2012; Mustafa et al., 2019; Genario et al., 2020; Dos Santos et al., 2021; Souza et al., 2021). The sexes also differ markedly in responses to various toxicants and pollutants (reviewed in (Genario et al., 2020)), although for the case of ethanol no consensus has been reached. While most acute exposure studies used a population containing both sexes, and in many cases even reported an equal sex ratio, results from both sexes were often pooled in the statistical analysis (but see (Dlugos et al., 2011; Clayman et al., 2017; Goodman and Wong, 2020; Souza et al., 2021)). One exception is a study by Dlugos et al. (2011) who reported a greater increase in nearest neighbor distance in groups of wild-type females compared to males after exposure to 0.5% ethanol for 2 h, while males showed a greater increase at the 1% (v/v) dose (Dlugos et al., 2011). In addition, a recent study by Souza et al. (2021) found that the behavior of short-fin zebrafish females towards a novel object was affected by low concentrations (0.25 and 0.5% (v/v) for one hour) where male behavior was unaffected. We asked the question, to what extend the sex differences reported extrapolate to other behavioral contexts and zebrafish strains, in particular to the widely used AB strain. We wanted to include several proxies for ethanol-induced effects on activity, exploration, shelter seeking and risk-taking behavior while avoiding carry-over and test order effects between different behavioral tests. We therefore chose to use the recently developed zebrafish version of a multivariate test arena used in over 40 rodent studies, the Multivariate Concentric Square Field™(MCSF) (Bikovski et al., 2020; Vossen et al., 2022).
The zebrafish MCSF (zMCSF) arena consists of a central square area surrounded by semi-sheltered corridors, a dark corner roof (DCR), and an inclined ramp (Vossen et al., 2022). These areas differ in illumination and elevation, are sheltered or exposed to different degrees, and the arena cannot be overseen from any of these areas. This design offers the animal a free choice between several alternative locations of different quality in terms of risk and safety, while also providing an incentive for exploration. This generates a behavioral profile of an individual within a single behavioral test. In a previous study, we repeatedly tested male and female AB and wild-caught zebrafish in this arena, and cross-validated the results with the novel tank diving test (Vossen et al., 2022). This revealed no major sex differences in exploratory behavior, except for a higher locomotory activity in AB males compared to females. However, we detected large differences between strains. AB zebrafish avoided the risky area (inclined ramp), and often left one or more zones unexplored. Wild zebrafish swam faster than AB and spent more time on the ramp, but avoided the center of the arena. The zMCSF was largely resilient to repeated testing. These results led us to conclude that the zMCSF can distinguish between different magnitudes and types of risk taking and shelter seeking, which may also render a more fine-grained analysis of the changes in behaviors induced by acute ethanol exposure (Vossen et al., 2022).
The aim of the current study was to investigate whether acute ethanol exposure differentially affected behavioral profiles of male and female AB zebrafish in the zMCSF. In previous studies, the effect of 1% (v/v) acute ethanol exposure on locomotory activity was inconsistent even within the AB strain (Gerlai et al., 2008; Mathur and Guo, 2011; Tran and Gerlai, 2013) and AB appeared to be more tolerant than other strains (Gerlai et al., 2008). We therefore chose to include one widely used dose (1% v/v) and one higher dose (2% v/v) as suggested by Gerlai and coworkers (Gerlai et al., 2008). Regarding the choice of immersion duration, two zebrafish studies have reported that brain and blood ethanol content reached a steady-state concentration within 15–20 min (Dlugos and Rabin, 2003; Echevarria et al., 2011) while another study saw a small but significant increase from 15 to 30 min (Rosemberg et al., 2012). Hence, we chose an immersion duration of 30 min.
2 MATERIALS AND METHODS
Experiments took place at the Department of Neuroscience, located at the Biomedical Center of Uppsala University, Sweden in October and November 2017. Ethical approval for the use of animals was given by the Uppsala Regional Animal Ethical Committee (permit C55/13), following the guidelines of the Swedish Legislation on Animal Experimentation (Animal Welfare Act SFS 1998:56) and the European Union Directive on the Protection of Animals Used for Scientific Purposes (Directive 2010/63/EU).
2.1 Animals and Housing
A total of 51 adult zebrafish (23 females and 28 males, 19 months old) of the AB strain were used in this study. Animals were obtained from SciLifeLab (Evolutionary Biology Center, Uppsala University), a local zebrafish facility that regularly obtains AB strain zebrafish from the Zebrafish International Resource Center (ZIRC at the University of Oregon Eugene). Animals were kept in mixed-sex groups in a stand-alone system (Aquaneering, San Diego, 117 United States) in 2.8L tanks supplied with recirculating copper-free Uppsala municipal tap water (10% daily exchange). Temperature was maintained at 27 ± 1.5 °C and the photoperiod was 14L:10D (lights on at 07:00 a.m.). Animals were fed twice a day with flakes (tropical energy food, Aquatic 120 Nature, Roeslare, Belgium) and Artemia brine shrimp (Argentemia Platinum Grade 0, Argent 121 Aquaculture, Redmond, United States). All animals were naïve to behavioral testing.
2.2 Ethanol Exposure
One week before the start of behavioral testing, subjects were randomly placed into one of three 2.8L rack system tanks (Aquaneering, San Diego, United States); tank 1 (9 females, 9 males), tank 2 (10 females, 10 males) or tank 3 (9 males, 9 females). The sex of each individual was determined by visual examination (in brief, extrusion of belly, ovipositor and color of the anal fin (Gupta and Mullins, 2010)). The housing tanks were kept in the rack system for 7 days prior to behavioral testing, to ensure a stable dominance hierarchy within each dose group. Immediately prior to behavioral testing, each fish was individually immersed for 30 min into a 1.75L trapezoidal tank containing 1.0L rack system water mixed with 0, 1 or 2% (v/v) ethanol (≥99.5%, VWR, Sweden). Exposure started no earlier than 30 min after morning feeding. Immediately following ethanol (or control) treatment, an individual zebrafish was transferred to the zMCSF arena using a small net, and its behavior was video recorded for 30 min.
2.3 The Zebrafish Multivariate Concentric Square Field™ (zMCSF)
The multivariate concentric square field is a behavioral test arena that was originally developed for rodents (Bikovski et al., 2020; Meyerson et al., 2006). We recently translated the MCSF test to zebrafish and quantified strain and sex differences as well as the effect of repeated testing (Vossen et al., 2022). All behavioral tests took place in a separate room located inside the aquarium room. The experimenter was not present or visible during video recordings. The zMCSF is a square tank (30 × 30 × 25.8 cm) containing three objects; a roof, a corridor and a ramp, which are placed around the walls thereby surrounding a central open area (Figure 1). The arena is filled with 8L pre-heated copper-free Uppsala municipal tap water (23 ± 2°C) creating a water depth of 10 cm. The water inside the arena is exchanged fully between trials. An infrared backlight (Noldus, Wageningen, Netherlands) is placed under the zMCSF arena and an infrared camera (JVC SuperLoLux, Yokohama, Japan) on the ceiling records the movement of the fish through the arena. Two photographic lights (Walimex daylight 1,000, the Hague, Netherlands) provide ambient lighting of 0.46 Lux (Lux meter, Fisher Scientific LTD., Uppsala, Sweden). The arena is divided (virtually) into 13 zones (Figure 1): the area where the animal is released into the arena (START), a dark corner with a roof (DCR), a semi-sheltered area consisting of two corridors (CORR1 and CORR2) and a corner (CORN), an inclined ramp leading from high to low water depth (RAMP1-4), a central square consisting of an central circle (CIRC) and the remnant of the central square (CENT) and finally the remaining floor area that does not belong to any of the other zones (REST). From previous work on the zMCSF we derived that zebrafish seek shelter in the DCR (and to some extend CORR1, CORN and CORR2), while the RAMP zones (especially RAMP4) comprise high risk zones for AB zebrafish (Vossen et al., 2022).
[image: Figure 1]FIGURE 1 | The zMCSF testing arena, which contains a dark corner roof (DCR), two walls building a corridor and corner (CORR1, CORN, CORR2), and an inclined ramp creating decreasing water depth (RAMP1-4), all of which surround a central open area (CENT and CIRC). For exact measurements, see blueprints provided in (Vossen et al., 2022). (A) 3D model of the zMCSF arena. (B) Virtual division of zones in the arena, as seen by the ceiling mounted camera and used for video tracking with Ethovision XT15 (Noldus, Wageningen, the Netherlands). Images reprinted from (Vossen et al., 2022). Abbreviations: CENT, center; CIRC, central circle; CORN, corner; CORR, corridor; DCR, dark corner roof; REST, the part of the arena not designated to any other zone.
2.4 Video Tracking and Data Extraction
Videos were recorded and video tracked with Ethovision XT12 software (Noldus, Wageningen, the Netherlands). Behavioral recording started 2 s after the animal was detected in the arena and ended 30 min later. All trials were manually assessed for possible tracking errors. We extracted six variables from the tracks using Ethovision XT15 (Noldus, Wageningen, Netherlands). For the whole arena we extracted duration in arena, total distance moved (cm) and average velocity (cm s−1). For each zone, we extracted the cumulative duration (s) in zone, frequency of zone visits and latency (s) until first entry into zone. For the REST zone only the duration (s) in this zone could be extracted. From these variables, we computed an additional five ethologically relevant variables (Vossen et al., 2022). Total activity was defined as the sum of all zone frequencies (zone entries). Duration per visit (s) was computed as the total duration in zone divided by the frequency of visits to that zone. Frequency (%) was calculated as the frequency of visits to that zone divided by total activity. Using the latency (s) variable, we derived the number of zones entered by the fish, and if the fish had explored all zones (yes or no). Finally, these same variables were extracted from Ethovision over time, with one minute per time bin, which was labeled the ‘minute bins dataset’.
2.5 Statistical Analyses
All statistical analyses were carried out in R statistical computing software version 4.0.2 (R_Core_Team, 2020) with added packages “lme4” (Bates et al., 2015), “emmeans” (Lenth, 2020) “bestNormalize” (Peterson and Cavanaugh, 2019; Peterson, 2021) and “ggplot2” (Wickham, 2016). We first explored the data by conducting a principal component analysis (PCA) on each dataset, using the “prcomp” function with scaling and centering of variables.
2.5.1 Statistical Analysis of Locomotory Activity
To evaluate the effect of ethanol dose (hereafter Dose) and the sex of the individual (hereafter Sex) on total distance moved (cm) and mean velocity (cm s−1) over the whole trial, we computed two two-way ANOVAs with main effects of Dose and Sex plus the interaction effect. Total activity was modelled with a generalized linear model (GLM) with a negative binomial error distribution, using the same explanatory variables. Post-hoc pairwise comparisons with Bonferroni correction for multiple testing were computed using the “emmeans” function.
Since these three activity variables followed a linear pattern over time, this allowed for regression analyses on the minute bin dataset using mixed-effect modeling which allows for inclusion of repeated measurements on the same individuals. Distance moved (cm) per minute and velocity (cm s−1) per minute were analyzed with two linear mixed-effect models (LMMs) with fixed effects of Dose and Sex and Minute and a random intercept of Individual. The “emtrends” function was used to compare the slopes of the different Dose/Sex groups. Total activity per minute was modelled using a generalized linear mixed-effects model (function “glmer.nb”) incorporating the same explanatory variables as for distance moved (cm) and velocity (cm s−1) per minute.
2.5.2 Statistical Analysis of Exploratory Behavior, Risk Taking and Shelter Seeking
To evaluate exploratory behavior, we constructed a Poisson GLM with the number of zones explored as a response variable and Dose, Sex and their interaction as explanatory variables. In addition, a binomial GLM with the same explanatory variables was performed on the binary variable indicating whether all zones had been visited.
Risk taking and shelter seeking were evaluated using zone-specific variables total duration (s), average duration per visit (s) and latency (s). A linear mixed-effects model (LMM) was constructed with fixed effects of Zone, Dose and Sex and their interactions and a random intercept of Individual. We applied a log transformation on duration and duration per visit (log (y+1)). Latency was transformed using an ordered quantile normalization (“orderNorm” function (Peterson and Cavanaugh, 2019)), a rank-based procedure, suggested by the “bestNormalize” function (Peterson, 2021). For count variables frequency and frequency (%) we computed a negative binomial generalized linear mixed-effects model (GLMM), with the same fixed and random effects, after a Poisson GLMM proved to suffer from overdispersion. For all models, we computed post-hoc comparisons with Bonferroni correction and we tested only for effects within each Zone between all Dose/Sex groups.
The response variables did not show a linear pattern over time (i.e. per minute), therefore the minute bins dataset could not be analyzed using (G)LMMs. However, we provide the reader with detailed graphs of duration (s) and frequency in zone per Dose/Sex group for visual analysis.
3 RESULTS
3.1 Principal Component Analysis (PCA)
Individual principal component scores largely overlapped between groups (Supplementary Figure S1A). Only the 2% male group stood out, having a relatively low score on PC1 and PC2 score, indicative of a longer duration in DCR and low activity. The loading plot showed a clear separation of the variables from each zone (Supplementary Figure S1B).
3.2 Locomotory Activity
Males exposed to 2% ethanol showed a reduction in total distance moved (ANOVA, t2,45 = 2.755, p = 0.025; Figure 2A, Supplementary Table S1, S2) and mean velocity compared to control males (ANOVA, t2,45 = 2.764, p = 0.025; Supplementary Table S1, S2). No dose differences were observed in females over the entire 30-min test (Figure 2A, Supplementary Table S1, S2).
[image: Figure 2]FIGURE 2 | Locomotory activity in the zMCSF of male and female AB zebrafish acutely exposed to 0, 1 or 2% (v/v) ethanol for 30 min. (A) Total distance moved over the 30-min trial (in cm; mean ± SEM per group) and (B) distance moved per minute (in cm; mean per group) by female (F; purple colors) and male (M; orange colors) zebrafish exposed to 0% (controls; light shades), 1% ethanol (medium dark shades) or 2% ethanol (dark shades). Lines indicate the linear regression line and confidence intervals (shaded) per Dose/Sex group.
Regression analyses over time revealed sex-specific effects of Dose on activity patterns (Tables 1, 2, 3 and Figure 2B). Both 1% and 2% males showed a more negative slope in distance moved over time compared to control males (LMM contrasts; males 0 vs 1%: t2,1473 = 3.256, p = 0.014; t2,1473 = 3.344, p = 0.014; Table 3 and Figure 2B). While control and 1% females showed a decrease in distance moved over time, 2% females had a positive slope in distance moved over time (LMM contrast; females 0 vs 2%: t2,1473 = -4.960, p < 0.001; 1 vs 2%: t2,1473 = -6.781, p < 0.001; Table 3 and Figure 2B). Finally, the slope of males and females differed significantly for the control dose (LMM contrast; t2,45 = -3.070, p = 0.013) and 2% dose (LMM contrast, t2,45 = 6.780, p < 0.001), but not for the 1% dose (LMM contrast; t2,45 = -2.200, p = 0.068; Table 3 and Figure 2B). The patterns in velocity and total activity were highly similar to distance moved (Supplementary Table S2).
TABLE 1 | Results of the linear mixed-effects model of Distance moved (cm) per minute, with fixed effects of Minute, Dose and Sex and all interactions, and a random intercept of individual.
[image: Table 1]TABLE 2 | Post-hoc pair-wise comparisons between Dose/Sex groups in average Distance moved (cm) per minute, averaged over all Minutes.
[image: Table 2]TABLE 3 | Post-hoc pair-wise comparisons of the slope in Distance moved over time, per Sex/Dose group.
[image: Table 3]3.2.1 Exploratory Behavior, Risk Taking and Shelter Seeking
In males, ethanol dose influenced whether or not a fish explored all zones of the zMCSF (Poisson GLM, χ22,48 = 7.492, p = 0.024; Supplementary Table S2). While for 1% males 9 out of 10 animals explored all zones, in 2% males, only 3 out of 9 animals explored all zones (Supplementary Table S1). Both ethanol dose and the sex of the fish influenced how long and how often animals visited the zones of the zMCSF, as indicated by significant three-way interactions between Zone, Dose and Sex for variables duration in zone, frequency in zone and percentage frequency in zone (Supplementary Table S1, S2). Compared to control males, 2% males spent shorter durations in RAMP1-4 (LMM contrasts; t22,309 = 3.215, p = 0.022; t22,309 = 3.612, p = 0.005; t22,309 = 3.599, p = 0.006; t22,309 = 3.186, p = 0.024; Figure 3A and Supplementary Table S1) and a longer duration per visit in the DCR (LMM contrast, t22,392 = -3.974, p = 0.001; Figure 3B and Supplementary Table S1). Graphical analysis of duration and frequency in zone over time revealed that the long visits to the DCR by the 2% males were particularly pronounced in the last 10 minutes of the test, a time at which control males explored RAMP1-4 (Supplementary Figure S2). While the 1% males also entered RAMP1-4 less often (LMM contrasts; t22,309 = 3.288, p = 0.015; t22,309 = 4.195, p < 0.001; t22,309 = 3.872, p = 0.002; t22,309 = 3.968, p = 0.001; Figures 3C,D and Supplementary Table S1), they did not pay long visits to the DCR (LMM contrast, t22,392 = -0.345, p = 1.000; Figure 3B and Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Exploration of the zMCSF arena by male and female AB zebrafish acutely exposed to 0, 1 or 2% (v/v) ethanol for 30 min. Within each graph, the data is presented per Dose/Sex group. The different zones are presented in different columns. Rows contain different response variables: (A) Duration in zone (s), (B) Duration per visit in zone (s), (C) Frequency of zone entries, (D) Frequency of zone entries (as percentage of the total number of zone entries) and (E) Latency (s) until first entry into a zone. Colors indicate Dose/Sex group as follows: females (purple colors) and males (orange colors) zebrafish exposed to 0% (controls; light shades), 1% ethanol (medium dark shades) or 2% ethanol (dark shades). Bars represent mean ± SEM over the 30-min trial. Stars indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).
In contrast to males, in females pairwise comparisons between control, 1% and 2% doses did not reveal any significant differences in zone-related variables (Figure 3 and Supplementary Table S1). Control females furthermore did not differ from control males for any zone or variable (Figure 3 and Supplementary Table S1). Although all female groups paid shorter visits to the DCR than all male groups (LMM contrast, t10,383 = -3.372, p = 0.001), this effect was driven by the long visits to the DCR by the 2% males.
4 DISCUSSION
In the present study, we exposed male and female zebrafish to control, 1% or 2% ethanol (v/v) for 30 min, after which we behaviorally phenotyped animals in the zMCSF test that we recently described (Vossen et al., 2022). Ethanol treatment differentially affected the behavior of female and male AB zebrafish. The strongest effects of the acute ethanol exposure were seen in the 2% male group, which showed a significant reduction in locomotory activity throughout the entire test, reduced risk taking, as indicated by spending less time on the inclined ramp and increased shelter seeking by longer duration per visit to the DCR. The 1% male group displayed effects in the same direction but of smaller magnitude; this group also explored the inclined ramp less, while no general reduction in activity nor an increased duration per visit to the DCR could be detected. Females exposed to 2% ethanol showed signs of lower activity during the first 10 minutes of the test, but gradually increased their activity over the test and became more active than both control and 1% females in the last 10 minutes. Explorative behavior was unaffected in 2% females. The 1% exposed females showed no alterations in any of the measured behaviors.
4.1 Sex Differences in the Response to Acute Ethanol Exposure
The observed effects of both the 1% and 2% dose on males may be best interpreted as sedative effects, which likely arise from the well-established motor suppressing and intoxicating effect of high ethanol doses (Koob et al., 1998). Although a reduced time on the ramp and longer visits to the DCR are usually interpreted as lower risk-taking and increased shelter seeking, respectively (Meyerson et al., 2013; Vossen et al., 2022), an alternative explanation is that the sedated males moved to the DCR to rest, thereby inevitably reducing the time spent on ramp. Indeed, we previously found that the majority of AB zebrafish choose the DCR as their “home base” (Vossen et al., 2022), i.e. a location in which the animal spends a disproportional amount of time and from which it makes round trips in different directions, which is often the preferred area for rest or sleep (Eilam and Golani, 1989; Stewart et al., 2010).
The mixed stimulatory/depressant effects on locomotory activity found in 2% females, with initial low activity followed by hyperactivity, show a striking resemblance to that of female mice exposed to an intermediate dose (Matchett and Erickson, 1977). While a low dose (0.5 or 1.0 g/kg i. p.) had mild stimulatory effects and a high dose (4.0 g/kg i. p.) produced a general reduction in activity, an intermediate dose (2.0 g/kg i. p.) produced first sedative followed by stimulatory effects on spontaneous locomotory behavior (Matchett and Erickson, 1977). It is possible that zebrafish females quickly eliminated the high ethanol dose from the blood (by ventilation or enzymatic oxidation, or both), whereby the lower concentration at the end of the test produced the stimulatory effect on locomotion. To test this hypothesis, more data on the rate of ethanol elimination in male and female zebrafish are needed. Hence, it seems that 2% ethanol was an intermediate dose for female zebrafish while it constituted a high (sedative) dose for males. In other words, the dose-response curve of female zebrafish was shifted towards the right compared to males, making females the less affected sex in this strain and possibly, in this species. To further map the dose-response curve of both sexes, we suggest to behaviorally test female AB zebrafish at doses above 2% to capture at what dose sedative effects occur. In males, concentrations below 1% may convey at what concentration stimulatory and mixed stimulatory/depressant effects occur. It may also be necessary to increase the test duration to be able to estimate recovery periods for all doses.
The sex differences observed in AB zebrafish may be partially explained by the larger standardized weight of females compared to males (Fulton’s condition factor (Fulton, 1902)). In a recent study using AB zebrafish from the same supplier (Vossen et al., 2020), we found females to have a 27% larger standardized weight (L.E. Vossen, unpublished data). This might well translate into a larger aqueous volume which renders a larger distribution volume for ethanol in females, reducing blood alcohol concentrations (Smith et al., 2013). Alternative explanations, such as a sex differences in absorption (Klockhoff et al., 2002), metabolizing enzymes present in the liver and stomach (Frezza et al., 1990; Baraona et al., 2001), an interaction effect with sex hormones (Dettling et al., 2008) or actual sex differences in the sensitivity of the brain at equal blood alcohol concentrations (Miller et al., 2009), as evident from human studies, should certainly not be excluded. An important recent discovery concerns the role of a brain metabolic pathway of ethanol in producing behavioral effects typical of intoxication (Jin et al., 2021).
4.2 Lack of Sex Differences in Control Animals
We observed few sex differences in unexposed AB strain females and males in the zMCSF, in line with our earlier study (Vossen et al., 2022). At baseline, control males increased their activity over time while control females showed a slight decrease, but we found no sex differences in activity or exploration over the whole trial. In conventional behavioral tests, female zebrafish often display a more “shy” or “reactive” stress coping style than males. Although there are considerable differences between strains and tests, females tend to show increased levels of thigmotaxis and shelter seeking (Dahlbom et al., 2011; Mustafa et al., 2019), a stronger diving response (Mustafa et al., 2019), lower activity in a novel environment (Mustafa et al., 2019) and more hesitation towards a novel object (Souza et al., 2021) compared to males. The absence of a sex difference in control animals in the zMCSF may be explained by the design of this arena (Vossen et al., 2022). Since males often display a higher activity in conventional tests, this may “drive” them into the center of the open field, the top zone of a novel tank diving arena, or the white compartment of a light/dark test, simply because there are no other zones to move in. In the zMCSF, the risky areas only comprise a small part of the arena, therefore a move into this area may be a more active choice for exploration versus shelter seeking. Hence the zMCSF may allow for a clearer separation between locomotory and explorative activity. Indeed, a study on acute ethanol exposure in male Wistar rats using the MCSF arena showed motor stimulative effects at a low ethanol dose (0.5 g/kg i. p.) and sedative effects at dose (1.5 g/kg i. p.) not commonly reported to induce sedation in conventional behavioral tests (Karlsson and Roman, 2016).
4.3 On the Use of the AB Strain
Our results stand in contrast to a study by Souza et al. (2021), where a different strain of zebrafish (short-fin zebrafish from a local pet store in Brazil) was exposed to 0, 0.25, 0.5 or 1.0% (v/v) ethanol for one hour, and subsequently tested in a novel object test (Souza et al., 2021). Both sexes showed a reduction in locomotory activity in response to the 1.0% dose. While control females spent less time in the center of the arena than control males, 0.25% exposed females spent equal time in the center as males. Compared to males exposed to the same dose, 0.5% exposed females swam faster towards and kept a greater distance to, the novel object and spent more time in the peripheral zone. The results were interpreted as an anxiolytic effect of 0.5% ethanol in females, that was absent in males (Souza et al., 2021). One explanation for the discrepancy between the studies may lie in the use of different strains. It has been noted before that AB zebrafish in general show aberrant behavior (Gerlai et al., 2008; Gorissen et al., 2015; Vossen et al., 2020) and more specifically, display a distinct response to ethanol in comparison to other strains, both in terms of behavior and monoamine neurotransmitter release (Gerlai et al., 2008; Gerlai et al., 2009). Nonetheless, most mutant strains are derived from the AB strain, which makes the characterization of the pharmacological responses in this specific strain important. Furthermore, it seems that results obtained on AB zebrafish are coherent within this strain. For example, similar sex-specific effects as found herein were detected in AB zebrafish exposed to environmental concentrations (μg L−1 range) of the anxiolytic benzodiazepine oxazepam (Vossen et al., 2020). AB males showed a dose-dependent increase in duration in the bottom of a diving arena and an associated decrease in velocity, indicative of a sedative effect, while AB females were largely unaffected at all concentrations (Vossen et al., 2020).
4.4 Conclusions
We found significant sex differences in the effect of acute ethanol exposure (1 or 2% (v/v) for 30 min) on adult zebrafish behavior in a complex test arena, the zMCSF. Females were more tolerant, showing mixed depressive/stimulatory effects on locomotory behavior for the 2% dose. Males displayed clear signs of sedation as indicated by reduced activity and exploration and retreat to the sheltered area under the 2% dose, and to a lesser extend under 1% exposure. Our findings emphasize the importance of explicitly including effects of sex (Souza et al., 2021) and time course (Tran and Gerlai, 2013; Pannia et al., 2014) in analyses of behavioral experiments on adult zebrafish. The use of the zMCSF test may have enabled a clearer distinction between locomotory activity and risk-taking/shelter seeking behavior. However, further pharmacological validation of the zMCSF test is needed.
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Organic cation transporters (OCTs) are expressed in the mammalian brain, kidney, liver, placenta, and intestines, where they facilitate the transport of cations and other substrates between extracellular fluids and cells. Despite increasing reliance on ectothermic vertebrates as alternative toxicology models, properties of their OCT homologs transporting many drugs and toxins remain poorly characterized. Recently, in zebrafish (Danio rerio), two proteins with functional similarities to human OCTs were shown to be highly expressed in the liver, kidney, eye, and brain. This study is the first to characterize in vivo uptake to the brain and the high-affinity brain membrane binding of the mammalian OCT blocker 1-1′-diethyl-2,2′cyanine iodide (decynium-22 or D-22) in zebrafish. Membrane saturation binding of [3H] D-22 in pooled zebrafish whole brain versus mouse hippocampal homogenates revealed a high-affinity binding site with a KD of 5 ± 2.5 nM and Bmax of 1974 ± 410 fmol/mg protein in the zebrafish brain, and a KD of 3.3 ± 2.3 and Bmax of 704 ± 182 fmol/mg protein in mouse hippocampus. The binding of [3H] D-22 to brain membrane homogenates was partially blocked by the neurotoxic cation 1-methyl-4-phenylpyridinium (MPP+), a known OCT substrate. To determine if D-22 bath exposures reach the brain, zebrafish were exposed to 25 nM [3H] D-22 for 10 min, and 736 ± 68 ng/g wet weight [3H] D-22 was bound. Acute behavioral effects of D-22 in zebrafish were characterized in two anxiety-relevant tests. In the first cohort of zebrafish, 12.5, 25, or 50 mg/L D-22 had no effect on their height in the dive tank or entries and time spent in white arms of a light/dark plus maze. By contrast, 25 mg/L buspirone increased zebrafish dive tank top-dwelling (p < 0.05), an anticipated anxiolytic effect. However, a second cohort of zebrafish treated with 50 mg/L D-22 made more white arm entries, and females spent more time in white than controls. Based on these findings, it appears that D-22 bath treatments reach the zebrafish brain and have partial anxiolytic properties, reducing anti-predator dorsal camouflaging, without increasing vertical exploration. High-affinity binding of [3H] D-22 in zebrafish brain and mouse brain was similar, with nanomolar affinity, possibly at conserved OCT site(s).
Keywords: anxiety, black–white plus maze, Danio rerio (zebrafish), dive tank, SLC22A, pseudoisocyanine, uptake 2 transporters, predator avoidance
INTRODUCTION
Organic cation transporters (OCTs) are transmembrane proteins of the solute carrier family SLC22A responsible for bi-directional facilitated sodium-independent electrogenic transport of compounds that are mono or multivalent cations at physiological pH. They are blocked by hydrophobic polyamines and steroid hormones (Koepsell et al., 2007; Hill et al., 2011; Sala-Rabanal et al., 2013). In mammals, there are three isoforms: OCT1 is richly expressed in the liver, kidneys, and gut; OCT2 is widely found in the brain, kidneys, and to a lesser extent, in other peripheral organs; and OCT3 is predominant in the heart, lungs, adipose tissue, placenta, and brain, and also occurs in other peripheral organs (Koepsell et al., 2007; Nies et al., 2011; Koepsell, 2020; Samodelov et al., 2020; Sweet, 2021). Substrates of mammalian OCTs include the biogenic amines serotonin, norepinephrine, dopamine, and histamine; antioxidants; vitamins such as choline and thiamine; metabolites such as guanidine or putrescine; xenobiotic compounds including drugs such as metformin; and cationic neurotoxins such as the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) cation, 1-methyl-4-phenyl pyridinium (MPP+), or paraquat cations that are used to model Parkinson’s disease in rodents (Cui et al., 2009; Rappold et al., 2011; Nies et al., 2011; Bönisch, 2021; Yee and Giacomini, 2021). The pseudoisocyanine 1-1′-diethyl-2,2′cyanine iodide (decynium-22 or D-22) blocks human and mouse OCTs at low nM concentrations, and because of this property, D-22 is a useful pharmacological tool in the studies of OCT functions (Hayer et al., 1999; Hayer-Zillgen et al., 2002; Fraser-Spears et al., 2019; ; Bönisch, 2021).
Human gene polymorphisms affecting the expression or function of OCTs are associated with substance abuse (Aoyama et al., 2006; Bousman et al., 2009; Bergen et al., 2014), resistance to drugs such as metformin (Nies et al., 2009; Becker et al., 2010; Chen et al., 2010; Chen et al., 2015), and a more rapid progression of Parkinson’s disease (Becker et al., 2011). Developmental language delays, hypotonia, and motor speech disorders were evident in two cases of chromosome 6q deletions that impacted OCT2 and OCT3 genes (Peter et al., 2017). Given this, gene polymorphisms impacting OCT expression or function may contribute to psychiatric disorders such as depression, anxiety, and autism spectrum disorders, but testing this hypothesis requires further clinical investigations (Daws et al., 2013; Gasser and Daws, 2017; Daws, 2021). In humans and rodents, OCTs have lower affinity for monoamine transmitters than sodium-dependent serotonin (SLC6A4), norepinephrine (SLC6A2), or dopamine (SLC6A3) transporters (Fraser-Spears et al., 2019). SLC6A transporters are the primary mediators of monoamine clearance, so they are called “uptake 1,” while in most circumstances, OCTs play an auxiliary role in monoamine clearance and are referred to as “uptake 2” (Daws et al., 2013; Gasser, 2021). However, OCTs have a greater capacity to clear monoamines at high concentrations or if SLC6A transporters are compromised (Daws, 2009).
Rodent studies show that OCTs modulate monoamine availability in the brain to shape mood and behaviors. However, OCT effects on anxiety have been equivocal. For example, OCT3 knockout mice were more active and exhibited less anxiety in some tests (Wultsch et al., 2009), but were more stressed, anxious, and less sensitive to psychostimulants in others (Vialou et al., 2008). OCT3 knockout males had lower social interaction preferences than wild types (Garbarino et al., 2019), which may stem from early developmental dysregulation of serotonin neurotransmission (Karahoda et al., 2020). Systemic D-22 treatment blocked the serotonin uptake and produced antidepressant-like effects independent of the serotonin transporter (Baganz et al., 2008; Horton et al., 2013). Co-administration of D-22 with monoamine reuptake inhibitors enhanced antidepressant effects in wild-type mice (Krause-Heuer et al., 2017; Bowman et al., 2020). Since acute effects of D-22 on anxiety-relevant behaviors were not well characterized, one goal of this study was to use zebrafish to look for such effects. We used two different tests, dive tank and light–dark plus maze with established protocols to assess acute D-22 effects on anxiety-based behaviors (Gould, 2010a; Sackerman et al., 2010; Connors et al., 2014).
OCTs have similar structure and function in bacteria, plants, and animals (Koepsell et al., 2007). Two OCT orthologs were recently discovered and characterized in zebrafish (Danio rerio): drOCT1 on chromosome 20 and drOCT2 on chromosome 17; they are most syntenic with human OCT1, OCT2, and OCT3 which occur as a gene cluster on chromosome 6 (Mihaljevic et al., 2016). The expression of drOCT1 was high in liver and kidneys, while drOCT2 was high in eyes, and sex dependent expression in muscle, gonads, and gills. Brain drOCT expression in males was higher than that in females. Furthermore, the same group found many similarities in functional properties among human OCTs and zebrafish drOCT1 through homology modeling and transfection of drOCT1 into human embryonic kidney (HEK293T) cells for fluorescent substrate uptake saturation and concentration-dependent inhibition assays (Mihaljević et al., 2017). However, neither ligand-binding properties of D-22 in zebrafish nor if bath exposures to D-22 can even reach the brain were previously reported. Since pharmacological profile differences occur even among mouse, rat, and human OCTs for substrates and blockers (Maier et al., 2021), the second goal of this study was to characterize the high-affinity binding properties of radiolabeled D-22 in zebrafish whole-brain membrane homogenates that could underlie any acute changes in their anxiety behaviors.
MATERIALS AND METHODS
Animals
All procedures involving live zebrafish were approved under protocol #090124 by the University of Texas Health Science Center at San Antonio Institutional Animal Care and Use Committee in accord with the National Institutes of Health guidelines (http://oacu.od.nih.gov/ARAC). A hundred zebrafish (Danio rerio) 4–6 months old with a mean ± SEM weight of 0.285 ± 0.016 g were obtained in 2009 from Aquatic Eco-Systems Inc (Apopka, FL, United States). Subsequently, 48 zebrafish weighing 0.171 ± 0.013 g were obtained for additional behavior tests from Carolina Biological Supply Co. (Burlington, NC, United States). Fish were housed in mixed-sex groups of six to eight for 2–3 months in the original 2009 studies, and one week for a more recent study to acclimate before use in 3 L tanks of a benchtop flow through aquatic habitat (Aquatic Eco-Systems, Apopka, FL, United States) filled with 25–27°C deionized water (Nanopure, Barstead, Dubuque, IA, United States) supplemented with 200 mg/L “Instant Ocean” salts (Aquarium Systems, Mentor, OH, United States), pH = 7.2–7.6. Light/dark cycles were 14:10 h (lights on at 700 h and off at 2,100 h). Fish were fed “Top Fin” tropical flakes once per day (Pacific Coast Distributing, Phoenix, AZ, United States).
Six constitutive serotonin transporter knockout heterozygous six-month-old male mice weighing 26 ± 2 g came from an in-house breeding colony established by the founders generously provided by Dr. Dennis Murphy (NIMH) in 1999 (Bengel et al., 1998). The mice on a congenic C57BL/6J background were littermates derived from heterozygous mating and were raised and housed together in same-sex groups from weaning until use in radioligand binding experiments. The mice were housed in a temperature- and humidity-controlled vivarium under a 12-h light/dark cycle (lights on at 600 h) with ad libitum access to rodent diet (Teklad 7,912 irradiated, Envigo) and water (reverse osmosis, acidified to pH 2.5–3 with HCl). Their use for tissue was IACUC-approved under protocol #020014.
Acute Drug Treatments of Zebrafish for Behavior Testing
Initially, 45 zebrafish, a mixed assortment of males and females, were randomly assigned to seven different compound exposure groups. All compounds were from Sigma Aldrich (St. Louis, MO, United States). Fish were individually bath-exposed for 5 min to drugs dissolved in 20 ml solutions in 50-ml glass beakers. Dimethyl sulfoxide (1%) was used as a control or vehicle for all treatments. The anti-anxiety drug buspirone, a serotonin 5-HT1A receptor partial agonist, was used at 25 mg/L as a positive control since it had anxiolytic effects in zebrafish dive tank tests (Bencan et al., 2009). D-22 was tested at 12.5, 25, and 50 mg/L. In addition, the mammalian stress hormone corticosterone (CORT) was administered at 25 mg/L. This corticosterone treatment was included because in vitro it has been shown to block mammalian OCTs (Gasser, 2021). Red food dye (five drops, red #40 and #3, H.E.B, San Antonio, TX, United States) was used as a color control for the D-22 (50 mg/L) solution since it had the same wavelength and similar amplitude in the spectrophotometer (DU-600, Beckman, Brea, CA, United States) absorption spectrum.
In a follow-up experiment, 24 females and males were used. Sex of these fish was visually determined by a combination of early morning inspection for female genital papilla as described by Yossa et al. (2013) and male yellow or golden-colored pectoral fin breeding tubercles as described by McMillan et al. (2015) before assigning D-22 (50 mg/L) or vehicle treatments to 12 of each sex. These characteristics are consistent with descriptive colorations used to determine sex in the initial study as per Paull et al. (2008). After 5 min bath exposures to treatments or controls for all experiments, zebrafish were placed in 100 ml habitat water for 5 min to rinse and were given drugs to approach maximal physiological efficacy before a series of two anxiety-relevant tests of response to a novel environment.
Novel Environment Test 1: Height in Dive Tank Water Column
A 4-L triangular acrylic tank (Aquascene 1, TopFin, Phoenix, AZ) was filled 18 cm deep with 3.5 L of home tank water. Lines dividing it into thirds were drawn in advance on the outside with a permanent marker. The tank sat on a black countertop, with a 24 cm × 22 cm whiteboard against its back wall to enhance contrast. After drug exposure and 5 min in holding, each zebrafish was placed in a dive tank, observed, and digitally recorded (HP Photosmart R742, OfficeMax, United States) for 5 min to measure the time spent in the top 2/3 vs. the bottom 1/3 of the tank, as previously described by Sackerman et al. (2010). In the initial study, Bartlett’s test (p = 0.7) showed standard deviations among groups that were similar so the group means were compared by the one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons used for post hoc analysis of significant effects. In the follow-up study, a two-way (sex × treatment) ANOVA with Sidak’s post hoc analysis for significant outcomes was performed using GraphPad Prism nine.
Novel Environment Test 2: Light-Dark Plus Maze Arm Preference
After dive tank tests, fish were tested in the aquatic light–dark plus maze that was performed as described by Gould (2010a). Briefly, a clear acrylic cross maze (Noldus, Leesburg, VA, United States) was used in a 30 cm2 × 30 cm2 plus configuration. Opposite arms were covered with black polyethylene and the other two with white polyethylene 10 cm2 squares (Figure 1). The gray background of the copy stand (Kaiser RS1, B&H Photo, New York, NY) showed through the middle 10 cm2 section of the maze. The maze was filled to a depth of 4 cm. A 60-W incandescent desk lamp (800 lumens) was mounted on the copy stand behind the digital camera (HP Photosmart R742) above the maze for testing. Each zebrafish was placed in the center of the maze to start, and the total number of line crosses, the percent of the total entries into the white arms, and the total time spent in the white arms were observed from 5-min video recordings. For the first experiment, Bartlett’s test was performed to determine if standard deviations differed among groups, and if they did not, one-way ANOVA was performed, but if they did, then Welch’s ANOVA was performed, with Dunnett’s multiple comparisons for the post hoc analysis of significant effects. For the follow-up experiment, two-way (sex × treatment) ANOVA was performed with Sidak’s post hoc test for significant findings using Prism nine. After behavior tests, each fish was weighed and euthanized by submersion in ice water for 5 min and subsequent decapitation to effect.
[image: Figure 1]FIGURE 1 | Light/dark plus maze. The aquatic cross maze is set up with a 3 × 3 box configuration at the intersection of the maze. Fish explore the environment under bright light (800 lumens from a 60 W bulb), and the behavior is video-recorded for 5 min. Treatment-blind observers collect data on time spent in different areas of the maze.
Uptake of [3H] D-22 from Bath Water Into Zebrafish Muscle, Viscera, and Brain
A total of six adult zebrafish, three males and females each, were individually exposed to 25 nM [3H] D-22 (25 Ci/mmol, ARC, Boston, MA (11.4 μg/L)) in 25 ml habitat water in a 50-ml beaker for 10 min. Fish were removed from the radioligand bath with forceps, anesthetized and rinsed with a 30 s dip in ice water, and euthanized by decapitation on an ice-chilled glass Petri dish with a scalpel. From each fish, [3H] D-22 labeled zebrafish brain, visceral organs (heart, gastrointestinal tract, gall bladder, spleen, and liver), and a segment of the skinned lateral muscle were removed as described by Gupta and Mullins (2010), and then weighed and placed in 1.5 ml microcentrifuge tubes containing 200 ml scintillation cocktail (Ecolume, Fisher Scientific, United States). Labeled brains and muscles were mechanically homogenized with a teflon pestle and transferred to 8 ml scintillation vials (Beckman Mini Poly-Q, Fisher Scientific, United States), to which 4 ml of scintillation cocktail was added. Tissue homogenates in vials were vortexed, then mixed on an orbital shaker overnight. The [3H] label (DPM) was measured on a Packard 1900 TR liquid scintillation counter (Packard Instrument Co., Downers Grove, IL) with efficiency of 40%.
Saturation Binding of [3H] D-22 in Zebrafish and Serotonin Transporter-Deficient Mice
Saturation assays were performed to determine the specific binding of D-22 to uptake 2 sites in mouse hippocampus and zebrafish whole brain. Heterozygous serotonin transporter knockout mice were used because their hippocampal OCT3 expression was upregulated vs. the wild-type mice (Baganz et al., 2008). A 50 mM Tris HCl, 120 mM NaCl, 5 mM KCl buffer, pH 7.4 at 25°C was used. Hippocampi from two mice were combined to produce one membrane homogenate, and 12 zebrafish whole brains from males and females were combined to produce the other membrane homogenate in 25 ml buffer each. Both were homogenized separately at 26,000 rpm for 1 min with a Polytron tissue homogenizer (Brinkman Instruments, Westbury, NY, United States). Homogenates were centrifuged for 10 min at 36,000 × g at 4°C using a JA 25.50 rotor (Avanti J-E, Beckman Coulter, Indianapolis, IN, United States). The supernatant was discarded, and the pellet was resuspended in 25 ml buffer on ice using a Potter Elvehjem 10-ml glass and teflon homogenizer. The homogenate was centrifuged again for 10 min at 36,000 × g. These final pellets were resuspended to obtain an approximate protein concentration of 1 mg/ml, determined using the Bradford reagent (Sigma, St. Louis, MO), and colorimetric detection was performed at 595 nm using a plate reader (Spectra Max 190, Molecular Devices, San Jose, CA, United States).
For the incubations, a 100-µL homogenate was added to a tube containing 150 µL buffer with [3H] D-22 at eight concentrations ranging from 0.1 to 14 nM [3H] D-22 since concentrations exceeding this range are not pharmacologically relevant (Horton et al., 2013). To block any potential D-22 binding to uptake 1 transporters in mice or fish (Gould et al., 2007), 25 nM each of sertraline and mazindol were added to the buffer. To define the non-specific binding of [3H] D-22, 25 µM MPP+ and 25 µM cold D-22 were added to the second and third groups of tubes, respectively. Each condition was reproduced in duplicate tubes. The solutions were incubated at room temperature on an orbital mixer for 60 min, and incubation was terminated by the addition of 4 ml of buffer, pH 7.4 at 4°C. Labeled homogenates were captured by filtration under vacuum on glass fiber filters pre-soaked in 0.5% polyethyleneimine (Sigma) with a Brandel tissue harvester (Gaithersburg, MD). Filters were washed twice more with 4 ml of buffer. Radioactivity trapped by the filters was measured on a scintillation counter (Packard Instrument Co., Downers Grove, IL) with 40% efficiency. Non-linear and linear curve fits were performed with Delta Graph (V5, Red Rock Software, Salt Lake City, UT, United States) and confirmed using Prism (V5 for Mac OS 10, Graph Pad, LaJolla, CA, United States).
RESULTS
Zebrafish Anxiety-Relevant Behaviors in Novel Environments After Acute D-22 Treatment: Initial Study
Dive Tank: Initially, the behavior of zebrafish exposed to red food dye matching the wavelength with a similar intensity to the 50 mg/L D-22 solution was compared with habitat water controls. There was no difference in top dwelling between these two groups [t (13) = 1.221, p = 0.24], so the data were pooled into a single control group of 15 fish. The time in the top 2/3 of the dive tank for this control group was compared with the average times for five to seven fish treated with buspirone, corticosterone, or three concentrations of D-22 treatments. Only the zebrafish treated with 25 mg/L buspirone spent more time in the top 2/3 of the tank [F (5, 39) = 4.786, p = 0.0017, Dunnett’s p = 0.0004], as shown in Figure 2A.
[image: Figure 2]FIGURE 2 | Acute effects of D-22 on behaviors in novel environment-based anxiety tests. A total of 45 zebrafish were tested with sample sizes ranging from 5 to 15 fish with both males and females in every group. (A) Only the anti-anxiety drug buspirone increased the amount of time zebrafish spent at the top of the dive tank. (B) D-22 at 50 mg/L reduced the number of line crosses made by zebrafish exploring the light/dark plus maze. (C) There were no effects of D-22 or any other treatment on the percentage of white box entries/total entries. (D) There was no effect of D-22 or any other treatment on the time spent in white boxes. In all figures, for controls (CTRL), the filled symbols are the food color controls and open symbols are uncolored control solutions. CORT = corticosterone at 25 mg/L. Mean and S.E.M. are shown.
Light–Dark Plus Maze: The red food dye-control group did not differ from the habitat water-control group in number of line crosses into different boxes [t (13) = 0.1836, p = 0.86], percentage white of total line crosses [t (13) = 0.9615, p = 0.3538], and time in white arms [t (13) = 0.4692, p = 0.6467], so these control groups were pooled. The standard deviations for line crosses differed among the groups (Bartlett’s p = 0.004), so Welch’s ANOVA was used. The total number of line crosses (entries into center, white, or black boxes) in the light–dark maze was reduced only in the 50 mg/L D-22 treatment group [W (5.000, 14.49) = 6.130, p = 0.003, Dunnett’s p = 0.04], as shown in Figure 2B. The percentage of white/total line crosses also had different standard deviations among groups (Bartlett’s p = 0.03), but the means did not differ between treatments [W (5.000, 14.11) = 1.288, p = 0.323], as shown in Figure 2C. For time spent in white boxes, the standard deviations among groups were similar (Bartlett’s p = 0.4657), and there were no significant differences among groups [F (5, 39) = 0.4940, p = 0.7787], as shown in Figure 2D.
Follow-Up Study: Acute D-22 50 mg/L Treatment in Females Versus Males
Dive Tank: There was no significant interaction [F (1,44) = 2.485, p = 0.1221], effect of sex [F (1,44) = 1.961, p = 0.1684], or effect of acute D-22 treatment [F (1,44) = 0.3468, p = 0.5589] on time spent in the top 2/3 of the dive tank in the follow-up study, as shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Acute effects of D-22 (50 mg/L) on female versus male zebrafish in anxiety tests. A total of 48 zebrafish, 12 each of males and females, were treated with D-22 or a vehicle control for 5 min, washed for 5 min, and tested in a battery of anxiety-relevant behaviors. (A) There was no effect of D-22 treatment or sex on top dwelling in the dive tank. (B) There was no effect of D-22 treatment or sex on exploration of the maze as measured by line crossings in the light–dark plus maze. (C) Exposure to D-22 increased the percentage of white/total line crosses for female and male zebrafish (*p < 0.05). (D) D-22 treatment increased the time female zebrafish spent in white arms of the maze (*p < 0.05). Mean and S.E.M. are shown.
Light–Dark Plus Maze
The total number of line crosses or box entries did not differ by sex [F (1, 44) = 0.7577, p = 0.3888] or D-22 treatment [F (1, 44) = 1.381, p = 0.2463], and there was no significant interaction [F (1, 44) = 0.000, p = 0.9999], as shown in Figure 3B. However, there was a significant effect of acute D-22 treatment [F (1, 44) = 14.61, p < 0.0004] to increase the percentage of white/total line crosses or entries by both female [t (12) = 2.894, p < 0.0118] and male [t (12) = 2.511, p < 0.0313] zebrafish relative to their controls, as shown in Figure 3C. There was no significant interaction [F (1, 44) = 0.0730, p = 0.7882] or sex effect [F (1, 44) = 0.4829, p = 0.4908] on the percentage of white/total line crosses. Female D-22-treated zebrafish also spent significantly more time in white arms than in controls [F (1, 44) = 10.99, p < 0.0018, t (12) = 2.904, p < 0.0114], while males did not [t (12) = 1.783, p = 0.1563], as shown in Figure 3D. There was no interaction [F (1, 44) = 0.6288, p = 0.430] or sex effect [F (1,44) = 1.391, p = 0.2445] on the time spent in white arms.
[3H] D-22 Uptake Into Zebrafish Tissues from Water
Zebrafish exposed to 25 nM [3H] D-22 for 10 min took up 736 ± 68 ng/g wet weight in the brain, 601 ± 134 ng/g in the viscera, and 308 ± 38 ng/g in the muscle (n = 6), as shown in Figure 4. This demonstrates [3H] D-22 occupancy following acute bath exposure in zebrafish brain and gut are comparable and roughly double that found in muscle. This occupancy in the brain and gut is similar to zebrafish [3H] citalopram uptake from a 3-min bath exposure (Sackerman et al., 2010). The outcome demonstrates that [3H] D-22 or a metabolite that remains radiolabeled can cross the blood–brain barrier to occupy binding sites in the zebrafish brain. A prior study showed that blood–brain barrier properties in healthy adult zebrafish are comparable with those of higher mammals (Jeong et al., 2008). This finding supports the idea that bath exposures of zebrafish, paralleling systemic administration of D-22 to animals for behavioral studies is likely to occupy OCTs in the brain.
[image: Figure 4]FIGURE 4 | [3H] D-22 uptake from bath solution into zebrafish. After 10 min of in vivo bath exposure, zebrafish muscle had a lower D-22 content by wet weight than in either the brain or viscera. Males are shown as open boxes and females are closed circles. Mean and S.E.M. are shown.
Saturation Binding of [3H] D-22 in Zebrafish and Mouse Brain Homogenates
Total binding of [3H] D-22 had maximal binding (Bmax) = 1,656 ± 2,839 fmol/mg protein in zebrafish whole-brain membrane homogenates pooled from females and males, and 222.7 ± 406.2 fmol/mg protein in mouse hippocampus. For total binding, the dissociation constant (KD) = 4.853 ± 10.59 nM in the zebrafish brain and 0.7030 ± 5.175 nM in mice. Specific [3H] D-22 binding, with non-specific binding defined by 25 μM D-22 plotted by linear regression and subtracted from total, had a Bmax = 1974 ± 409.7 fmol/mg protein and KD = 5.172 ± 2.514 nM in zebrafish. In mice, specific [3H] D-22 binding had a Bmax = 704.3 ± 182.0 fmol/mg protein and KD = 3.307 ± 2.308 nM. The binding of [3H] D-22 was partially blocked by MPP+, with a curve fit Bmax = 265.9 ± 676.1 fmol/mg protein and KD = 2.124 ± 10.77 nM in zebrafish but with an ambiguous curve fit in mouse hippocampus, n = 3 independent experiments, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | [3H] D-22 saturation in (A) zebrafish whole-brain versus (B) mouse hippocampus. A single high-affinity binding site for [3H] D-22 with a KD of 5 ± 2.5 nM and Bmax of 1974 ± 410 fmol/mg protein was found in whole zebrafish brain, and a KD of 3.3 ± 2.3 and Bmax of 704 ± 182 fmol/mg protein in mouse hippocampus, respectively, with non-specific defined by 25 μM D-22. Binding of [3H] D-22 was partially blocked by MPP+, n = 3. Mean and S.E.M. are shown.
DISCUSSION
The main behavioral finding from this study is that acute exposure to D-22 at 50 mg/L increased zebrafish exploration of plus maze arms with a white background. Initially, acute bath exposure to the high-affinity mammalian OCT inhibitor D-22 reduced zebrafish box entries, the index of exploration, in the light–dark plus maze at the aforementioned dose with no other behavioral effects. For this reason, we decided not to test any higher doses of D-22 for this study. In the follow-up male vs. female experiment with the 50 mg/L D-22 dose, the percentage of white/total entries of both sexes and the amount of time spent by females in white arms was higher than those of the untreated controls (Figures 3C,D). Treatment with the mammalian stress hormone corticosterone at 25 mg/L was without effect, which may be consistent if the binding properties of zebrafish drOCT1 or drOCT2 are similar to those of mouse OCT3, as corticosterone has a lower affinity for murine OCT3 than D-22 (Koepsell et al., 2007). Our findings support the hypothesis that D-22 has anxiolytic properties relative to vehicle control treatment on zebrafish exploratory behavior in novel environments. Increased time spent in white arms after D-22 50 mg/L treatment may be indicative of an anxiolytic effect, perhaps because of reduced concern about predators from above (i.e. reduced dorsal camouflaging).
Anxiety behavior tests in zebrafish are based on predator avoidance strategies such as dwelling lower in the water column or staying on dark backgrounds (Córdova et al., 2016; Crane and Ferrari, 2017). Over the course of evolution, countershading, or dark dorsal coloration and light ventral coloration, may have been selected for in fish because it facilitates predator avoidance by background camouflage (Kelley et al., 2017). In zebrafish, countershading is under the control of melanocortin receptor 1 and a series of genes regulating agouti-signaling proteins that bind to it (Cal et al., 2019; Liang et al., 2021). Countershading is somewhat dynamic in zebrafish since within two days, fish can increase the dark pigmentation on their dorsum by the recruitment of melanosome into dorsal melanophores in response to visual exposure to a dark background or floor (Hatamoto and Shingyoji, 2008). Norepinephrine signaling, associated with the fight or flight response, is a driver of dynamic pigment shifts that zebrafish undergo to blend into their backgrounds (Xu and Xie, 2011). Taken together, it appears that substantial evolutionary pressure from predators from above may have driven zebrafish countershading and camouflaging into dark backgrounds.
By contrast, the height in the water column of the dive tank was not affected by 50 mg/L D-22. This response is akin to exploration of the middle of an open field test by rodents. Dwelling at the bottom of the tank is considered a thigmotaxic response consistent with predator avoidance. Among the experiments for this study, only the treatment with the anti-anxiety drug buspirone increased zebrafish exploration of the upper part of a dive tank, as had previously been reported to occur (Bencan et al., 2009). In other studies, drugs such as citalopram and desipramine also increase dwelling in the top 2/3 of the dive tank, while other drugs increasing time in the white arms of the plus maze, such as chlordiazepoxide, did not increase dwelling in the top of the dive tank (Sackerman et al., 2010). D-22 is therefore not the only drug with anxiolytic effects in rodents that yields different responses in the zebrafish dive tank versus plus maze.
The lack of sex-specific effects of D-22 on these behaviors is of interest, since in male zebrafish, drOCT1 and to a lesser extent drOCT2 are more highly expressed in the brain than in females (Mihaljevic et al., 2016). We observed that sex differences in mouse OCT3 (in males) vs. the plasma membrane monoamine transporter (PMAT in females) contribute more to enhanced properties of amphetamine, without knowing if differential expression of these transporters corresponds with sex in mouse brain (Clauss et al., 2021). This highlights the importance of comparing expression of uptake 2 transporters in future rodent and zebrafish studies to advance our understanding of sex-specific effects of OCTs. However, sex determination in zebrafish is a very different process than what occurs in mammals; for example, females are the heterogametic sex and chromosome 4 harbors the sex-determining gene (Aharon and Marlow, 2021). Also female zebrafish have a male-appearing phenotype if reared in warm temperatures (Hosseini et al., 2019). These kind of differences may confound efforts to effectively translate zebrafish findings to mammalian and human responses.
To complicate matters further, it appears that the mammalian expression of OCT2 and OCT3, but not OCT1, may be under epistatic control in many tissues such that only maternal coding genes are expressed (Liu et al., 2022). The control element, Antisense to Igf2r RNA Noncoding (Air), is paternally expressed and as a result, genotypes and OCT2 and OCT3 expression phenotypes in most tissues may not match in heterozygous knockout mice, since only one parental allele is active (Yotova et al., 2008). One exception to this imprinting pattern in mice may be the neurons wherein at least Igf2r was shown to be bi-allelically expressed (Yamasaki et al., 2005). Initially, maternal imprinting of mouse OCT2 and OCT3 along with insulin-like growth factor 2 receptor (Igf2R) was thought to be restricted to the mouse placenta during pregnancy (Zwart et al., 2001; Sleutels et al., 2002; Nagano et al., 2008). Recently, evidence has emerged that in mice, cattle, and in some tissue types, human OCT2 and OCT3 have mono-allelic expression (Yotova et al., 2008; Peter et al., 2017; Liu et al., 2022). Given this, future studies should consider imprinting and confirming the protein level expression of OCT2 and OCT3, and also look into the potential epistatic expression of drOCTs.
We also demonstrated with a bath exposure to [3H] D-22 that the drug penetrates the viscera, muscles, and brain of zebrafish in the same time frame that behavioral effects was measured. The mode of administration may affect the outcome of novel environment-based behavior tests in fish. For example, in a recent study, zebrafish were microinjected with D-22 at 0.01–10 μg/g in a salt solution vehicle, and this was found to have anxiogenic properties, increasing dark background preference, or “scotaxis” with a u-shaped curve on risk assessment based on freezing behavior (Maximino, 2021). Further studies on dosing and mode of administration that take into account the amount of D-22 reaching the brain and behavioral effects are needed to clarify its role in anxiety-related behaviors.
Characterization of high-affinity binding sites for D-22 in zebrafish or mouse brains was based on D-22 concentrations found in the brain with acute treatments that produced antidepressant-like behavioral effects in mice (Baganz et al., 2008; Horton et al., 2013). Hence the in vitro assays on brain membrane homogenates utilized a maximal concentration of 14 nM [3H] D-22, and bath exposures used 25 nM. Our goal was to capture a single high-affinity binding site most likely responsible for the beneficial behavior effects observed with 0.01–0.1 mg/kg. We did not want to use doses of D-22 approaching equivalents of 10 mg/kg because it has a sedating effect on mice (Horton et al., 2013). In the present study, 50 mg/L D-22 initially appeared to slow the exploration of the light/dark plus maze in a few fish, but did not interfere with the exploration as evidenced by box entries in the light–dark plus maze that matched controls in the follow-up study. We found that with the aid of monoamine blockers, a putative high-affinity binding site appeared to reach a specific binding plateau in the zebrafish more clearly than in the mouse saturation assays.
The pharmacological properties of zebrafish drOCT1 were assessed in concentration-dependent inhibition assays with many drugs, hormones, and xenobiotics (Mihaljević et al., 2017). D-22 was not tested in these assays for its affinity with drOCT1. In vivo, we now know that drOCT1 and drOCT2 and other organic cation transporters that D-22 may bind to, occur in the brain with some capacity to affect behavior after acute treatment (Mihaljevic et al., 2016). Paralleling this, although D-22 had a slightly greater affinity for human OCT3 than OCT2 or plasma membrane monoamine transporters in vitro (Hayer-Zillgen et al., 2002; Fraser-Spears et al., 2019), its behavioral effects on these transporters in vivo may involve collective inhibition of OCTs. Furthermore, D-22 may bind to other transporters or receptors which may also help mediate its behavioral effects. For example, D-22 also blocks the plasma membrane monoamine transporter (PMAT) with high affinity (Duan and Wang, 2010), and a modest affinity of D-22 for adrenergic receptors has also been reported (Russ et al., 1996). Since OCTs transport many xenobiotics, including neurotoxins and drugs, their role in exposure-induced neurodegenerative disorders could be more safely studied at high throughput in zebrafish (Gould, 2010b; Lin et al., 2021). However, binding sites in the zebrafish brain for D-22 are even less well described, so further study in this area is warranted.
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Compounds MW (g/mol)
Harmane 182
Norharmane 168
el 133
TMN 200
Clorgyiine 272
Pargyline 159

“Data are presented in mean + SEM.

MAO a
ICso (uM)*

0.05 + 0.03
1.05 + 0.36
33.04 + 7.56
114+ 0.74
0.01 +0.01
1.84 +£0.79

®Low < -0.52; medium = -0.52 to 0; high = 0 to 0.7; very high = > 0.7.
Abbreviations: ADMET = absorption, distribution, metabolism, excretion, and toxicity; BB = blood brain; BBB = blood-brain barrier; MAO = monoamine oxidase; MW = molecular weight;

MAO B
ICso (uM)”

>100
927 +5.8
50.25 + 9.99
714 +229
3.93 + 1.00
1.07 +£0.48

BBB Ligand
Express”

0.955
0.990
0.996
0912
1.000
1.000

Log (BB)
Biovia ADMET®

High
High
High
High
Very high
Very high
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Compounds

Harmane
Norharmane
TQ

TMN
Clorgyline
Pargyine

“Data are presented in mean + SEM.

Brain Analytes

Harmane
Norharmane
TQ

TMN
Clorgyine
Pargyline

Relative brain level
per 1 mg/L compound®™
(ng/mg tissue)

b

10.64 + 2.36
28111562
11.47 +1.07
1.08 £ 0.33
392 +1.85
0.92 +0.37

Log (BB) Biovia ADMET

0.188
0.101
0.089
0.268
1.053
0.750

“Relative compound level in the brain per 1 mg/L compound was calculated by assuming a linear relationship between compound concentration and BBB penetration.

Abbreviations: ADMET = absorption, distribution, metabolism, excretion, and toxicity: Bl

' 2 3.4-tetrahydroisoquinoline: TMI

> 3,6-trimethyl- 1,4-naphthoquinone.
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Compound name

Dimesna
ATO283

Deferasirox

Etodolac

Rapamycin

AG-490 (Tyrphostin B42)
Budesonide
Prednisolone

Nepafenac
Sophocarpine
Ganetespib (STA-9090)
Aliskiren Hemifumarate
Oimesartan Medoxomil
Aloperine

SGC-CBP30
LY2608204

Hexstrol

Gallamine triethiodide
IWR-1-endo
Cyproterone Acetate
Maprotiline HCI

CYT387

Teniposide

Volasertio (Bl 6727)
Vismodegib

SB590885

Protionamide

Y-27632

NMDA (N-Methyl-o-aspartic acid)
Mestranol

SSMD

1.4201
0.8713
1.3424
0.9883
1.6795
0.7901
0.6488
1.2094
0.7728
0.8636
0.8437
1.5401
1.6489
1.0303
23118
1.1448
0.7018
0.6848
21948
1.0325
1.2404
1.0129
6.8325
13177
1.4720
1.6987
1.6363
4.8342
1.6915
1.6959

Brain health
score

1.8829
1.4271
1.4235
1.3901
1.3662
1.3311
1.3074
1.2636
1.2268
12109
1.1885
1.1308
1.1136
1.0835
1.0794
1.0679
1.0509
1.0841
0.9941
0.9849
0.8950
0.8683
0.8597
0.8468
0.7387
0.7384
0.7103
0.6942
0.6197
0.5421

p-value

0.0120
0.0134
0.0152
0.0155
0.0165
0.0167
0.0170
00171
0.0176
0.0176
0.0203
0.0205
0.0208
0.0210
0.0222
0.0238
0.0241
0.0336
0.0342
0.0365
0.0375
0.0430
0.0403
0.0411
0.0417
0.0423
0.0432
0.0433
0.0436
0.0447

Selleckchem ID

81201
$1134
s1712
$1328
$1039
$1143
S$1286
$1737
51255
2405
51159
S2199
$1604
$2420
87256
S2155
52473
s2471
S7086
S2042
$2517
§2219
s1787
82235
$1082
§2220
S1881
$1049
s7072
82125

Mechanism of
action

Inactivation of acrolein

JAK2/3 kinase inhibitor

Iron chelator

COX inhibitor

mTOR inhibitor

EGFR inhibitor

Glucocorticoid steroid
Glucocorticoid steroid

COX inhibitor

Tetracyclic quinolizidine alkaloid
HSP9O inhibitor

Direct renin inhibitor
Angiotensin Il receptor blocker
PIBK/AKt inhibitor

CREBBP inhibitor
Glucokinase activator
Nonsteroidal estrogen
Cholinergic receptor blocker
Wit inhibitor

Androgen receptor antagonist
Noradrenalin reuptake inhibitor
JAK1/2 kinase inhibitor

DNA topoisomerase Il inhibitor
Plk1 inhibitor

Hedgehog inhibitor

Braf inhibitor

Class 1A anti-arrhythmic, Sodium Channel Blocker
ROCK1 inhibitor

NMDA agonist

Estrogen receptor activation
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Compound

Dexmedetomidine
Guanabenz Acetate
Noradrenaline
Phentolamine Mesylate
Medetomidine
abradine HCI
Y-27632 2HC
Oprozomib

Apoptosis Activator 2
Evodiamine

RKI-1447

Dynasore

PF-573228

Carfilzomib (PR-171)
ZSTKAT4

Dactolisib (BEZ235, NVP-
BEZ236)

RepSox

Dasatinib

ML347

CAL-101 (Idelalisib, GS-1101)
Bosutinib (SKI-606)
Ibuprofen (Dolgesic)
Mefenamic acid
Etodolac (Lodine)
Bromfenac

Nepafenac

Diclofenac Sodium
Ketorolac (ketorolac
tromethamine)
Suprofen (Profenal)
Enzastaurin (LY317615)
JTC-801

Matrine ((+)-Matrine)
Naloxone HCI
Tenovin-1

VE-821

VE-822

LY2608204

Clorsulon

Vismodegib (GDC-0449)

PNU-120596

Tropicamide

Darifenacin

Pancuronium dibromide
Gallamine triethiodide (Flaxedi)
Adiphenine

Bethanechol chioride
Atropine sulfate monohydrate
Cytisine

Aliskiren hemifumarate
imidapril HCI

Enalapril Maleate

Quinapril hydrochloride (accupri)
Ramipril

SB590885

Selumetinib (AZD6244)
RAF265 (CHIR-265)

SL327

Vemurafenib (PLX4032,
RG7204)

Tanshinone 1A (Tanshinone B)
PD0325901 (PD325901)
WR-1 (endo-IWR 1)
EHop-016

XAV-939

Protionamide

Alogliptin

TAK-875

SGC-CBP30

Rapamycin

P22077

ETP-46464

Ridaforolimus

PP242

KU-0063794

PHT-427

Entinostat (MS-275)
AZD1152-HQPA (Barasertib)
Carprofen

Clengitide

(--Huperzine A

Odanacatib (MK 0822)

EUK 134

NMDA

BAM 7

Pathway name

Adrenaline signalling through Alpha-2 adrenergic receptor
Adrenaline signalling through Alpha-2 adrenergic receptor
Adrenaline signalling through Alpha-2 adrenergic receptor
Adrenaline signalling through Alpha-2 adrenergic receptor
Adrenaline signaling through Alpha-2 adrenergic receptor
Adrenaline signalling through Alpha-2 adrenergic receptor
Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Apoptosis

Cell surface interactions at the vascular wall

Cell surface interactions at the vascular wall

Cell surface interactions at the vascular wall
Cell surface interactions at the vascular wall
Cell surface interactions at the vascular wall
Cell surface interactions at the vascular wall
Cell surface interactions at the vascular wall
COX reactions
COX reactions
COX reactions
COX reactions
COX reactions
COX reactions
COX reactions

COX reactions
Depolymerisation of the Nuclear Lamina
G-protein activation

G-protein activation

G-protein activation

G2/M DNA damage checkpoint

G2/M DNA damage checkpoint

G2/M DNA damage checkpoint
Glycolysis

Glycolysis

Hh mutants that don’t undergo autocatalytic processing are degraded

by ERAD
Highly calcium permeable nicotinic acetylchoiine receptors
Highly calcium permeable nicotinic acetylcholine receptors.
Highly calcium permeable nicotinic acetyicholine receptors
Highly calcium permeable nicotinic acetylcholine receptors
Highly calcium permeable nicotinic acetylcholine receptors
Highly calcium permeable nicotinic acetylcholine receptors
Highly calcium permeable nicotinic acetylcholine receptors
Highly calcium permeable nicotinic acetylcholine receptors
Highly calcium permeable nicotinic acetyicholine receptors
Metabolism of Angiotensinogen to Angiotensins
Metabolism of Angiotensinogen to Angiotensins
Metabolism of Angiotensinogen to Angiotensins
Metabolism of Angiotensinogen to Angiotensins
Metabolism of Angiotensinogen to Angiotensins
Negative feedback regulation of MAPK pathway
Negative feedback regulation of MAPK pathway
Negative feedback regulation of MAPK pathway
Negative feedback regulation of MAPK pathway
Negative feedback regulation of MAPK pathway

Negative feedback regulation of MAPK pathway
Negative feedback regulation of MAPK pathway
PCP/CE pathway

PCP/CE pathway

PCP/CE pathway

Peptide hormone metabolism

Peptide hormone metabolism

Peptide hormone metabolism

Regulation of Hypoxia-inducible Factor (HIF) by oxygen
Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Regulation of TP53 Activity

Respiratory electron transport

Smooth Muscle Contraction

Synthesis of PC

Toll-Like Receptors Cascades

Toll-Like Receptors Cascades

TP53 Regulates Metabolic Genes

TP53 Regulates Transcription of Genes Involved in G2 Cell Cycle Arrest

SSMD

1.040
0.984
0.855
-0.818
0.777
0.539
4.834
1.668
1.201
-1.150
1124
0913
0.891
-0.801
1.500
0.904

0.746
0.690
0.625
0.590
0.568
1124
1.074
0.988
0.778
0.773
0.694
0.577

0.510
0.522
-1.223
0.800
0.564
-1612
0.923
0.781
1.145
0.907
1.472

~1.142
0.952
0.869
0.860
0.685
0.671
0.570
0.551
-0.520
1.540
0.938
0.860
0.707
0.498
1.699
1.098
0.886
0.812
0.625

0.547
0511
2195
0.879
0.544
1.636
0.988
0.733
2312
1.679
1.145
1.085
1.078
0.896
0.618
0.616
0.574
0.517
0.697
0.718
1.320
~1.054
0.529
1.691
0.763

BHS

-2.928
-0.868
-1.021
0.624
-0.729
0.156
0.694
0.221
-3.112
-0.525
-0.007
-0.232
0.305
-0.066
0.322
0.571

-0.112
0.261
-0.090
0.360
0.134
0217
0.446
1.390
1.053
1.227
0.428
0.504

0.423
0.610
-3.519
0.787
0.964
-0.7156
0.332
0.041
1.058
0518
0.739

-3.868
0.697
0.064
0.930
1.034
0.306

-0.201
0.416

-0.750
1.1308

0.5801
2.947
0.385
0.253
0.738
0.172
0.537
0.668
0.962

1.823
0.597
0.994
-0.273
0.853
0.710
0.720
1.320
1.079
1.365
0.694
0.023
0.298
0.892
1.254
0.553
0.524
1.01
0.858
-0.104
0.550
-0.098
0.279
0.619
0.027

Target

ADRA2A
ADRA2A
ADRA2A
ADRA2A
ADRA2A
ADRA2A
ROCK1
PSMB8
CASP3
BCL2
ROCK1
DNM1
PTK2
PSMD9
PIK3CA
PIK3CA

TGFB1
SRC
TGFB1
PIK3CA
SRC
COX
COX
COX
COX
COX
PTSG2
COX

COX
PRKCB
OPRM1
OPRM1
OPRM1
TPS3
ATM
ATR
GCK
GPM1
SHH

CHRNA1
CHRNAT
CHRNAT
CHRNA1
CHRNA1
CHRNAT
CHRNA1
CHRNAT
CHRNA4
REN
ACE
ACE
ACE
ACE
RAF1
MEK1
RAF1
MEK1
BRAF

MAP2K1
MEK1
WNT1
RAC!
WNT1
INHA
DPP4
gprd0
DOTIL
MTOR
UsP7
MTOR
MTOR
MTOR
MTOR
AKT1
HDAC1
AURKB
cox2
TGA1
ACHE
CTsK
APP
NMDA
BAX

Activity

AGONIST
AGONIST
STIMULATOR
INHIBITOR
AGONIST
INHIBITOR
INHIBITOR
INHIBITOR
ACTIVATOR
INDUCER
INHIBITOR
INHIBITOR
INHIBITOR
AGONIST
INHIBITOR
INHIBITOR

INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR

INHIBITOR
INHIBITOR
ANTAGONIST
AGONIST
AGONIST
ACTIVATOR
INHIBITOR
ANTAGONIST
INHIBITOR
INHIBITOR
INHIBITOR

AGONIST

INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
AGONIST

INHIBITOR
AGONIST

INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR

INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
ANTAGONIST
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
INHIBITOR
AGONIST
INHIBITOR
AGONIST
INDUCER

FDA
status

Approved
Approved
Approved
Approved
Approved
Approved

Approved

Approved

Approved
Approved
Approved
Approved
Approved
Approved
Approved
Approved

Approved

Approved

Approved

Approved
Approved
Approved
Approved

Approved
Approved
Approved
Approved

Approved

Approved

Approved

Approved

Approved





OPS/images/fphar-13-668065/crossmark.jpg
©

|





OPS/images/fphar-13-976970/crossmark.jpg
©

|





OPS/images/fphar-13-841826/fphar-13-841826-g007.gif





OPS/images/fphar-13-841826/fphar-13-841826-g003.gif
-.;!!!,! || il
S [Tl

— M
I ||||
.






OPS/images/fphar-13-841826/fphar-13-841826-g004.gif





OPS/images/fphar-13-841826/fphar-13-841826-g005.gif
1
i
i
i






OPS/images/fphar-13-841826/fphar-13-841826-g006.gif





OPS/images/fphar-13-668065/fphar-13-668065-t001.jpg
a3pa
NAChR EC50 in uiM
Nicotine 24522
Cotinine No effect *
Anatabine 706 +8.2

The EC=, values of all compounds are presented as mean + S.D.

adp2
nAChR EC50 in uM

1.0+02
Undetermined
6114

* Up to 33 uM.

a6/342$3 EC50 in uM

07 +01
Undetermined
36+03

a7 nAChR EC50 in uM

545 + 10.6
No effect*
1585+ 11.4
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Locomotion endpoint

Total movement counts
Total movement duration
Total movement distance
Total movement speed
Short movement counts
Short movement duration
Short movement distance
Short movement speed
Long movement counts
Long movement duration
Long movement distance
Long movement speed

Baseline

df = 2F = 5.013 p = 0.007
F=4462p=0012
F =10.10 p = 0.001
F=6.287 p = 0.002
F=4578 p = 0.011
df =2F =1.763 p = 0.174
2F =2620 p =0.075
df =2F = 4.058 p = 0.018
F =5.141 p = 0.006
F=7.918p = 0.001
F=12283 0.001
F=13.72 p = 0.001

Dark

df =2 F =0.870 p = 0.420
df =2 F=0120p = 0.887
df = 2F = 6.358 p = 0.002
df = 2F = 22,63 p = 0.001
df =2F =1.013 p = 0.365
df = 2F = 10.63 p = 0.001
df = 2 F = 12.105 p = 0.001
df = 2 F = 2.596 p = 0.077
df =2 F =1.100 0.335
df = 2F = 7.074 p = 0.001
df = 2 F = 14.594 p = 0.001
df = 2F = 13.79 p = 0.001

Light

df=2F = 0637 p = 0529
2F =061 p=0.941
=5.871 p = 0.003

2F =1.169p = 0312
2F = 0999 p =0.370
df = 2F = 8238 p = 0.001

df = 2F = 9.279 p = 0.001
df = 2F = 3.525 p = 0.031
df=2F 618 p 540
df = 2F = 8.923 p = 0.001
df = 2F = 11.56 p = 0.001
df=2F 959 p 143
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Human
gene

DJ-1

PINK1

PARKIN

LRRK2

SNCA

Zebrafish
gene

di-1

pink1

parkin

Imk2

p-and yi-
synuclein
a-synuclein
(human)
Yi-synuclein

Study

Baulac et al.
(2009)
Edson etal. (2019)

Anichtchik et al.
(2008)

Salinen et al.
(2009)

Xi et al. (2010)

Flinn et al. (2013)

Fiinn et al. (2009)

Fett et al. (2010)

Sheng etal. (2010)
Sheng etal. (2010)

Ren et al. (2011)

Prabhudesai et al.
(2016)

Mianese et al.
(2012)
Prabhudesai et al.
(2012)

Lulla et al. (2016)

Adults/
Larvae

Larvae

Adults

Larvae

Larvae

Larvae

Larvae/
Aduits

Larvae

Larvae

Larvae
Larvae

Larvae

Larvae

Larvae

Larvae

Larvae

Method

MO knock down of -1

CRISPR/Cas 9 removal of
o1
MO knock down of pink1

MO knock down of pink1

MO knock down of pink?
pink1™/~ mutant (identified
with TILLING)

MO knock down of parkin

MO knock down of parkin

MO knock down k2
MO knock down of Irk2
(WD40)

MO knock down of Irk2
(WD40)

MO knock down of
Irrk2 (50%)

MO knock down of B and/
or y-synuclein

Human a-synuclein
overexpression
yr-synuclein
overexpression

MO, Moholino ofigonucieotides DNe, Dopamineraic neurons TH, Twrasine hydrosase.

Dopamine

Increased sensitivity of DNs
to oxidative stress
Loss of TH-positive cells

Loss of dopaminergic
neurons

Increased sensitivity of DNs
to MPTP

Disruption of DN
organization

Loss of DNs, | mitochondrial
activity

Loss of DN, increased
sensitivity
Increased sensitivity

Loss of TH-positive cells
Loss of DN neurons

No loss of DNs

Loss of DNs

Alters DN development

Results

Dysreguiation in proteins related to
mitophagy, redox, stress and inflammation

Severe phenotype

Decreased swimming, reduced startle
response, reduced mitochondria
Upregulation of TigarB (MO knockdown
rescued pink1~'~ effects)

Decreased mitochondrial activity

Severe lethaity
Reduced swimming activity

No swimming deficits

Moderate defects, p-synuclein aggregates

Impaired motor functions, rescued by
human a-synudiein

a-synuclein aggregates, apoptoss,
rescued by CLRO1

Yr-synuclein aggregates, rescued by
CLRO1
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Chemical

MPTP

6-OHDA

Rotenone

Paraquat

Titanium dioxide
nanoparticles

Adults/

Adults/
Larvae
Adults

Adults

Adults

Larvae

Larvae
Adults

Adults

Adults

Adults
Larvae
Adults
Adults
Adults

Larvae

Larvae

Studies

Bretaud et al. (2004), Lam et al. (2005), McKinley et al.
(2005), Sallinen et al. (2009)

Anichtchik et al. (2004)

Wen et al. (2008)

Dukes et al. (2016)

Babu et al. (2016)

Anichtchik et al. (2004)
Parng et al. (2007)

Feng et al. (2014)
Vijayanathan et al. (2017)

Bretaud et al. (2004)

Wang et al. (2017)

Bortolotto et al. (2014)
Nellore and Nandita, (2015)
Wang et al. (2016)
Nunes et al. (2017)
Miller et al. (2018)

Wang et al. (2018)
Huetal. (2017)

Results

Loss of DNs in diencephalon, decreases in swimming responses

Intracerebral/intramuscular injections cause locomotor defects and
decreased doparmine levels

GFP line to visualize TH-positive neurons. Loss of neurons in posterior
and the hypothalamus

GFP line to visualize mitochondria in DNs. Reduction of mitochondirial
transport

Injection. Increased synuclein, identified 73 proteins upregulated with
MPTP exposure

Intracerebral/intramuscular injections cause locomotor defects and
decreased dopamine levels

Reduction TH-positive neurons in hypothalamus, posterior
tuberculum, ventral thalamus and pretectum

Minocycline, Vitamin E and Sinemet can rescue locomotor defects
Decreased TH-positive neurons, decreased swim speed,
spontaneous recovery by 30 dpf

High doses: lethality, low doses: no morphological or locomotor
defects

Decrease in DA and TH expression, behavioural abnormality, olfactory
deficits

Injection. Learning and motor deficits, increase in DA
Morphological defects, increased apoptosis

Upregulation of antioxidant genes

Abnormal behaviour, increase in aggression

Injection. Learning and motor deficits, Sodium selerite diet prevents
motor symptoms.

Locomotor defects, reduced mitochondrial activty

Loss of DNs, increase PD-associated gene expression, increase
in ROS

“DiN, Dopaminérgic: neurane DA - Dapamine TH, Tyrosine ydroxylase GFP. Green fluorsscant protain ROS, reactive axyoen Species.
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Gene

ngfra
ngfra
ntrki
ntrk1
ntrk
ntrk1
ntrk1
ntrk1

Protein encoded

nerve growth factor receptor a
nerve growth factor receptor a

neurotrophic tyrosine kinase, receptor, type 1
neurotrophic tyrosine kinase, receptor, type 1
neurotrophic tyrosine kinase, receptor, type 1
neurotrophic tyrosine kinase, receptor, type 1
neurotrophic tyrosine kinase, receptor, type 1
neurotrophic tyrosine kinase, receptor, type 1

Transcript ID

ENSDART00000125281.3
ENSDART00000125281.3
ENSDART00000027013.5
ENSDART00000027013.5
ENSDART00000027013.5
ENSDART00000027013.5
ENSDART00000027013.5
ENSDART00000027013.5

Primer name

ngfraFw
ngfraRev
ntrk1Fw1
ntrk1Rev1
nirkiFw2
ntrkiRev2
ntrk1Fw3
ntrk1Rev3

Sequence

GGAGTGATCAAGGAGTGTGGAG
AGATGGGGATCAGGTTCTCATTTAG
TAGACCTCGCCAACTACAGAGA
TCCGTTGATTGGTTAGTGGGAG
AATGGCTGTACAACAACATGCC
TTCACCCAGTTCCCACTTCAAA
TTTGAAGTGGGAACTGGGTGAA
CCTTGATGACCAACCTTTGCTG
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Gene

ntrk1_fw
ntrk1_rv
ngf_fw
ngfrb_rv
orgalt-L2_fw
rgalt-L2_rv
vim_fw
vim_rv
gfap_fw
gfap_rv

Primer sequence

CTATGCCTACACTGAACTCATC
TGCCCAGTTTGTTCTTCAC
TCTGTCAAGATTTCGATGCTCCT
GCTCTCCGTAGGATTGTCCG
TGTGCAATTCATTCCAGAGC
AACCCCTTGGATCCTGACTT

TAA GCC TGC GAG AGT CCA TGA
TCG TTT TGG GTG GAC TCG TT
GCA GAC AGG TGG ATG GAC TCA
GGC CAA GTT GTC TCT CTC GAT C
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Females

Males

Sex difference

Contrast

0-1%
0-2%
1-2%
0-1%
0-2%
1-2%
0%
1%
2%

tratio

1.886
-4.960
-6.781

2.798

2.802

0.076
-3.070
-2.200

6.780

df

2,1473
2,1473
2,1,473
2,1,473
2,1473
2,1473
2,45
2,45
2,45

p-value

0.144
<0.001
<0.001

0.014

0.014

0.997

0.013

0.068
<0.001
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Locomotion endpoint

Total movement counts
Total movement duration
Total movement distance
Total movement speed
Short movement counts
Short movement duration
Short movement distance
Short movement speed
Long movement counts
Long movement duration
Long movement distance

Long movement speed

Baseline

df =5F = 2641 p = 0.024
12p = 0.47 Power = 0.80
df=5F = 0896 p = 0485
12p = 0.16 Power = 0.32
df = 5F = 2,509 p = 0.031
120 = 0.44 Power = 0.78
df =5F =3216 p = 0.008
12p = 0.57 Power = 0.89
df=5F =2.898 p = 0.014
12D = 0.05 Power = 0.84
df =5F =3.161 p = 0.009
12D = 0.06 Power = 0.88
df = 5F = 4.411 p = 0.001

12p = 0.08 Power = 0.97
df = 5F = 6.876 p = 0.001
12p = 0.12 Power = 1.00

df = 5F = 2.259 p = 0.049
12p = 0.04 Power = 0.73
df =5F = 2270 p = 0.048
12p = 0.04 Power = 0.73
df = 5F = 4.929 p = 0.001
12p = 0.08 Power = 0.98
df = 5F = 3.654 p = 0.003
12p = 0.07 Power = 0.93

Dark

df = 5F = 2,509 p = 0.031
12p = 0.44 Power = 0.78
df =5F =0.765 p = 0.575
n2p = 0.14 Power = 0.27
df =5F =1.747 p = 0.124
2p = 0.31 Power = 0.60
df = 5F =9.623 p = 0.001
12p = 0.15 Power = 1.00
df = 5F =3.479 p = 0.005
12p = 0.06 Power = 0.91
df = 5F = 1341 p = 0.001
12p = 0.20 Power = 1.00
df = 5F = 1439 p = 0.001
12p = 0.21 Power = 1.00
df = 5F =5.081 p = 0.001
12p = 0.09 Power = 0.98
df=5F=1727p=0.129
12p = 0.03 Power = 0.59
df = 5F =4.721 p = 0.001
12p = 0.08 Power = 0.98
df = 5F = 6.123 p = 0.001
12p = 0.10 Power = 1.00
df =5F =1398p = 0255
12p = 0.03 Power = 0.49

Light

df = 5F = 2246 p = 0,050
120 = 0.40 Power = 0.73
df=5F=1828p =0.108
#2p = 0.33 Power = 0.62
df =5F = 0.461p = 0805
#2p = 0.08 Power = 0.17

df=5F = 1090 p = 0.366
12p = 0.20 Power = 0.39
df=5

12p = 0

df = 5F = 6.236 p = 0.001
12p = 0.10 Power = 1.00
df =5F = 7.163 p = 0.001
12p = 0.12 Power = 1.00
df = 5F = 4.081 p = 0.001

12p = 0.07 Power = 0.95
df = 5F = 2,090 p = 0.067
12p = 0.04 Power = 0.69
df = 5F = 0996 p = 0.421
12p = 0.02 Power = 0.35
df = 5F = 1.495 p = 0.191
12p = 0.08 Power = 0.52
df=5F=0709p = 0617
12 = 0.01 Power = 0.26
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NCBI Genbank ID

NM_131128.1
XM_689735.9
NM_131056.1
NM_001039064.1
NM_214751.1
NM_181438.3
NM_001083061.1

FW primer sequence

GAAGGCCTTCGAGTCCAACA
AGCTGAAGAACGCACTCTCC
TAAGCACTAACCCAGGCACA
ACTCTTCACAGACTCTGCTC
GCACGGAGTGTTTGTAGGG
GCCCCTGAACAGATAGAGCC
TCCATCGAGCTCCAAAACCC

RV primer sequence

TCTGTGCCGAATGTGGTCCTC
GAACTTCAGGGCCGCATCTA
GATTTAGGAGGAAGGAAACC
ACAGATGCTGGGATGGAGAA
GGTCTCGGTTCAGTTCACG
CTCGTTATTTGCCAGCTCGC
ACATTTTACGGTCTGCGT

Tm (C)

55
57
59
59
56
54
54
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