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A B S T R A C T   

Delirium is an acute neuropsychiatric condition characterized by impaired behavior and cognition. Although the 
syndrome has been known for millennia, its CNS mechanisms and risk factors remain poorly understood. 
Experimental animal models, especially rodent-based, are commonly used to probe various pathogenetic aspects 
of delirium. Complementing rodents, the zebrafish (Danio rerio) emerges as a promising novel model organism to 
study delirium. Zebrafish demonstrate high genetic and physiological homology to mammals, easy maintenance, 
robust behaviors in various sensitive behavioral tests, and the potential to screen for pharmacological agents 
relevant to delirium. Here, we critically discuss recent developments in the field, and emphasize the developing 
utility of zebrafish models for translational studies of delirium and deliriant drugs. Overall, the zebrafish rep-
resents a valuable and promising aquatic model species whose use may help understand delirium etiology, as 
well as develop novel therapies for this severely debilitating disorder.   

1. Introduction 

Delirium is an acute mental condition characterized by impaired 
behavior, attention, perception and orientation due to rapidly occurring 
decompensation of brain function [1] (Table 1). Previously described as 
"clouding of consciousness", delirium is characterized by altered con-
sciousness in terms of context (e.g., time and space) and the intensity (i. 
e., hyper- or hypo-arousal) of brain activation [2]. Delirium treatment 
costs >200 million dollars yearly in major Europe countries [3], and can 
also be associated with lethal outcomes [4]. However, the exact clinical 
symptoms, pathogenetic causes, risk factors, and treatment strategies of 
this syndrome remain poorly understood. Some classifications (e.g., 
Diagnostic and Statistical Manual of Mental Disorders, DSM-5) describe 
delirium as rapidly developing attention deficits and impaired cognitive 
functions, including memory, orientation, language and perception of 

images and space [5]. Other commonly used psychiatric classifications 
(e.g., International Classification of Diseases, ICD-11) list delirium 
among neurocognitive disorders, together with mild cognitive impair-
ment, amnesia and dementia, whose shared key symptoms include 
impaired attention, orientation and consciousness [1]. Additional 
common clinical signs of delirium include motor agitation, thought 
disorder and impaired sleep-wakefulness (Table 1). 

Delirium is typically associated with multiple pathogenic factors 
(Table 2), either evoking cognitive dysfunctions directly or disturbing 
major neurotransmitter (e.g., dopamine- or cholinergic) systems [6]. 
Delirium is also often caused by neurodegenerative diseases, infections, 
brain traumas and by various drugs [1], especially opiates, benzodiaz-
epines, anticholinergics and dopaminergic mimetics (Table 2) [7]. 
Moreover, delirium has a progressive nature (e.g., occurring in 50 % of 
patients >65), and can be triggered by rapid severe clinical conditions 

* Corresponding author. 
** Corresponding author at: Institute of Experimental Medicine, Almazov National Medical Research Centre, St. Petersburg, Russia. 

E-mail addresses: abreu_murilo@hotmail.com (M.S. de Abreu), avkalueff@gmail.com (A.V. Kalueff).  

Contents lists available at ScienceDirect 

Behavioural Brain Research 

journal homepage: www.elsevier.com/locate/bbr 

https://doi.org/10.1016/j.bbr.2023.114607 
Received 25 May 2023; Received in revised form 28 July 2023; Accepted 29 July 2023   

mailto:abreu_murilo@hotmail.com
mailto:avkalueff@gmail.com
www.sciencedirect.com/science/journal/01664328
https://www.elsevier.com/locate/bbr
https://doi.org/10.1016/j.bbr.2023.114607
https://doi.org/10.1016/j.bbr.2023.114607
https://doi.org/10.1016/j.bbr.2023.114607


Behavioural Brain Research 453 (2023) 114607

2

(e.g., seen in 80 % of patients in emergency medical care) [8]. 
Overall, delirium is a complex multifaceted and severely debilitating 

syndrome [6] whose treatment represents an important unmet 
biomedical problem. Experimental animal models, especially 
rodent-based, are commonly used to probe various central nervous 
system (CNS) disorders. Complementing rodents, a small freshwater 
teleost fish, the zebrafish (Danio rerio), is also rapidly emerging as a 
promising model organism to study brain disorders. Recognizing clinical 
and societal importance of delirium, here we critically discuss recent 
developments in experimental modeling of this disorder, and emphasize 
the utility of zebrafish models for its translational studies and the search 
for its therapy. 

2. Experimental models of delirium 

Albeit recognized clinically for nearly 3000 years [9], the patho-
genesis and causes of delirium remain poorly understood [6]. Currently 
accepted theories of delirium pathogenesis involve aberrant neuro-
transmitter circuits, neuroinflammation, impaired blood-brain barrier 
(BBB) and neuroendocrine deficits [6]. For example, cholinergic deficits 
impair cognitive functions [10], and anticholinergic drugs represent a 
specific class of deliriant hallucinogens [11]. Delirium can also be linked 
to neuroinflammation [12], as interleukin (IL) IL-8 and cortisol rise prior 
to delirium onset [13], whereas delirious patients with high IL-8 and 
calcium-binding protein β (S-100β) levels show increased mortality 
[14]. Likewise, elevated levels of another cytokine, tumor necrosis fac-
tor (TNF)-alpha, or its receptors correlate with delirium symptoms 
[15–17], and high cortisol is associated with high risk of post-surgery 
delirium [18,19]. 

Animals models, especially based on laboratory rodents, are a valu-
able tool to study individual symptoms and mechanisms of delirium 
[20]. For example, activation of the peripheral immune system in ro-
dents during systemic peripheral inflammation (caused by lipoproteins 
or pathogenic microorganisms) evokes microglial immune responses 
[21] with altered BBB permeability and neuronal oxygenation that 
collectively trigger cognitive deficits in conditioned avoidance and 
contextual memory tasks [22], strikingly resembling impaired cognitive 
functions in clinical delirium [23]. Other rodent models involve 
delirium-like states caused by anesthesia and surgery [20,24]. Both 
experimental procedures affect mouse behavior (e.g., increasing the 
latency of finding food in the buried food test, and worsening rat per-
formance in the Y-maze task, as they show fewer visits to the novel 
arms), suggesting deficient dopaminergic control of locomotor and 
novelty-seeking behavior [25], see Table 3 for details. 

Paralleling clinical surgery-evoked delirium, impaired innate and 
learned behaviors are observed in rats 6–9 h after anesthesia or surgery 
[26]. Assessing this experimental postoperative delirium shows that 
anesthesia and surgery increase the latency of finding the correct arm in 
the mouse Barnes maze [27], and cause poorer performance and 
attention in a serial 5-choice reaction test. The latter phenotype is 
accompanied by altered hippocampal morphology and microgliosis 
[28], as well as increased translocation of the transcription factor EB 
(TFEB), likely due to neuroinflammation [24] and generally consistent 
with the proinflammatory concept of delirium pathogenesis [21]. 

In mice with experimental dementia, reduced blood glucose 
following insulin administration also causes delirium-like conditions, 
including poorer memory and spatial navigation [29]. The latter phe-
notypes also rapidly deteriorate following administration of atropine, a 
classic muscarinic anticholinergic drug and a potent traditional deliriant 
hallucinogen [20]. Delirium-like state induced in rats by biperiden (a 
muscarinic/nicotinic anticholinergic agent) within 20 min after injec-
tion includes hyperactivity (e.g., restlessness, stereotypic walking in 
circles near walls and impulsive movements) in some animals, and 
hypoactivity (e.g., stops, drowsiness and ptosis) in some others [30]. 

Table 1 
Main clinical symptoms and factors causing clinical delirium [122].  

Symptoms Details References 

Core   
Disturbance of 

attention 
Difficulty with focusing, holding and 
transferring attention 

[123] 

Cognitive 
impairment 

Memory disturbances, clouding of 
consciousness 

[123] 

Perceptual 
impairment 

Disorientation in space* and impaired image 
perception, including visual, auditory and 
tactile hallucinations 

[1,5123] 

Language disorder Speech problems [1,5] 
Additional   
Abnormal 

behaviors 
Actions and behaviors unusual for the situation 
(see below) 

[1,5] 

Locomotion 
disorder 

Hyper- or hypoactivity [1,5] 

Disrupted sleep- 
wake cycle 

Sleep deterioration, including prodromal (in 
2–3 days)** 

[1,5] 

Related   
Aggression Increased aggression and self-destructive 

behavior 
[1,5] 

Anxiety Fears, anxiety and / or paranoia [124,125] 
Depression and 

apathy 
Apathy and inaction* ** [125] 

Frequent mood 
swings 

Frequent transition from aggression/ 
hyperactivity to joy or sadness 

[125] 

Agitation Motor and emotional excitement****, 
irritability and euphoria 

[125] 

*Develop within hours, less often - within days 
**Delirium is ameliorated during the day, and hyperactivity and recurrence of 
symptoms occur at night 
*** Symptoms are less common with delirium 
**** Often accompanied by fear and anxiety 

Table 2 
Selected neuroactive drugs that can cause pharmacogenic delirium clinically 
[126–129]. Note that zebrafish are sensitive to all classes of these drugs (denoted 
by *).  

Drug classes (sensitivity in zebrafish) Drugs 

Antipsychotics * Clozapine, haloperidol, fluphenazine, 
thioridazine 

Opiates * Fentanyl, meperidine, morphine, 
prednisone 

Antiarrhythmics * Lidocaine, amiodarone 
Anticonvulsants * Phenytoin, lamotrigine, pregabalin 
Antidepressants * Desipramine, fluoxetine, bupropion, 

clomipramine 
Dopamine receptor agonists * Amantadine, bromocriptine 
Benzodiazepines * Lorazepam, diazepam 
Non-steroidal anti-inflammatory drugs 

(NSAIDs) * 
Diclofenac, ibuprofen, ketoprofen 

Calcium channel blockers * Nifedipine, verapamil 
Beta-adrenergic blockers * Atenolol, metoprolol 
H2-histamine receptor blockers * Cimetidine, ranitidine 
Anticholinergics * Atropine, scopolamine  

Table 3 
Selected signs of experimental delirium in rodents.  

Symptoms Details References 

Perceptual 
impairment 

Refusal to perceive external stimuli, instilled 
in learning process 

[20,26] 

Memory impairment The lack of adequate response to learned 
stimuli 

[20,26] 

Inappropriate 
behavior 

Behavior uncharacteristic of the situation [24] 

Impaired context 
memory 

Failure to distinguish novel vs. previously 
remembered contexts 

[20] 

Disruption of activity Daytime hyperactivity [20] 
Disrupted sleep-wake 

cycle 
Aberrant circadian rhythms [130]  
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Their subsequent electroencephalography (EEG) analyses reveal 
increased delta, theta-1, alpha-1 and beta-rhythms in hyperactive rats, 
and delta rhythm (characteristic of sleep) in hypoactive rats [30]. As 
such, altered EEG patterns (i.e., alpha- and beta- rhythms desynchro-
nization or slowing theta-rhythms) and immune (e.g., IL) responses [28, 
30] may serve as putative prognostic biomarkers of experimental and 
clinical delirium (Table 4). 

Although experimental rodent models have long been in trans-
lational neurobiology, they have multiple limitations, such as high cost 
of care and testing, low throughput and limited translatability of their 
phenotypes into complex human neuropsychiatric conditions [31]. At 
the same time, compared to rodents, zebrafish models may have several 
advantages to be considered. For example, zebrafish genetic models are 
easier to generate due to specific aspects of zebrafish (vs. rodent) ge-
netics and the greater availability of modern gene-editing tools in 
zebrafish. Zebrafish models may be more resilient to behavioral 

Table 4 
Selected molecular biomarkers of delirium (adopted from [131]).  

Biomarkers References 

Serum anticholinergic activity [10] 
Amino acids [132,133] 
Melatonin [134] 
Interleukins (IL-1, 2, 6 and 8) [135–137] 
Insulin-like growth factor [138] 
C-reactive protein (CRP) [139] 
S–100 β [140] 
Apolipoprotein- E (APO-E) [141] 
Cortisol [142] 
Estradiol [143] 
TNF-alpha [144] 
Neuron-specific enolase [145]  

Fig. 1. Clinical delirium and its modeling in zebrafish. Cognitive and attention deficits are common in clinical delirium, and can both be assessed in zebrafish [70, 
71]. For example, acute anesthetics (e.g., tricaine methanesulfonate, MS222) induce poorer performance in zebrafish Y-maze [146]. In zebrafish attention assay, the 
animals are typically subjected to a familiarization trial, and after different time delays (5 min to 96 h) assessed in a novel object recognition trial [72]. Several 
zebrafish assays have been developed to assess other delirium-related behavioral domains, such as aggression (e.g., in the agonistic behavior test, mirror test, and 
video stimulation test [98,99]), anxiety (e.g., in the novel tank test, light-dark test, and open field test) [100,101]) and general locomotion (e.g., hyper- and 
hypoactivity) [102]. 
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variation influenced by environmental factors (e.g., experimenter 
identity), which contributes to increased reproducibility and reliability 
of laboratorial data obtained with these fish [32]. Zebrafish models also 
have some regulatory advantages (e.g., better following the 3 R princi-
ples of replacement, reduction and refinement of bioexperimentation 
than more advanced/sophisticated mammals), and since their drug 
treatment by water immersion is a less stressful/invasive procedure than 
injections in rodents [33]. Furthermore, to better understand the 
evolutionarily conserved, ‘core’ pathogenic mechanisms of a CNS dis-
order, using a wider range of model species (beyond mammals) becomes 
critical. Likewise, zebrafish are a valuable model species in CNS drug 
discovery due to their high sensitivity to major classes of CNS drugs, 
amenability to sophisticated automated behavioral analyses of both 
individual fish and groups (e.g., shoals), significant high-throughput 
drug screening potential, and the availability of both larval and adult 
zebrafish-based drug screening assays [34]. 

3. Zebrafish as an efficient model organism in CNS research 

Zebrafish is a useful powerful model system in translational neuro-
biological research [35]. A fully sequenced genome, the availability of 
multiple well-characterized inbred, outbred, mutant and transgenic 
strains, and high (>70 %) genetic homology with humans, collectively 
make zebrafish particularly useful in this field [36]. The zebrafish brain, 
like in all teleost fishes, demonstrates morphological features common 
for all vertebrates. Small size, short reproductive period, high fecundity, 
the possibility of screening transparent embryos at all stages of devel-
opment, and the ease of behavioral analyses, also support their utility for 
studying brain pathogenesis [37] and generating large sets of behavioral 
data that can be used in high-throughput preclinical screening [38]. 
Substantial physiological similarity with humans further enables 
zebrafish-based modeling of various CNS disorders [39], testing a wide 
range of psychoactive substances [40], studying neurotoxicity and 
probing development and functions of excitatory and inhibitory neu-
rons, microglia and oligodendrocytes [41]. 

4. Zebrafish susceptibility to factors causing delirium 

Several classes of psychoactive substances, directly related to 
delirium or its therapy, have already been tested in zebrafish (Table 2). 
For example, an atypical antipsychotic clozapine at high concentrations 
increases swimming time in the top of the tank [42]. A traditional 
neuroleptic haloperidol reduces zebrafish locomotor activity at high 
(20–80 nM), and increases at low (5 nM), concentrations [43]. Another 
antipsychotic, fluphenazine, reduces swimming speed of zebrafish 
larvae at concentrations of 0.98–1.57 nM, and, when combined with 
haloperidol, impairs motor coordination and orientation, causing char-
acteristic erratic and patterned movements (e.g., swimming up and 
down and/or side-to-side) [44]. Thus, like in humans, antipsychotic 
agents can induce delirium-like behavioral patterns and cause impaired 
attention, memory and motor activity in zebrafish (Fig. 1). 

Exposure to morphine reduces zebrafish freezing and increases time 
in aversive compartment with added alarm substance, suggestive of 
impaired memory, inattention and loss of orientation in space [45]. In 
turn, morphine withdrawal in zebrafish produces robust anxiogenic-like 
effects, increasing freezing time, latency to top and reducing time in top 
of the novel tank test [46]. A prototypical deliriant anticholinergic 
hallucinogen, atropine, at 90 mg/L enhances locomotor activity (dis-
tance traveled and speed) in zebrafish, while another deliriant halluci-
nogen from this group, scopolamine, at 120 mg/L reduces the number of 
top entries and maximum swimming speed, thereby resembling hypo-
activity and anxiety seen in delirium clinically [47]. Zebrafish treated 
with scopolamine are also less susceptible to learning [48], which may 
also be relevant to cognitive deficits in clinical delirium. 

An anti-glutamatergic ‘dissociative’ hallucinogenic drug, dizocilpine 
(MK-801), well-known to worsen memory and learning in humans and 

rodents, at high doses evokes pronounced cognitive impairments in 
zebrafish, accompanied by stereotypic ‘circling’ swimming behavior 
[49]. Another anti-glutamatergic drug, ketamine, evokes similar circling 
swimming in zebrafish [50], raising the possibility that such phenotype 
may be relevant to disorientation and/or locomotor signs of delirium 
mediated via central glutamatergic system. Often causing clinical 
delirium itself [51], ethanol also evokes delirium in patients upon its 
withdrawal [52]. In zebrafish, ethanol withdrawal [53] reduces explo-
ration of novel objects, suggestive of impaired attention [54] which may 
resemble clinical delirium (Table 1). Taken together, this indicates that 
zebrafish models demonstrate generally high sensitivity to drugs with 
known delirium-related pharmacological profiles, hence supporting 
potential utility of these fish to study delirium. 

As already mentioned, delirium is caused by multiple other factors 
beyond drugs [55,56]. For example, patients with type 2 diabetes often 
present with CNS deficits, including impaired cognitive functions and 
delirium [57]. Interestingly, zebrafish have gained popularity as a 
promising model for diabetes-related CNS disorders [58], since chroni-
cally exposed to high-sucrose diet fish demonstrate both hyperglycemia 
and poorer associative and spatial learning [59]. Finally, some other 
environmental manipulations can also cause delirium-like phenotypes. 
For instance, in both hypo- (18 ◦C) and hyper- (34 ◦C)-thermal condi-
tions, zebrafish exhibit impaired cognitive abilities [60,61], somewhat 
resembling clinical delirium associated with thermal factors [62]. 

Zebrafish are also useful for studying delirium and for the develop-
ment of novel therapies for this disorder, as they show high genetic 
homology to humans [63] and possess major hormones, neurotrans-
mitters and receptors [64], as well as multiple orthologous dopami-
nergic, cholinergic and other neurotransmitter genes [65–67] associated 
with delirium. Zebrafish also display rich behavioral repertoire and 
neural biomarkers that parallel those altered in clinical delirium states. 
For instance, human delirium can be assessed by electrophysiological (e. 
g., EEG) assays [68] that have also been developed in zebrafish [69]. 
Experimentally induced cognitive- and attention deficits in zebrafish 
models can be used for predicting the efficacy of pharmacotherapies for 
cognitive and attention disorders [70,71] relevant to delirium. In 
zebrafish visual attention paradigm, animals are subjected to a famil-
iarization trial, and after different time delays (from 5 min to 96 h) next 
tested in the novel object recognition assay [72]. This model enables 
screening drugs modulating attention and memory, since nicotine 
(0.02 mg/kg) increases, while scopolamine (0.025 mg/kg) and meca-
mylamine decrease, object discrimination [72]. Likewise, delirium is 
often comorbid with neurodegenerative disorders (e.g., Alzheimer’s 
disease) that have successfully been modeled in zebrafish [73], and 
therefore merit further scrutiny in terms of recapitulating delirium-like 
states and their comorbidity in such fish models as well. 

Given the role of melatonin in regulating sleep-waking cycle (often 
disrupted in delirium), the link between melatonin and delirium is also 
plausible [74]. Indeed, melatonin supplementation reduces occurrence 
of delirium in both adults and elderly patients [75,76]. Zebrafish already 
represent a promising model of behavioral dysregulation (e.g., sleep and 
anxiety) associated with melatonin [77], and may therefore be also 
relevant to delirium-like states. For example, zebrafish have been used 
as a model of sleep-related behavior and circadian rhythms [78–80], 
whose disruption by constant luminosity induces cognitive deficits [81] 
and anxiety [82], corrected by melatonin supplementation [77,83]. 
Collectively, this suggests melatonin as a putative novel target in 
translational studies of delirium, whereas zebrafish models can be used 
to bidirectionally modulate delirium-related phenotypes and screen for 
novel pro- and anti-deliriant drugs. 

Despite clear advantages of using zebrafish to model delirium states, 
they also present some limitations and challenges. For instance, we 
recognize that zebrafish, like any animal model organism, cannot fully 
recapitulate the complex behavioral repertoire of human delirium 
phenotypes [84,85]. In addition, the zebrafish genome duplication may 
complicate studying some genes, yet offering interesting opportunities 
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for studying some others [38,86]. For instance, while the association of 
the dopamine D2 receptor gene with delirium has been reported clini-
cally [87], this gene has two copies in zebrafish (e.g., drd2a and drd2b). 
The latter enables genetic knockout or knockdown of only one copy of 
the gene, keeping the other copy intact, hence offering a wider spectrum 
of genotypes (and the resultant behavioral phenotypes) that can be 
modeled in fish, compared to mammals. 

Cross-species analyses of neuroanatomy and its relevance to delirium 
circuits are also important to consider. For example, in healthy humans, 
the activity of the dorsolateral prefrontal cortex negatively correlates 
with activity in the posterior cingulate cortex [88], which is part of the 
default mode network that is selectively active at rest and during 
internally directed thought, but becomes deactivated during externally 
directed tasks [89]. During delirium, this relationship between the two 
reciprocal circuits is reversed, perhaps contributing to some clinical 
features of delirium, such as inadequate shifting and focusing of atten-
tion [90]. In general, delirium alters multiple neural circuits, often 
reducing their connectivity strength, global efficiency, local clustering 
and modularity [91]. Although brain cell types and its major structures 
are generally similar between zebrafish and other vertebrates [92], some 
significant differences do exist between the zebrafish and the human 
brains [64]. For example, while human prefrontal cortex plays a key role 
in delirium states [91], zebrafish lack cortex [93] and CNS functions 
attributed to cortex may be controlled in fish by subcortical areas [94]. 
Collectively, this necessitates further side-by-side cross-taxon studies of 
neural circuits relevant to delirium-like states. 

The search for novel behavioral and physiological biomarkers is 
another important strategic direction of clinical research of delirium 
[91]. For instance, clinical delirium can be detected based on moni-
toring of blinks and eye movements, as it induces fewer blinks and 
vertical eye movements, but longer blinking and horizontal eye move-
ments [95]. Zebrafish eye development and physiology are similar to 
that of humans [96], and vision plays an important role in both taxa 
[97]. Thus, albeit unconventional, testing the idea of developing novel 
protocols that may assess delirium states by eye movements in zebrafish 
may indeed be interesting and feasible. Various zebrafish assays (Fig. 1) 
have been developed to assess several other delirium-related behavioral 
domains, such as aggression (e.g., the agonistic behavior test, mirror 
test, and video stimulation test [98,99]), anxiety (e.g., the novel tank, 
the light-dark, and the open field tests) [100,101]) and general loco-
motion (e.g., hyper- and hypoactivity) [102]. 

5. Discussion 

Like other CNS disorders, delirium has several subtypes (e.g., ranging 
in severity from mild to severe, and presenting as either hypo or hy-
peractive delirium). However, distinguishing delirium from other 
similar common brain pathologies is both clinically and pre-clinically 
complicated, necessitating novel measures of delirium severity in 
future clinical and pre-clinical studies [103]. Genome-wide association 
studies have recently identified a novel locus for delirium risk on 
chromosome 2, spanning multiple genes, including two sodium/hy-
drogen exchange pumps (SLC9A4 and SLC9A2) and three interleukin 
(IL)-related genes (IL1RL1, IL18R1 and IL18RAP) [104]. Interestingly, 
zebrafish possess well-conserved IL-1 and IL-18 receptor family mem-
bers [105] that may be genetically manipulated, and potentially lead to 
genetic models of delirium-like states in fish. Likewise, 
cross-species/cross-taxon analyses of other putative evolutionarily 
conserved (and especially differentially expressed) delirium genes, their 
clusters, and differentially represented DNA binding sites for transcrip-
tion factors may help to understand shared molecular mechanisms of 
delirium pathogenesis. 

In addition to neuronal cells, glia may also play an important role in 
delirium [91]. For example, the failure of the innate system to shut down 
may result in a cytokine storms seen in sepsis and sepsis-induced 
delirium. While intact astrocytes with proper cholinergic and 

anti-inflammatory effects control the innate immune system, astrocytal 
deficits can trigger exaggerated inflammation that may lead to delirium 
[106]. Given the importance of neuroglia in CNS disorders and in 
zebrafish CNS models [107,108], this aquatic organism may also be 
valuable for probing the role of glia in delirium pathogenesis. 

Moreover, delirium has also been linked to epigenetic regulation 
[109]. For example, the expression of TNF-alpha increases with aging, 
and a transient acute delirium can be accompanied by elevated 
TNF-alpha levels [110]. In contrast, DNA methylation of 
pro-inflammatory cytokine (e.g., TNF-alpha and IL-6) genes decreases in 
glia [111], and DNA methylation of the TNF-alpha gene negatively 
correlates with age in patients with postoperative delirium, but not in 
non-delirium patients after neurosurgery [109]. Overall, these findings 
further implicate epigenetic mechanisms in pathophysiology of 
delirium, meriting further scrutiny, including in zebrafish models. 

There are also robust and stable sex differences in clinical delirium. 
For instance, men have higher scores on motor agitation and affective 
lability, whereas women have a higher frequency of hypoactive delirium 
[112] but less frequent postoperative delirium following cardiac surgery 
[113]. In zebrafish models, sex differences are also found in behavior 

Table 5 
Selected open questions related to modeling delirium in zebrafish.  

Questions  
• Can delirium be deconstructed into smaller subtypes (e.g., cognitive- vs. attention- 

vs motor-related vs. mixed) clinically? If yes, can these subtypes be separately 
modeled in both rodents and zebrafish?  

• Are there reliable candidate human ‘delirium’ genes? If yes, do zebrafish possess 
their orthologs? What is their estimated genetic homology between humans and 
fish?  

• Are there overt individual and population sex differences in clinical delirium? How 
variable are individual delirium-like responses in zebrafish?  

• As there robust sex differences in clinical delirium, can zebrafish display similar 
stable sex differences in various delirium-related models?  

• Do clinical cognitive and other (e.g., attentional, affective, motor) dimensions of 
delirium correlate with each other? How do these phenotypic clusters correlate in 
zebrafish models?  

• Selected molecular biomarkers of delirium are listed in Table 4. Are physiological 
biomarkers of delirium shared between zebrafish, rodents and humans?  

• Does delirium represent a common ‘wholistic’ syndrome based on shared 
mechanisms, or a constellation of similarly-looking syndromes that are caused by 
multiple overlapping, but otherwise rather unrelated, factors?  

• Are there differences across age in zebrafish delirium responses, similar to the 
progressive nature of clinical delirium?  

• Mounting evidence (discussed in the text) links both central and peripheral 
inflammation to clinical delirium. Do delirium-like and other inflammation-related 
(e.g., sickness behavior-like) phenotypes also overlap in zebrafish models?  

• How does systemic inflammation and neuroinflammation correlate in clinical 
delirium? Can such models be also developed for zebrafish relevant to this 
pathological state?  

• Are there characteristic delirium-related patterns of brain gene expression in 
humans and rodents? How does CNS gene expression correlate with delirium re-
sponses in zebrafish models, and with data in mammals?  

• Can experimental delirium be epigenetically regulated? If yes, are the patterns of 
such regulation similar across mammals and fish?  

• What are specific neural circuits involved in experimental delirium states? Are they 
similar for zebrafish models of delirium? Are there species differences that may be 
important to consider?  

• Can zebrafish neurodegenerative (e.g., Alzheimer’s or Parkinson’s) disease models 
induce delirium-like phenotypes, with shared and/or disease-specific neurological 
and physiological effects?  

• Can novel automated models and tests be developed to assess zebrafish delirium- 
like states (e.g., by EEG or eye movement tracking)?  

• Can different levels of clinical delirium severity be modeled in zebrafish?  
• Can novel molecular targets (e.g., based on melatonin signaling) be identified, and 

the respective drugs developed, to correct delirium-like states in zebrafish?  
• Can artificial intelligence be used to screen specific ‘deliriant’ drugs and predict 

their CNS profile based on assessing delirium-related behavior in zebrafish models? 
• How to distinguish delirium-like from other similar and common, but distinct pa-

thologies (e.g., seizure) in zebrafish models?  
• What is the role of neurons vs. glia in delirium clinically, and in zebrafish models?  
• Delirium is often comorbid with schizophrenia and other prevalent 

neuropsychiatric disorders. Can specific zebrafish models be developed to address 
this comorbidity aspect of their pathogenesis and/or its therapy?  
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and neuropharmacology responses [114], as female are more anxious 
than males [115], and acute exposure to scopolamine causes 
anxiolytic-like effects in females, and anxiogenic-like effects in males 
[116]. However, it remains unclear whether zebrafish display similar 
differences in delirium-related models, hence warranting further studies 
in this field. 

Artificial intelligence (AI) approaches have been applied clinically to 
characterize and detect delirium-related behavioral signs [117,118]. For 
instance, AI can successfully predict delirium in patients following car-
diac surgery [119]. In zebrafish, AI-driven behavioral analyses have 
already been developed, successfully detecting Parkinson’s-like pheno-
types [120] and characterizing a wide range of psychoactive drug re-
sponses [121]. For example, zebrafish are highly sensitive to classical 
deliriant hallucinogenic drugs (e.g., scopolamine and atropine) [47], 
and it is likely that novel specific ‘deliriant’ behavioral patterns can be 
extracted by AI by comparing control fish with those treated with 
multiple deliriant and non-deliriant drugs. Thus, the possibility of 
developing innovative AI-based zebrafish screens for detecting aberrant 
delirium-like behaviors and screening for novel drugs and genetic mu-
tations relevant to delirium pathogenesis, may indeed be promising. 

Overall, mounting evidence summarized here highlights key char-
acteristics and recent findings that may foster modeling delirium-like 
states in zebrafish and support this aquatic species as a promising tool 
to probe the pathobiology of delirium. As multiple conceptual and 
practical questions regarding studying delirium in fish remain open 
(Table 5), this calls for developing further translational models of 
delirium and its novel therapies in zebrafish. 
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R. Arévalo, Development of the cholinergic system in the brain and retina of the 
zebrafish, Brain Res. Bull. 66 (4) (2005) 421–425. 

[68] S. Jacobson, H. Jerrier, EEG in delirium, Semin Clin. Neuropsychiatry 5 (2) 
(2000) 86–92. 

[69] Y. Lee, K.J. Lee, J.-W. Jang, S. Kim, An EEG system to detect brain signals from 
multiple adult zebrafish, Biosens. Bioelectron. 164 (2020), 112315. 

[70] D.J. Echevarria, D.J. Jouandot, C.N. Toms, Assessing attention in the zebrafish: 
are we there yet? Prog. Neuro-Psychopharmacol. Biol. Psychiatry 35 (6) (2011) 
1416–1420. 

[71] D.A. Meshalkina, M.N. Kizlyk, E.V. Kysil, A.D. Collier, D.J. Echevarria, M. 
S. Abreu, L.J.G. Barcellos, C. Song, A.V. Kalueff, Understanding zebrafish 
cognition, Behav. Process. 141 (2017) 229–241. 

[72] D. Braida, L. Ponzoni, R. Martucci, M. Sala, A new model to study visual attention 
in zebrafish, Prog. Neuro-Psychopharmacol. Biol. Psychiatry 55 (2014) 80–86. 

[73] S. Saleem, R.R. Kannan, Zebrafish: an emerging real-time model system to study 
Alzheimer’s disease and neurospecific drug discovery, Cell Death Discov. 4 (1) 
(2018) 1–13. 

[74] S.G. Joseph, Melatonin supplementation for the prevention of hospital-associated 
delirium, Ment. Health Clin. 7 (4) (2017) 143–146. 

[75] S. Chen, L. Shi, F. Liang, L. Xu, D. Desislava, Q. Wu, J. Zhang, Exogenous 
melatonin for delirium prevention: a meta-analysis of randomized controlled 
trials, Mol. Neurobiol. 53 (6) (2016) 4046–4053. 

[76] K.T. Ng, W.Y. Teoh, A.J. Khor, The effect of melatonin on delirium in hospitalised 
patients: a systematic review and meta-analyses with trial sequential analysis, 
J. Clin. Anesth. 59 (2020) 74–81. 

[77] R. Genario, A.C.V.V. Giacomini, K.A. Demin, B.E. dos Santos, N.I. Marchiori, A. 
D. Volgin, A. Bashirzade, T.G. Amstislavskaya, M.S. de Abreu, A.V. Kalueff, The 
evolutionarily conserved role of melatonin in CNS disorders and behavioral 
regulation: translational lessons from zebrafish, Neurosci. Biobehav. Rev. 99 
(2019) 117–127. 

[78] I.V. Zhdanova, Sleep and its regulation in zebrafish, Rev. Neurosci. 22 (1) (2011) 
27–36. 

[79] G.M.J.C. Cahill, T. Research, Clock mechanisms in zebrafish 309 (1) (2002) 
27–34. 

[80] I. Elbaz, N. Foulkes, Y. Gothilf, L. Appelbaum, Circadian clocks, rhythmic 
synaptic plasticity and the sleep-wake cycle in zebrafish 7 (9) (2013). 

[81] J. Pinheiro-da-Silva, S. Tran, P.F. Silva, A.C. Luchiari, Good night, sleep tight: the 
effects of sleep deprivation on spatial associative learning in zebrafish, 
Pharmacol. Biochem. Behav. 159 (2017) 36–47. 

[82] A. Singh, N. Subhashini, S. Sharma, B.N. Mallick, Involvement of the α1- 
adrenoceptor in sleep–waking and sleep loss-induced anxiety behavior in 
zebrafish, Neuroscience 245 (2013) 136–147. 

[83] A.C.V.V. Giacomini, K.H. Teixeira, L. Marcon, N. Scolari, B.W. Bueno, R. Genario, 
N.S. de Abreu, K.A. Demin, D.S. Galstyan, A.V. Kalueff, M.S. de Abreu, Melatonin 
treatment reverses cognitive and endocrine deficits evoked by a 24-h light 
exposure in adult zebrafish, Neurosci. Lett. 733 (2020), 135073. 

[84] T.D. Girard, J.L. Thompson, P.P. Pandharipande, N.E. Brummel, J.C. Jackson, M. 
B. Patel, C.G. Hughes, R. Chandrasekhar, B.T. Pun, L.M. Boehm, M.R. Elstad, R. 
B. Goodman, G.R. Bernard, R.S. Dittus, E.W. Ely, Clinical phenotypes of delirium 
during critical illness and severity of subsequent long-term cognitive impairment: 
a prospective cohort study, Lancet Respir. Med 6 (3) (2018) 213–222. 

[85] E.M.L. Bowman, E.L. Cunningham, V.J. Page, D.F. McAuley, Phenotypes and 
subphenotypes of delirium: a review of current categorisations and suggestions 
for progression, Crit. Care 25 (1) (2021) 1–13. 

[86] D.A. Meshalkina, M.N. Kizlyk, E.V. Kysil, A.D. Collier, D.J. Echevarria, M. 
S. Abreu, L.J.G. Barcellos, C. Song, J.E. Warnick, E.J. Kyzar, A.V. Kalueff, 
Zebrafish models of autism spectrum disorder, Exp. Neurol. 299 (Part A) (2018) 
207–216. 

[87] B.C. van Munster, S. de Rooij, M. Yazdanpanah, P.J. Tienari, K.H. Pitkälä, R. 
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