
1 

 

 

Approaches to the discovery of psychedelic-like drugs without the hallucinogenic  

side effects in the preclinical setting 

 

Fabiano V. Costa1*, Konstantin N. Zabegalov1, Denis B. Rosemberg2, Konstantin A. Demin3,4,  

Murilo S. de Abreu5*, Elena V. Petersen5 and Allan V. Kalueff 1, 3-9* 

 

1Neurobiology Program, Sirius University of Science and Technology, Sochi, Russia. 

2Laboratory of Experimental Neuropsychobiology, Department of Biochemistry and Molecular 

Biology, Natural and Exact Sciences Center, Graduate Program in Biological Sciences: 

Toxicological Biochemistry, Federal University of Santa Maria, Santa Maria, RS, Brazil. 

3Institute of Translational Biomedicine, Saint Petersburg State University, Saint Petersburg, 

Russia 

4Almazov National Medical Research Centre, Ministry of Healthcare of Russian Federation, 

Saint Petersburg, Russia 

5Moscow Institute of Physics and Technology, Moscow, Russia 

6Ural Federal University, Ekaterinburg, Russia 

7Scientific Research Institute of Neurosciences and Medicine, Novosibirsk, Russia 

8Laboratory of Preclinical Bioscreening, Granov, Russian; Research Center of Radiology and 

Surgical Technologies, Ministry of Healthcare of Russian Federation, Pesochny, Russia 

9COBRAIN Center, M. Heratsi Yerevan State Medical University, Yerevan, Armenia. 

 

*Correspondence to:  

Allan V Kalueff, Institute of Translational Biomedicine, St. Petersburg State University, St. 

Petersburg, Russia. Email: avkalueff@gmail.com 

Fabiano V Costa, Neurobiology Program, Sirius University of Science and Technology, Sochi, 

Russia. Email: fvcosta88@gmail.com  

 

ORCID iD 

Allan V Kalueff https://orcid.org/0000-0002-7525-1950 

Fabiano V Costa https://orcid.org/0000-0001-6218-9660 

Denis B Rosemberg https://orcid.org/0000-0003-2538-8761  

Konstantin A Demin https://orcid.org/0000-0003-0258-2801  

 

mailto:avkalueff@gmail.com
mailto:fvcosta88@gmail.com
https://orcid.org/0000-0002-7525-1950
https://orcid.org/0000-0001-6218-9660
https://orcid.org/0000-0003-2538-8761
https://orcid.org/0000-0003-0258-2801


2 

 

Abstract  

 

Introduction: Mounting clinical and preclinical evidence suggests serotonergic psychedelic 

drugs as a novel effective treatment of several key brain disorders, including anxiety, depression 

and addiction. Various animal experimental models are commonly used to understand the 

mechanisms of action of psychedelic drugs. Recognizing the importance of translational 

psychedelic research, we discuss the existing challenges in this field, and outline novel promising 

approaches to using animal models to probe neurotropic effects of psychedelic drugs with and 

without hallucinogenic properties. 

Areas covered: This review summarizes shared, evolutionarily conserved psychotropic effects 

evoked by psychedelic drugs across various model organisms and taxa. We also discuss recent 

advances in using animal models to develop psychedelic drugs devoid of hallucinogenic side 

effects. 

Expert opinion: Currently, much remains to be done to facilitate the search for safer and more 

effective psychedelic drugs for the treatment of psychiatric disorders. With the creation of new 

experimental models, using a wide range of model species and novel tools from chemical 

biology, as well as applying both conventional and alternative animal models, this goal may 

become reachable. 
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Introduction  

Psychedelic drugs uniquely and potently affect human behavior, perception and cognition 

[1,2]. After decades of stagnation, the renaissance of clinical and preclinical research of 

serotonergic psychedelics - tryptamines (e.g., psilocin and N,N-dimethyltryptamine, DMT), 

lysergamines (e.g., lysergic acid diethylamide, LSD) and phenethylamines (e.g., mescaline) [3,4] 

- paves the way towards establishing this class of drugs as effective therapies for neuropsychiatric 

disorders [5,6]. For instance, psilocybin (0.3 mg/kg) reduces anxiety, depression, hopelessness, 

demoralization and death anxiety in patients with life-threatening cancer [7], LSD (200 µg) 

blunts anxiety associated in patients with life-threatening diseases [8], and DMT (0.36 mg/kg) 

lowers depression in treatment-resistant depression patients [9].  

Beyond improving clinical symptoms per se, psychedelic drugs can also promote the 

growth of pyramidal cortical neurons, suggesting the possibility to treat neuronal atrophy (e.g., 

common in the prefrontal cortex PFC) in stress-related brain disorders [10,11]. However, these 

neuroprotective effects are associated with strong subjective effects, such as hallucinations, 

delirium and psychosis [12], some of which can be harmful and/or dangerous. Thus, the main 

problem with using psychedelic drugs clinically is their likely psychotogenic/hallucinogenic side 

effects, and the fact that it is unclear whether the latter are truly necessary for psychedelics to 

produce their lasting therapeutic responses [13,14].  

Furthermore, therapeutic effects of psychedelics seemingly correlate with their subjective 

effects [15,16] whose intensity depends on the serotonin 5-HT2A receptor occupancy in the brain 

[17]. On the one hand, it may be logical to directly link the 5-HT2A receptor activity to potential 

therapeutic effects of psychedelic drugs [18]. However, given the likelihood of a mere 

correlational link, and because psychedelics have complex pharmacology, the existence of much 

more intricate mechanisms of psychedelic therapeutic effects beyond their hallucinogenic 

properties, may be possible. Indeed, recent findings (discussed further) begin to question the 

beneficial effects of 5-HT2A activation and the necessity of hallucinogenic states, to promote 



4 

 

plastic neuroprotective changes in the brain. Collectively, this suggests a paradigm shift towards 

the search for putative psychoplastogens – a proposed novel group of psychedelic drugs that do 

not induce unwanted hallucinogenic, psychotic and/or dissociative effects [10]. 

Experimental animal models are a critical tool in translational neuroscience research [19], 

and conventional psychedelic drugs often involve clear-cut and easy-to-detect characteristic 

behavioral responses. For example, intraperitoneal injection of traditional psychedelics (e.g., 2,5-

dimethoxy-4-iodoamphetamine DOI, LSD, mescaline and psilocybin) in rodents induces a 

specific behavior, head-twitch response (HTR) [20,21]. This phenotype is particularly useful as 

a rodent behavioral proxy of human psychedelic action, due to its high predictive validity for a 

wide range of serotonergic psychedelics [22].  

Moreover, like in humans, well-described anxiolytic effects following psychedelic drug 

administration also commonly occur in rodents [23,24]. Besides characteristic behavioral 

responses, psychedelic drugs-induced physiological responses in rodents also resemble those in 

mammals. For example, intraperitoneal psilocybin administration (0.1 mg/kg) increases 

neurogenesis in mouse dentate gyrus, but decreases it at 1 mg/kg [25], whereas chronic 

administration of DMT (0.26 mg/kg) increases brain-derived neurotrophic factor (BDNF) levels 

in the hippocampus of female rats [26] – the changes in neuro/synaptogenesis already linked to 

clinical mood and anxiety disorders [27,28].  

Although rodents are widely used for preclinical drug screening, including psychedelic 

drug research, other non-mammalian vertebrates (e.g., zebrafish, Danio rerio) [29,30] and 

invertebrates (e.g., Drosophila [10]), show much promise. Table 1 summarizes clinical and pre-

clinical CNS effects of classical psychedelics (LSD, mescaline, psilocybin, and DMT) and 

selected non-hallucinogenic psychedelics (TBG and AAZ-A-154). Recognizing the importance 

of translational psychedelic research, here we discuss the existing challenges in the field, and 

outline novel promising approaches using animal models to probe a fuller spectrum of 

neurotropic effects of psychedelic drugs. 
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Understanding the effects of psychedelic drugs in rodents and zebrafish 

As already noted, classical psychedelic drugs exert their psychoactive activity primarily 

through the serotonin 5-HT2A receptor agonism, extensively probed in various rodent models. 

The 5-HT2A receptor is a G-protein-coupled receptor (GPCR) and the most widely expressed 

type of serotonin receptors in mammals [31]. Found in multiple tissues (e.g., the immune, 

muscle, endothelial and endocrine), this receptor can potentially affect a wide range of systems 

and functions beyond neuronal [31]. Furthermore, while psychedelic drugs can activate multiple 

GPCRs (e.g., dopaminergic, noradrenergic and trace amine/TAARs receptors) and some other 

signaling systems, 5-HT2A receptors are recognized as the main contributor to the common 

behavioral and subjective hallucinogenic effects of psychedelics [20,32-36]. Nevertheless, LSD 

and similar psychedelic drugs also bind to other serotonin receptors (e.g., 5-HT1A and 5-HT2C), 

as well as show dopaminergic and adrenergic effects at high doses [31]. 

In rodents, psychedelic drugs commonly induce anxiolytic-like states in low-to-moderate 

doses [23,37,38] (also see reduced anxiety-related ultrasonic vocalizations in rat pups by DOI 

[39]). However, there is also some experimental evidence of increased anxiety-like behavior by 

DOI [40], which corroborates clinical observations that hallucinogens may often induce fear and 

anxiety [41]. Genetic studies further implicate 5-HT2A receptor-mediated signaling in anxiety-

related behaviors, since 5-HT2A knockout mice display elevated anxiety, whereas normalizing 

5-HT2A expression rescues this phenotype [42]. Psychedelic drugs also enhance fear 

conditioning and fear memory extinction, depending on the time of exposure [43], and often 

increase impulsivity-related behavior in different tests [24,44,45] (note, however, that 

impulsivity-elevating effects of LSD is associated with dopamine D2, but not 5-HT2A, receptors 

[46]). Long-term LSD exposure also evokes lasting behavioral abnormalities (including, 

hyperactivity and hyperirritability, increased locomotor activity, anhedonia and social deficits) 

that persists for months and are unrelated to LSD discontinuation [47]. 
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Drug-induced HTR paradigm is one of the most widely studied psychedelic assays in 

rodents that distinguishes, with relatively high predictive validity, 5-HT2A psychedelics from 

other compounds [22]. HTR is also an easily distinguishable from other related phenotypes 

following the exposure to dissociative drugs (head-weaving) [48] or opioid withdrawal (wet-dog 

shakes) [49]. In general, hallucinogenic psychedelic drugs typically facilitate HTR, whereas non-

psychedelic 5-HT2A receptor agonists lack this effect [20,50-55]. In line with this, 5-HT2A 

receptor pharmacological [52,53,55-57] and genetic inactivation [20,58,59] can both predictably 

block hallucinogen-induced HTR.  

Finally, much attention is currently paid to the ability of classical psychedelics to induce 

pronounced antidepressant responses in rodents, paralleling human studies (e.g., [1-3]). For 

example, psilocybin, LSD [60] and chronic low-dose DMT exert persistent antidepressant-like 

effects in rodent forced swim test (FST). Interestingly, psilocybin also elicits similar 

antidepressant-like action in this test (albeit independently from the 5-HT2A receptor activation), 

suggesting that other putative mechanisms may co-contribute to antidepressant effects of 

serotonergic psychedelics in animal models [61]. 

Complementing rodent studies, non-traditional vertebrate models, such as zebrafish, are 

emerging as a sensitive powerful in-vivo systems to probe the effects of psychedelic drugs [62-

64]. Although zebrafish express two copies of 5-HT2A receptor (5-HT2Aa and 5-HT2Ab) [65], 

other elements of their serotonergic system, such as the serotonin transporter and enzymes of 

synthesis and catabolism, are remarkably evolutionarily conserved [66-70]. The sensitivity to a 

wide range of serotonergic agents, including major psychedelic drugs, makes zebrafish an 

invaluable tool to study mechanisms underlying their CNS effects and role in various psychiatric 

diseases [71-73]. For example, in the novel tank diving test paradigm, mescaline (5–20 mg/L) is 

likely anxiolytic as it increases preference for the upper half of the tank and reduces immobility 

[29]. While LSD exerts a biphasic profile in rodents and humans, acting as a 5-HT2A receptor 

agonist during an early anxiogenic phase and as a dopaminergic D4 receptor agonist at a later, 
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pro-arousal phase [74], this effect is not observed in zebrafish, where LSD is overtly anxiolytic 

within minutes [30]. Clearly, such differences in profiles call for improved understanding of the 

5-HT2A receptor role in psychedelic effects across species, also helping distinguish between 

various psychedelic drug-evoked phenotypes in vivo. 

Conclusion 

Recognizing risks of hallucinogenic effects of serotonergic drugs, the search for safer and 

effective psychedelic drugs for the treatment of psychiatric disorders continues. With the 

increasing spectrum of established animal models, the availability of tools for characterizing 

behavioral- and molecular-level effects of psychedelic drugs (especially related to 5-HT2A 

receptor signaling) is also growing. Mounting evidence, only briefly discussed here, continues 

to generate important insights into molecular, physiological, and neurobehavioral mechanisms 

of psychedelic drugs. Recent breakthroughs in studying serotonin receptors also markedly 

increase our understanding of their molecular interactions with others neuronal pathways (e.g., 

the 5-HT2A receptor-mediated potentiation of GABAergic inhibition [75]). Finally, if such 

attempts are successful, altered neuroplasticity in the absence of psychedelic-induced 

hallucinogenic effects may be sufficient for the treatment of neuropsychiatric disorders, and a 

larger number of patients may potentially benefit from using non-hallucinogenic medicines 

inspired by psychedelic science.  

Expert Opinion 

Perspectives on developing novel putative non-hallucinogenic psychedelic drugs 

Conventional psychedelic serotonergic drugs (LSD, DMT, psilocybin and mescaline) 

commonly generate a wide range of effects on perception, emotion and cognition [12,76]. 

However, the mechanisms of action of psychedelics at molecular and brain circuitry levels 

remain poorly understood [77]. For example, a non-hallucinogenic psychedelic analogue of 

ibogaine, tabernanthalog (TBG), promotes neuroplasticity, reduces alcohol- and heroin-seeking 

behavior, and evokes antidepressant-like effects without HTR in rodents [78]. Similarly, sub-
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hallucinogenic doses of DMT prevent mood- and anxiety-like deficits in rodents [79]. 

Importantly, while  TBG and DMT are 5-HT2A receptor agonists [78,80] and some TBG effects 

are blocked by a 5-HT2A antagonist ketanserin [78], TBG exhibits lesser 5-HT2A activity than 

classical psychedelic compounds, but more potently binds to the serotonin transporter (SERT) 

[18,81].  

 To understand the main cause of subjective hallucinogenic effects of psychedelic drugs, 

it is critical to recognize critical structures that generate such responses. For instance, the 

simplification of the drug can enhance synthetic tractability, improve physicochemical properties 

and safety of psychedelic drugs [78]. Indeed, smaller molecules like 5-F-DMT and 5-Cl-DMT 

are hallucinogenic, while a similar (but bigger) molecule, 5-Br-DMT, is not [77]. Besides the 

complexity of the drug per se, one must consider the participation of a wider circle of molecules 

in these hallucinogenic responses. For example, various scaffolding proteins are described as 

important regulators of 5-HT2A receptors [82-86], primarily by influencing their subcellular 

localization [87]. Therefore, both complexity of the molecule and the interactions of 5-HT2A 

receptors with scaffolding proteins can determine subjective CNS effects of psychedelic drugs. 

As such, novel ligands can be developed based on modulating CNS receptor function by targeting 

their scaffolding proteins and other molecular interactors (Fig. 1). 

 The 5-HT2A receptors belong to the A-1 class of GPCR family that participate in the 

most versatile group of biological processes [88]. First, since different G-proteins may couple to 

the same serotonin receptor (Fig. 1), its activation can thereby trigger distinct molecular 

pathways [89]. Second, there are also GPCR dimers [90], including, for example, heterodimeric 

serotonin/glutamate 5-HT2A/mGlu2 receptors that are co-immunoprecipitated in rodent brain 

areas related to the effects of antipsychotics [91,92]. Such heterodimers may acquire unique 

biochemical and functional proprieties, including novel pharmacology, ortho- or allosteric 

binding sites, signaling responses to agonists or antagonists, and unexpected allosteric-like cross-

talk between the protomers [93,94]. Moreover, since small changes in the structure of ligands 
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can also cause distinct cellular signaling profiles, different ligands may promote differing 

signaling-to-effector pathways within cells [95]. All these factors may clearly contribute to CNS 

effects of various psychedelic drugs, and may help distinguish between hallucinogenic vs. non-

hallucinogenic psychedelics. 

Although such variables (e.g., scaffolding proteins, varying G-proteins, different ligands 

and potential heterodimerization; Fig. 1) can hamper the resolution and efficacy of 

pharmacological screening of non-hallucinogenic psychedelics, there are innovative 

methodologies capable of improving such a task. For instance, the microbial periplasmic binding 

proteins-based 5-HT sensor (iSeroSnFR) enables imaging serotonin dynamics in brain slices and 

freely moving rodents [96]. This biosensor images real-time serotonin release triggered by fear, 

social interaction, and behavioral modulation in multiple rodent brain regions, and detects 

changes in serotonin efflux mediated by human SERT in the presence of 3,4-

methylenedioxymethamphetamine (MDMA) in vitro, in the HEK293T cell culture [96].  

On the one hand, iSeroSnFR does not assess serotonin receptor activity, making it 

impossible to perform high-throughput pharmacological screening. On the other hand, another 

sensor, the psychLight, can convert ligand-induced conformational changes of the 5-HT2A 

receptor into fluorescence readouts in freely moving rats [77]. Pharmacological analysis using 

psychLight reveals high affinity for 5-HT2 receptors for AAZ-A-154, which also increases 

dendritic outgrowth in cultured rat embryonic cortical neurons, induces FST antidepressant-like 

responses and ameliorates anhedonia (sucrose preference) in rats, similar to psychedelic drugs 

[77]. Although its pharmacological profile has not been fully established yet, previous reports 

show that AAZ-A-154 does not exert hallucinogenic-like effects [77].  

While both iSeroSnFR and psychLight biosensors have been applied to rodents, they can 

also be used in zebrafish. For example, iSeroSnFR may help analyze molecular dynamics of 

serotonin related to the two copies of zebrafish 5-HT2A (a and b) receptors. In turn, psychLight 

may help observe the contrast between molecular mechanisms of these two receptor isoforms in 
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zebrafish, e.g., probing the difference in ligand-induced conformational changes between these 

isoforms. However, using zebrafish for this may also meets some limitations, compared to 

rodents. For example, while rodent behavioral analyses are performed through optical cables 

inserted by craniotomy holes, zebrafish move in 3D space that complicates analyses, presently 

seemingly limited to in vitro zebrafish assays. 

Further untangling signaling cascades 

A key strategic area of psychedelic research is studying a wide range of 5-HT2A 

molecular, transcriptomic and genetic effects in the brain. 5-HT2A receptor activity is primary 

associated with Gq protein alpha subunit pathway that activates multiple downstream signaling 

cascades, including phospholipase C (PLS), diacylglycerol (DAG) and inositol triphosphate 

signaling (IP3), which in turn stimulate the protein kinase C (PKC) activity, Ca2+ release and β-

arrestin signal transduction [20,97,98]. Arrestins are a small family of homologous regulatory 

proteins that act as modifiers of GPCR signaling, supporting receptors internalization and 

simultaneously activating independent (e.g., tyrosine kinase Src- and MAPK-related) pathways 

[99-101]. Different GPCR ligands show biased efficiency of activation of G protein- and 

arrestins-related pathways, including psychedelic drugs via 5-HT2A receptors [102]. 

Interestingly, serotonin and DOI both act on 5-HT2A receptor through different (β-arrestin-2-

dependent and independent, respectively) pathways, to induce mouse HTR [56]. Similarly, LSD 

acts upon β2-arrestin signaling more than non-hallucinogenic lysergamides, suggesting the 

importance of β2-arrestin signaling to produce hallucinatory states [97]. Overall, this suggests 

that searching for ligands that are biased toward different GPCR-related signaling cascades may 

foster the development of novel psychedelics without pronounced hallucinogenic effects.  

Based on this notion, several arrestin-biased ligands of 5-HT2A receptor have recently 

been developed using structure-based discovery utilizing crystal structures of the 5-HT2A 

receptor complexed with psychedelics and other serotonergic compounds, to estimate different 

binding modes, allowing to predict ligand bias [103]. Two novel highly biased (IHCH-7112 and 
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IHCH7120, bias factors = 6.70 and 12.76 respectively) and one moderately biased (IHCH-7113, 

bias factor = 1.52) for β2-arrestin signaling drugs have been suggested [103]. Interestingly, 

IHCH-7079 and IHCH-7086 (but not IHCH-7113) fail to produce HTR at doses as high as 10 

mg/kg in mice, and also abolish LSD-induced HTR, similarly to 5-HT2A receptor selective 

antagonist MDL100907 [103]. Finally, both IHCH-7079 and IHCH-7086 induce pronounced 

antidepressant responses in various mouse depression models, paralleling data suggesting that 

hallucinogenic activity is not neccessary for LSD to induce antidepressant effects in mice [103]. 

Collectively, this strongly supports the use of novel efficient structure-based approaches to 

improve success of psychedelic drug discovery.  

The use of alternative model organisms in psychedelics research 

As already mentioned, zebrafish are an emergent tool to investigate the neuropsychiatric 

disorders, and also have multiple practical advantages, including space-efficiency, easy 

experimental manipulations and a low-cost maintenance [120]. Their high reproduction rate, 

external fertilization, transparency of embryos and rapid development [121] foster studying 

genetic and epigenetic mechanisms of neuropsychiatric disorders, especially given multiple 

transgenic lines created by gene-editing (e.g., CRISPR-Cas9 or transcription activator-like 

effector nucleases/TALENS) methods [122,123]. However, zebrafish possess some limitations 

in the translatability of their data due to certain differences from mammals, such as metabolic 

physiology (cold-blooded fish vs. warm-blooded mammals) and brain anatomy (e.g., zebrafish 

lack cortex) [124]. Because of its small size, the long-term monitoring of endocrine levels from 

blood is also problematic as it is difficult to obtain a sufficient amount of blood without 

euthanizing the animal [125]. In addition, genome duplication event in teleost fishes [126] may 

complicate genetic analyses of neuropsychiatric phenotypes since some genes may exist in two 

copies in zebrafish (however, if the gene in question is vital, having two copies of it in zebrafish 

may help generate viable knockouts if only on copy of the gene is ablated).  
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Unlike in rodents, there are still multiple questions related to psychedelic-induced 

behavioral and molecular studies in animals (Table 2). For example, it is unclear to what extent 

various molecular factors (e.g., different ligands, scaffolding proteins, difference in the G-

protein, heterodimerization) can influence hallucinogenic responses? Moreover, it remains to be 

studied which behavioral tests are most appropriate assays to characterize hallucinogenic-like 

phenotypes in both popular and novel model organisms, such as rodents and zebrafish? Likewise,  

novel methodological approaches (e.g., psychLight and iSeroSnFR) can elucidate why LSD does 

not show the biphasic effect on anxiety (seen in rodents and humans) when tested in zebrafish. 

The psychLight may also help clarify the differences in molecular mechanisms between the two 

copies of zebrafish 5-HT2A (5-HT2Aa and 5-HT2Ab) receptor, whereas iSeroSnFR can clarify 

the differences in the pharmacokinetics of serotonin between these two receptor isoforms.  

Understanding the effects of psychedelics on impulsivity 

Interestingly, non-hallucinogenic psychedelics, including lisuride and some 5-HT2A 

receptor β-arrestin–biased agonists [104], somewhat differ from hallucinogenic drugs due to the 

ability to increase impulsivity, often experienced by humans taking hallucinogenic psychedelics 

[105-107]. Rodents treated with serotonergic hallucinogens also display increased impulsivity in 

traditional locomotor and impulsive choice tests [108], especially in a five-choice serial reaction 

time task (5-CSRTT) [24,109,110]. Although data is scarce on zebrafish performance in 5-

CSRTT following hallucinogenic psychedelic drugs, this test was successfully applied to other 

neurobehavioral and neuropharmacological studies in this model organism [111-113]. In contrast 

to serotonergic hallucinogens (e.g., DOI), their non hallucinogenic analogues (e.g., lisuride) 

decrease impulsive decision-making in rats tested in delay discounting paradigm [114], 

conceptually similar to 5-CSRTT and comparing preference for small instant vs. larger delayed 

reward [115]. Furthermore, lisuride displays remarkable antiseizure activity in zebrafish Dravet 

syndrome (DS) model, which again may be relevant to rescuing hyper-impulsivity phenotype in 

this CNS model [116]. While impulsive behavior following non-hallucinogenic serotonergic 
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psychedelic drugs remains poorly studied, these drugs may be analyzed in rodent and zebrafish 

models using both 5-CSRTT and delay discounting task. For example, an emphasis should be 

made on further screening of impulsivity-related effects of 5-HT2A β-arrestin-biased agonists 

[117,118] and non-classical psychedelics like TBG [119], which have already shown positive 

antidepressant and anti-addictive potential in rodents [78].     

Finally, rigorous and thorough animal modeling of psychedelic drug effects may benefit 

from the implementation of artificial intelligence and machine deep learning algorithms, to 

generate new insights for rapid and large-scale phenotyping using zebrafish. Thus, future 

methods of behavioral fingerprinting and automated video-based animal tracking will be 

developed for large-scale drug screening applications, including psychedelic drugs. For example, 

impulsivity and hyperactivity phenotypes related to hallucinogenic action may be detected by 

increased locomotor parameters (and especially acceleration and turning endpoints) by 

automated video-tracking, empowered by artificial intelligence-based pattern recognition 

algorithms. Together, this may help create efficient databases for high-throughput drug 

screenings, which can, in turn, ultimately translate into improved success rates of clinical trials. 

Using this strategy, ineffective non-hallucinogenic psychedelic drug candidates can be reliably 

identified and/or discarded.  
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Figure 1. Different signaling molecular profiles of the serotonergic 5-HT2A receptor activation, 

including different G-proteins (a), scaffolding proteins (b) or structure of the ligands (c) that may 

initiate distinct significant cascades. EGR1 - Early growth response protein 1; EGR2 - Early 

growth response protein 2; Ip3 - Inositol trisphosphate; PLC - Phospholipase C; PLD - 

Phospholipase D; AC - Adenylyl cyclase; PKC - Protein Kinase C; ERK - Extracellular signal-

regulated kinase; mOTR - Mammalian target of rapamycin; PKA - Protein kinase A (based on 

[86,127,128]) 
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Table 1. Clinical and pre-clinical CNS effects of classical psychedelic and non-hallucinogenic 

psychedelic drugs injected using intraperitoneal (i.p.), intraventricular (i.v.), subcutaneous (s.c.), 

oral (p.o.) and intramuscular (i.m.) methods.  

Drugs CNS effects in different species 

 Zebrafish Rodents Humans 

Classical psychedelic drugs 

LSD ↑time in top, top transitions, 

↓latency to top, ↓freezing 

episodes and duration, reversed 

dark preference, ↑thigmotaxis, 

↑cortisol, ↓shoaling (0.25 mg/L) 

[30]  

Head-twitch response (HTR) and 

shaking behavior (0.025 mg/kg 7 

times/4 days i.p.) [12], ↓ depression 

(0.15-0.13 mg/kg i.p.) [60,129]; ↓ 

locomotion (0.06 mg/kg i.p.) [130]  

Visual hallucination, audio-visual 

synesthesia, ↑wellbeing, trust, 

happiness, blood pressure, heart rate, 

body temperature, cortisol, oxytocin 

and epinephrine, ↓ anxiety (0.2 mg/kg 

p.o.) [131]  

Mescaline  ↑time in top, top transitions, 

shoaling, ↓latency to top, 

immobility, anxiety (20 mg/L) 

[29] 

↑locomotion (100 mg/kg i.p. 60 min 

after injection) [132]; ↑ aggression 

(10–50 mg/kg i.p.) [133], HTR (10-

100 mg/kg i.p.) [50,134], ataxia, 

↓learning (25-75 mg/kg 30-40 min 

after injection i.p.) [135] 

Visual and auditory hallucination, 

synesthesia, distortions in time 

perception, depersonalization, 

↑anxiety, euphoria, catatonia, altered 

cognitive performance, psychosis (0.5 

mg/kg p.o.) [136-138] 

Psilocybin ↑ shoaling, ↑ cortisol [139] 

  

HTR (1.1 mg/kg s.c.) [140], 

↓depression-like behavior [60], 

↑fear extinction (1 mg/kg i.p.) [25]  

Visual, auditory, proprioceptive 

hallucinations, distorted time 

perception, mood and memory, 

spiritual/mystical experience (2 mg 

i.v, 30 mg/kg p.o.) [141,142], 

↓anxiety, depression (22 mg p.o.) 

[143], ↑mood, perception (0.045– 

0.315 mg/kg p.o.) [144], ↓alcohol and 

nicotine addiction (20-30 mg p.o.) 

[145,146] 

DMT ↓memory (0.1-0.5 mL/L 

chronic), locomotion (0.5 mg/L 

acute) [147]*, velocity and 

distance, ↑freezing, bottom 

dwelling (1-3 mg/L), ↓bottom 

dwelling, anxiety-like behavior 

(0.1 mg/L) [148]* 

↑anxiety (10 mg/kg i.p.) [149], 

↓fear, anxiety, depression (1 mg/kg 

i.p.) [79] 

↑mental wellbeing (25 mg smoked) 

[150], ↓ depression (2.2 mL/kg p.o.) 

[151]*, ↑feelings of relaxation (0.7 

mg/kg i.m.) [152], ↓anxiety [153]* 

Non-hallucinogenic drugs 

TBG Behaviorally inert in larvae (1–

200 μM) [78]  

↓depression (50 mg/kg i.p.), 

↓heroin seeking (40 mg/kg i.p.) [78] 

No data regarding CNS effects  

AAZ-A-

154 

No data regarding CNS effects ↓depression (20 mg/kg i.p.), 

↓anhedonia (15 mg/kg i.p.) [77] 

No data regarding CNS effects  

IHCH-

7113 

No data regarding CNS effects HTR (0.125 mg/kg i.p.) [103] No data regarding CNS effects 

IHCH-

7079 

No data regarding CNS effects Lack of HTR (<=10 mg/kg i.p.), 

↓depression (2-10 mg/kg i.p.) [103] 

No data regarding CNS effects 

IHCH-

7086 

No data regarding CNS effects Lack of HTR (<=10 mg/kg i.p.), 

↓depression (2-10 mg/kg i.p.) [103] 

 

No data regarding CNS effects 

 

*These studies used ayahuasca instead of pure DMT (ayahuasca is a complex mixture of DMT and alkaloids, and 

is used to treat depression clinically).  
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Table 2. Selected open questions related to psychedelic drug neurobiology and drug 

screening 

Questions 

• How can different molecular factors (e.g., different ligands, scaffolding proteins, G-

proteins and heterodimerization, as in Fig. 1) modulate hallucinogenic vs. general 

psychedelic effects? 

• What are reliable phenotypes of rodent or zebrafish hallucinogenic-like behavior? Are 

there appropriate behavioral tests to assess hallucinogenic responses in such animal 

models? 

• Are there reliable molecular determinants of hallucinogenic responses? Similarly, are 

there molecular (neurochemical, biochemical, genomic) biomarkers associated with 

hallucinogenic vs. non-hallucinogenic action?  

• How can novel methodological approaches (e.g., psychLight and iSeroSnFR) probe 

hallucinogenic vs. non-hallucinogenic effects? 

• Are there differences in genomic/transcriptomic profiles between hallucinogenic vs. 

non-hallucinogenic psychedelic drugs? 

• What are epigenetic mechanisms underlying hallucinogenic vs. non-hallucinogenic 

psychedelic drug action?  

• Are there neuroinflammation-related and/or neuro-apoptotic mechanisms that 

contribute to hallucinogenic vs. non-hallucinogenic drug action? How do psychedelic 

drugs interact with neuronal and glial factors (e.g., BDNF, GDNF, NGF)? 

• Do psychedelic drugs affect neuroimmune response in mammals and zebrafish? Do 

microglial cells and astrocytes play similar (or distinct) roles in psychedelic 

hallucinogenic vs. non-hallucinogenic drugs? Can serotonergic psychedelic drugs 

induce adult neurogenesis? Can these drugs affect neural progenitor cells? 

• What is the addictive potential of hallucinogenic vs. non-hallucinogenic psychedelic 

drugs? If so, can psychedelic drugs induce overt withdrawal syndrome in animal 

models? Are there differences between hallucinogenic vs. non-hallucinogenic 

psychedelic drugs? 

• How can zebrafish models be used to mimic core mechanisms underlying psychoses 

induced by psychedelic drugs? 

• Are there drug interactions between hallucinogenic and non-hallucinogenic 

psychedelics? 

 

 

 

 

 

 

  



18 

 

References 

Papers of special note have been highlighted as either of interest (•) or of considerable 

interest (••) to readers. 

1. Vollenweider FX, Preller KH. Psychedelic drugs: neurobiology and potential for 

treatment of psychiatric disorders. Nature Reviews Neuroscience. 2020 

2020/11/01;21(11):611-624. 

2. Cavarra M, Falzone A, Ramaekers JG, et al. Psychedelic-Assisted Psychotherapy—A 

Systematic Review of Associated Psychological Interventions [Systematic Review]. 

Frontiers in Psychology. 2022 2022-June-10;13. 

3. Baumeister D, Barnes G, Giaroli G, et al. Classical hallucinogens as antidepressants? A 

review of pharmacodynamics and putative clinical roles. Ther Adv Psychopharmacol. 

2014 Aug;4(4):156-69. 

4. Nichols DE. Hallucinogens. Pharmacol Ther. 2004 Feb;101(2):131-81. 

5. Johnson M, Richards W, Griffiths R. Human hallucinogen research: guidelines for safety. 

J Psychopharmacol. 2008 Aug;22(6):603-20. 

6. Sessa B. Shaping the renaissance of psychedelic research. Lancet. 2012 Jul 

21;380(9838):200-1. 

7. Agin-Liebes GI, Malone T, Yalch MM, et al. Long-term follow-up of psilocybin-assisted 

psychotherapy for psychiatric and existential distress in patients with life-threatening 

cancer. J Psychopharmacol. 2020 Feb;34(2):155-166. 

8. Gasser P, Holstein D, Michel Y, et al. Safety and efficacy of lysergic acid diethylamide-

assisted psychotherapy for anxiety associated with life-threatening diseases. J Nerv Ment 

Dis. 2014 Jul;202(7):513-20. 

9. Palhano-Fontes F, Barreto D, Onias H, et al. Rapid antidepressant effects of the 

psychedelic ayahuasca in treatment-resistant depression: a randomized placebo-

controlled trial. Psychol Med. 2019 Mar;49(4):655-663. 

10. Ly C, Greb AC, Cameron LP, et al. Psychedelics Promote Structural and Functional 

Neural Plasticity. Cell Rep. 2018 Jun 12;23(11):3170-3182. 

11. Liu W, Ge T, Leng Y, et al. The Role of Neural Plasticity in Depression: From 

Hippocampus to Prefrontal Cortex. Neural Plast. 2017;2017:6871089. 

12. Nichols DE. Psychedelics. Pharmacol Rev. 2016 Apr;68(2):264-355. 

13. Olson DE. The Subjective Effects of Psychedelics May Not Be Necessary for Their 

Enduring Therapeutic Effects. ACS Pharmacol Transl Sci. 2021 Apr 9;4(2):563-567. 

14. Slikker W, Jr., Beck BD, Cory-Slechta DA, et al. Cognitive tests: interpretation for 

neurotoxicity? (Workshop summary). Toxicol Sci. 2000 Dec;58(2):222-34. 

15. Roseman L, Nutt DJ, Carhart-Harris RL. Quality of acute psychedelic experience predicts 

therapeutic efficacy of psilocybin for treatment-resistant depression. Frontiers in 

pharmacology. 2018;8:974. 

16. Barrett FS, Griffiths RR. Classic hallucinogens and mystical experiences: 

phenomenology and neural correlates. Behavioral neurobiology of psychedelic drugs. 

2017:393-430. 

17. Madsen MK, Fisher PM, Burmester D, et al. Psychedelic effects of psilocybin correlate 

with serotonin 2A receptor occupancy and plasma psilocin levels. 

Neuropsychopharmacology. 2019;44(7):1328-1334. 

18. McClure-Begley TD, Roth BL. The promises and perils of psychedelic pharmacology for 

psychiatry. Nature Reviews Drug Discovery. 2022;21(6):463-473. 

19. Ma L, Demin KA, Kolesnikova TO, et al. Animal inflammation-based models of 

depression and their application to drug discovery. Expert Opin Drug Discov. 2017 

Oct;12(10):995-1009. 



19 

 

20. Gonzalez-Maeso J, Weisstaub NV, Zhou M, et al. Hallucinogens recruit specific cortical 

5-HT(2A) receptor-mediated signaling pathways to affect behavior. Neuron. 2007 Feb 

1;53(3):439-52. 

21. Keller DL, Umbreit WW. Permanent alteration of behavior in mice by chemical and 

psychological means. Science. 1956 Oct 19;124(3225):723-4. 

22. Hanks JB, Gonzalez-Maeso J. Animal models of serotonergic psychedelics. ACS Chem 

Neurosci. 2013 Jan 16;4(1):33-42. 

23. Nic Dhonnchadha BA, Bourin M, Hascoet M. Anxiolytic-like effects of 5-HT2 ligands 

on three mouse models of anxiety. Behav Brain Res. 2003 Mar 18;140(1-2):203-14. 

24. Wischhof L, Hollensteiner KJ, Koch M. Impulsive behaviour in rats induced by 

intracortical DOI infusions is antagonized by co-administration of an mGlu2/3 receptor 

agonist. Behav Pharmacol. 2011 Dec;22(8):805-13. 

25. Catlow BJ, Song S, Paredes DA, et al. Effects of psilocybin on hippocampal neurogenesis 

and extinction of trace fear conditioning. Exp Brain Res. 2013 Aug;228(4):481-91. 

26. Colaco CS, Alves SS, Nolli LM, et al. Toxicity of ayahuasca after 28 days daily exposure 

and effects on monoamines and brain-derived neurotrophic factor (BDNF) in brain of 

Wistar rats. Metab Brain Dis. 2020 Jun;35(5):739-751. 

27. Christoffel DJ, Golden SA, Russo SJ. Structural and synaptic plasticity in stress-related 

disorders. Rev Neurosci. 2011;22(5):535-49. 

28. Duman RS, Aghajanian GK. Synaptic dysfunction in depression: potential therapeutic 

targets. Science. 2012 Oct 5;338(6103):68-72. 

29. Kyzar EJ, Collins C, Gaikwad S, et al. Effects of hallucinogenic agents mescaline and 

phencyclidine on zebrafish behavior and physiology. Prog Neuropsychopharmacol Biol 

Psychiatry. 2012 Apr 27;37(1):194-202. 

30. Grossman L, Utterback E, Stewart A, et al. Characterization of behavioral and endocrine 

effects of LSD on zebrafish. Behav Brain Res. 2010 Dec 25;214(2):277-84. 

31. Kyzar EJ, Nichols CD, Gainetdinov RR, et al. Psychedelic drugs in biomedicine. Trends 

in pharmacological sciences. 2017;38(11):992-1005. 

32. Nichols DE. Psychedelics. Pharmacological reviews. 2016;68(2):264-355. 

33. Kometer M, Schmidt A, Bachmann R, et al. Psilocybin biases facial recognition, goal-

directed behavior, and mood state toward positive relative to negative emotions through 

different serotonergic subreceptors. Biological psychiatry. 2012;72(11):898-906. 

34. Preller KH, Herdener M, Pokorny T, et al. The fabric of meaning and subjective effects 

in LSD-induced states depend on serotonin 2A receptor activation. Current Biology. 

2017;27(3):451-457. 

35. Gresch P, Strickland L, Sanders-Bush E. Lysergic acid diethylamide-induced Fos 

expression in rat brain: role of serotonin-2A receptors. Neuroscience. 2002;114(3):707-

713. 

36. Moreno JL, Holloway T, Rayannavar V, et al. Chronic treatment with LY341495 

decreases 5-HT2A receptor binding and hallucinogenic effects of LSD in mice. 

Neuroscience letters. 2013;536:69-73. 

37. Gomes K, Nunes-De-Souza R. Implication of the 5-HT2A and 5-HT2C (but not 5HT1A) 

receptors located within the periaqueductal gray in the elevated plus-maze test–retest 

paradigm in mice. Progress in Neuro-Psychopharmacology and Biological Psychiatry. 

2009;33(7):1261-1269. 

38. Schreiber R, Melon C, De Vry J. The role of 5-HT receptor subtypes in the anxiolytic 

effects of selective serotonin reuptake inhibitors in the rat ultrasonic vocalization test. 

Psychopharmacology. 1998;135(4):383-391. 

39. Winslow JT, Insel TR. Serotonergic modulation of the rat pup ultrasonic isolation call: 

studies with 5HT1 and 5HT2 subtype-selective agonists and antagonists. 

Psychopharmacology. 1991;105(4):513-520. 



20 

 

40. Hawkins MF, Uzelac SM, Baumeister AA, et al. Behavioral responses to stress following 

central and peripheral injection of the 5-HT2 agonist DOI. Pharmacology Biochemistry 

and Behavior. 2002;73(3):537-544. 

41. Griffiths RR, Johnson MW, Richards WA, et al. Psilocybin occasioned mystical-type 

experiences: immediate and persisting dose-related effects. Psychopharmacology. 

2011;218(4):649-665. 

42. Weisstaub NV, Zhou M, Lira A, et al. Cortical 5-HT2A receptor signaling modulates 

anxiety-like behaviors in mice. Science. 2006;313(5786):536-540. 

43. Zhang G, Asgeirsdottir HN, Cohen SJ, et al. Stimulation of serotonin 2A receptors 

facilitates consolidation and extinction of fear memory in C57BL/6J mice. 

Neuropharmacology. 2013;64:403-413. 

44. Hadamitzky M, Koch M. Effects of acute intra-cerebral administration of the 5-HT2A/C 

receptor ligands DOI and ketanserin on impulse control in rats. Behavioural brain 

research. 2009;204(1):88-92. 

45. Koskinen T, Ruotsalainen S, Puumala T, et al. Activation of 5-HT2A receptors impairs 

response control of rats in a five-choice serial reaction time task. Neuropharmacology. 

2000;39(3):471-481. 

46. Marona-Lewicka D, Thisted RA, Nichols DE. Distinct temporal phases in the behavioral 

pharmacology of LSD: dopamine D2 receptor-mediated effects in the rat and implications 

for psychosis. Psychopharmacology. 2005;180(3):427-435. 

47. Marona-Lewicka D, Nichols CD, Nichols DE. An animal model of schizophrenia based 

on chronic LSD administration: old idea, new results. Neuropharmacology. 

2011;61(3):503-512. 

48. Gonzalez-Maeso J, Sealfon SC. Psychedelics and schizophrenia. Trends in 

neurosciences. 2009;32(4):225-232. 

49. Martin W, Wikler A, Eades C, et al. Tolerance to and physical dependence on morphine 

in rats. Psychopharmacologia. 1963;4(4):247-260. 

50. Silva MT, Calil HM. Screening hallucinogenic drugs: systematic study of three 

behavioral tests. Psychopharmacologia. 1975 May 28;42(2):163-71. 

51. Yamamoto T, Ueki S. The role of central serotonergic mechanisms on head-twitch and 

backward locomotion induced by hallucinogenic drugs. Pharmacology Biochemistry and 

Behavior. 1981;14(1):89-95. 

52. Fantegrossi WE, Harrington AW, Eckler JR, et al. Hallucinogen-like actions of 2, 5-

dimethoxy-4-(n)-propylthiophenethylamine (2C-T-7) in mice and rats. 

Psychopharmacology. 2005;181(3):496-503. 

53. Fantegrossi WE, Reissig CJ, Katz EB, et al. Hallucinogen-like effects of N, N-

dipropyltryptamine (DPT): possible mediation by serotonin 5-HT1A and 5-HT2A 

receptors in rodents. Pharmacology Biochemistry and Behavior. 2008;88(3):358-365. 

54. Corne S, Pickering R, Warner B. A method for assessing the effects of drugs on the 

central actions of 5‐hydroxytryptamine. British journal of pharmacology and 

chemotherapy. 1963;20(1):106-120. 

55. Colpaert F, Janssen P. The head-twitch response to intraperitoneal injection of 5-

hydroxytryptophan in the rat: antagonist effects of purported 5-hydroxytryptamine 

antagonists and of pirenperone, an LSD antagonist. Neuropharmacology. 

1983;22(8):993-1000. 

56. Schmid CL, Raehal KM, Bohn LM. Agonist-directed signaling of the serotonin 2A 

receptor depends on β-arrestin-2 interactions in vivo. Proceedings of the National 

Academy of Sciences. 2008;105(3):1079-1084. 

57. Willins DL, Meltzer HY. Direct injection of 5-HT2A receptor agonists into the medial 

prefrontal cortex produces a head-twitch response in rats. Journal of Pharmacology and 

Experimental Therapeutics. 1997;282(2):699-706. 



21 

 

58. González-Maeso J, Yuen T, Ebersole BJ, et al. Transcriptome fingerprints distinguish 

hallucinogenic and nonhallucinogenic 5-hydroxytryptamine 2A receptor agonist effects 

in mouse somatosensory cortex. Journal of Neuroscience. 2003;23(26):8836-8843. 

59. Keiser MJ, Setola V, Irwin JJ, et al. Predicting new molecular targets for known drugs. 

Nature. 2009;462(7270):175-181. 

60. Hibicke M, Landry AN, Kramer HM, et al. Psychedelics, but Not Ketamine, Produce 

Persistent Antidepressant-like Effects in a Rodent Experimental System for the Study of 

Depression. ACS Chem Neurosci. 2020 Mar 18;11(6):864-871. 

61. Hesselgrave N, Troppoli TA, Wulff AB, et al. Harnessing psilocybin: antidepressant-like 

behavioral and synaptic actions of psilocybin are independent of 5-HT2R activation in 

mice. Proceedings of the National Academy of Sciences. 2021;118(17):e2022489118. 

62. Norton W, Bally-Cuif L. Adult zebrafish as a model organism for behavioural genetics. 

BMC Neurosci. 2010 Aug 2;11:90. 

63. Ribeiro D, Nunes AR, Teles M, et al. Genetic variation in the social environment affects 

behavioral phenotypes of oxytocin receptor mutants in zebrafish. Elife. 2020 Sep 9;9. 

64. Cheng RK, Jesuthasan S, Penney TB. Time for zebrafish. Front Integr Neurosci. 

2011;5:40. 

65. Sourbron J, Schneider H, Kecskes A, et al. Serotonergic Modulation as Effective 

Treatment for Dravet Syndrome in a Zebrafish Mutant Model. ACS Chem Neurosci. 

2016 May 18;7(5):588-98. 

66. Aldeco M, Arslan BK, Edmondson DE. Catalytic and inhibitor binding properties of 

zebrafish monoamine oxidase (zMAO): comparisons with human MAO A and MAO B. 

Comp Biochem Physiol B Biochem Mol Biol. 2011 Jun;159(2):78-83. 

67. Maximino C, Lima MG, Batista Ede J, et al. Interaction between 5-HT1B receptors and 

nitric oxide in zebrafish responses to novelty. Neurosci Lett. 2015 Feb 19;588:54-6. 

68. Norton WH, Folchert A, Bally-Cuif L. Comparative analysis of serotonin receptor 

(HTR1A/HTR1B families) and transporter (slc6a4a/b) gene expression in the zebrafish 

brain. J Comp Neurol. 2008 Dec 1;511(4):521-42. 

69. Schneider H, Fritzky L, Williams J, et al. Cloning and expression of a zebrafish 5-HT(2C) 

receptor gene. Gene. 2012 Jul 10;502(2):108-17. 

70. Herculano AM, Maximino C. Serotonergic modulation of zebrafish behavior: towards a 

paradox. Prog Neuropsychopharmacol Biol Psychiatry. 2014 Dec 3;55:50-66. 

71. Stewart AM, Ullmann JF, Norton WH, et al. Molecular psychiatry of zebrafish. Mol 

Psychiatry. 2015 Feb;20(1):2-17. 

72. Kalueff AV, Stewart AM, Gerlai R. Zebrafish as an emerging model for studying 

complex brain disorders. Trends Pharmacol Sci. 2014 Feb;35(2):63-75. 

73. Khan KM, Collier AD, Meshalkina DA, et al. Zebrafish models in 

neuropsychopharmacology and CNS drug discovery. Br J Pharmacol. 2017 

Jul;174(13):1925-1944. 

74. Marona-Lewicka D, Nichols DE. Further evidence that the delayed temporal 

dopaminergic effects of LSD are mediated by a mechanism different than the first 

temporal phase of action. Pharmacol Biochem Behav. 2007 Oct;87(4):453-61. 

75. Guiard BP, Di Giovanni G. Central serotonin-2A (5-HT2A) receptor dysfunction in 

depression and epilepsy: the missing link? Front Pharmacol. 2015;6:46. 

76. Yaden DB, Griffiths RR. The Subjective Effects of Psychedelics Are Necessary for Their 

Enduring Therapeutic Effects. ACS Pharmacol Transl Sci. 2021 Apr 9;4(2):568-572. 

77. Dong C, Ly C, Dunlap LE, et al. Psychedelic-inspired drug discovery using an engineered 

biosensor. Cell. 2021 May 13;184(10):2779-2792 e18. 

78. Cameron LP, Tombari RJ, Lu J, et al. A non-hallucinogenic psychedelic analogue with 

therapeutic potential. Nature. 2021 Jan;589(7842):474-479. 



22 

 

79. Cameron LP, Benson CJ, DeFelice BC, et al. Chronic, Intermittent Microdoses of the 

Psychedelic N,N-Dimethyltryptamine (DMT) Produce Positive Effects on Mood and 

Anxiety in Rodents. ACS Chem Neurosci. 2019 Jul 17;10(7):3261-3270. 

80. Smith RL, Canton H, Barrett RJ, et al. Agonist properties of N,N-dimethyltryptamine at 

serotonin 5-HT2A and 5-HT2C receptors. Pharmacol Biochem Behav. 1998 

Nov;61(3):323-30. 

81. Kroeze WK, Sassano MF, Huang X-P, et al. PRESTO-Tango as an open-source resource 

for interrogation of the druggable human GPCRome. Nature structural & molecular 

biology. 2015;22(5):362-369. 

82. Becamel C, Gavarini S, Chanrion B, et al. The serotonin 5-HT2A and 5-HT2C receptors 

interact with specific sets of PDZ proteins. J Biol Chem. 2004 May 7;279(19):20257-66. 

83. Bhatnagar A, Sheffler DJ, Kroeze WK, et al. Caveolin-1 interacts with 5-HT2A serotonin 

receptors and profoundly modulates the signaling of selected Galphaq-coupled protein 

receptors. J Biol Chem. 2004 Aug 13;279(33):34614-23. 

84. Cornea-Hebert V, Watkins KC, Roth BL, et al. Similar ultrastructural distribution of the 

5-HT(2A) serotonin receptor and microtubule-associated protein MAP1A in cortical 

dendrites of adult rat. Neuroscience. 2002;113(1):23-35. 

85. Gelber EI, Kroeze WK, Willins DL, et al. Structure and function of the third intracellular 

loop of the 5-hydroxytryptamine2A receptor: the third intracellular loop is alpha-helical 

and binds purified arrestins. J Neurochem. 1999 May;72(5):2206-14. 

86. Xia Z, Gray JA, Compton-Toth BA, et al. A direct interaction of PSD-95 with 5-HT2A 

serotonin receptors regulates receptor trafficking and signal transduction. J Biol Chem. 

2003 Jun 13;278(24):21901-8. 

87. Allen JA, Yadav PN, Roth BL. Insights into the regulation of 5-HT2A serotonin receptors 

by scaffolding proteins and kinases. Neuropharmacology. 2008 Nov;55(6):961-8. 

88. Hill SJ. G-protein-coupled receptors: past, present and future. Br J Pharmacol. 2006 

Jan;147 Suppl 1:S27-37. 

89. Giulietti M, Vivenzio V, Piva F, et al. How much do we know about the coupling of G-

proteins to serotonin receptors? Mol Brain. 2014 Jul 10;7:49. 

90. Bouvier M, Hebert TE. CrossTalk proposal: Weighing the evidence for Class A GPCR 

dimers, the evidence favours dimers. J Physiol. 2014 Jun 15;592(12):2439-41. 

91. Fribourg M, Moreno JL, Holloway T, et al. Decoding the signaling of a GPCR 

heteromeric complex reveals a unifying mechanism of action of antipsychotic drugs. Cell. 

2011 Nov 23;147(5):1011-23. 

92. Gonzalez-Maeso J, Ang RL, Yuen T, et al. Identification of a serotonin/glutamate 

receptor complex implicated in psychosis. Nature. 2008 Mar 6;452(7183):93-7. 

93. Bulenger S, Marullo S, Bouvier M. Emerging role of homo- and heterodimerization in 

G-protein-coupled receptor biosynthesis and maturation. Trends Pharmacol Sci. 2005 

Mar;26(3):131-7. 

94. Maurice P, Kamal M, Jockers R. Asymmetry of GPCR oligomers supports their 

functional relevance. Trends Pharmacol Sci. 2011 Sep;32(9):514-20. 

95. Moya PR, Berg KA, Gutierrez-Hernandez MA, et al. Functional selectivity of 

hallucinogenic phenethylamine and phenylisopropylamine derivatives at human 5-

hydroxytryptamine (5-HT)2A and 5-HT2C receptors. J Pharmacol Exp Ther. 2007 

Jun;321(3):1054-61. 

96. Unger EK, Keller JP, Altermatt M, et al. Directed Evolution of a Selective and Sensitive 

Serotonin Sensor via Machine Learning. Cell. 2020 Dec 23;183(7):1986-2002 e26. 

97. Wacker D, Wang S, McCorvy JD, et al. Crystal structure of an LSD-bound human 

serotonin receptor. Cell. 2017;168(3):377-389. e12. 

98. Urban JD, Clarke WP, Von Zastrow M, et al. Functional selectivity and classical concepts 

of quantitative pharmacology. Journal of Pharmacology and Experimental Therapeutics. 

2007;320(1):1-13. 



23 

 

99. Gurevich VV, Gurevich EV. The structural basis of arrestin-mediated regulation of G-

protein-coupled receptors. Pharmacology & therapeutics. 2006;110(3):465-502. 

100. Lefkowitz RJ, Shenoy SK. Transduction of receptor signals by ß-arrestins. Science. 

2005;308(5721):512-517. 

101. Gurevich EV, Gurevich VV. Arrestins: ubiquitous regulators of cellular signaling 

pathways. Genome biology. 2006;7(9):236. 

102. Violin JD, Lefkowitz RJ. β-Arrestin-biased ligands at seven-transmembrane receptors. 

Trends in pharmacological sciences. 2007;28(8):416-422. 

103. Cao D, Yu J, Wang H, et al. Structure-based discovery of nonhallucinogenic psychedelic 

analogs. Science. 2022;375(6579):403-411. 

104. Cao D, Yu J, Wang H, et al. Structure-based discovery of nonhallucinogenic psychedelic 

analogs. Science. 2022 2022/01/28;375(6579):403-411. 

105. Grant JE, Lust K, Chamberlain SR. Hallucinogen Use is Associated with Mental Health 

and Addictive Problems and Impulsivity in University Students. Addictive behaviors 

reports. 2019 Dec;10. 

106. Halpern JH, Pope HG, Jr., Sherwood AR, et al. Residual neuropsychological effects of 

illicit 3,4-methylenedioxymethamphetamine (MDMA) in individuals with minimal 

exposure to other drugs. Drug and alcohol dependence. 2004 Aug 16;75(2):135-47. 

107. Roiser JP, Rogers RD, Sahakian BJ. Neuropsychological function in ecstasy users: a 

study controlling for polydrug use. Psychopharmacology. 2007 Jan;189(4):505-16. 

108. Hanks JB, González-Maeso J. Animal models of serotonergic psychedelics. ACS 

chemical neuroscience. 2013 Jan 16;4(1):33-42. 

109. Hadamitzky M, Koch M. Effects of acute intra-cerebral administration of the 5-

HT(2A/C) receptor ligands DOI and ketanserin on impulse control in rats. Behavioural 

brain research. 2009 Dec 1;204(1):88-92. 

110. Koskinen T, Ruotsalainen S, Puumala T, et al. Activation of 5-HT2A receptors impairs 

response control of rats in a five-choice serial reaction time task. Neuropharmacology. 

2000 Jan 28;39(3):471-81. 

111. Gutiérrez HC, Vacca I, Schoenmacker G, et al. Screening for drugs to reduce zebrafish 

aggression identifies caffeine and sildenafil. European Neuropsychopharmacology. 2020 

2020/01/01/;30:17-29. 

112. Parker M, Ife D, Ma J, et al. Development and automation of a test of impulse control in 

zebrafish [Technology Report]. Frontiers in Systems Neuroscience. 2013 2013-October-

10;7. 

113. Parker MO, Brock AJ, Sudwarts A, et al. Atomoxetine reduces anticipatory responding 

in a 5-choice serial reaction time task for adult zebrafish. Psychopharmacology. 2014 

Jul;231(13):2671-9. 

114. Jiang K, Liu X, Su R. Contrasting effects of DOI and lisuride on impulsive decision-

making in delay discounting task. Psychopharmacology. 2022 2022/09/15. 

115. Lempert K, Porcelli A, Delgado M, et al. Individual Differences in Delay Discounting 

Under Acute Stress: The Role of Trait Perceived Stress [Original Research]. Frontiers in 

Psychology. 2012 2012-July-19;3. 

116. Sourbron J, Partoens M, Scheldeman C, et al. Drug repurposing for Dravet syndrome in 

scn1Lab(-/-) mutant zebrafish. Epilepsia. 2019 Feb;60(2):e8-e13. 

117. Pottie E, Dedecker P, Stove CP. Identification of psychedelic new psychoactive 

substances (NPS) showing biased agonism at the 5-HT(2A)R through simultaneous use 

of β-arrestin 2 and miniGα(q) bioassays. Biochemical pharmacology. 2020 

Dec;182:114251. 

118. Poulie CBM, Pottie E, Simon IA, et al. Discovery of β-Arrestin-Biased 25CN-NBOH-

Derived 5-HT(2A) Receptor Agonists. Journal of medicinal chemistry. 2022 Sep 

22;65(18):12031-12043. 



24 

 

119. Kelly JR, Gillan CM, Prenderville J, et al. Psychedelic Therapy's Transdiagnostic Effects: 

A Research Domain Criteria (RDoC) Perspective [Review]. Frontiers in psychiatry. 2021 

2021-December-17;12. 

120. Avdesh A, Chen M, Martin-Iverson MT, et al. Regular care and maintenance of a 

zebrafish (Danio rerio) laboratory: an introduction. J Vis Exp. 2012 Nov 18(69):e4196. 

121. Kimmel CB. Genetics and early development of zebrafish. Trends Genet. 1989 

Aug;5(8):283-8. 

122. Ata H, Clark KJ, Ekker SC. The zebrafish genome editing toolkit. Methods Cell Biol. 

2016;135:149-70. 

123. Varshney GK, Sood R, Burgess SM. Understanding and Editing the zebrafish Genome. 

Adv Genet. 2015;92:1-52. 

124. Parker MO, Brock AJ, Walton RT, et al. The role of zebrafish (Danio rerio) in dissecting 

the genetics and neural circuits of executive function. Front Neural Circuits. 2013;7:1-

13. 

125. Lakstygal AM, de Abreu MS, Lifanov DA, et al. Zebrafish models of diabetes-related 

CNS pathogenesis. Prog Neuropsychopharmacol Biol Psychiatry. 2019 Jun 8;92:48-58. 

126. Lu J, Peatman E, Tang H, et al. Profiling of gene duplication patterns of sequenced teleost 

genomes: evidence for rapid lineage-specific genome expansion mediated by recent 

tandem duplications. BMC Genomics. 2012 Jun 15;13:246. 

127. Magalhaes AC, Holmes KD, Dale LB, et al. CRF receptor 1 regulates anxiety behavior 

via sensitization of 5-HT2 receptor signaling. Nature neuroscience. 2010;13(5):622-629. 

128. Masson J, Emerit MB, Hamon M, et al. Serotonergic signaling: multiple effectors and 

pleiotropic effects. Wiley Interdisciplinary Reviews: Membrane Transport and Signaling. 

2012;1(6):685-713. 

129. Krebs-Thomson K, Paulus MP, Geyer MA. Effects of hallucinogens on locomotor and 

investigatory activity and patterns: influence of 5-HT2A and 5-HT2C receptors. 

Neuropsychopharmacology. 1998 May;18(5):339-51. 

130. Buchborn T, Schroder H, Hollt V, et al. Repeated lysergic acid diethylamide in an animal 

model of depression: Normalisation of learning behaviour and hippocampal serotonin 5-

HT2 signalling. J Psychopharmacol. 2014 Jun;28(6):545-52. 

131. Schmid Y, Enzler F, Gasser P, et al. Acute Effects of Lysergic Acid Diethylamide in 

Healthy Subjects. Biol Psychiatry. 2015 Oct 15;78(8):544-53. 

132. Palenicek T, Balikova M, Bubenikova-Valesova V, et al. Mescaline effects on rat 

behavior and its time profile in serum and brain tissue after a single subcutaneous dose. 

Psychopharmacology (Berl). 2008 Jan;196(1):51-62. 

133. Sbordone RJ, Wingard JA, Elliott MK, et al. Mescaline produces pathological aggression 

in rats regardless of age or strain. Pharmacol Biochem Behav. 1978 May;8(5):543-6. 

134. Yamamoto T, Ohno M, Yatsugi S, et al. Nootropic candidates inhibit head-twitches 

induced by mescaline in mice. Jpn J Pharmacol. 1992 Jul;59(3):419-21. 

135. Sykes EA. Mescaline-induced motor impairment in rats, assessed by two different 

methods. Life Sci. 1986 Sep 22;39(12):1051-8. 

136. Carstairs SD, Cantrell FL. Peyote and mescaline exposures: a 12-year review of a 

statewide poison center database. Clin Toxicol (Phila). 2010 May;48(4):350-3. 

137. Collins C, editor The Zebrafish (Danio rerio) as a Highly Sensitive Tool for Screening 

Hallucinogenic Drug Action: Lessons from Mescaline and Salvinorin A.2012; Tulane 

University, New Orleans, LA. 

138. Hermle L, Funfgeld M, Oepen G, et al. Mescaline-induced psychopathological, 

neuropsychological, and neurometabolic effects in normal subjects: experimental 

psychosis as a tool for psychiatric research. Biol Psychiatry. 1992 Dec 1;32(11):976-91. 

139. Kyzar E, Collins C, Green J, et al. Effects of the hallucinogenic drugs mescaline, 

phencyclidine and psilocybin on zebrafish behavior and physiology. The FASEB Journal. 

2012;26(S1):1043.3-1043.3. 



25 

 

140. Corne SJ, Pickering RW. A possible correlation between drug-induced hallucinations in 

man and a behavioural response in mice. Psychopharmacologia. 1967;11(1):65-78. 

141. Turton S, Nutt DJ, Carhart-Harris RL. A qualitative report on the subjective experience 

of intravenous psilocybin administered in an FMRI environment. Curr Drug Abuse Rev. 

2014;7(2):117-27. 

142. Griffiths RR, Richards WA, McCann U, et al. Psilocybin can occasion mystical-type 

experiences having substantial and sustained personal meaning and spiritual significance. 

Psychopharmacology (Berl). 2006 Aug;187(3):268-83; discussion 284-92. 

143. Griffiths RR, Johnson MW, Carducci MA, et al. Psilocybin produces substantial and 

sustained decreases in depression and anxiety in patients with life-threatening cancer: A 

randomized double-blind trial. J Psychopharmacol. 2016 Dec;30(12):1181-1197. 

144. Studerus E, Kometer M, Hasler F, et al. Acute, subacute and long-term subjective effects 

of psilocybin in healthy humans: a pooled analysis of experimental studies. J 

Psychopharmacol. 2011 Nov;25(11):1434-52. 

145. Johnson MW, Garcia-Romeu A, Cosimano MP, et al. Pilot study of the 5-HT2AR agonist 

psilocybin in the treatment of tobacco addiction. J Psychopharmacol. 2014 

Nov;28(11):983-92. 

146. Garcia-Romeu A, Griffiths RR, Johnson MW. Psilocybin-occasioned mystical 

experiences in the treatment of tobacco addiction. Curr Drug Abuse Rev. 2014;7(3):157-

64. 

147. Lobao-Soares B, Eduardo-da-Silva P, Amarilha H, et al. It's Tea Time: Interference of 

Ayahuasca Brew on Discriminative Learning in Zebrafish. Front Behav Neurosci. 

2018;12:190. 

148. Savoldi R, Polari D, Pinheiro-da-Silva J, et al. Behavioral Changes Over Time Following 

Ayahuasca Exposure in Zebrafish. Front Behav Neurosci. 2017;11:139. 

149. Cameron LP, Benson CJ, Dunlap LE, et al. Effects of N, N-Dimethyltryptamine on Rat 

Behaviors Relevant to Anxiety and Depression. ACS Chem Neurosci. 2018 Jul 

18;9(7):1582-1590. 

150. Riba J, McIlhenny EH, Bouso JC, et al. Metabolism and urinary disposition of N,N-

dimethyltryptamine after oral and smoked administration: a comparative study. Drug 

Test Anal. 2015 May;7(5):401-6. 

151. Sanches RF, de Lima Osorio F, Dos Santos RG, et al. Antidepressant Effects of a Single 

Dose of Ayahuasca in Patients With Recurrent Depression: A SPECT Study. J Clin 

Psychopharmacol. 2016 Feb;36(1):77-81. 

152. Gillin JC, Kaplan J, Stillman R, et al. The psychedelic model of schizophrenia: the case 

of N,N-dimethyltryptamine. Am J Psychiatry. 1976 Feb;133(2):203-8. 

153. Osorio Fde L, Sanches RF, Macedo LR, et al. Antidepressant effects of a single dose of 

ayahuasca in patients with recurrent depression: a preliminary report. Braz J Psychiatry. 

2015 Jan-Mar;37(1):13-20. 

 

 


