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SUMMARY

Addiction to nicotine and alcohol continues to be a leading cause of death and loss of productivity. Polymor-

phisms in CHRNA5 have been identified as risk factors in human genetic studies. Whether the CHRNA5 func-

tion is independently relevant to phenotypes associated with substance abuse and if genetic factors influ-

ence subsequent outcomes when exposure to psychoactive substances happens at an early age, are 
questions of interest. We generated a stable mutant line in zebrafish using the CRISPR-Cas9 technique. 
We found the chrna5-mutant fish exhibited an increased acute preference to both nicotine and alcohol in 
the self-administration zebrafish assay (SAZA). When subjected to multi-day exposures to either drug, 
chrna5 mutants exhibited greater behavioral changes, but reduced transcriptomic changes compared 
with wild-type siblings, suggesting an impaired homeostatic regulation following drug exposure. chrna5 mu-

tants also exhibited drug-independent changes in appetite and circadian rhythms. We expect these results to 
give new insights into genetic predisposition that modulates vulnerability to nicotine and alcohol abuse.

INTRODUCTION

Substance use disorders (SUDs), due to the abuse of nicotine, 

alcohol, or opioids, continue to have a substantial impact across 

socio-economically diverse populations globally and among 

young adults. 1–3 The direct death toll from tobacco alone is pre-

dicted to exceed 8 million per year by 2030, 4,5 with cancers, car-

diovascular diseases, and chronic obstructive pulmonary disor-

ders as the major disease outcomes. 6 The development of 

dependence leading to these outcomes is a multifold mix of so-

cio-economic, cultural, neurobiological, and genetic factors that 

is challenging to untangle. 7,8

A particularly vulnerable period of substance exposure is early 

age, when the still-developing brain undergoes significant neu-

rodevelopmental and neuroanatomical changes. Exposure dur-

ing this critical window can lead to profound alterations in brain 

structure and gene expression that can be long-lasting. 9,10 Ge-

netic variation contributes to differences in individual suscepti-

bility, both for the consequences of exposure at an early age 

and the risk of developing SUDs subsequently. 9 Research aimed 

toward isolating the genetic components has revealed strong as-

sociations between polymorphisms in nicotinic acetylcholine re-

ceptor subunit genes (nAChRs) and nicotine use. 11 In particular, 

the gene cluster CHRNA5-CHRNA3-CHRNB4 encoding for the 

α5, α3, and β4 subunits has been frequently identified in 

genome-wide association studies. 12–17

In rodents, where Chrna5 function has been examined exten-

sively, 18 expression across many regions of the brain, including 

the medial habenula-interpeduncular nucleus (IPN) pathway 19 

and the ventral tegmental area (VTA 20 ) is documented. These re-

gions are proposed to impact avoidance behaviors, withdrawal, 

and nicotine dependence. 21 Manipulation of Chrna5 levels within 

them has been shown to alter nicotine preference. 19,22 In addi-

tion to nicotine, polymorphisms in the CHRNA5-CHRNA3-

CHRNB4 locus have also been correlated with vulnerability to 

alcohol dependence, 23,24 despite alcohol not being a direct 

ligand. 24–27 As co-abuse of nicotine and alcohol is common, 28 

elucidation of the interdependent relationships represents an 

important step toward conceiving holistic interventions. Multi-

day exposure to nicotine and alcohol impacts both the transcrip-

tional profile and behavior, and it is equally important to under-

stand the neuroadaptive changes in the brain that influence
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behavior. 29–31 Furthermore, the harmful outcomes of SUDs are 

not limited to addiction, as neurophysiological disorders of anx-

iety, sleep, and appetite control often occur comorbidly in hu-

mans. 32 Therefore, understanding the mechanisms underlying 

the initial stages of dependence, at an age when brains are still 

developing, is crucial for the design of interventional strategies 

informed by genetic predisposition.

Untangling the contribution of genetic predisposition to the in-

duction of these disorders is challenging to discover in humans, 

however, due to the bidirectional nature of the relationships be-

tween drug use and neuroplasticity, and ethical considerations 

such as assigning an adolescent to drug exposure in a randomized 

control trial. In this context, animal models can be effective inter-

mediates to bridge the gap in our knowledge. In addition to the 

mammalian models, the zebrafish (Danio rerio) represents a viable 

alternative to study neurogenetics, thanks to the established con-

servation of function and anatomy, 33–35 cost effectiveness, effi-

cient genetic manipulation, and live, whole brain neural activity im-

aging. 36 At the same time, a battery of behavioral assays to rapidly 

examine anxiety-like behaviors, 37 circadian rhythms, 38 and appe-

tite 39 are now available. New assays to examine not just the effect 

of psychoactive substances, 40 but also the natural responses 41–44 

add to their value for neurogenetic studies.

Here, we generated a zebrafish chrna5 mutant line using 

CRISPR-Cas9 technique to study transcriptomic and behavioral 

change after exposure to substances of abuse at an early age. In 

drug preference assays, homozygous chrna5 mutant juvenile 

fish phenocopied adult rodent responses, exhibiting increased 

acute, naive self-administration of both nicotine and alcohol. 

This recapitulation validates the use of this model system to 

study the neurogenetics of the development of SUDs. Multi-

day, pre-exposure experiments revealed the modulation of pref-

erence, with greater influence on chrna5 mutant behavior, while 

homeostatic transcriptomic changes reduced behavioral 

changes in WT animals. chrna5 mutants were also impaired in 

circadian rhythm and appetite regulation, with no effect on anx-

iety-like behaviors. This study thus adds to our knowledge of α5 

nicotinic acetylcholine receptors in the development of SUDs 

and the potential consequences of manipulating their function 

as an intervention.

RESULTS

Molecular characterization of chrna5 mutant

The chrna5 mutant zebrafish generated for this study by CRISPR-

Cas9 technique had a five-base pair deletion in exon 8, resulting

in a premature termination codon at amino acid position 334 

(Figure 1A, Table 1). This stop codon was predicted to truncate 

the protein at the intracellular loop between the third and fourth 

transmembrane regions (Figure 1B). Quantitative RT-PCR of 

the whole brains suggested that the abundance of the chrna5 

transcript was stable till adulthood in the mutants, with only a 

small, non-significant reduction in expression (Figure 1C, Table 

2), chrna5 vs. WT (Cliff’s delta = − 0.438, 95CI [0.156, − 0.875], 

p = 0.122). There was, however, a reduction in the relative abun-

dance of Chrna5 protein levels in adult brains (Figure S7). Chrna5 

in mice is co-expressed with Chrna3 and Chrnb4 in the habenula-

IPN circuit. 11,18 Therefore, we also examined expression of these 

genes by RT-qPCR. Expression of chrna3 and chrnb4 was also 

unchanged in the mutant brains (Figure S1).

In zebrafish, chrna5 mRNA expression has been reported in 

the habenula, the ventral, and ventral intermediate IPN as well 

as in the telencephalon. 47,48 Chrna5 protein expression was re-

ported to be broader in a recently established transgenic line; 

in the pineal gland, stratum periventricular of the optic tectum, 

corpus cerebellum, hindbrain motor neurons, and the spinal 

cord. 49 Therefore we examined chrna5 expression in the whole 

brain using a recently developed RAM-FISH technique that al-

lowed for spatial transcript analysis to be conducted in intact 

14 day post-fertilization (dpf) zebrafish. 50 This experiment re-

vealed that indeed, chrna5 expression can be seen in many neu-

rons in the telencephalon, torus longitudinalis, cerebellum, spinal 

area, while the hindbrain exhibited the highest relative expres-

sion (Figures 1D, S2, S3, and S6). Low levels of expression 

were also seen in the dorsal habenula (Figure 1D). However, 

there were no qualitative or quantitative differences observable 

in the mutants. Evaluation of other genes commonly associated 

with specific habenula sub-regions, such as kiss1, nrp1a, and 

gpr139 also had similar expression across the two genotypes 

(Figures S4 and S5).

Self-administration for zebrafish assay to examine 

acute response to nicotine and alcohol

Given the strong links reported between loss-of-function chrna5 

mutations, or knockouts, and altered intake of nicotine and 

alcohol in rodents, 19,22,25 we first examined if zebrafish chrna5 

mutants also showed similar response change to nicotine and 

alcohol in spite of the evolutionary distance to mammals. To 

do so, we used the previously developed self-administration 

for zebrafish assay (SAZA). 41,44 SAZA allowed juvenile zebrafish 

an uninhibited choice to self-administer a stimulus, contingent 

on fish swimming into a stimulus dispensing zone of the assay

Figure 1. Characterization of chrna5 mutant zebrafish

(A) Schematic representation of Chrna5 transmembrane helices. The red line indicates the stop codon present in the mutants between the third and fourth 

transmembrane regions. Mutants had a 5bp deletion in exon 8 at position 10, resulting in a premature termination codon at amino acid 334 (UniProt: Q567Y7_ 

DANRE).

(B) Predicted tertiary protein structure of Chrna5 in WT and Chrna5 mutants, generated by Alphafold. 45

(C) Fold change (± standard deviation) of chrna5 mRNA in chrna5 mutants (n = 8) vs. WT (n = 7) whole brain tissue by qPCR. See Table S10 for the precise effect 

size and p values.

(D) Gene expression patterns in WT (n = 4), and chrna5 mutant (n = 3), 14 dpf larval zebrafish brains visualized by HCR RNA-FISH (HCR). Schematic images with 

regional markers (v2.0, MECE, 2024) were generated in mapZeBrain Atlas (mapzebrain.org, Jan 2025). 46 OB = olfactory bulb, Tel = telencephalon, Hb = habenula, 

dHb = dorsal habenula, dHbL = left dorsal habenula, dHbR, right dorsal habenula, PI = pineal gland, Tor = torus longitudinalis, TeO = optic tectum, Ce = cer-

ebellum, imMO = intermediate medulla oblongata, ifMO = inferior medulla oblongata. Scale bars, prosencephalon = 50 μm, rhombencephalon = 50 μm, pineal 

gland and habenula = 20 μm. Non-specific background in the eye and hindbrain denoted by white arrows. See also Figures S2, S3, S6, and S7.
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chamber (Figure 2A). During SAZA characterization, the stimuli 

dispensed into the assay chamber were measured to be diluted 

by ∼25 to 70 fold for alcohol, 44 and estimated by ∼10 to 40 fold 

for nicotine (Table S2). Hence, 10 and 500 μM nicotine at source

were diluted to estimated mean concentrations of x0.5 μM and

x25 μM (Table S2), while 5%, 10%, and 20% alcohol at the

source were diluted to an average concentration of x0.125%, 

x0.25%, and x0.5%, respectively.44 These terms are used for 

the remainder of the work. The experimental design had a pre 

and post-stimulus period interspersed with an 18 min self-

administration period (Figure 2A). Several parameters of the 

behavior were quantified as described in the methods. Among 

these the preference index (PI) was calculated as the relative 

preference for the stimulus compared to the control based 

(Figure 2A). Thus, positive PI values (0 to +1) indicated prefer-

ence for the stimulus, while negative PI (0 to − 1) indicated an 

aversion.

chrna5 mutants exhibit reduced aversion to nicotine

WT fish showed a pronounced aversion to nicotine that increased

with dispensing concentration (Figure 2B x25 μM, Cliff’s delta =

− 0.762, 95% CI [− 0.900, − 0.533], p < 0.001). In contrast, this 

aversive response was absent in chrna5 mutants: the PI at both

x0.5 and x25 μM did not differ from fish self-administering 0 μM

nicotine (Figure 2C). This reduced aversion in chrna5 mutants 

was also evident relative to WT at both concentrations, with the

largest effect at the higher concentration (Figure 2D, x25 μM, 

Cliff’s delta = 0.493, 95% CI [0.704, 0.202], p = 0.0036). We 

also estimated nicotine absorption during the acute self-adminis-

tration assay by measuring body cotinine. These estimates sug-

gested levels in the range of ∼0.75–2.5 μM nicotine within the 

assay duration (Figure S8 and Table S3). Overall, these results 

indicate that the mutation blunted the aversive response, espe-

cially at higher nicotine concentrations.

chrna5 mutants exhibit reduced aversion to alcohol 

Alcohol also evoked an overall aversive response in WT fish, 

becoming notable at the highest concentration (Figure 2G

x0.5%, Cliff’s delta = − 0.611, 95% CI [-0.810, − 0.327],

p < 0.001). In contrast, chrna5 mutants exhibited attraction at

x0.125% and x0.25%, as indicated by positive PI relative to

the 0% alcohol SAZA (Figure 2H x0.125%, Cliff’s delta =

0.447, 95% CI [0.121, 0.691], p = 0.0068, x0.25% Cliff’s delta = 

0.444, 95% CI [0.131, 0.665], p = 0.0054). Unlike WT, aversion 

was not observed in the mutants at the highest concentration

(Figure 2H x0.5%, Cliff’s delta = − 0.109, 95% CI [-0.181, 

0.399], p = 0.4654). Inter-genotype comparisons highlighted

this large effect differentiating mutants from WT at x0.5%

(Figure 2I x0.50%, Cliff’s delta = 0.430, 95% CI [0.135, 0.667], 

p = 0.0184). We quantified the body alcohol content that fish 

likely experienced during the assay using a method previously 

used. 51 These estimates suggested body alcohol levels in the 

range of 0.026%–0.036% at the highest concentration during 

the assay (Figure S9 and Table S4).

chrna5 mutants do not exhibit overt locomotion deficits 

While some inter-genotypic differences in velocity were noted, 

these were similar across the entire arena for both nicotine and

alcohol (Figure S11 and Table S5). Additionally, both genotypes 

showed a similar, weak correlation between time spent in the 

stimulus zone and velocity outside the stimulus, indicating that 

locomotor stimulation or sedation due to nicotine or alcohol 

exposure was unlikely to account for the genotypic differences 

in preference indices (Figures S12 and S13 and Tables S6–S9).

Importantly, WT and chrna5 mutant fish locomotion was mostly 

comparable in the absence of nicotine or alcohol, indicating that 

the chrna5 mutation had limited influence on normal behavior in 

the SAZA apparatus (Figures S11A, S11B, S11E, and S11F). 

Examining the time spent in the stimulus zone into 3-min win-

dows revealed that mutants also showed an aversive response 

to nicotine resembling WT, but at a later time, or with a delayed 

onset (Figures S10A and S10B). Meanwhile, as the acute 

response to alcohol in SAZA is biphasic, 44 aversion to it emerged 

in WT primarily in the latter half of the assay (Figure S10C). If a 

similar delay in alcohol aversion occurred in the mutants, it fell 

outside the assay duration (Figures S10C and S10D).

In the presence of either nicotine or alcohol, however, other 

behavioral metrics supported the observation of a blunted aver-

sion in the mutant (Figures 2E, 2F, 2J, and 2K). Under x25 μM 

nicotine, WT fish spent less time in the stimulus zone and made 

fewer entries relative to the 0 μM condition, while chrna5 mutants

showed no change (Figures 2E and 2F). Similarly, in the x0.5% 

alcohol condition, WT fish reduced time in the stimulus zone 

and mean time per entry versus baseline, whereas mutants again

showed no change (Figures 2J and 2K). In all cases, changes in 

mean velocity were observed, indicating that even the small dura-

tion of 2–3 min of substance exposure was enough to affect the 

animals (Figures 2J and 2K). These results together suggest 

that chrna5 zebrafish mutants exhibited a phenotype of reduced 

aversion to substances of abuse like nicotine and alcohol, in line 

with the observations made in chrna5-mutant rodent studies.

Multi-day nicotine and alcohol exposure modulates 

behavior and brain transcript profile

We next evaluated the impact of mutation on substance use dy-

namics. To do so, we examined the effect of multi-day expo-

sures on self-administration preference, as substance abuse 

happens after recurring exposure to these stimuli that can alter 

both gene expression and behavior. 30,52 Furthermore, as nico-

tine addiction and alcohol abuse often co-occur in humans, 53,54 

we also examined cross-treatment effects (Figure 3A). To 

examine all these aspects, we designed a multi-day substance 

exposure scheme before examining gene expression or behav-

ioral changes. Thus, we used a 2 × 2 scheme, where WT and 

chrna5 mutants were subjected to a one-week pre-treatment

with either nicotine or with alcohol prior to behavioral studies in 

the SAZA, and transcriptome analyses as outlined in Figure 3.

Nicotine pre-treatment reduced nicotine self-

administration in chrna5 mutants

Following pre-treatment with nicotine, WT fish exhibited aver-

sion when self-administering nicotine (Figure 4A). In the forest 

plots (Figures 4, 5A, 5B, 5D, and 5E), aversive behaviors could 

be characterized by PI, time in stimulus, number of entries to 

the stimulus zone, and mean time per entry, all exhibiting nega-

tive values when compared to 0 μM SAZA (Figure 4A PI, Cliff’s
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Figure 2. Zebrafish with chrna5 mutation exhibited reduced aversion to acute nicotine & alcohol exposure by SAZA

No significant difference was observed between genotypes in the absence of drugs.

(A) Schematic of the self-administration for zebrafish assay (SAZA) chamber and design.

(B–D, G–I) Gardner-Altman and Cumming estimation plot dose-response curves displaying preference index (PI, (± standard deviation) by relative volume

dispensed per fish of (B–D) 0-x25 μM nicotine, or (G–I) alcohol, within (B and G) WT (greys), (C and H) chrna5 mutant (greens), or (D and I) between genotypes. Data 

represented as preference Index (±95% CI). In the Gardner-Altman plots (B–D, G–I) positive PI values (toward +1) indicate preference for the stimulus, negative 

values (toward − 1) indicate preference for the control, and 0 is neutral, showing no preference for stimulus or control. (E–F, J–K) Cliff’s delta (±95% CI) forest plots 

of all calculated metrics from (E and F) nicotine and (J and K) alcohol SAZA, comparing the response of (E and J) WT or (F and K) chrna5 mutants to their baseline 

behavior within genotype. In the forest plots (E, F, J, and K), positive Cliff’s delta values (to the right, +1) indicate a greater response in the treated condition, 

negative values (to the left, − 1) indicate a greater response in the untreated condition, and values closer to the center (0), show equal responses between the two

conditions. Fish numbers as follows, WT nicotine, 0/x0.5/x25 μM, n = 30/30/30; chrna5 − /− nicotine, 0/x0.5/x25 μM, n = 29/30/30; WT alcohol, 0/x0.125/x0.25/

x0.5%, n = 30/31/28/28; chrna5 − /− alcohol, 0/x0.125/x0.25/x0.5%, n = 31/28/29/28. Asterisks (B–D, G–I), or color (E, F, J and K) indicate a significant difference:/ 

blue = p > 0.05 (no significant difference), */purple = p < 0.05 and Cliff’s delta > ± 0.2 and < ± 0.4 (provisional difference), **/red = p < 0.01 and Cliff’s delta > ± 0.4 

(meaningful difference). See Tables S11 and S12 for the precise effect sizes and p values, corrected for multiple comparisons between treatments against 0 μM/ 

0% (B, C, G, and H) or genotypes against WT (D and I). See also Figures S8 and S9.
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delta = − 0.792, 95% CI [− 0.917, − 0.572], p < 0.001). This behav-

ioral profile remained consistent with the untreated, naive fish 

response (Figure 2E). chrna5 mutants on the other hand ex-

hibited a negative PI and time spent in stimulus in the x25 μM 

nicotine SAZA following nicotine pre-treatment, when compared 

to the 0 μM SAZA (Figure 4B PI, Cliff’s delta = − 0.414, 95% CI 

[-0.667, − 0.0989], p = 0.0058). This contrasts with the response 

of the untreated, naive mutants (Figure 2F). This behavioral shift 

resulted in a narrower phenotypic gap between the two geno-

types (Figure 4C pre-treated mutant vs. pre-treated WT, Cliff’s 

delta = 0.338, 95% CI [0.0258, 0.578], p = 0.0244). This suggests 

that nicotine pre-treatment exhibited aversion in both WT, and 

mutants. Whether this was due to a true lack of change in pheno-

type in the WT fish or if the lower bounds to quantify avoidance 

behaviors in the SAZA had already been reached, require addi-

tional lines of experimentation.

Nicotine pre-treatment increased alcohol self-

administration in both genotypes

Following pre-treatment with nicotine, WT fish exhibited a 

weaker aversive response to self-administering alcohol 

compared to their response to 0% alcohol (Figure 4D PI, Cliff’s 

delta = − 0.383, 95% CI [− 0.637, − 0.0713], p = 0.011). This con-

trasted with the strong aversion to alcohol observed in naive an-

imals (Figure 2J). Meanwhile, the chrna5 mutant fish exhibited a

preference for x0.5% alcohol following nicotine pre-treatment, 

indicated by the positive effect size when compared to those 

in 0% SAZA (Figure 4E PI, Cliff’s delta = 0.335, 95% CI 

[0.0516, 0.587], p = 0.0252). This is also a change from the un-

treated chrna5 mutants, which displayed a neutral preference

to alcohol in x0.5% SAZA (Figure 2K). Overall, this suggests 

that cross-pre-treatment with nicotine shifted the alcohol 

response rightwards, such that the aversion was reduced in 

WT, and the mutants exhibited a preference.

Nicotine pre-treatment changed the transcriptional 

profile of WT, but not chrna5 mutants

Next, we performed bulk RNA-sequencing on the brains of juve-

nile fish that had undergone nicotine pre-treatment to explore

potential transcriptomic changes underlying these behavioral 

shifts. Untreated WT and chrna5 mutant fish showed few tran-

scriptomic differences (Figures S15 and S16). While untreated 

and pre-treated samples were separated in the PCA for both ge-

notypes (Figures 4G and 4M), nicotine pre-treatment of chrna5 

mutants appeared to effect fewer transcriptomic changes than 

in WT (Figures 4H and 4N). Nicotinic acetylcholine receptor sub-

unit expression was unchanged in either genotype (Figures 4I 

and 4O). Interestingly, several genes in the glutamate, GABA, 

and dopamine receptor families were significantly downregu-

lated in the WT fish, which were absent in the mutants 

(Figures 4J–4L and 4P–4R).

Alcohol pretreatment did not alter alcohol response

We next examined the self-administration behavior of fish pre-

treated with alcohol. WT fish avoided x0.5% alcohol (Figure 5A 

PI, Cliff’s delta = − 0.617, 95% CI [− 0.799, − 0.347], p < 0.001). 

This paralleled the strong aversion seen in naive, untreated fish 

(Figure 2J). On average, chrna5 mutants did not exhibit either

an aversion or a preference to x0.5% (Figure 5B). This result ap-

peared to be similar to the response of untreated mutants 

(Figure 2K). However, the intergenotypic comparison revealed 

that the differences observed between WT and mutants in the 

untreated condition had diminished (Figure 5C) mutant vs. WT 

pre-treated, Cliff’s delta = 0.225, 95% CI [− 0.0927, 0.504], p = 

0.1302). This appeared to be due to an increase in the variance 

in individual PI of the mutants, with a greater variation in the dis-

tribution of both positive and negative preference indices.

Alcohol pretreatment increased nicotine aversion in 

chrna5 mutants

Finally, we examined the effects of cross-treatment on self-admin-

istration as well. Alcohol pre-treated fish were given the choice to

self-administer x25 μM nicotine. WT fish in this condition showed a 

strong aversion to nicotine entering the stimulus zone fewer times, 

and spending less time in the stimulus zone compared to their 

response to 0 μM nicotine (Figure 5D). The chrna5 mutants 

also showed an aversion to nicotine (Figure 5E PI, Cliff’s delta =

− 0.502, 95% CI [− 0.731, − 0.182], p = 0.0014). This is a shift

Figure 3. Combined multi-substance behavioral and transcriptomic analysis schematic

Schematic detailing (A) pre-treatment and self-administration combinations, (B) the pre-treatment schemes for alcohol and nicotine repeated daily over seven 

days, and (C) the analyses performed on the pre-treated fish.
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away from the neutral response observed in untreated, naive mu-

tants (Figure 2K). This increase in aversive behaviors in both geno-

types resulted in a narrowing of phenotypic differences originally 

seen, as the PI difference was no longer significant (Figure 5F 

mutant vs. WT pre-treated, Cliff’s delta = 0.260, 95% CI 

[− 0.0603, 0.527], p = 0.0974). Overall, these results suggested 

that alcohol pre-treatment shifted the nicotine response leftwards, 

such that the aversion in WT continued to stay pronounced, and 

the PI shifted from neutral to negative for mutants.

Alcohol pre-treatment changed the transcriptional 

profile of WT, but not chrna5 mutants

RNA sequencing of the juvenile brains of the alcohol pre-treated 

fish revealed a phenomenon parallel to that observed after nico-

tine pre-treatment. The pre-treated and untreated samples of 

each genotype were separated by PCA (Figures 5G and 5M), 

but again, the scale of transcriptional changes in the chrna5 mu-

tants was fewer (Figures 5H and 5N). Curiously, the pattern of 

expression changes among the neurotransmitter systems was 

inverse to the observations after nicotine pre-treatment. Alcohol 

pre-treatment resulted in an upregulation of many nAChRs 

(Figure 5I), but little change was observed in the glutamate, 

GABA, and dopamine receptors that were downregulated after 

nicotine pre-treatment. Once again, chrna5 mutants exhibited 

fewer alterations to the transcriptomic profiles of these receptor 

genes (Figures 5O–5R). Thus, although pre-treatment with nico-

tine or alcohol had minimal changes in the self-administration 

behaviors of WT fish, it was accompanied with gene expression 

profile changes in the brain. On the other hand, the behavior of 

the mutant chrna5 fish was altered with limited changes in tran-

scriptional profiles, suggesting that absence of a functional 

chrna5 interfered with substance exposure induced adaptive 

changes in brain gene expression.

chrna5 dysfunction does not alter anxiety-like behavior 

in zebrafish

While the association of variants in the CHRNA5-CHRNA3-

CHRNB4 gene cluster, particularly in CHRNA5 with nicotine 

and alcohol dependence have been reported extensively across 

numerous populations, 17,23,24,55–58 a variety of conditions 

frequently comorbid with nicotine dependence, including

increased anxiety, alteration in attention, and appetite dysregu-

lation are also proposed to be impacted by CHRNA5 func-

tion. 21,27,59,60 Given that chrna5 mutant zebrafish exhibited a 

phenotype of blunted aversion toward nicotine and alcohol, we 

evaluated if the mutation also impacted other behavioral pheno-

types in fish relevant to these conditions.

To determine if chrna5 mutant zebrafish exhibit anxiety-like 

behavior dissimilar to WT, we used a light/dark assay. 61 Zebra-

fish larvae naturally exhibit scotophobia, or dark-avoidance be-

haviors, at an early age. More time in the dark, entering quickly, 

or more frequently are indicators of reduced anxiety-like 

behavior in this assay. 61,62 We used up to 14 dpf larvae when 

they are still scotophobic and quantified the behavior of individ-

uals following a 10 min acclimation period. The entire chamber 

was equally illuminated during acclimation, with half the cham-

ber, chosen randomly, darkened in the experimental phase 

(Figure 6A). Both WT and mutant fish spent more time in the illu-

minated areas and entered the darkened area only after a few mi-

nutes. In all of these measures, however, no significant differ-

ence was observable between the WT and chrna5 mutants 

(Figures 6B–6D and S14). Thus, chrna5 had little impact on this 

type of anxiety-like measure in fish.

chrna5 mutants have reduced visual startle in the day, 

increased acoustic startle at night, and low nocturnal 

activity

Nicotine use and disruption of sleep have been bidirectionally 

linked in animal models, and the effect has been correlated to 

genetic variations in human studies. 63–66 Although the cholin-

ergic system’s role in sleep-wake cycle and circadian rhythms 

is known, 67 chrna5’s role has only been assessed in the context 

of attention. 60 To examine these behaviors and circadian 

phases, we tracked the activity of 7–10 dpf larval zebrafish, 

over 24 h, starting in the afternoon (Figure 6E). 7–10 dpf larvae 

swim freely in 48 well plates, facilitating high throughput assays 

to capture small effects associated with maintaining circadian 

rhythms. The assay conditions matched the 14/10 h day-night 

periodicity normally maintained in the facility that the larvae 

were entrained to. In addition, a few perturbations were intro-

duced to examine responsivity. Light-dark-light transition pe-

riods were generated from early evening to night by alternating

Figure 4. Nicotine pre-treatment altered chrna5 mutant acute behavioral responses to nicotine and alcohol, and effected transcriptomic 

changes in WT fish

(A–F) Measures of fish behavior in SAZA following a seven day nicotine pre-treatment scheme when self-administering (A–C) x25 μM nicotine or (D–F) x0.5% 

alcohol. Comparisons of multiple measures in (A and D) WT or (B and E) chrna5 mutants to baseline, or (C and F) to each other by preference index, are displayed 

as forest plots, or Gardner-Altman and Cumming estimation plots, respectively. In the forest plots (A–E), positive values (to the right, +1) indicate a greater 

response in the treated condition, negative values (to the left, − 1) indicate a greater response in the untreated condition, and values closer to the center (0), show 

equal responses between the two conditions. Data represented as Cliff’s delta (±95% CI). In the Gardner-Altman plots (C and F), positive values (toward +1) 

indicate relative preference for the stimulus, negative values (toward − 1) indicate relative preference for the control, and 0 indicates neutrality, with no relative 

preference for stimulus or control. Data represented as preference index (± standard deviation). Asterisks (C and F), or color (A, B, D, and E) indicate a significant 

difference:/blue = p > 0.05 (no significant difference), */purple = p < 0.05 and Cliff’s delta > ± 0.2 & < ± 0.4 (provisional difference), **/red = p < 0.01 and Cliff’s delta

> ± 0.4 (meaningful difference). See Table S13 for the precise effect sizes and p values, corrected for multiple comparisons between genotypes against WT (C and

F). Fish numbers as follows: WT/chrna5 − /− nicotine-pretreated, x25 μM nicotine SAZA, n = 31/30; WT/chrna5 − /− nicotine-pretreated, x0.5% alcohol SAZA, 

n = 29/30; WT/chrna5 − /− 0 μM SAZA, n = 30/29; WT/chrna5 − /− 0% SAZA, n = 30/31.

(G–R) RNA sequencing data of untreated/nicotine pretreated (G–L) WT (n = 4/4) and (M–R) chrna5 mutant (n = 4/3) fish brain tissues, with the olfactory bulb, 

telencephalon and hindbrain removed, comparing untreated samples to those collected following a seven day nicotine pre-treatment scheme. (G and M) PCA 

separation of samples. (H–L, N–R) Volcano plots of (H and N) all genes, (I and O) nicotinic acetylcholine receptors (chrn), (J and P) glutamate receptors (grin), (K 

and Q) GABA receptors (gabr), (L and R) dopamine receptors (drd). Significance was categorized as adj p > 0.05 = non-significant (black), adj p < 0.05, log 2 fold 

change 0 - ±1 = provisional up (+, orange) or down (− , cyan) regulation, adj p < 0.05, log 2 fold change ±1–>±2 = up (+, red) or down (− , blue) regulation.
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illumination blocks every 30 min to detect ‘‘dark flash’’ and ‘‘light 

flash’’ responses (Figure 6E). 68,69 Additionally, a few minutes of 

vibrational stimuli ascending and descending in intensity from 

night until morning were administered every hour to challenge 

the animals and record their response to mechanical distur-

bance (Figure 6E). 70 Both the WT and chrna5 mutants main-

tained normal diurnal circadian rhythms, exhibiting lowest activ-

ity at night (Figure 6F Cliff’s delta = 0.514, 95% CI [0.284, 0.690], 

p < 0.001, Figure 6G Cliff’s delta = 0.840, 95% CI [0.699, 0.922], 

p < 0.001) and highest in the morning (Figure 6F Cliff’s delta =

− 0.797, 95% CI [− 0.894, − 0.635], p < 0.001), Figure 6G Cliff’s 

delta = − 0.703, 95% CI [− 0.834, − 0.514], p < 0.001. However, 

the mutant fish displayed lower overall activity during each 

time period, with the greatest difference between the genotypes 

occurring in the night (Figure 6H Cliff’s delta = 0.593, 95% CI 

[0.370, 0.740], p < 0.001). Conversely, chrna5 mutants exhibited 

greater motility when startled at night, suggesting increased 

sensitivity to physical disturbance (Figure 6I). During the global 

illumination change period of the assay, both genotypes re-

sponded to both the ‘‘dark flash’’ (light to dark), and the ‘‘light 

flash’’ (dark to light) transitions. However, the WT fish response 

to the ‘‘dark flash’’ peaked higher than the mutants and main-

tained marginally greater activity until the light was switched 

back on (Figures 6J and 6K). In response to the ‘‘light flash’’, 

the WT again showed a slightly stronger, but non-significant, lo-

comotor response than the mutants (Figures 6J and 6L).

chrna5 mutants consumed more protein and Paramecia 

feeds, but less egg yolk

The link between nicotine consumption and feeding behavior is 

well documented, with nicotine administration being associated 

with reduced body weight and a decrease in consumption of cal-

orie rich foods. 71,72 Nicotine is thought to alter both the balance 

of orexigenic and anorexigenic peptides to change homeostatic 

feeding, while also exerting influence over dopamine release, 

which modulates hedonistic feeding behaviors. 73 In addition, ge-

netic variance also comes into play as CHRNA5-CHRNA3-

CHRNB4 genes are expressed in the arcuate nucleus of the hy-

pothalamus, a brain region known to impact appetite directly. 74 

Global Chrna5 receptor knockout in rodents changes preference

for some food rewards, but not all. 75 To evaluate this relationship 

further, we examined the consumption of three types of food: a 

fat rich chicken egg yolk, a customized protein-rich feed, and 

live Paramecium caudatum, a natural prey item of larval zebrafish 

in an appetite assay. 39 The assay quantified feeding following a

2 h starvation period by fluorescent labeling of the feed, and sub-

sequent quantification of the fluorescent signal from the gut 

following the feeding period (Figure 6M). Larval zebrafish, 7–10 

dpf, were used to assess appetite as the gut transparency at 

this developmental stage allows for high throughput quantifica-

tion of fluorescent feed consumed, facilitating the detection of 

small effect size behavioral changes. Swarm plots of the quantity 

of feed consumed by zebrafish across 10 batches for each food 

type revealed small effects on appetite for all three food types. 

The chrna5 mutants tended to eat less fat-rich egg yolk than 

the WT (Figure 6N Cliff’s delta = − 0.203, 95% CI [− 0.109,

− 0.296], p < 0.001), but, more protein-rich diet (Figure 6O Cliff’s 

delta = 0.312, 95% CI [0.218, 0.404], p < 0.001) and Paramecium 

(Figure 6P Cliff’s delta = 0.18, 95% CI [0.088, 0.274], p = < 0.001). 

Therefore, similar to the observations in rodents, chrna5 mutants 

show an increased appetite for palatable food reward; however, 

the small, food type-dependent effects suggest that the muta-

tion has a minor role in appetite control. Overall, the behavior 

of chrna5 mutants differed from the WT in some phenotypes 

associated with human disorders often comorbid with sub-

stance dependence, such as appetite and circadian regulation.

DISCUSSION

Here, we generated a global chrna5 zebrafish mutant to study 

the neurobehavioural consequences of dysfunction in chrna5, 

a genetic factor associated with nicotine and alcohol depen-

dence, in addition to several frequently comorbid human 

disorders. chrna5 mutants exhibited reduced aversion to acute 

nicotine self-administration, a phenotype also observed in 

loss-of-function rodents. 19,22 This suggests that dysfunctional 

chrna5 impacts aversive responses to nicotine across verte-

brates, and may similarly affect humans with reduced CHRNA5 

function. Notably, polymorphisms in CHRNA5 have been associ-

ated with AUD risk independent of nicotine dependence. 23

Figure 5. Alcohol pre-treatment abolished chrna5 mutant phenotype of reduced aversion to nicotine, and stimulated upregulation of WT 

nicotinic acetylcholine receptor genes

(A–F). Measures of fish behavior in SAZA following a seven day alcohol pre-treatment scheme when self-administering (A–C) x0.5% alcohol or (D–F) x25 μM 

nicotine. Comparisons of multiple measures in (A and D) WT or (B and E) chrna5 mutants to baseline, or (C and F) to each other by preference index, are displayed 

as forest plots, or Gardner-Altman and Cumming estimation plots, respectively. In the forest plots (A, B, D, and E), positive values (to the right, +1) indicate a 

greater response in the treated condition, negative values (to the left, − 1) indicate a greater response in the untreated condition, and values closer to the center (0), 

show equal responses between the two conditions. Data represented as Cliff’s delta (±95% CI). In the Gardner-Altman plots (C and F), positive values (toward +1) 

indicate relative preference for the stimulus, negative values (toward − 1) indicate relative preference for the control, and 0 indicates neutrality, with no relative 

preference for stimulus or control. Data represented as preference index (± standard deviation). Asterisks (C and F), or color (A, B, D, and E) indicate a significant 

difference: /blue = p > 0.05 (no significant difference), */purple = p < 0.05 and Cliff’s delta > ± 0.2 & < ± 0.4 (provisional difference), **/red = p < 0.01 and Cliff’s delta

> ± 0.4 (meaningful difference). See Table S14 for the precise effect sizes and p values, corrected for multiple comparisons between genotypes against WT (C and

F). Fish numbers as follows: WT/chrna5 − /− alcohol-pretreated, x0.5% alcohol SAZA, n = 32/29; WT/chrna5 − /− alcohol-pretreated, x25 μM nicotine SAZA, n = 28/ 

29; WT/chrna5 − /− 0% SAZA, n = 30/31; WT/chrna5 − /− 0 μM SAZA, n = 30/29.

(G–R) RNA sequencing data of untreated/alcohol pretreated (G–L) WT (n = 4/4) and (M–R) chrna5 mutant (n = 4/3) fish brain tissues, with the olfactory bulb, 

telencephalon and hindbrain removed, comparing untreated samples to those collected following a seven day alcohol pre-treatment scheme. (G and M) PCA 

separation of samples. (H–L, N–R) Volcano plots of (H and N) all genes, (I and O) nicotinic acetylcholine receptors (chrn), (J and P) glutamate receptors (grin), (K 

and Q) GABA receptors (gabr), (L and R) dopamine receptors (drd). Significance was categorized as adj p > 0.05 = non-significant (black), adj p < 0.05, log 2 fold 

change 0 - ±1 = provisional up (+, orange) or down (-, cyan) regulation, adj p < 0.05, log 2 fold change ±1 - >±2 = up (+, red) or down (-, blue) regulation.
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Rodent studies exploring this association have yielded mixed 

results, with transgenic rodents expressing human CHRNA5 

polymorphism exhibiting behaviors similar to human pheno-

types, 27,76 but Chrna5 knockout mice show an impact on alcohol 

consumption at certain concentrations. 25,26 In contrast, zebra-

fish chrna5 mutants exhibited blunted aversion to both nicotine 

and alcohol self-administration. Therefore, though overlapping, 

the phenotype of zebrafish mutants aligns more closely with hu-

man genetic studies.

Development of substance dependence is complex and multi-

factorial. The dynamic changes occurring in the brain in 

response to repeated exposure to psychoactive substances 

adds an additional layer of biological complexity. Short-term 

exposure to nicotine over weeks can remodel reinforcement cir-

cuits that outlast drug exposure. 77 Although pre-treatments in 

our study lasted only a few days, both nicotine and− alcohol 

pre-treatments resulted in broad transcriptomic changes in the 

juvenile WT brains (Figures 4 and 5). The transcriptional changes 

observed across excitatory and inhibitory neurotransmitter sys-

tems following nicotine pre-treatment parallel findings in ro-

dents, where modulation of dopamine receptors drd1 and 

drd3, 78,79 or NMDA receptors (grin) grin1–3, 80,81 reduces nico-

tine self-administration. Unlike our initial expectation, however, 

nAChR gene expression changes were minimal here (Figure 4I) 

with upregulation of α4 as the only exception, which may influ-

ence the dopaminergic neuronal function. 82 Thus, most molecu-

lar changes associated with even a short-term, multi-day expo-

sure to nicotine in juvenile fish paralleled studies in mammals. 

That the expression of these genes showed minimal changes 

in chrna5 mutants, could in turn, inform on the more prominent 

behavioral shifts that were absent in WT (Figure 4B).

In contrast to the transcriptional profile changes above, 

alcohol pre-treatment resulted in large changes in cholinergic re-

ceptor expression in the WT fish, with small or no change in the 

dopaminergic, GABAergic, and glutamatergic receptor gene 

expression. While none of the genes exhibiting altered expres-

sion have been directly linked to intake, changes were seen in 

non-neural genes (chrna1, chrne, chrnd, and chrng 83,84 ) as well 

as neuronal chrna6 and chrna9, both associated with nico-

tine 85,86 and alcohol 83,87 dependence in humans. Upregulation

of GABRA6 in WT fish—consistent with human variants that 

reduce sedation, 88,89 may contribute to the intergenotypic veloc-

ity differences (Figure S11). In both nicotine and alcohol pre-

exposure, despite limited transcriptional change, chrna5 mu-

tants showed strongest behavioral shifts (Figures 4 and 5), 

and/or increased variance (Figure 5C). Pre-treatment thus ap-

pears to trigger compensatory gene-expression in WT but not 

mutants, indicating an inverse link between transcriptomic 

change and behavioral response after pre-exposure to psycho-

active substances. If this homeostatic mechanism is conserved 

across vertebrates, reduced CHRNA5 function could blunt 

compensatory adaptation and intensify direct nicotine/alcohol 

effects in humans too.

Co-use of nicotine and alcohol is well documented in hu-

mans 53,54 and at a molecular level in animals, 90 making the ef-

fects of cross-treatments particularly interesting. Nicotine pre-

treatment shifted both genotypes rightwards, or toward 

increased alcohol preference/reduced aversion (Figures 4D 

and 4E). On the other hand, alcohol pre-treatment shifted both 

genotypes leftwards or toward increased nicotine aversion 

(Figures 5D and 5E), implying that the drug response circuitry 

is not identical for nicotine and alcohol, and that receptors like 

drd1, drd3, and grin1-3 may contribute to a different degree de-

pending on the substance.

Coupling whole-brain transcriptomics with behavior in the 

context of pre-exposure to psychoactive substances in juvenile 

fish, as conducted here, is also relevant for the Adolescent Brain 

Cognitive Development studies (ABCD 9,10,91 ). Many genes ex-

hibiting altered expression in the WT have been linked to addic-

tion, withdrawal, and relapse in human studies, highlighting the 

bidirectional nature of this relationship. These included D2 and 

D4 receptors, which exert influence on withdrawal symptoms, 

place preference, and relapse to nicotine seeking behavior but 

not acute nicotine response, 92–94 and have human variants asso-

ciated with nicotine and alcohol use. 95,96 Interestingly, D4 was 

also differentially expressed prior to pre-treatments (Figures 

S15 and S16), while D3 (drd3) known to affect alcohol consump-

tion in rodents, 97 was one of the few genes with expression 

altered to a similar degree in both genotypes by nicotine pre-

treatment. Additionally, GABRA2 and GABRA4 have several

Figure 6. Appetite and circadian rhythm disorder associated phenotypes were altered in chrna5 mutants

(A–D) Anxiety-like behavior of 12–14 dpf larvae in light/dark assay. (A) Schematic of the light/dark assay equipment. Chambers were illuminated from below, 

divided into equal light and dark halves, and movement between the areas was tracked.

(B–D) Behavioral measures of (B) time spent in dark (± standard deviation [SD]), (C) number of entries to dark (±SD), and (D) cumulative first entry time of the 

population to the dark over the assay duration between WT (n = 32) and chrna5 mutant (n = 32) fish.

(E–L) Circadian rhythm, vibration sensitivity, and light-dark transition behaviors of WT (n = 45) and chrna5 mutant (n = 48) 7–10 dpf fish. Data represented as Cliff’s 

delta (±95% CI) (E) Schematic of the circadian assay equipment and tracking (upper), and the assay timeline (lower). Yellow indicates visible lights are on, while 

black is off.

(F–H) Time inactive over assay duration, divided according to light on/off times in (F) WT (±SD), (G) chrna5 mutants (±SD), and (H), between genotypes (±95% CI). 

(I) Mean cumulative distance traveled by WT (n = 45) and chrna5 mutant (n = 48) fish per vibration stimulus intensity over 6 cycles (±95% CI). Light-dark-light 

transition locomotor response (J) Mean locomotor activity of WT (n = 45) and chrna5 mutant (n = 48) fish over 5 cycles (±95% CI). Yellow/gray areas indicate visible 

light on and off, respectively.

(K and L) Difference in individual locomotor activity within and between genotypes (delta-delta) from before and after (K) light to dark transition at 0 min, and 

(L) dark to light transition at 30 min.

(M–P) Feeding behavior of 7-dpf fish given assorted food types. (M) Schematic detailing feeding protocol, pre-feeding, and starvation periods prior to the labeled 

feed. Data represented as Cliff’s delta (±95% CI) (N–P) mean fluorescent intensity gut intensity (±SD) of WT/chrna5 mutant fish when fed (N) egg yolk (n = 301/ 

278), (O) protein (n = 267/256), and (P) Paramecia (n = 297/289). * = p < 0.05 and Cliff’s delta from ±0.2 to ±0.4 (where applicable), ** = p < 0.01 and Cliff’s delta from

> ±0.4 (where applicable). See Tables 15 and S16 for the precise effect sizes and p values, corrected for multiple comparisons within genotype between time 

points against 15:00–22:00 (D and G). See also Figure S14.
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nicotine dependence associated SNPs, 98 while GABRR1 and 

GABRR2 SNPs have been associated with alcohol depen-

dence. 99 Finally, GRIN2A is associated with heroin addiction in 

GWAS. 100 While our study is inadequate to assess how these 

genes influenced the acute drug responses documented in 

SAZA, the transcriptional changes inform on the potential vulner-

ability differences in individuals with chrna5 polymorphisms. 

These observations suggest that zebrafish can provide new in-

sights into understanding the initial phases of substance use in 

juvenile brains.

The importance of CHRNA5-CHRNA3-CHRNB4 gene cluster 

function in the habeula-IPN circuit to modulate aversion to nico-

tine intake has been established through several lines of evi-

dence in rodent studies. 19,29 We therefore probed for changes 

in the gene expression profiles of habenula neurons in chrna5 

mutants, as the aversive responses to nicotine in fish were also 

altered. No overt changes could be seen (Figures 1D, S4, and 

S5). However, additional studies that can examine neural activity 

in the mutants will be necessary to establish if neuronal function 

changes occur.

Importantly, CHRNA5 variants are also proposed to modulate 

neurons in several brain regions including the VTA dopaminergic 

neurons during nicotine reward and reinforcement. 101 The re-

sults of self-administration, cross-administration, anxiety, circa-

dian rhythm, and appetite presented here may thus be suitable 

for whole organism level studies that mimic whole-body 

dysfunctional CHRNA5.

Mutations in CHRNA5 are associated with vulnerability to anx-

iety, albeit only under certain conditions. 59,76 Mutant zebrafish 

displayed no altered anxiety phenotype in the light/dark assay 

(Figures 6B–6D), in contrast to rodent studies. 76 CHRNA5’s 

role in nicotine use disorders may thus develop independently 

of an anxiety phenotype. As anxiety phenotypes can vary in their 

manifestations and differ between social and asocial settings, 

additional studies examining other anxiogenic conditions will 

be needed to further evaluate if the dissociation manifests in 

other contexts.

The link between nicotine consumption and circadian rhythms 

is well known, while more recent investigations are beginning to 

uncover the bidirectional influence of genetic variation on both. 65 

The differences in the activity cycle of the chrna5 mutants espe-

cially at night (Figures 6F–6H) suggests a potential role for chrna5 

in sleep quality, independently of nicotine or alcohol consump-

tion. Additionally, the weaker visuomotor startle response to 

dark flashes, but higher sensitivity to vibrational startle in the 

chrna5 mutants is an interesting dissociation of the sensorimotor 

responses. 70 The escape responses in zebrafish larvae engage 

different circuits even when triggered through the same sensory

modality. 102 In agreement with the chrna5 expression reported 

here, a recent study using a fluorescently tagged chrna5 expres-

sion line showed that the expression of chrna5 is broad, in tectal 

neurons, hindbrain neurons, preoptic, hypothalamic, and pineal 

and locomotor networks. 49 As these neurons are components of 

the circuits engaged in visuomotor and acoustic startle, 103–105 

dysfunctional chrna5 may impact both. Further studies will be 

needed to evaluate if chrna5 function is also relevant in the 

distributed learning circuits associated with dark flash 

habituation. 68 

Finally, nAChR receptors have been previously implicated in 

the control of feeding and appetite. 74,106 Our results suggest 

that chrna5 exerts some influence over appetite, independent 

of nicotine administration, as evidenced by the altered consump-

tion by mutants (Figures 6N–6P). However, the direction of 

change was dependent on food type—mutants consumed less 

egg yolk, but more of a protein-rich diet, and Paramecium cau-

data. Among these, paramecia require prey hunting behavior 

and coordinated locomotion, making it more challenging 

compared to passive feed like protein-rich and egg yolk pow-

der. 107 Notably, reduced locomotion seen in the circadian 

rhythm assay (Figure 6H) did not impact the chrna5 mutants to 

outperform WT larvae in hunting. As the effect sizes were small 

in these assays, chrna5 may contribute only minimally to appe-

tite regulation, and it remains to be determined if this contribution 

is consistent across developmental stages. This is in line with 

findings in rodents, that though present, Chrna5-containing 

nAChR are among the lowest abundance in hypothalamic 

arcuate nucleus. 106 Since these feed types differ dramatically 

in form, nutritional quality, and motility, further studies are neces-

sary to understand which among macronutrient content, visual 

cues, or hunting drives mutant behavior. 108 

Overall, this whole-body chrna5 mutant zebrafish exhibits 

aligned phenotypes with human conditions, making it a valu-

able and practical model for investigating the neurobiological 

basis of the development of SUD. Short term pre-exposure to 

multiple substances revealed cross-substance effects on nico-

tine and alcohol self-administration in these mutants, high-

lighting the impact of prior substance exposure on subsequent 

drug use behavior. Parallel transcriptomics showed altered 

expression of human dependence associated genes in WT 

fish that were absent in mutants, suggesting a disruption to ho-

meostatic responses. Thus, our results suggest that disruption 

of chrna5 potentially increases susceptibility to substance 

dependence via reduced drug avoidance, impairs adaptive re-

sponses, and affects behaviors such as appetite and circadian 

rhythms, which are frequently altered in humans in the context 

of SUD.

Table 1. Primers for single-guide RNA template

Gene Label Primer 5’ ➔ 3 ′

chrna5 CRISPR Forward AATTAATACGACTCACTATAGGGTAGCGAGGAGAAGG

GTTTTAGAGCTAGAAATAG

Universal Primer CRISPR Reverse TTTTGCACCGACTCGGTGCCACTTTTTCAAGTTGATAA

CGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Guide RNA used to generate chrna5 CRISPR mutants. CRISPR targets are in bold.
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Limitations of the study

Our use of bulk RNA-sequencing on dissected brain tissue limits 

spatial resolution, preventing identification of the specific brain 

regions driving the observed transcriptional (and behavioral) 

changes. The absence of neural activity measurements further 

constrains circuit-level inferences, particularly regarding pre-

treatment with nicotine or alcohol. While we sought construct 

validity through behavioral assays of self-administration, 

anxiety-like behavior, circadian rhythms, and appetite in chrna5 

mutants, extrapolation to humans should be cautious as (1) 

addiction is a multifactorial condition influenced by genetic, 

developmental, environmental, and social factors, and (2) our ex-

periments in juvenile or younger (<14 dpf) fish may capture adap-

tive developmental processes that change with maturation, 

potentially differing from adults at steady state.
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Detailed methods are provided in the online version of this paper and include 

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

○ Fish husbandry

○ Generation of chrna5 mutant zebrafish

• METHOD DETAILS

○ Self-administration for zebrafish assay (SAZA) apparatus setup

○ SAZA

○ Body alcohol/cotinine quantification

○ RNA extraction

○ qRT-PCR

○ Hybridisation chain reaction, RNA-fluorescent in-situ hybridisation 

(HCR TM RNA-FISH)

○ Protein extraction

○ Western blot

Table 2. Primers used for qPCR of chrna5, chrnb4, chrna3, and housekeeping genes, actb1, efla

Gene 

Accession # Gene symbol Primer 5 ′ ➔ 3 ′

β-actin1

NM_131031.2

actb1 (F) AGATGACACAGATCATGTTCGAGA 

(R) CCAGTAGTACGACCAGAAGCG

Elongation factor I-alpha 

FJ915061.1

ef1a (F) CTGGAGGCCAGCTCAAACAT

(R) ATCAAGAAGAGTAGTACCGCTAGCATT

Alpha-5 nicotinic acetylcholine receptor 

ENSDARG00000003420

chrna5 (F) ATGGTAACAGCTCTCAGCTTGGT 

(R) TTAGCTAGTAATTTCAGCATAGC

Beta-4 nicotinic acetylcholine receptor 

ENSARG00000101677

chrnb4 (F) TCCTGTGTGTGTGTATGTGAATG 

(R) TCACATGCCGTCCCGTCTG

Alpha-3 nicotinic acetylcholine receptor ENSDARG00000100991.2 chrna3 (F) CCTCCTGTGTCCGACTGAAC 

(R) CTTCCAGTCATCCTGGACCTC
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-Tubulin antibody, beta, clone KMX-1 Sigma-Aldrich Cat# MAB3408; 

RRID: AB_94650

Polyclonal anti-CHRNA5 Sigma-Aldrich Cat# AV34967-100UG); 

RRID: AB_1854470

Polyclonal anti-mouse goat DAKO Cat# P0447;

RRID: AB_2617137

Polyclonal Anti-rabbit Santa Cruz Biotechnology Cat# sc-2004 

RRID: AB_631746

Chemicals, peptides, and recombinant proteins

Nicotine hydrogen tartrate salt (≥ 99 %) Sigma-Aldrich Cat#6019-06-3

Ethanol (absolute) Merck Millipore Cat#1.00983.2511

DID fluorescent dye Invitrogen Cat#D7757

Trizol Thermo Fisher Scientific Cat#15596026

N-Phenylthiourea (aka. Phenylthiocarbamide) Sigma Aldrich Cat#P7629

Paraformaldehyde, 4% in PBS Thermo Fisher Scientific Cat#J61899.AP

Egg yolk from chicken Sigma Aldrich Cat#E0625

Protein rich diet Customised Zebrafeed from 

Sparos (C. Wee Lab)

–

20x SSC Buffer 1st Base Cat#BUF-3050-20X1L

1M Tris-HCl Buffer pH 7.4 Bio-Basic Cat#USD8125

Sodium Chloride solution 5M Sigma Aldrich Cat#59222C

Ethylenediaminetetraacetic acid Sigma Aldrich Cat#EDS-500G

RNase Zap Invitrogen Cat#AM9784

10x Phosphate buffered saline (PBS) 1st Base Cat#BUF-2041-10x1L

Acrylamide/Bis-Acrylamide solution 

37.5:1, 30% w/v

Bio-Basic Cat#A0011

TEMED Bio-Rad Cat#161-0801

RIPA buffer Sigma Aldrich Cat#R0278-50ML

Agarose Bio-Basic Cat#D0012

Dextran Sulfate VWR chemicals Cat#0198-50G

Ammonium persulfate Bio-Basic Cat#AB0072

Formamide Sigma Aldrich Cat#F7503-250ML

Citric Acid Sigma Aldrich Cat#0529-500G

Sodium Dodecyl Sulfate (SDS) Solution 20% w/v 1st Base Cat#BUF-2052-1L

Tween 20 (polythene glycol sorbitan monolaurate) Sigma Aldrich Cat#P1379-250ML

Denhardt’s Solution 50x Invitrogen Cat#750018

Diethyl Pyrocarbonate 96% Sigma Aldrich Cat#D5758-25ML

Heparin sodium salt from porcine 

intestinal mucosa

Sigma Aldrich Cat#H3149-25KU

Critical commercial assays

Abcam ethanol assay kit Abcam Cat# ab65343

Cotinine ELISA kit Elabscience Cat#E-EL-0064

GoTaq qPCR Master Mix Promega Cat#TM318

PureLink® Micro RNA Kit Thermo Fisher Scientific Cat#12183016

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SuperScript II First-Strand Synthesis System Invitrogen Cat# 18091050

Deposited data

RNA sequencing The raw sequence data reported in 

this paper have been deposited in 

the Genome Sequence Archive 

(Genomics, Proteomics & 

Bioinformatics 2025) in National 

Genomics Data Center (Nucleic 

Acids Res 2025), China National 

Center for Bioinformation / Beijing 

Institute of Genomics, Chinese 

Academy of Sciences

(GSA: CRA032492) that are publicly 

accessible at https://ngdc.cncb.ac.cn/gsa.

Raw data for main and supplementary figures Mendeley Data DOI: https://doi.org/10.17632/y3nzn8pdmj.2

Experimental models: Organisms/strains

Danio rerio (AB WT; nacre -/+ ) IMCB Zebrafish Facility RRID: ZFIN_ZDB-GENO-960809-7

Oligonucleotides

Custom primers for single-guide RNA template Integrated DNA Technologies N/A See Table 1 Main text for sequences

CAS9 mRNA (pT3TS-nCas9n) Addgene Cat#46757

Custom primers used for qPCR of chrna5, 

and housekeeping genes

Integrated DNA Technologies N/A See Table 2 Main text for sequences

Custom probe cocktail sequences for HCR Integrated DNA Technologies N/A Refer to Table S1

B1 546 HCR Amplifier v3.0 Molecular Instruments, Inc. –

B2 647 Amplifier v3.0 Molecular Instruments, Inc. –

B3 488 Amplifier v3.0 Molecular Instruments, Inc. –

Software and algorithms

CRITTA (LabVIEW software for tracking) Krishnan and Mathuru et al., 2014 http://www.critta.org (James Steward 

and Adam Claridge-Chang)

LabVIEW National Instruments RRID: SCR_014325

Behavioral tracking scripts (SAZA) Raine et al., 2025 / GitHub https://github.com/mechunderlyingbehavior/

SAZA_2023

Fluorescence quantification code (EZgut) Cheng et al., 2022 / GitHub https://github.com/CarolineWeeLab/EZgut

Fiji (ImageJ) Schindelin et al., 2012 RRID: SCR_002285

Olympus FV31S-SW Olympus RRID: SCR_017015

Partek Flow v11.0 Partek Inc. RRID: SCR_011860

Python v2.7 + OpenCV library Python Software Foundation RRID: SCR_008394

R v4.4.2 R Project for Statistical Computing RRID: SCR_001905

R studio v2025.09.2+418 Posit Software RRID: SCR_000432

Tidyr (v1.3.1) R Project for Statistical Computing RRID: SCR_017102

Dplyr (v1.1.4) R Project for Statistical Computing RRID: SCR_016708

ggplot2 (v3.5.1) R Project for Statistical Computing RRID: SCR_014601

Lme4 (v1.1-37) R Project for Statistical Computing RRID: SCR_015654

lmerTest (v3.1-3) R Project for Statistical Computing RRID: SCR_015656

Emmeans (v1.11.1) R Project for Statistical Computing RRID: SCR_018734

DABEST (R v2025.3.14) Ho et al., 2019 RRID: SCR_022340

Cocor (R v1.1-3) Diedenhofen & Musch, 2015 http://comparingcorrelations.org

Snapgene Dotmatics RRID: SCR_015052

Geneious Dotmatics RRID: SCR_010519

AlphaFold Protein Structure Database EMBL-EBI RRID: SCR_023662

Adobe Illustrator 2025 (v29.5.1) Adobe RRID: SCR_010279

Biorender Biorender RRID: SCR_018361

CHOPCHOP bio.tools RRID: SCR_015723

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fish husbandry

Zebrafish (D. rerio, ABWT) were housed, bred, and reared at the Zebrafish Facility (ZFF, Institute of Molecular and Cell Biology, 

A*STAR) in groups of 20–30 in 3 L tanks at 28 ◦ C. Fish were kept under a 14:10 light dark cycle and fed as per the standard operating 

procedures of ZFF. All experimental protocols involving zebrafish were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the Biological Resource Center at A*STAR. Approved experimental protocols (IACUC #201529, #231808, #231797) were 

followed. All experiments we performed on fish < 35 dpf, by which time sexual differentiation is not complete, and thus were not sepa-

rated based on sex. At ∼30-35 dpf, the fish weighed between 10-25mg.

Generation of chrna5 mutant zebrafish

Zebrafish gene editing by CRISPR-Cas9 is comprehensively described by Hwang et al. 109 In brief, CRISPR targets for chrna5 were 

determined using the web tool ‘CHOPCHOP’ (https://bio.tools/chopchop) for the exon 8, targeting between the 3rd and 4th trans-

membrane helices to disrupt key functional domains. Primers for generating sgRNA are detailed in Table 1. Zebrafish embryos (nacre 

background) were injected at the 1-cell stage with 1 nL of a mixture containing 1 μL sgRNA (≈ 4-5 μg) and 1 μL Cas9 mRNA (≈1 μg). 

Fish were genotyped by fin-clipping and sequencing of genomic DNA at 10 weeks post-injection to identify founder fish (F0). The 

identified founder fish were outcrossed to AB background WT fish to obtain F1 embryos. F1 embryos from each outcrossed family 

were collected, and some of the embryos were genotyped. Once germline transmission was confirmed, the remaining embryos were 

grown to adulthood. Homozygous chrna5 mutants from the F3 generation onwards were used for all subsequent experiments, 

henceforth referred to as chrna5 -/- . They were raised similarly as the WT fish.

METHOD DETAILS

Self-administration for zebrafish assay (SAZA) apparatus setup

Full descriptions of the tanks and apparatus used for the SAZA assay can be found in Nathan et al. 41 and Raine et al. 44 In brief, the 

assay tanks were constructed of 3mm thick opaque acrylic (dimensions: 35 x 75 x 30mm, width × length × height). One narrow end of 

the tank was divided by a sheet of the same material, 30mm in length, to split that end into two halves, while still permitting access by 

the fish (Figure 2A). The tank was placed on top of an LED lightbox, providing 5000 lux at maximum intensity (LightPad LX Series, 

Artograph, USA). Videos were captured at 30 frames per second using an acA2040-90μM USB3.0 Basler camera. Nicotine, alcohol, 

and control solutions were dispensed by gravity from 10ml syringes, mounted vertically an equal distance above the tank, through 

silicon tubing (outer diameter: 1/16’’, inner diameter 1/32’’) into the corner of their designated zone. Dispensing was mediated via

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Others

12–230 kDa Separation Module 13-capillary cartridge ProteinSimple Cat# SM-W002

LED Lightbox for SAZA (5000 lux) Artograph LightPad LX Series

Basler acA2040-90μM USB 3.0 camera Basler acA2040-90μM

Pinch-Valve solenoids Automate Scientific Cat#SKU:02-pp-04i

Silicone tubing 1/32in i.d. x 1/16in o.d. Automate Scientific Cat#SKU:05-14

Infrared LED bars, 24V, 850nm TMS Lite Cat#LBS2-00-080-2-IR850-24V

Arduino Nano 3.0 microcontroller boards Arduino SKU A000005

Cytation TM 3 Plate Reader BioTek CYT3MFV

Spark Microplate Reader Tecan RRID: SCR_021897

Microtube Homogenizer Thomas Scientific Cat#1191H97

Nanodrop 2000 Thermo Fisher Scientific RRID: SCR_018042 

Cat#ND2000

Applied Biosystems 7500 Real-Time PCR System Applied Biosystems RRID: SCR_018051

Applied Biosystems Veriti 96 well thermal cycler Applied Biosystems RRID: SCR_021097

WES system ProteinSimple Cat#004-600

Paramecium caudatum Derived from Zebrafish International 

Resource Centre

–

Leica M205 FA fluorescent stereoscope Leica M205 FA

35mm glass bottom dishes no. 1.0 uncoated Matek Cat#P35G-1.0-20-C
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solenoid pinch valves, set to open only when a tracked fish entered the designated zone (Automate Scientific, USA, SKU: 02-pp-04i) 

(Figure 2A). Fresh system water was consistently supplied to the tank via additional silicon tubing at the opposite end of the tank to 

the stimulus/control delivery zones. Water was also removed from the tank at a matching rate (∼2ml per minute) by gravitational 

siphoning, with the outflow tubing positioned at the end of the dividing sheet, outside the stimulus/control delivery zones 

(Figure 2A). This created a constant, gentle flow of water through the tank, while also preventing the dispensed solutions from 

escaping their designated zones (Figure 2A). Custom LABVIEW software, CRITTA (http://www.critta.org), was used to track fish 

movements as described by Krishnan et al. (2014). 110

SAZA

The SAZA assay was performed as described by Nathan et al. 41 and Raine et al. 44 Each tank was filled with 40 ml of system water, 

with the system water inflow and outflow tubes, and the stimulus and control dispensing tubes, inserted into their respective posi-

tions. Juvenile zebrafish (30-35 dpf), naive to SAZA, were taken from the husbandry tanks, and one was added to each SAZA tank 

while minimising disturbance. Fish were given approximately five minutes to acclimate. Fish that did not swim freely throughout the 

chamber were rejected from further experimentation and replaced with a new fish. Closed loop tracking lasted for 24 minutes and 

consisted of three periods; three minutes of pre- and post exposure interspersed with an 18-minutes self-administration period 

where entry of the fish into the stimulus or control zones triggered dispensing of the corresponding solution (Figure 2A). The stimuli 

delivered were 0/5/10/20% of absolute alcohol, or 0/10/500μM nicotine hydrogen tartrate salt (cat #6019-06-3 Sigma) diluted in sys-

tem water. These source concentrations are diluted with the concentration increasing over time. As outlined in Table S2, this was 

estimated to be ∼10-40 fold dilution with nicotine, and measured at ∼25 to ∼70 fold with alcohol. 44 This resulted in average concen-

trations of x0.125/x0.25/x0.5% for alcohol and of x0.5/x25 μM for nicotine, respectively. The volume of each stimulus or control 

dispensed by each fish was recorded. Experimenters were not blinded. However, several steps were taken to reduce experimental 

bias. Each experimental condition was staggered and was interspersed over multiple months such that both genotypes were exam-

ined every week. Each experiment was performed using multiple mixed clutches of fish to avoid batch effects. Following each cycle 

of experimentation, the chamber was cleaned, rinsed, and refilled with fresh tank water. The zone designated to deliver the stimulus 

solution was psuedo-randomly assigned to be either the left or the right zone, such that ∼50% of the fish were tested in each config-

uration. The same apparatus was used for all experiments. Approximately 30 fish were assayed per concentration of alcohol or nico-

tine. Following each assay, the fish were euthanized.

In some cases, zebrafish were pre-treated with exposure to alcohol or nicotine solutions before being assayed. For these assays, 

fish were immersed in either system water (0μM/0%), 1μM nicotine, or 1% alcohol, diluted in system water, for one hour for seven 

consecutive days. Following this pre-treatment, these fish were returned to the facility for usual husbandry. On the eighth day, the 

fish were subjected to SAZA, either using the same substance as introduced during pre-treatment, or the opposite, creating four total 

conditions (Figure 3A).

Body alcohol/cotinine quantification

Juvenile zebrafish (30-35 dpf) were taken directly from husbandry tanks and introduced to smaller tanks containing 10ml system wa-

ter, three fish per tank. To each tank, 10ml of 2x the desired drug solution (alcohol: 0%/0.5%/1.5%, nicotine: 0μM, 25μM, 50μM) was 

added, and the timer started. Following immersion for the designated times for alcohol (1, 2, 3, 18 minutes), the fish were briefly rinsed 

in system water and euthanized by hypothermic shock. Upon confirmation of death, the fish were thoroughly rinsed in Milli-Q water to 

remove trace drug from the skin, and frozen on dry ice until tissue homogenisation. For nicotine, after immersion (3, 18 minutes), the 

fish were briefly rinsed in system water and transferred to new tanks containing no nicotine for 24 hours to allow metabolism of nico-

tine to cotinine. These fish were then subsequently euthanised as described above.

For body alcohol quantification, each fish was weighed, and then homogenised in 1.5ml Eppendorf tubes by pellet pestle, in 50mM 

Tris-HCL with volume equivalent to 10x the weight of the fish, assuming the fish tissue density was equal to water (e.g. 90uL buffer per 

10mg/uL fish). The homogenate was centrifuged at 14,000 rpm for 20 minutes at 4 ◦ C, and the supernatant was extracted. The su-

pernatant was centrifuged again under the same conditions for 10 minutes, and the supernatant stored at -80 ◦ C until use. 51 Body 

alcohol content was quantified using Abcam ethanol assay kit ab65343, at 570nm on a Cytation 3 plate reader (BioTek). 

Quantitative analysis of cotinine, a primary metabolite of nicotine, is used to estimate the body burden of nicotine in smokers. 111 

We adapted a method that was previously used to quantify nicotine exposure in zebrafish embryos. 112 Briefly, fish were weighed and 

homogenized in 1.5 ml Eppendorf tubes using a mechanical homogenizer. Samples were submerged in 150 μl RIPA buffer and then 

brought up to a final volume of 200 μl. The homogenate was centrifuged at 14,000 rpm for 20 minutes at 4 ◦ C, and the supernatant was 

transferred to a new tube for immediate use. Cotinine levels were measured using the cotinine ELISA kit (Elabscience, #E-EL-0064) 

according to the manufacturer’s instructions and corrected for dilution. Absorbance readings at 450 nm and 540 nm were obtained 

using a Spark microplate reader (Tecan). Each biological replicate was assayed in triplicate.

RNA extraction

Juvenile zebrafish (28dpf) were euthanized following the pretreatment scheme (Figure 3), and the brains were dissected in 1x PBS pH 

7.0 to exclude the olfactory bulb (OB), telencephalon (TEL), and hindbrain (HB) regions. The dissected brain tissue was homogenised 

using a microtube homogenizer (Thomas Scientific) in a Trizol lysis buffer (ThermoFisher #15596026). RNA was then extracted using
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PureLink® Micro RNA Kit (ThermoFisher #12183016) according to the manufacturer’s protocol. The concentration and purity of the 

extracted RNA were determined by NanoDrop TM 2000 Spectrophotometer (ThermoFisher). Each brain sample yielded around 

100 ng/μL RNA with a ratio of absorbance reading 1.9-2.0 at 260/280 nm. Some RNA samples were sent for bulk sequencing, detailed 

below. The remaining purified RNA was reverse transcribed by SuperScript II First strand Synthesis System (Invitrogen #18091050) 

using 100 ng/μL of purified RNA to obtain approximately 1000 ng/μL of first strand cDNA. Negative controls containing no reverse 

transcriptase were set up for each sample to check for genomic DNA contamination. The cDNA was diluted with nuclease-free water 

to 100 ng/μL and used for qRT-PCR.

qRT-PCR

The qRT-PCR amplification mixtures (20 μL) contained 100 ng of cDNA, 10 μL 2x GoTaq®qPCR Master Mix (Promega #TM318), and 

300 nM forward and reverse primers. The primers used were designed using Primer3 (v.0.4.0) and are detailed in Table 2. 

Reactions were performed using an Applied Biosystems 7500 Real-Time PCR system, in 96-well plate format. The cycling condi-

tions were as follows: 95 ◦ C for 10 m to activate, then 40 cycles of 95 ◦ C for 15s, 60 ◦ C for 30s. After completion, a melt curve was run at 

65-95 ◦ C for 5 seconds per step. All PCR efficiencies were between 90-110%. Primer specificity was validated by a single peak on the 

post-PCR melt curve and single-band after electrophoresis. The relative gene expression levels were normalised to the house-

keeping genes and analysed using the adjusted delta-delta CT method, described by Hellemans and Mortier et al. (2007). All data 

were analysed as described below.

Hybridisation chain reaction, RNA-fluorescent in-situ hybridisation (HCR TM RNA-FISH)

Larval zebrafish for HCR TM RNA-FISH 3.0 (HCR) 113 were collected as follows. During development, 300μL of 0.3% PTU (Phenylthiocar-

bamide, Sigma) was added to each petri dish containing larvae every other day from 3 dpf until 14 dpf to reduce pigmentation. Following 

this, larvae were quickly rinsed with 1x PBST, euthanized, and fixed in 4% formaldehyde, diluted in 1X PBST, at room temperature for 

60 minutes with shaking. Once fixed, the larvae were washed with 1X PBST for three minutes, three times. Larvae were then permea-

bilized using a detergent solution (1% SDS, 0.5% Tween 20, 150mM NaCl, 1mM EDTA, 0.05M Tris-HCL, pH 7.5) at 37 ◦ C for 30 minutes 

and washed for three minutes, three times each with 1X PBST and then 5X SSCT. Finally, the larvae were transferred to 30% probe 

hybridization buffer (30% formamide, 9mM citric acid, 0.1% Tween 20, 50μg/mL heparin, 1x Denhardt’s solution, 5X SSC) and incu-

bated at 37 ◦ C for 30 minutes. At this stage, the larvae were stored at 4 degrees for up to one month in the dark or used directly for HCR. 

HCR probes against chrna5, neurod1, and nrp1a, slc17a7a, slc17a6b, kiss1, gpr139, grinaa, and grin2ba were prepared using an 

in-house Excel-based program and synthesized by IDT (see Table S1 for details). Probes were prepared in a cocktail containing 30ul 

(10 μM) of each probe set against each gene in 1000 μl of 30% probe hybridization buffer. The in-situ hybridization experiments were 

carried out in an automated robotic fluidics system. The larvae were transferred to the automated fluidics robot with the primary, sec-

ondary, and wash buffers, and a script to perform the reaction was loaded (preprogrammed in the system). The larvae were first incu-

bated with the probes at 37 ◦ C for 8 hrs, then washed five times with 30% probe wash buffer (30% formamide, 9mM citric acid, 0.1% 

Tween 20, 50μg/mL heparin, 5x SSC) at 37 ◦ C and then 5X SSCT twice. For the secondary reaction, HCR hairpins diluted and pre-

pared in an amplification buffer (5X SSC, 0.1% Tween 20, 2.5% dextran sulphate) were added and incubated for 3 hours in the dark in 

the automated system. The larvae were then washed with 5X SSCT, eight times, for 2 mins each. After the reaction, the samples were 

removed from the chamber and mounted with the cover slip on the dorsal side in 70% glycerol-based mounting media and imaged on 

an Olympus FV3000 confocal microscope with the settings consistent between fish. Images were post-processed first on Olympus 

viewer FLUOVIEW FV31S-SW software with linear intensity adjustments of 150 - 4095 for all genes. Images presented for nrp1a, neu-

rod1, and chrna5 had no further processing beyond cropping to the ROI and addition of scale bars.

Protein extraction

Protein was extracted from the brains of adult fish, aged 6 months. The fish were euthanized, then subsequently dissected in 1x PBS 

pH 7.0. Brain tissue was transferred to 400 μl of cold, 6 M urea buffer with added protease inhibitors, and homogenized until the so-

lution was clear of visible debris. The protein samples were then briefly vortexed and centrifuged for 30 seconds to pellet debris. The 

samples were then sonicated with three 30 second pulses at one minute intervals using a probe sonicator on ice. The samples were 

then incubated on ice for 20 minutes before centrifuging at 14,000 rpm for 20 minutes at 4 ◦ C. The supernatant was then transferred to 

a new tube, aliquoted, and stored in -80 ◦ C until further use. Protein concentrations were measured using the Pierce BCA Protein 

assay kit (Thermo Fisher Scientific), following the manufacturer’s protocol in 96 well plate format. BSA standards were serially diluted 

in 6M urea buffer from a working concentration of 2000 μg/ml to 25 μg/ml to create a standard curve. In each well, 25 μl of diluted BSA 

standard or protein sample was added, and each topped up by 200μl of BCA working solution. The plate was covered and incubated 

for 37 ◦ C for 30 minutes, before absorbance at 562 nm was determined by a plate reader. From one round of protein extraction, 

approximately 0.8 mg/ml was extracted.

Western blot

Western blots were performed on extracted brain proteins by Wes system (ProteinSimple, product number 004-600) using a 12-230 kDa 

Separation Module 13-capillary cartridge SM-W002. Samples were diluted to 1 μg/μL in 6 M urea buffer, mixed in fluorescent 5x Master 

Mix, including DTT, and denatured at 95 ◦ C for five minutes. The samples, primary antibodies (1:1000 diluted in Wes antibody diluent),
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HRP-conjugated secondary antibody (1:4000 diluted in Wes antibody diluent), and chemiluminescent substrate (luminol-S and 

peroxide) were added onto the plate, in addition to the biotinylated ladder, antibody diluent, and wash buffer included on the plate 

by the manufacturer. Default instrument settings were used, stacking and separation at 475V for 30 minutes, blocking 5 minutes, pri-

mary antibody incubation, 60 minutes, and secondary antibody incubation, 30 minutes. The chemiluminescence detection was set for 

30 minutes total, with imaging at 2-minute intervals. The electropherograms were first checked to see if manual correction was needed 

for peak detection, and then the band intensity results were exported. Visualization of bands was generated digitally by the Wes system 

based on peak intensity. The following primary antibodies were used: for the reference protein, monoclonal anti-Tubulin antibody, beta, 

clone KMX-1 (MAB3408) Sigma, produced in mice. For chrna5, Monoclonal anti-CHRNA5 antibody (AV34967-100UG) Sigma, pro-

duced in rabbit, Table 2.3.3.3. The secondary antibodies used were polyclonal anti-mouse goat antibody (P0447 DAKO) HRP conju-

gated, and polyclonal Anti-rabbit (sc-2004 Santa Cruz Biotechnology), produced in goat HRP Conjugated.

Light/dark preference assay

The light/dark preference assay, designed to test nyctophobia/photophila as a proxy for anxiety, was set up and performed as 

described by. 61 Four transparent rectangular plastic boxes (70mm x 40mm x 15mm, L x W x H) were each filled with 50ml of system 

water. The boxes were placed inside a cabinet, covered with a cloth to prevent any light interference. Each box was divided into light 

and dark sides, each 35 mm in length, by using an iPad (Apple 7 th generation, display at highest light intensity) underneath to project 

an equal light/dark split image (Figure 6A). A camera (ACa2040-90 uM USB 3.0: Basler resolution 800 x 600 pixels) with an infrared 

filter was placed overhead, which recorded the movements of 12-14 dpf larvae. To prevent social interference, dividers were placed 

between the four chambers to isolate the fish completely. The setup was further illuminated by placing two infrared LED bars on either 

side of the tanks (Figure 6). The camera output was recorded using Pylon viewer Ver 6.1.1. All trials were conducted between 9am-

6pm. Prior to the assay, larvae were either not treated with any stimulus. The larvae were quickly and gently added to the illuminated 

rectangular boxes, with one larva per box, four boxes at a time. A total of ∼36 individuals per treatment and genotype were assayed. 

Larvae were allowed to acclimate in the chamber for ten minutes until free, uninhibited swimming was observed before starting the 

video recording. Then, the larvae were filmed for ten minutes in complete light, followed by a further ten minutes in the light and dark 

setting (Figure 6A). Each fish was tracked in real time by an in-house custom-written Python code using the opencv library. 114 Each 

recording lasted 10,000 frames at 16 fps, totalling approximately 10 minutes. The x-y coordinates of each larva in each frame were 

exported. Automated analyses 114 were applied to all larvae, however, individuals that moved less than 50 mm during the total assay 

duration were excluded from the final data. Experimenters were not blinded, and the position of genotypes was randomised 

throughout the experiment. Planned contrasts were assessed between genotypes for total time spent in the dark, and the number 

of entries into the dark. Further exploratory analyses were conducted to compare the first entry into the dark.

Circadian rhythm assay

The circadian assay was performed in 48-well plates, with each well containing 1ml of system water. These plates were placed inside 

an opaque rectangular box to avoid outside light interference, on top of an illuminated light box, surrounded by four IR LED bars 

(LBS2-00-080-2-IR850-24V, 850nm: TMS Lite). A camera (Aca2040- 90μM USB 3.0: Basler) with an IR filter was positioned above 

the plate to track the movement of each 7-10 dpf larva. At the onset of recording, ∼15:00-15:30 pm, the larvae were kept in contin-

uous ambient light. The illumination was switched off at 22:30, and switched on again at 08:30 the next day, and the assay ended after 

24 hours. Larval movements were tracked by an in-house custom-written script in Python 2.7, 115 incorporating functions from the 

OpenCV library to control the Arduino microcontroller and video track larvae movement. Videos were captured at 576 x 854 px at 

10 fps, and the background subtraction method was applied to obtain the X and Y coordinates of the fish. The protocol is further 

described in detail in. 115 The following key metrics were quantified: total seconds spent moving per minute, mean velocity, mean 

resting period, and average distance moved per fish. Activity thresholds were defined as such: an active bout was indicated 

when the larvae moved for five seconds or more per minute. Meanwhile, a resting, or inactive bout, was indicated when larvae moved 

for four seconds or less for one minute. For the assay duration, larvae were either not treated with any stimulus. Two other behavioural 

assays were also conducted during the circadian assay duration, testing the startle responses to light/dark, and to vibration. The 

light/dark startle response test occurred for five, 30 minute light/dark cycles for a total of five hours, from ∼17.30 – 22.30 pm 

(Figures 6J–6L). The vibration test consisted of six, 20 minute cycles, two per hour. Within these cycles, 18 shocks were administered 

per hour for nine different intensities, first from 0-100% ascending, and subsequently descending, from a period of ∼1:00-7:00 am 

(Figure 6I). Vibrations were controlled through a speaker via an Arduino microcontroller board by a custom Python script (Python 2.7, 

C. 115 The highest intensity was represented by 50% on the computer audio output. The time interval between each vibration was 

30 seconds, which prevented behavioural habituation. The larvae were recorded as responding if they moved more than 7 pixels 

(∼ 4 mm), and the average percentage of responding fish was calculated for each different intensity. The observed values were cor-

rected against baseline locomotor activity, as further described by. 115 For each fish, the data points from all cycles were averaged 

together prior to statistical analysis. Individuals that moved less than 50 mm during the total assay duration were excluded from the 

final data. Experimenters were not blinded, and genotypes were placed in alternating rows on the 48 well plates, with the first being 

randomised. Planned contrasts were assessed for total time inactive in evening, night, and morning, within and between genotypes, 

distance travelled in response to vibration between genotypes, and locomotor activity change within and between genotypes in 

response to light/dark transitions.
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Feeding assay

Food types for the various feeding assays were prepared as follows. Paramecium caudatum was cultured and harvested weekly as 

described in the zebrafish book, 116 and ‘Paramecium Recipes for Large and Small Facilities’. Briefly, paramecia culture supernatants 

were collected in a clean 50 ml falcon tube to remove any yeast accumulated at the bottom, then centrifuged (Eppendorf) at 4 ◦ C, 

15 minutes, 2500 rpm to isolate the pellet. The resulting supernatant was removed, and the paramecia pellet was resuspended in

1 mL of system water. Next, 2.5 μL of stock DID dye (Invitrogen) in 22.5 μL 100% ethanol was added to the resuspended paramecia 

and incubated for two hours at RT under nutation. Subsequently, the mixture was centrifuged at 13,000 rpm for five minutes at RT. 

The alcohol supernatant was removed, and the pellet resuspended in 1mL of system water under nutation for 15 minutes. The mixture 

was then briefly vortexed and added onto the rotator again for a further ten minutes to thoroughly mix the paramecia with the system 

water. Finally, 1mL of this dyed paramecia solution was added to 3 mL of system water and used to feed four plates of larvae (1 mL 

per plate). Egg yolk from chicken (#cat E0625 Sigma) was purchased and prepared as described for the paramecia, but with the 

following adjustments. For egg yolk powder, 10mg was measured and mixed with 1ml of system water and 1 μL DID stock dye. 

The tube was vortexed and incubated for 2 hours at RT under nutation. Subsequently, the supernatant was removed, without dis-

turbing the pellet. The pellet was then resuspended in 1 ml of system water under nutation for 15 minutes, ready for use. The pro-

tein-rich powder, custom formulated and a gift from Caroline Wee lab, was prepared in the same manner as the egg yolk powder. 

To perform the assay with paramecia, the larvae were subjected to two ‘‘training days’’ of feeding in the assay petri dish with 1ml of 

paramecia (30-40 larvae per petri dish) overnight. The assay was performed at 7 dpf. Larvae were first fed with excess unlabelled 

paramecia for 90 minutes during the first feeding session, then washed and fasted for 120 minutes. After the fasting period, the larvae 

were transferred into smaller, 35mm petri dishes, each filled with 4 mL of system water, before adding 1 mL of labelled paramecia. 

Larvae were given 90 minutes for the second feeding session, after which they were euthanized by hypothermic shock and fixed in 

4% PFA in 1x PBST overnight at 4 ◦ C. Larvae were washed three times in 1x PBST the next day before mounting and imaging 

(Figure 6M). Experimenters were not blinded, genotypes were separated and treated in parallel.

The assay was performed in a similar manner with egg yolk or protein-rich powder as the food, but with the following adjustments. 

On the training days at 5 and 6 dpf, the fish were instead fed with a small quantity of 150/250 micro ground dry algae (Zeitger) for 

30 minutes. The algae were then washed away, and replaced with fresh system water overnight. At 7 dpf, the first feeding session 

lasted for only 30 minutes, before the fasting period of 2 hours. For the second feeding session, 500μl of labelled-egg yolk, or protein 

rich powder, was added in petri dishes for 30 minutes, before fixing. To prepare for imaging, the fixed larvae were washed three times 

in 1x PBS and arranged per genotype (25-30 fish) in a 35mm glass bottom dish in a circular pattern, avoiding larvae touching each 

other. To measure the amount of food consumed by larvae, the intestinal fluorescence signal was captured using a Leica M205 FA 

fluorescent stereoscope. Corresponding brightfield and fluorescent images were captured, Cy5 filter 651 nm, in a covered, dark 

room. The brightfield images were captured at 20 ms exposure at 40% intensity, whilst Cy5/mcherry exposure was 100ms, 100% 

intensity. The fluorescence intensity was measured by an in-house written code developed by Cheng et al., 115 which correlated 

to the total amount of food consumed by each larva. The segmentation method used for fluorescence quantification has been 

described in full by, 115 and the code is maintained and can be found at GitHub: https://github.com/CarolineWeeLab/EZgut. 115 

The mean fluorescence intensity was obtained for each larva and normalized against the controls. Individuals that did not show 

any fluorescence in the gut were discarded from the study. Planned contrasts were made between genotypes within food types.

QUANTIFICATION AND STATISTICAL ANALYSIS

SAZA data quantification and analysis

CRITTA tracking data from SAZA were processed by custom Python scripts. These provided data on time spent in each zone, mean 

velocity in each zone, number of entries, and mean time per entry used in these analyses. The data were separated into three major 

time groups; pre-exposure, total stimulus delivery period, and post-exposure. The preference index was calculated for the total stim-

ulus delivery period, based on the volume of each solution dispensed, by the following formula; PI = (VolS - VolC) / (VolS + VolC), 

where VolS = volume dispensed in stimulus zone (ml) and VolC = volume dispensed in control zone (s). This gives the value for PI 

a maximum range of + or - 1, indicating more volume dispensed, relative to the total, in the stimulus or control, respectively. For 

example, a PI of +1 would indicate 100% of the total volume dispensed was in the stimulus zone during the assay, while a PI of 0 would 

indicate equal volumes were dispensed in each zone. The comparisons of these parameters between genotypes and within geno-

types under these time groupings were planned contrasts. Fish that were deemed not to have meaningfully interacted with the assay 

by not entering both stimulus and control zones were removed from the analysis. As a further exploratory analysis, the stimulus de-

livery period was also subdivided into three minute segments (0-3m/3-6m/6-9m, and so forth). Analysis scripts are available from 

Github (https://github.com/mechunderlyingbehavior/SAZA_2023).

RNAseq

The quality of each RNA sample was verified before sequencing by gel electrophoresis and bio-analyser. Samples that passed QC 

were sent for sequencing by BGI. An mRNA cDNA library made up of paired-end sequencing reads of 150 bp in length was generated 

on the Illumina HiSeq instrument. Raw reads were first processed to remove adapters, poly-N sequences, and reads with low quality 

from the raw data. All downstream analyses were based on the clean data with a Phred score of 39, indicating a 99.9% base call
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accuracy. Further analysis was performed in Partek TM Flow TM Explore Spatial Multiomics Data using Partek TM Flow TM software, 

v11.0. Reads were aligned to GRCz11 genome assembly by STAR aligner, default parameters, and subsequently filtered to a min-

imum mapping quality score of > 30. Gene counts were normalised by median ratio, followed by differential expression analysis in 

DeSeq2. Significance thresholds were set as follows for exploratory analysis of the transcriptomic data: up/down-regulated genes = 

p < 0.05 & fold change > ±2. Provisional up/down-regulated genes = p < 0.05 & fold change < ±2. Non-significant genes = p > 0.05. 

Custom gene lists and sets for analysis can be found in Table S17. Gene set enrichment analysis (GSEA) was performed using the 

GRCz11-GO database, 100 permutations. Significance thresholds were set at p < 0.05 and FDR < 0.25. The raw sequence data re-

ported in this paper have been deposited in the Genome Sequence Archive 117 in National Genomics Data Center, 118 China National 

Center for Bioinformation/ Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA032492) that are publicly acces-

sible at https://ngdc.cncb.ac.cn/gsa/search?searchTerm=CRA032492.

Statistical analyses

Data in this study were analysed and presented following the principles of hybrid effect size plus p value. 119,120 Briefly, a P value as a 

measure of significance is improved upon by the supplementary reporting of effect sizes, means, and 95% confidence intervals. 120 

The assumptions of homoscedasticity and normality typically recommended for parametric testing were not met consistently for the 

SAZA data. As such, unpaired data were compared by non-parametric Cliff’s delta effect size and two-sided permutation T-tests 

(5000 reshuffles) with a significance level of 0.05. Repeated measures data were compared by mean difference and paired permu-

tation tests under the same parameters. Vibration assay longitudinal data were analysed using a linear mixed effects model, with 

pixels travelled as the response variable, genotype and vibration intensity as fixed effects, and individual ID as a random effect to 

account for repeated measures. Analyses were performed in R using the ‘dabestr’ (v2024.12.24) and ‘lmerTest’ (v3.1-3) packages. 

If multiple comparisons were made, family wise error was corrected for by applying the Holm-Bonferroni step down method to 

p-values. The outputs of these statistical analyses can be found in supplementary tables. Where data were presented as 

Gardner-Altman and Cummings estimation plots, the results are reported as Cliff’s delta, or Paired mean difference = X, 95% CI 

[lower, upper], p = Y. For Cliff’s delta, effect sizes greater than ± 0.4 and a p-value of < 0.01 were considered meaningful and prac-

tically relevant in this study. Smaller Cliff’s delta effect sizes of ± 0.2 to 0.4 with accompanying p-value of < 0.05 were considered 

provisionally meaningful, pending reproduction or further investigation. 119,121 The power target for each experiment was 80%, based 

on an expected effect size of 0.7 (0.7 Cohen’s D = ∼0.43 Cliff’s Delta 122 ) and alpha of < 0.05. A sample size of 34 is estimated to 

achieve this target. Where smaller effect sizes were expected, or younger larvae were used, the sample sizes were increased 

accordingly.
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