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Abstract

The number of annual cannabinoid users exceeds 100,000,000 globally and an estimated 9 % of 

these individuals will suffer from dependency. Although exogenous cannabinoids, like those 

contained in marijuana, are known to exert their effects by disrupting the endocannabinoid system, 

a dearth of knowledge exists about the potential toxicological consequences on public health. 

Conversely, the endocannabinoid system represents a promising therapeutic target for a plethora of 

disorders because it functions to endogenously regulate a vast repertoire of physiological 

functions. Accordingly, the rapidly expanding field of cannabinoid biology has sought to leverage 

model organisms in order to provide both toxicological and therapeutic insights about altered 

endocannabinoid signaling. The primary goal of this manuscript is to review the existing field of 

cannabinoid research in the genetically tractable zebrafish model—focusing on the cannabinoid 

receptor genes, cnr1 and cnr2, and the genes that produce enzymes for synthesis and degradation 

of the cognate ligands anandamide and 2-arachidonylglycerol. Consideration is also given to 

research that has studied the effects of exposure to exogenous phytocannabinoids and synthetic 

cannabinoids that are known to interact with cannabinoid receptors. These results are considered 

in the context of either endocannabinoid gene expression or endocannabinoid gene function, and 

are integrated with findings from rodent studies. This provides the framework for a discussion of 

how zebrafish may be leveraged in the future to provide novel toxicological and therapeutic 

insights in the field of cannabinoid biology, which has become increasingly significant given 

recent trends in cannabis legislation.
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 1. Introduction

Cannabis sativa has been used medicinally and recreationally for thousands of years, and is 

the most widely abused illicit drug in the world today (Köfalvi, 2008). However, current 

legislation is trending toward the widespread decriminalization and legalization of this drug. 
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In the United States, 23 states allow legal use of cannabis for medicinal or recreational 

purposes, and an additional 9 states have legislation pending for the legalization of medical 

marijuana. These changes in legislation have coincided with increases in the prevalence and 

frequency of cannabis use. Indeed, recent surveys estimate there are now 17.4 million past-

month users in the United States, and reveal that teenagers are more likely to have used 

cannabis than cigarettes (Substance Abuse and Mental Health Services Administration, 

2011, Centers for Disease Control and Prevention, 2012). Similarly, the prevalence of 

synthetic cannabinoid (sCB) abuse has surged with approximately 11% of high school 

seniors reporting past-year sCB use in 2012 (Johnston et al., 2013). sCBs are designed to 

imitate the psychoactive effects of the phytocannabinoids (pCBs) contained in Cannabis 
sativa, such as the delta-9-tetrahydrocannabinol (Δ9-THC) but typically exhibit a much 

higher binding affinity for the cognate receptors (Zimmermann et al., 2009). In recent years 

the Drug Enforcement Agency has begun emergency scheduling sCBs in an attempt to stem 

their rampant abuse, but a repertoire of novel variants are constantly being developed and 

marketed to circumvent such legislation (Drug Enforcement Administration, 2014). 

Accordingly, sCBs have remained one of the most widely abused drugs in the United States. 

Despite the increasing social acceptance of both pCB and sCB use, there are no existing 

pharmacological interventions for managing related substance abuse disorders, and little is 

known about the potential long-term toxicological consequences of cannabinoid (CB) use on 

public health.

Both pCBs and sCBs exert widespread effects on physiological processes including those 

involved with Alzheimer’s disease, appetite, anxiety, bone health, cardiovascular function, 

cancer, epilepsy, gastrointestinal function, immune system function, learning, memory, 

metabolism, mood, multiple sclerosis, nervous system function, pain perception, and 

pulmonary function by disrupting the endocannabinoid (eCB) system (Gurney et al., 2014, 

Hermanson & Marnett, 2011, Idris & Ralston, 2012 Köfalvi, 2008, Scott et al., 2014, 

Silvestri & Di Marzo, 2013, Witkin et al., 2005). Because these processes are often 

perturbed in disease states, the therapeutic potential of manipulated eCB signaling rivals the 

toxicological potential. Therefore, clarifying the role of the eCB system in these functions is 

critical for both the interpretation of the potential harm resulting from CB use or abuse, and 

the adaptation of novel therapeutics targeting the eCB system. The eCB system produces 

lipid-derived eCBs, like anandamide (AEA) and 2-arachidonoylglycerol (2-AG), to 

endogenously regulate this diverse array of processes (Dipatrizio & Piomelli, 2012). Within 

the central nervous system, eCBs are typically synthesized locally on-demand in response to 

stimuli such as neuronal depolarization or elevated intracellular calcium signaling (Di Marzo 

et al., 1994, Kondo et al., 1998, Stella et al., 1997). These stimuli activate the biosynthetic 

machinery, such as that contained in the 2-AG signalosome, which are necessary to convert 

precursor molecules into the respective eCBs (Jung et al., 2007, Jung et al., 2012). Once 

synthesized the eCBs interact with their cognate CB receptors that are typically 

presynaptically localized (Ohno-Shosaku et al., 2001). Cannabinoid receptor 1 is the most 

widely distributed G protein-coupled receptor within the central nervous system, and is 

predominately coupled to Gi/o- type G proteins (Iliff et al., 2011, Pertwee, 1997) The 

intracellular signaling cascades initiated by cannabinoid receptor 1 activation typically 

function to decrease synaptic output by inhibiting voltage-gated calcium channels, by 
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potentiating inward rectifying potassium channels, and possibly by inhibiting mitochondrial 

activity (Benard et al., 2012, Daniel et al., 2004, Hoffman & Lupica, 2000). Although its 

distribution is more limited, cannabinoid receptor 2 expression patterns are detected in the 

central nervous system and its signaling has been shown to regulate appetite and addictive 

behavior (Onaivi et al., 2008a, Onaivi et al., 2008b). eCB signaling is terminated via the 

degradation of the short-lived receptor ligands by enzymes like fatty acid amide hydrolase 

and monoglyceride lipase (Cravatt et al., 1996, Dinh et al., 2002). Although the 

aforementioned components of eCB signaling are key players in the eCB system, many 

other putative eCB ligands and eCB receptors have been identified (Abood et al., 2013, 

Howlett et al., 2002). This includes G protein-coupled receptor 55, which is extensively 

expressed in the central nervous system and is activated by many of the same eCBs as 

cannabinoid receptor 1 and cannabinoid receptor 2 (Lauckner et al., 2008). The complexity 

of how eCB signaling regulates the activity of circuits within the central nervous system is 

further obscured by the fact that numerous genes have been identified that provide alternate 

routes of eCB degradation or synthesis, thereby resulting in region specific ligand signaling 

profiles (Ahn et al., 2008, Di Marzo, 2011). Moreover, the effects of CB receptor signaling 

depend on the specific cell type involved, which may be associated with opposing outcomes 

such as the inhibition or excitation of a neural circuit. Additionally, CB signaling has been 

shown to take place in diverse tissues outside of the central nervous system including the 

peripheral nervous system, immune system, digestive tract, liver, and muscle (Mouslech & 

Valla, 2009). The complicated dynamics that define eCB signaling, coupled with the 

increasing use and development of exogenous CBs that differentially target this system, 

mandates scientific investigation of the toxicological and therapeutic potential of altered CB 

signaling. To this end, many groups have sought to use the unique advantages of different 

model organisms to further explore CB biology.

Although the bulk of CB literature published to date consists of experiments using in vitro or 

rodent models, zebrafish have recently gained traction as a powerful in vivo model for 

complementing and expanding upon the findings of these existing studies. Juvenile zebrafish 

absorb small molecules like pCBs or sCBs across the skin, and feature transparent ex-utero 
development. These features make the zebrafish well suited for rapidly assessing the effects 

of exogenous CB exposure. Moreover, zebrafish are highly amenable to genetic 

manipulation, and are well suited for both reverse and forward genetic screening 

applications. Therefore zebrafish represent an additional tool for the investigation of 

individual eCB gene functions, and for identifying novel genetic modifiers of the CB 

signaling. In addition to the tools available for dissecting the physiology of CB signaling in 

this model, an increasing repertoire of behavioral assays have become available for 

investigating the behaviors associated with disrupted CB signaling in both juvenile and adult 

zebrafish. Herein, we examine how the zebrafish model has been leveraged to elucidate CB 

biology in the context of both eCB gene expression and eCB gene function.

 2. Zebrafish eCB Gene Expression

Phylogenetic analyses have revealed that the eCB system is highly conserved between 

zebrafish and mammals—a feature not found in common high-throughput invertebrate 

model organisms such as Saccharomyces cerevisiae, Drosophila melanogaster, or 
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Caenorhabditis elegans (Klee et al., 2012, Mcpartland et al., 2007). Given their highly 

conserved eCB system and unique suite of features that may be leveraged for research 

applications, zebrafish represent an effective preclinical model for studying CB signaling in 

vivo. However, establishing when and where eCB genes are expressed is essential in order to 

permit later studies of CB signaling at any given point in the zebrafish lifespan. To this end, 

numerous groups have expanded on the knowledge gained from phylogenetic analyses by 

providing critical insights regarding the ontogeny of eCB gene expression in this organism. 

A summary of the known zebrafish eCB gene expression patterns are detailed below, and 

have been classified with regard to individual eCB genes.

 2.1. Cannabinoid Receptor 1 (cnr1)

cnr1 mRNA has been detected in whole-body lysates by quantitative real-time reverse 

transcriptase polymerase chain reactions (qRT-PCRs) as early as the 3 somite stage, with the 

transcript exhibiting a progressive increase through the first 15 days postfertilization (dpf) 

(Migliarini & Carnevali, 2009). One exception to this trend was documented at the 25 somite 

stage, where a slight decrease in cnr1 transcript occurred. A whole-body western blot 

analysis using an antibody developed to detect rat CNR1 did not identify any protein product 

at the 3 somite, or 25 somite stages. A 63 kDa band was, however, detected at hatching time, 

7 dpf, and 15 dpf. This band size was consistent with results from experiments that used the 

antibody to detect CNR1 in rat models. Special consideration has been given to the 

expression of cnr1 within the central nervous system. In situ hybridization (ISH) has 

detected cnr1 expression as early as 1 dpf where it is localized to the preoptic area. The 

expression spreads throughout the telencephalon, hypothalamus, tegmentum, and anterior 

hindbrain by 2 dpf (Lam et al., 2006, Nishio et al., 2012, Watson et al., 2008). Henceforth, 

the expression patterns remain similar into adulthood, and share homologies with known 

mammalian expression patterns (Lam et al., 2006). The 63 kDa band detected by western 

blots in whole-body lysates has also been detected in adult zebrafish brain homogenates 

using the same antibody (Migliarini & Carnevali, 2009, Piccinetti et al., 2010). Additionally, 

this antibody has been used to identify expression patterns within the retina of adult 

zebrafish via immunocytochemistry (Yazulla & Studholme, 2001). Outside of the central 

nervous system, cnr1 expression has been examined within the liver and ovary (Migliarini & 

Carnevali, 2008, Migliarini & Carnevali, 2009). cnr1 transcript expression has been detected 

in the liver of adult zebrafish (Migliarini & Carnevali, 2008). Fluorescent ISH identified 

transcript expression throughout the ovary, including within class III and class IV oocytes 

(Migliarini & Carnevali, 2009). A corresponding western blot analysis detected high levels 

of the protein in class III oocytes, and low levels in class IV oocytes. No protein product was 

observed in class V oocytes.

 2.2. Cannabinoid Receptor 2 (cnr2)

cnr2 mRNA has been detected by RT-PCR in the adult zebrafish brain, intestine, retina, gills, 

heart, muscle, pituitary, and spleen (Rodriguez-Martin et al., 2007a). ISH also documented 

transcript expression in the pituitary gland. However, ISH did not corroborate the expression 

that had been detected in the brain. The reason for this discrepancy is unknown, and could 

be due to differences in the sensitivity of the methods employed or due to extremely 

punctate regional expression patterns.
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 2.3. Diacylglycerol Lipase, Alpha (dagla)

dagla transcript has been detected in the central nervous system of zebrafish by ISH at 2 dpf. 

Expression was detected in the telencephalon, hypothalamus, tegmentum, and hindbrain 

(Watson et al., 2008). This expression pattern was similar to that of cnr1 at this stage, with 

the exception that dagla transcript was detected throughout both the anterior and posterior 

hindbrain.

 2.4. Fatty Acid Amide Hydrolase (faah)

To date, only one study has examined faah expression in zebrafish. In 2001, Yazulla et al. 

performed immunocytochemistry with an antibody designed for rat FAAH and detected 

protein expression in the adult zebrafish retina (Yazulla & Studholme, 2001).

 2.5. Abhydrolase Domain Containing 4 (abhd4); Glycerophosphodiester 
Phosphodiesterase 1 (gde1); Fatty Acid Amide Hydrolase 2a (faah2a); & Monoglyceride 
Lipase (mgll)

Thisse, B. and Thisse, C. have uploaded data from ISH experiments investigating zebrafish 

abhd4, gde1, faah2a, and mgll expression patterns to The Zebrafish Model Organism 

Database available at zfin.org (Thisse et al., 2001). abhd4 expression patterns were assessed 

in developmental stages ranging from 1-cell to the pec-fin. No spatially restricted expression 

was observed, however, the authors noted that a low quality probe was used for this 

experiment. gde1 expression patterns were assessed in developmental stages ranging from 1-

cell to the pec-fin, and labeling above the basal expression levels was observed in the yolk 

syncytial layer. No faah2a expression was observed at stages ranging from 50% epiboly 

through bud, from 1–4 somite(s) through 10–13 somites, from 14–19 somites, from 20–25 

somites through prim-5, from prim-15 through prim-25, or from high-pec through long pec. 

faah2a expression was, however, observed in the intestinal bulb at 5 dpf. A low–medium 

quality probe was used for this experiment and it is important to note that the methodologies 

employed may not detect transcript in the notochord, or throughout the trunk and tail at 5 

dpf. The authors evaluated mgll expression using a medium quality probe. mgll expression 

was observed in the enveloping layer and the periderm at stages ranging from 50% epiboly 

through bud. mgll expression was observed in the periderm at stages ranging from 1–4 

somite(s) through 10–13 somites. mgll expression was observed in the periderm and 

pronephric duct at stages ranging from 14–19 somites, and from 20–25 somites through 

prim-5. mgll expression was observed in the diencephalon and pharynx at stages ranging 

from 20–25 somites through prim-5. mgll expression was observed in the diencephalon, 

forebrain hindbrain, tegmentum, telencephalon, and ventricular zone at stages ranging from 

high-pec through long-pec.

 2.6. Abhydrolase Domain Containing 6a (abhd6a); Abhydrolase Domain Containing 6b 
(abhd6b); Abhydrolase Domain Containing 12 (abhd12); Diacylglycerol Lipase, Beta 
(daglb); & N-acyl Phosphatidylethanolamine Phospholipase D (napepld)

No expression data is currently available for any of these genes that are involved with CB 

signaling.
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 3. Zebrafish eCB Gene Function

In addition to the insights from phylogenetic and gene expression analyses, binding assays 

have confirmed the presence of receptors in the zebrafish brain that may interact with known 

ligands of mammalian CB receptors. A radiolabeled version of the sCB WIN55212-2 has 

been shown to bind to targets throughout the hypothalamus, optic tectum, and telencephalon 

in adult zebrafish brain slices (Connors et al., 2014). Similarly, binding assays have 

confirmed that the eCB AEA, and the sCBs HU-210, WIN55212-2, and CP55940 interact 

with receptors in adult brain homogenates (Rodriguez-Martin et al., 2007b). In addition to 

binding to cognate targets in the zebrafish brain, the CB receptor ligands were shown to 

activate G protein-coupled receptor signaling via [35S] GTPγS assays. Taken together, these 

data suggests that the zebrafish eCB system may serve similar functional roles to that of 

their mammalian counterparts. To this end, numerous experiments have complemented these 

studies by investigating the functional roles of the zebrafish eCB system (Table 1). Although 

these biological functions are unquestionably multidisciplinary in nature, for this discussion 

the corresponding results have been classified as pertaining to addiction, anxiety, 

development, energy homeostasis and food intake, immune system function, and learning 

and memory.

 3.1. Addiction

Many exogenous CBs are addictive, and the use of these compounds may lead to the 

subsequent presentation of cannabis use disorder (Galanter et al., 2015). Moreover, 

numerous pharmacological and genetic studies have demonstrated that CB signaling affects 

the neurocircuitry that modulates the addictive properties of other drugs of abuse including 

amphetamine, cocaine, ethanol, heroin, morphine, and nicotine (Maldonado et al., 2006). 

Accordingly, CB use is not only associated with a risk of cannabis use disorder development 

but also influences the development of additional substance use disorders. In recent years 

zebrafish have emerged as a useful tool for modeling aspects of addiction, and for 

investigating the underlying mechanisms (Stewart et al., 2011). Although zebrafish have not 

yet been used to annotate the addictive properties of exogenous CBs themselves, a recent 

study used this organism to identify a potential role for CB signaling in mediating the 

behavioral effects of salvinorin A—a potent hallucinogen and kappa opioid receptor agonist 

found in the recreationally used plant Salvia divinorum (Braida et al., 2007). Salvinorin A 

treatment was shown to have biphasic effects on adult zebrafish swimming behavior, where 

locomotor activity was increased by 0.1 or 0.2 μg/kg doses and suppressed by 5 or 10 μg/kg 

doses. A biphasic response was also observed when the rewarding properties of this drug 

were assessed, where conditioned place preference was induced with 0.2 or 0.5 μg/kg doses 

and conditioned place aversion was induced with a 80 μg/kg dose. The response to low or 

high doses of salvinorin A was attenuated when fish were pretreated with a 1 mg/kg dose of 

the sCB SR141716A. Because SR141716A is a known cannabinoid receptor 1 antagonist, 

the authors postulated that CB receptor signaling might modulate the observed effects of 

salvinorin A via cross talk with kappa opioid receptors. The biphasic effects of salvinorin A 

on locomotor activity and condition place preference/aversion observed in zebrafish are 

consistent with the results of rodent studies (Braida et al., 2008). Moreover, SR141716A has 

been shown to similarly block the induction of conditioned place preference following 
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salvinorin A administration in rodent models (Braida et al., 2008). However, it remains to be 

seen whether such interactions are indeed due to intracellular crosstalk, or some other 

mechanism. Both cannabinoid receptor 1 and kappa opioid receptor are believed to be linked 

to common signaling cascades including the protein kinase C signaling pathways, but there 

is relatively little overlap in the distribution of these receptors in the brain (Braida et al., 

2007). Therefore the observed effects could be due to intracellular crosstalk in limited 

cellular populations with overlapping receptor distributions, or more indirectly through the 

modification of interconnected circuit activity associated with disparate receptor 

distributions. Additionally, there remains the possibility that the observed effects could be 

ascribed to off target drug effects. This is unlikely to take place at cannabinoid receptor 1 

because several studies have demonstrated the salvinorin A has little or no affinity at this 

receptor (Walentiny et al., 2010). However, recent studies suggest that SR141716A may 

modulate the functioning of numerous opioid receptors including kappa opioid receptor 

(Seely et al., 2012, Zador et al., 2014, Zador et al., 2015). More studies are needed to clarify 

the specific mechanisms underlying the observed interactions between drugs that target these 

neurotransmitter systems.

 3.2. Anxiety

Besides substance use disorders, disrupted CB signaling has been associated with features of 

other complex neuropsychiatric disorders such as anxiety (Kedzior & Laeber, 2014). 

Typically exposure to a low dose of a CB receptor agonist induces anxiolytic behavioral 

responses, while exposure to a high dose triggers anxiogenic behavioral responses (Viveros 

et al., 2005). The effects of CB signaling on anxiety-associated behavior do depend on the 

specific CB tested, however, and a myriad of additional factors such as differences in drug 

administration routes, environments, or basal anxiety levels (Patel & Hillard, 2006, Viveros 

et al., 2005). Recently, several groups have adapted behavioral paradigms using adult 

zebrafish to compliment and advance the knowledge gained from existing rodent studies 

regarding the effects of CB signaling in modulating anxiety-associated behaviors. In 2014, 

Stewart and Kalueff established a novel tank test and tracked several spatiotemporal 

behavioral parameters of zebrafish locomotion following a 20 min treatment with either a 30 

mg/L or 50 mg/L dose of the pCB Δ9-THC (Stewart & Kalueff, 2014). The 30 mg/L dose 

reduced the total distance traveled and the velocity of the fish, and increased the duration of 

slow movement relative to controls. Both concentrations decreased the transitions to and 

time spent in the upper half of the tank, and increased the latency to enter the upper half of 

the tank. The attenuation of swimming in the upper half of the tank suggests that the tested 

doses of Δ9-THC may exert anxiogenic behavioral effects in zebrafish, in addition to the 

observed reduction of locomotor activity. In contrast, Ruhl et al. did not observe any 

anxiogenic responses from zebrafish treated with 100 nM Δ9-THC in an escape response 

chamber test (Ruhl et al., 2014). Although this discrepancy could be due to the different 

behavioral paradigms used in these two experiments, it more is likely due to differences in 

the selected doses that are approximately an order of magnitude apart. This notion is in 

agreement with several mammalian studies where low doses of Δ9-THC have been shown to 

elicit either no behavioral effects or an anxiolytic response, while high doses of Δ9-THC 

have been shown to trigger anxiogenic responses and reductions in locomotor activity 

(Viveros et al., 2005).

Krug and Clark Page 7

Gene. Author manuscript; available in PMC 2016 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The effects of the sCB WIN55212-2 on anxiety-associated behavior have also received 

consideration using the zebrafish model (Barba-Escobedo & Gould, 2012). Visual choice 

tests similar to rodent three-chamber sociability paradigms were used to investigate the 

potential anxiolytic effects of cannabinoid signaling in relation to shoaling behavior. 

Exposure to 1 mg/L WIN55212-2 was shown to increase shoaling behavior, thereby 

demonstrating anxiolytic effects in this visual-social interaction test. Subsequently, Connors 

et al. investigated the potential anxiolytic effects of WIN55212-2 on zebrafish behavior 

using an aquatic light-dark plus maze test (Connors et al., 2014). In this paradigm, dietary 

exposure to 1 μg/day WIN55212-2 significantly decreased the latency to enter the light arms 

and increased the time spent dwelling in them. These results are consistent with previous 

findings that demonstrated anxiolytic effects of WIN55212-2 administration in the rodent 

elevated-plus maze paradigm (Naderi et al., 2008, Patel & Hillard, 2006). However, in 

contrast to the findings from the zebrafish visual-choice test, a 0.1 mg/kg dose of 

WIN55212-2 did not increase sociability in rodents (Gould et al., 2012). The cause of this 

incongruity remains to be seen and could be due to a host of the previously mentioned 

factors, or organismal differences. Nonetheless it is worth noting that discrepancies are 

commonly observed in this area of research, and that these studies collectively indicate that 

CB signaling in zebrafish may similarly function to modulate anxiety-associated behavior.

 3.3. Development

A functional eCB system is detected in the early stages of embryonic neural development, 

and has been shown to mediate components of it including axon guidance and 

synaptogenesis (Gomez et al., 2008). Disruptions of the molecular constituents in the eCB 

system during key developmental time points, such as those due to exogenous CB exposure, 

have been implicated in a number of adverse health consequences. Altered CB signaling 

during pregnancy is correlated with impaired embryonic implantations, premature births, 

and low birth weights (Park et al., 2004). Moreover, exposure to exogenous CBs during 

adolescent development has been associated with lasting cognitive impairments and an 

increased risk for developing psychoses (Malone et al., 2010, Meier et al., 2012). Although 

these studies have provided valuable insights to the role of the eCB system during 

development and risks of CB exposure at this time, there remains a dearth of evidence 

establishing causative links between developmental CB exposure and long-term 

toxicological effects. Given that CB signaling has acute effects on pulmonary, 

cardiovascular, gastrointestinal, and nervous system functioning, it is imperative to further 

discern the roles of CB signaling in the context of development (Gurney et al., 2014). The 

role of CB signaling in zebrafish development was first documented in a report published in 

1975 that investigated the effects of 1 ppm – 10 ppm Δ9-THC exposure during 

embryogenesis, beginning at the late high blastula stage (Thomas, 1975). The administration 

of this pCB at a dose of 1 ppm did not result in any toxicological or teratological effects at 

any stage throughout 9 days post-hatching. Conversely, at a dose of 2 ppm, morphological 

defects were observed in the distal trunk. Exposure to 5 ppm or 10 ppm Δ9-THC led to a 

reduction of spontaneous tail twitches and death after 24 h posttreatment. Following this 

study, another group documented the developmental defects resulting from exposure to the 

sCB AM251 during embryogenesis (Migliarini & Carnevali, 2009). In this experiment, no 

morphological defects were observed following up to 96 h of chronic exposure to either 10 
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nM or 20 nM AM251. Both doses, however, significantly reduced hatching rates at 72 h 

posttreatment and swimming rates at 96 h posttreatment. More recently, Akhtar et al. 

annotated the developmental effects of exposure to the pCB Δ9-THC, and the sCBs 

CP55940 and WIN55212-2 (Akhtar et al., 2013). In this study, the authors first characterized 

the LC50 and morphological defects associated with several CBs at 5 dpf, following 4 dpf of 

drug exposure. The LC50 identified for each drug tested was: 0.01 mM (Δ9-THC), 0.049 

mM (CP55940), and 0.003 mM (WIN55212-2). Although no morphological defects were 

found following exposure to any of the tested concentrations of WIN55212-2 or CP55940, 

Δ9-THC treatment caused pericardial edema, yolk sac edema, and a curvature of the rostro-

caudal axis at doses of 0.3 mg/L or higher.

Subsequently, the effects of acute and chronic CB exposure on the visual motor response to 

a dark challenge were examined in 5 dpf zebrafish (Akhtar et al., 2013). A biphasic response 

was observed where low doses of CBs potentiated the distance moved in response to the 

dark challenge and high doses attenuated it following 1 h, 4 h, or 12 h of treatment. In 

contrast to the acute effects of CB exposure, a chronic 96 h treatment had little effect on the 

response to the dark challenge at 5 dpf. The observed acute effects were rescued with the co-

administration of AM251, which could attenuate the locomotor response to the dark 

challenge when administered by alone either acutely or chronically. The suppressive effect 

of acute AM251 treatment on locomotor activity of developing zebrafish is consistent with 

the results of rodent experiments (Sink et al., 2010). Similarly, the biphasic effects of acute 

Δ9-THC, WIN55212-2, or CP55940 treatment on the locomotor activity are analogous to the 

effects that have been observed following their administration in adult zebrafish and rodent 

models. However, while chronic treatments with Δ9-THC, WIN55212-2, or CP55940 were 

shown to cause no effect on the locomotor response of 5 dpf zebrafish, the results of rodent 

studies suggest that the effects of chronic CB treatment during development are complicated 

to interpret. Factors such as the specific CB used, the CB doses tested, the development time 

point when CBs were administered, the developmental time point when behavioral tests 

were performed, the specific behavioral test used, and a multitude of additional influences 

may alter the specific outcome (Schneider, 2009). Therefore, although these compounds 

exerted no effect in the experiment by Akhtar et al., there is reason to believe that additional 

experimentation could reveal significant effects if changes in the experimental design were 

implemented. It is also important to note that the teratogenic effects of CB exposure 

observed in the zebrafish studies, including alterations in gross morphology or mortality, are 

inconsistent with the data from epidemiologic studies. Although teratogenic effects have 

been observed in studies with other model organisms, these effects are typically achieved 

using doses of CBs that are significantly higher than the doses used by humans for 

recreational purposes (Park et al., 2004). Nonetheless, more epidemiological studies may be 

warranted given the increasing prevalence of cannabis containing elevated concentrations of 

CBs, the rising popularity of alternate CB administration routes such as methods that utilize 

extracts, and the growing use of potent sCBs.

In addition to studies that used pharmacological approaches, one group used morpholino-

mediated gene knockdown to investigate the role of CB signaling during zebrafish 

development (Watson et al., 2008). Injections of antisense morpholinos directed against two 

sequences in cnr1 were shown to cause abnormal axonal outgrowth and fasciculation. 
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Neurofilament staining of fish at the prim-12 stage revealed that an injection with a 

morpholino directed against a cnr1 sequence beginning at the start codon disrupted axonal 

track formation in the anterior commissure, while an injection with a morpholino directed 

against a downstream cnr1 sequence disrupted fasciculation in both the anterior and 

posterior commissure. At 72 h, fish injected with either morpholino demonstrated similar 

defects in neural populations including the Mauthner neurons, the reticulospinal neurons, 

and the tracks of neurons comprising the medial longitudinal fasciculi. The observed results 

are consistent with rodent studies where Cnr1 mutants have been shown to exhibit disrupted 

fasciculation in a number of tracts in the developing brain (Mulder et al., 2008, Wu et al., 

2010). It is possible that such disruptions could underlie the persistent behavioral 

deficiencies that are associated with prenatal CB exposure.

 3.4. Energy Homeostasis & Food Intake

CB signaling is known to play a crucial role in regulating energy homeostasis and food 

intake centrally via the nervous system, as well as through peripheral tissues (Silvestri & Di 

Marzo, 2013). Zebrafish have been used to provide novel insights regarding the regulatory 

role of CB signaling at both of these levels. In 2008, Migliarini et al. showed that zebrafish 

treated for 2 h with a bath application of the eCB 10 nM AEA had increased whole-body 

cnr1 transcript levels at hatching time, as well as at 7 dpf and 15 dpf (Migliarini & 

Carnevali, 2008). These responses were attenuated using a 2 h pretreatment with a 10nM 

dose of the sCB AM251. The increase in whole-body cnr1 transcript levels following 2 h 10 

nM AEA treatment was accompanied by increased expression of several genes implicated in 

growth and lipid metabolism including sterol regulatory element binding protein, insulin-like 

growth factor 1, and insulin-like growth factor 2. Similarly, a dose dependent increase in 

expression of these genes was observed in the liver of adult zebrafish following a 2 h 

treatment with either 10 nM or 100 nM AEA. This suggests that CB signaling in the 

peripheral tissues of zebrafish has a role in metabolic-regulation that is conserved with 

rodents (Osei-Hyiaman et al., 2005b). To further examine this potential role, a transgenic 

line was recently developed to study the effects of hepatic cnr1 overexpression (Pai et al., 

2013). Overexpression of cnr1 in the liver resulted in elevated hepatic expression of 

SREBP-1c, a transcription factor involved in lipogenesis, as well as a host of genes involved 

with the synthesis, transport, and storage of fatty acids. Oil Red O staining revealed that this 

overexpression leads to the accumulation of lipids in the liver, and hepatic steatosis in 6 dpf 

zebrafish. A 72 h systemic administration of 10 nM AEA resulted in lipid accumulation and 

hepatic steatosis in control groups that did not overexpress cnr1 by 6 dpf, while 25 nM 

AM251 treatment rescued these phenotypes in the cnr1 overexpressing fish. The 

pathological phenotypes resulting from hepatic cnr1 overexpression in juveniles were also 

present in adult zebrafish, and eventually lead to hepatic hypoplasia and lipotoxicity. These 

findings are in agreement with experiments using rodent models, which implicated 

cannabinoid receptor 1 in the modulation of obesity-associated liver pathology (Gary-Bobo 

et al., 2007). Moreover, Cnr1 knockout mice are protected from the dyslipidemia and 

steatosis induced by high-fat diets (Osei-Hyiaman et al., 2005b).

In addition to the studies that focused on the peripheral metabolic roles of CB signaling, 

considerable attention has been focused on the putative central roles as well. The systemic 
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administration of the sCB SR141716A caused an increase in yolk sac size at several stages 

of development, suggesting that CB signaling modulates metabolism because the yolk sac is 

the principle source of energy for embryonic and larval zebrafish (Jones et al., 2008, Nishio 

et al., 2012). This effect could be rescued with the injection of a morpholino directed against 

cnr1, but not with an injection of a morpholino directed against cnr2 (Nishio et al., 2012). 

Oil Red O staining indicated that the increase yolk sac size was accompanied by decreased 

lipid accumulation in the telencephalon and around the eye of fish treated with SR141716A. 

In contrast, this fat accumulation was increased in fish treated with a 2 μM dose of the sCB 

WIN55212-2. To gain insights regarding the potential mechanisms of these effects the 

authors investigated the expression of cocaine- and amphetamine- related transcript (cart) 
genes, which are potential modifiers of CB signaling, in the brain of 2 dpf zebrafish. cnr1 
and cart3 were shown to be coexpressed in both the hypothalamus and the anterior hindbrain

—two brain structures implicated in appetite regulation. The expression of cart genes were 

shown to be dependent on CB signaling because the expression of these genes were 

disrupted following injection of a morpholino directed against cnr1, with the cart3 transcript 

exhibiting a significant down regulation in 2 dpf fish. Subsequently, the authors investigated 

the effects of fasting on the expression of cart3 and observed a down regulation of its 

expression in the brains of both juvenile, and adult zebrafish. Interestingly, this down 

regulation was only observed in the brain regions where cart3 was coexpressed with cnr1, 

and could be reversed with the administration of SR141716A. Collectively, these data 

suggests that zebrafish cnr1 has a central role in relaying information concerning food 

intake, and does so in a cart3 dependent manner. It is important to note that the names for 

zebrafish cart genes have changed since the publication of these findings. That aside, these 

findings serve to advance the hypothesis that cocaine- and amphetamine- associated 

transcript genes may be downstream targets of CB signaling that mediate the regulation of 

food intake (Cota et al., 2003, Osei-Hyiaman et al., 2005a).

In addition to directly studying potential relationships of central Cnr1 signaling and food 

intake, the role of hormones involved in the maintenance of anorexic and orexic signaling 

has also been researched in this context (Piccinetti et al., 2010). It was demonstrated that 

adult zebrafish treated with a 100 nM or 1 μM dose of melatonin had decreased food intake 

relative to controls. The decreased food intake correlated with altered transcript levels in the 

brain of genes involved with anorexigenic and orexigenic signaling, including cnr1. Western 

blotting revealed that the decreased cnr1 transcript coincided with decreased levels of 

protein in the brain, providing further evidence that CB signaling plays a role in metabolic 

regulation at the central level. The role of CB signaling in regulating larval zebrafish food 

intake has been further tested using a novel feeding assay with fluorescently-labeled 

paramecium (Shimada et al., 2012). An injection with a morpholino directed against cnr1 
was shown to decrease both food intake, and locomotor activity in this behavioral assay. 

These effects were also observed in a dose dependent manner following the systemic 

administration of 0.1 μM 0.3 μM or 1 μM SR141716A, providing further evidence that Cnr1 

signaling regulates appetite. This notion is consistent with previous findings where the 

mutation of Cnr1 or the administration of SR141716A was shown to reduce food intake 

mice (Wiley et al., 2005). More recently, Silvestri et al. examined the effects of systemic 

pCB administration on yolk sac metabolism in 3 dpf zebrafish (Silvestri et al., 2015). 
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AdipoRed staining revealed that a 5 μM dose of cannabidiol (CBD) increased lipolysis at 24 

h, 48 h, and 72 h posttreatment. Likewise, a 5 μM dose of delta-9-tetrahydrocannabivarin 

(Δ9-THCV) increased yolk sac lipid mobilization at 48 h, and 72 h posttreatment. Although 

it remains to be seen whether these effects are due to peripheral or central actions, they are 

also consistent with the results of rodent studies where these compounds have been shown to 

decrease hepatic triglyceride levels (Silvestri et al., 2015, Wargent et al., 2013).

 3.5. Immune System Function

While cannabinoid receptor 1 is the most highly expressed CB receptor in the central 

nervous system, cannabinoid receptor 2 has been shown to have 10 – 100 fold higher 

expression levels in hematopoietic stem cell-derived constituents of the immune system 

(Galiegue et al., 1995). Accordingly, there is significant interest in understanding how 

cannabinoid receptor 2 regulates immune system functioning during disease-relevant 

processes such as inflammatory migration. In 2013 Liu et al. performed a chemical screen 

with juvenile transgenic zebrafish and observed that the administration of WIN55212-2, a 

cannabinoid receptor 1 and cannabinoid receptor 2 agonist, inhibited the migration of 

fluorescently labeled leukocytes to the site of a tail wound in a time-dependent manner (Liu 

et al., 2013). Similarly to other model systems the cnr2 transcript levels were shown to be 

over 10-fold higher than cnr1 transcript levels in the leukocytes, and the administration of 

the cannabinoid receptor 2 agonist JWH-015 inhibited the leukocyte migration in a dose- 

and time-dependent manner. These effects of JWH-015 were not observed in cnr2 −/− fish, 

and untreated mutants exhibited an increase in leukocyte migration to the post-injury tail 

wound site relative to the wild-type controls—an effect that was rescued with the injection 

of a morpholino directed against alox5. Subsequently it was demonstrated that tail injury 

resulted in increased phosphorylation of JNK and elevated whole-body transcript levels of 

alox5. These responses were also attenuated with the administration of JWH-015. When a 

transgenic line with fluorescently labeled leukocytes was crossed to a line expressing 

constitutively active JNK in leukocytes, the decreased leukocyte migration to the tail wound 

following JWH-015 treatment was rescued. Following these observations, the authors 

investigated the potential mechanisms that linked cnr2 activity to alox5 transcription in the 

injury model. After identifying three AP-1 sites upstream of the alox5 transcriptional start 

site, an embryo-chromatin immunoprecipitation assay was used to reveal that 

phosphorylated c-Jun bound to two of the AP-1 sites in response to tail-injury. This binding 

was blocked with the administration of either JWH-015, or the JNK inhibitor SP600125. 

Furthermore, it was demonstrated that constitutive JNK upregulated alox5 expression in 

leukocytes, and could partially rescue the JWH-015 induced reduction in alox5 transcript in 

leukocytes following tail injury. Taken together, these data suggests that cannabinoid 

receptor 2 activation inhibits leukocyte migration to a wound site by suppressing the JNK-

mediated activation of c-Jun, thereby decreasing alox5 expression. This model is consistent 

with the results of previous studies that have demonstrated a role for both cannabinoid 

receptor 2 and arachidonate 5-lipoxygenase in modulating leukocyte migration (Csoka et al., 

2009, Newton et al., 1994, Tschop et al., 2009). Moreover, the results of several independent 

studies have suggested that cannabinoid receptor 2 activation may inhibit the 

phosphorylation of JNK, and that interactions may occur between cannabinoid receptor 2 

and arachidonate 5-lipoxygenase (Klegeris et al., 2003, Massi et al., 2008, Olea-Herrero et 
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al., 2009). Using several genetically modified zebrafish models Liu et al. have expanded 

upon these studies by establishing several direct links in this putative intracellular signaling 

cascade, thereby unveiling a novel mechanism for CB signaling in regulating the 

inflammatory response to injury.

 3.6. Learning & Memory

Several lines of evidence have indicated that the lateral and medial regions of the zebrafish 

dorsal pallium are functionally homologous to the mammalian hippocampus and amygdala 

respectively, and similarly express CB receptors (Lam et al., 2006, Mueller et al., 2011). The 

mammalian hippocampus and teleostian lateral dorsal pallium serve a critical role in spatial 

information memory processing, while the mammalian amygdala and teleostian medial 

dorsal pallium are more heavily involved with emotional associative memory (Broglio et al., 

2005). In 2014 Ruhl et al. annotated the effects of Δ9-THC on intracellular signaling in the 

pallium of adult zebrafish, and the associated effects on memory function (Ruhl et al., 2014). 

A 1 h bath application of 100 nM Δ9-THC increased the amount of phosphorylated Erk in 

the telencephalon, but did not have a significant effect on the levels of phosphorylated Akt. 

The observed effect on phosphorylated Erk was shown to be specific to the lateral pallium 

rather than the medial pallium, suggesting that the treatment may result in corresponding 

disruptions in spatial memory. To test this the authors used a behavioral paradigm where fish 

learned to navigate an aquatic arena using an ego-allocentric strategy in order to locate a 

hidden food reward. The administration of 100nM Δ9-THC on day 19 of the training 

protocol significantly increased the distance traveled and the latency to find the hidden food, 

relative to several days in the protocol before and after day 19 when no drug was 

administered. The increased distance traveled and latency was similar to, and not 

significantly different from, earlier time points in the protocol that may have involved 

memory acquisition and consolidation. In contrast, no effects were observed on associative 

memory following the administration of 100nM Δ9-THC in a color discrimination 

behavioral paradigm. Higher doses of Δ9-THC, including 300 nM and 3 μM were also tested 

but resulted in impaired locomotor activity. These results are similar to rodent studies where 

no impairments were observed in analogous tests of associate memory following the acute 

administration of Δ9-THC at a dose that did not impair locomotor activity (Jentsch et al., 

1997, Mishima et al., 2001). Discrepancies have, however, been observed in rodent tests of 

spatial memory. Acute doses of Δ9-THC were shown to impair performance a radial arm 

maze, but not in the water maze (Mishima et al., 2001). Ruhl et al. speculate that these 

differences could be a result of the motivation behind the behaviors in each paradigm, which 

are a positive reward in the radial arm maze and a negative reward in the water maze (Ruhl 

et al., 2014). The positive, food reward used in the radial arm maze is similar to the food 

reward used in the aquatic arena, which suggests that the eCB system may have similar 

functions in the learning and memory processes in teleostian brain structures.

 4. Toxicological & Therapeutic Considerations

Phylogenetic analyses of the zebrafish eCB system have demonstrated that it is highly 

conserved with the mammalian counterpart, and ontogenetic analyses have revealed that 

eCB gene expression begins early in zebrafish development. In addition to the conservation 
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of eCB genes themselves, many of the zebrafish eCB gene expression patterns also appear to 

be homologous. For instance, cnr1 expression in the zebrafish brain exhibits homologies 

with rodent distribution patterns as early as 2 dpf, which are maintained into adulthood (Lam 

et al., 2006). The expression of cnr2 in peripheral tissues of zebrafish is expected, and the 

discrepancies regarding expression in the brain have similarly occurred in rodent studies 

(Onaivi et al., 2008b, Rodriguez-Martin et al., 2007a). The expression of dagla, a key gene 

involved with the biosynthesis of the eCB 2-AG, is detected in the 2 dpf zebrafish brain and 

has a significant overlap with cnr1 expression (Watson et al., 2008). Similarly, in rodent 

models Dagla and Cnr1 are expressed in the brain during development and have overlapping 

expression patterns, which are also present in adulthood (Ahn et al., 2008). In contrast, 

Daglb also has high levels of neural expression early in development but its expression in the 

brain decreases in later stages, suggesting that a development switch occurs between these 

two diacylglycerols involved with 2-AG biosynthesis (Ahn et al., 2008). Whether or not 

similar transitions in expression exist during the ontogeny of the zebrafish eCB system 

remains to be seen. It is important to note that while some genes are conserved and do seem 

to display homologous expression patterns, some expression patterns may deviate due to 

differences that exist between organisms. For instance, rodent models have a gene encoding 

N-acylethanolamine acid amidase but do not have a gene encoding fatty acid amide 

hydrolase 2 (Tai et al., 2012, Wei et al., 2006). Zebrafish do not have a gene encoding N-

acylethanolamine acid amidase but do feature a gene encoding fatty acid amide hydrolase 2, 

although the gene was affected by a duplication event resulting in genes designated as 

faah2a and faah2b (Mcpartland et al., 2007). In contrast, humans have genes encoding both 

fatty acid amide hydrolase 2 and N-acylethanolamine acid amidase (Klee et al., 2012). In 

addition to the inconsistencies that exist with regard to gene conservation, the fundamental 

physiological differences between fish, rodents and humans are also likely to account for 

incongruities in eCB gene expression and function between these organisms. Thus it is 

critical that investigations of eCB gene function use an array of preclinical models to ensure 

that a holistic understanding of the eCB system emerges. As previously discussed, zebrafish 

have already been used to study CB biology in diverse contexts including addiction, anxiety, 

development, energy homeostasis and food intake, immune system function, and learning 

and memory. Herein we contemplate how future studies may continue to capitalize on the 

unique advantages of the zebrafish model to further advance our understanding of the 

toxicological and therapeutic potential of the eCB system.

One useful application of zebrafish is pharmacological screening in a whole vertebrate 

system, which is ideal for studying more complex pharmacological dynamics not assessed in 

in vitro models such as the effects of drug bioavailability and metabolites in a multiorgan 

system. Zebrafish are able to absorb small molecules from the surrounding water at all 

stages of development and the fecundity of adult mating pairs, which can produce clutches 

of several hundred offspring per week, readily enables high-throughput screening in juvenile 

fish. Adult zebrafish themselves also provide cost effective model for molecular screening 

due to their size and the three dimensional nature of their housing, which allows 10 or more 

adult fish to survive in the same amount space required for one mouse. These features are 

particularly relevant to CB biology because the development, and identification of 

pharmacological modifiers of the eCB system has outpaced our ability to characterize the 
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physiological and behavioral effects of these compounds in any meaningful way. To date, 

dozens of pCBs have been identified in Cannabis sativa and hundreds of novel sCBs have 

been developed. An expanding list of putative eCBs has also emerged following the initial 

discoveries of AEA and 2-AG. The understanding of how these numerous compounds affect 

an organism has been obscured by the fact that exposure often involves various 

combinations and concentrations of CBs, differences in frequencies and durations of CB use, 

and administrations of CBs under different physiological conditions. The advantages of the 

zebrafish model could be readily employed in order to provide insights about the effects 

resulting from the countless permutations of exogenous CB treatment conditions.

With regard to the toxicological effects of exogenous CBs, zebrafish could be used to 

annotate the potential deleterious effects of the pCBs contained in cannabis, or the plethora 

of recreationally used sCBs. Juvenile zebrafish could be used to rapidly screen for drastic 

effects such as alterations in gross morphology or mortality, or to investigate subtle tissue-

specific effects such as alterations in cellular populations or functions. Juvenile zebrafish are 

also frequently used to study behavioral endpoints associated with altered physiology, 

providing another powerful tool for assessing the potentially harmful effects of CB 

exposure. Such paradigms could be adapted to model the effects CB exposure on simple 

behavioral states such as basal locomotor activity, or on more complex behavioral states 

including responses associated with anxiety or depression. In addition to testing the effects 

of individual CBs or combinations of CBs, the high-throughput zebrafish model will allow 

for an investigation of how these compounds interact with other pharmacological modifiers 

often administered in combination with CBs, including drugs of abuse such as ethanol or 

nicotine. Any observed alterations in physiology or behavior could then be linked to specific 

molecular signaling cascades, ideally with the use of comprehensive analyses such as RNA 

sequencing. Taken together, this approach provides critical information about existing CBs, 

and would provide a powerful tool for quickly predicting the potential threat of newly 

identified or developed CBs based on the unique molecular, physiological, and behavioral 

signatures.

Conversely, zebrafish could be also used to identify novel therapeutic strategies involving 

CB signaling. Due to the diverse scope of physiological processes that involve eCB 

signaling, the potential therapeutic applications of modified eCB signaling are just as diverse 

as the potential toxicological effects. Exogenous CBs could be screened using disease 

models to identify compounds that corrected the pathological phenotypes of interest. 

Similarly to toxicological applications, juvenile zebrafish would enable a rapid assessment 

of the potential therapeutic effects in both physiological and behavioral paradigms. Such 

compounds would likely include CBs that preferentially bind to receptors other than 

cannabinoid receptor 1 or that target enzymes involved with eCB metabolism, and that do 

not have the addictive properties or psychoactive effects characteristic of recreationally used 

CBs. Moreover, this model organism would permit for high-throughput screening of 

compounds that could attenuate or prevent any deleterious effects of CB use including 

behaviors associated with cannabis use disorder, which currently has no approved 

pharmacological treatment options. Although juvenile zebrafish are excellent models for 

high-throughput pharmacological analyses, the fact that development is still occurring may 

causes discrepancies from experiments performed in their adult counterparts. Therefore, the 
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results of any studies performed early in the zebrafish lifecycle that do not pertain to 

development itself should be corroborated in adult models. Additionally, features unique to 

the adult zebrafish model, including the more sophisticated repertoire of behavioral assays, 

could be leveraged to provide further insights about pharmacological manipulations of the 

eCB system.

Although it is undoubtedly critical to study the effects of exogenous CB exposure, there is 

still a need to advance the understanding of the endogenous system that is targeted by these 

compounds. Elucidating the contributions of individual eCB genes to physiological and 

behavioral functions will help enable a mechanistic understanding of disease states, and a 

more targeted approached to the development of corresponding therapeutics. However, one 

problem that has hampered our understanding of the eCB gene function is the promiscuous 

signaling dynamics that are characteristic of this system. In addition to cannabinoid receptor 

1 and cannabinoid receptor 2, eCBs bind to many non-CB receptors such as transient 

receptor potential cation channels, peroxisome proliferator-activated receptors, and 

numerous orphan G protein-coupled receptors. Together, these receptors comprise a complex 

multipartite signaling system where a host of ligands bind to multiple receptors with 

differential affinities (Alexander & Kendall, 2007). Furthermore, there are multiple 

enzymatic pathways that are responsible for the anabolism and catabolism of individual 

eCBs. Accordingly, eCB signaling in a given region of interest is not only contingent on the 

array of cognate receptors, but also the available ligand pool that results from the specific 

profile of enzymes involved with eCB metabolism in that area (Ahn et al., 2008, Di Marzo, 

2011). These promiscuous signaling dynamics are also conserved in the exogenous pCBs 

and sCBs that target this system, and therefore limit the insights about eCB gene function 

that can be gained from pharmacological manipulations of this system. Consequently, a 

targeted manipulation of the genome itself is required in order to provide definitive insights 

about individual eCB gene functions.

Zebrafish are ideal for such quantitative trait analyses, in part, because they are both high-

throughput and genetically amenable. In recent years, developments in genome editing 

techniques have enabled precise, and highly efficient modification of the zebrafish genome 

(Blackburn et al., 2013). Custom nuclease technology such as transcription activator-like 

effector nucleases (TALENs) and clustered regularly interspersed short palindromic repeat/

Cas9 (CRISPR/Cas9) may be used for targeted mutagenesis of loci via non-homologous end 

joining, or the incorporation of new sequences using small single stranded oligonucleotide 

donors for homology directed repair (Blackburn et al., 2013, Campbell et al., 2013). This 

technology has provided an accessible methodology for studying the roles of individual 

genes, or variations in genes, in the zebrafish model. With regard eCB biology, establishing 

zebrafish lines with mutations in individual genes will be indispensable for studying their 

function in this organism. These lines would allow researchers to definitively establish 

functional roles for a given gene, which may have been previously obscured by the potential 

off-target effects associated with pharmacological investigations. Moreover, the high-

throughput nature of zebrafish allows for a whole panel of mutant lines to be rapidly tested 

in parallel, providing a consistent and comprehensive assessment of gene functions in any 

given context of interest. Additionally, genome engineering technology will enable 

conditional and tissue-specific investigations of eCB gene function because the ability to 
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integrate small single stranded oligonucleotides through homology directed repair has 

provided a means for the site-specific introduction of sequences used in recombinase 

technology, such as loxP sites (Bedell et al., 2012). In addition to studies related to 

recombinase technology, specific sequence modifications could be used to investigate a host 

of other aspects of CB biology including the development of single nucleotide 

polymorphism models and lines featuring epitope tagged genes products.

Although zebrafish can significantly advance the understanding of CB biology with the use 

of pharmacological or genome editing approaches, their greatest contributions to the field 

will likely result from studies enabled through combined approaches (Figure 1). The genetic 

amenability of zebrafish have allowed for the development of numerous transgenic lines that 

enable the visualization of everything from axon patterning to stress response dynamics 

(Higashijima et al., 2000, Krug et al., 2014). The transparent embryos and larvae obtained 

from such lines could provide an invaluable tool for screening the effects of CB exposure in 

a living organism, which may be either toxicological or therapeutic depending on the 

specific paradigm employed. Similar screens could be performed in models created with 

custom nuclease technology, including loss of function mutants or single nucleotide 

polymorphism lines. The development of assays with such preclinical models could be used 

to advance individualized medicine by enabling the identification of novel pharmacological 

interventions that are optimized for a given genotype. In addition to reverse genetic 

approaches, paradigms could be developed around the response to specific CBs and used for 

forward genetic applications. Extensive libraries of mutants, such as gene-break transposon 

lines could be rapidly screened in these paradigms to identify novel genetic modifiers of CB 

signaling (Clark et al., 2011). Additionally, lines with fluorescently tagged gene products 

could be used for studies of gene expression dynamics in a living organism. Ultimately, it is 

the combination of pharmacological and genetic approaches that is necessary to advance the 

understanding of potential toxicological effects of disrupted eCB signaling, and to develop 

therapeutic strategies that involve this system. Accordingly, it is quite apparent that the 

zebrafish model is poised to make a splash in the burgeoning field of CB research.
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 Abbreviations

Δ9-THC delta-9-tetrahydrocannabinol

Δ9-THCV delta-9-tetrahydrocannabivarin

μ micro

2-AG 2-arachidonoylglycerol

abhd4 abhydrolase domain containing 4 (zebrafish gene)
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abhd6a abhydrolase domain containing 6a (zebrafish gene)

abhd6b abhydrolase domain containing 6b (zebrafish gene)

abhd12 abhydrolase domain containing 12 (zebrafish gene)

AEA anandamide

alox5 arachidonate 5-lipoxygenase (zebrafish gene)

cart cocaine- and amphetamine- related transcript (zebrafish 

genes)

CBD cannabidiol

CB cannabinoid

Cnr1 cannabinoid receptor 1 (rodent gene)

CNR1 cannabinoid receptor 1 (rodent protein)

cnr1 cannabinoid receptor 1 (zebrafish gene)

Cnr1 cannabinoid receptor 1 (zebrafish protein)

cnr2 cannabinoid receptor 2 (zebrafish gene)

CRISPR/Cas9 clustered regularly interspersed short palindromic repeat/

Cas9

Dagla diacylglycerol lipase, alpha (rodent gene)

dagla diacylglycerol lipase, alpha (zebrafish gene)

Daglb diacylglycerol lipase, beta (rodent gene)

daglb diacylglycerol lipase, beta (zebrafish gene)

dpf days postfertilization

eCB endocannabinoid

FAAH fatty acid amide hydrolase (rodent protein)

faah fatty acid amide hydrolase (zebrafish gene)

faah2a fatty acid amide hydrolase 2a (zebrafish gene)

faah2b fatty acid amide hydrolase 2b (zebrafish gene)

g grams

gde1 glycerophosphodiester phosphodiesterase 1 (zebrafish 

gene)

h hours
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ISH in situ hybridization

k kilo

M molar

L liters

LC50 lethal concentration 50

m milli

min minutes

mgll monoglyceride lipase (zebrafish gene)

n nano

napepld n-acyl phosphatidylethanolamine phospholipase d 

(zebrafish gene)

pCB phytocannabinoid

ppm parts per million

qRT-PCR quantitative real-time reverse transcriptase polymerase 

chain reaction

RNA ribonucleic acid

sCB synthetic cannabinoid

TALEN transcription activator-like effector nuclease
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Highlights

• An overview of fundamental cannabinoid biology is provided.

• Endocannabinoid gene expression and function studies using zebrafish 

are reviewed.

• The results of zebrafish and rodent cannabinoid studies are integrated.

• The use of zebrafish to advance the field of cannabinoid biology is 

discussed.

• The toxicological and therapeutic potentials of cannabinoid biology are 

examined.
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Figure 1. Strategies for Providing Toxicological, & Therapeutic Insights About Cannabinoid 
Biology Using Zebrafish
Cannabinoid biology may be elucidated in the zebrafish using a tandem of pharmacological 

and genetic approaches. Pharmacological approaches should include investigations of 

endocannabinoids, phytocannabinoids, and synthetic cannabinoids. Genetic approaches 

should include the use of targeted genome editing approaches such as a custom nuclease 

technology, as well as untargeted genome editing approaches such as transposon systems. 

The use of pharmacological and genetic approaches with the zebrafish model will reveal 

novel toxicological and therapeutic insights about cannabinoid biology.
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Table 1
A Summary of Zebrafish Endocannabinoid Gene Function Studies

A comprehensive list of existing endocannabinoid gene function studies that have used the zebrafish model. 

Studies are sorted with regard to the specific gene function investigated, and may be listed more than once. 

The age of the zebrafish used in each study is provided, along with the pharmacological and genetic 

approaches that were used to study gene function. A summary of the key experimental endpoints used to 

assess gene function are included for each study. List of abbreviations: delta-9-tetrahydrocannabinol (Δ9-

THC), delta-9-tetrahydrocannabivarin (Δ9-THCV), anandamide (AEA), cannabidiol (CBD), endocannabinoid 

(eCB), phytocannabinoid (pCB), synthetic cannabinoid (sCB), and not applicable (NA).

eCB Gene
Function Studies

Zebra
fish

Ages

Pharmacolo
gical

Approaches

Genetic
Approaches

Key Experimental
Endpoints

Addiction

Braida et al., 2007 Adult SR141716A
(sCB) NA Locomotor Activity, & Conditioned

Place Preferences

Anxiety

Barba-Escobedo & Gould, 2012 Adult WIN55212-2
(sCB) NA Visual Social Choices

Connors et al., 2014 Adult WIN55212-2
(sCB) NA Light-Dark Plus Maze Behaviors

Ruhl et al., 2014 Adult Δ9-THC
(pCB) NA Locomotor Activity, & Escape

Responses

Stewart & Kalueff, 2014 Adult Δ9-THC
(pCB) NA Assorted Spatiotemporal

Behavioral Parameters

Development

Akhtar et al., 2013 Juveni
le

Δ9-THC
(pCB),
AM251
(sCB),

CP55940
(sCB),

& WIN55212-
2 (sCB)

NA
Morphology, & Mortality

Locomotor Activity, & Visual Motor
Responses

Migliarini & Carnevali, 2009 Juveni
le AM251 (sCB) NA Morphology, & Hatching Rates

Locomotor Activity

Thomas, 1975 Juveni
le

Δ9-THC
(pCB) NA Morphology, & Mortality

Spontaneous Tail Muscle Twitches

Watson et al., 2008 Juveni
le NA

cnr1
Knockdown

(Whole
Organism)

Axonal Outgrowth, & Fasciculation

Energy
Homeostasis
& Food intake

Migliarini & Carnevali, 2008

Juveni
le,
&

Adult

AEA (eCB),
& AM251

(sCB)
NA CB1, IGF1, IGF2, & SREBP

mRNA Expression

Nishio et al., 2012 Juveni
le,

SR141716A
(sCB,)

& WIN55212-
2 (sCB)

cnr1 & cnr2
Knockdown

(Whole
Organism)

CB1, & CART1–3 mRNA
Expression

Yolk Sac Size, & Lipid Metabolism
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eCB Gene
Function Studies

Zebra
fish

Ages

Pharmacolo
gical

Approaches

Genetic
Approaches

Key Experimental
Endpoints

Pai et al., 2013

Juveni
le,
&

Adult

AEA (eCB),
& AM251

(sCB)

cnr1
Overexpressio

n
(Hepatic)

Lipotoxic, & Lipogenic Markers
Lipid Metabolism, & Liver

Morphology

Piccinetti et al., 2010 Adult NA NA CB1 mRNA, & Protein Expression
Food Intake

Shimada et al., 2012 Juveni
le

SR141716A
(sCB,)

cnr1
Knockdown

(Whole
Organism)

Locomotor Activity, & Food Intake

Silvestri et al., 2015 Juveni
le

Δ9-THCV
(pCB),

& CBD (pCB)
NA Lipid Metabolism

Immune System
Function

Liu et al., 2013 Juveni
le

JWH-015
(sCB),

& WIN55212-
2 (sCB)

cnr2 Knockout
(Whole

Organism)

Alox5, & JNK Signaling
Leukocyte Inflammatory Migration

Learning &
Memory

Ruhl et al., 2014 Adult Δ9-THC
(pCB) NA

Telencephalic Akt, & Erk
Phosphorylation

Associative, & Spatial Memory
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