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The vertebrate stress response (SR) is mediated by the hypothalamic—pituitary—adrenal (HPA) axis

and contributes to generating context appropriate physiological and behavioral changes. Although
the HPA axis plays vital roles both in stressful and basal conditions, research has focused on the
response under stress. To understand broader roles of the HPA axis in a changing environment,

we characterized an adaptive behavior of larval zebrafish during ambient illumination changes.
Genetic abrogation of glucocorticoid receptor (nr3c1) decreased basal locomotor activity in light and
darkness. Some key HPI axis receptors (mc2r [ACTH receptor], nr3c1), but not nr3c2 (mineralocorticoid
receptor), were required to adapt to light more efficiently but became dispensable when longer
illumination was provided. Such light adaptation was more efficient in dimmer light. Our findings show
that the HPI axis contributes to the SR, facilitating the phasic response and maintaining an adapted
basal state, and that certain adaptations occur without HPI axis activity.

Keywords GR (glucocorticoid receptor), Stress response, Zebrafish, Light assays, Light adaptation, GAM
(generalized additive models)

Abbreviations

ACTH Adrenocorticotropic hormone

CR Corticosteroid receptor; includes GR and MR

CRH Corticotropin releasing hormone

GAM Generalized additive model

GC Glucocorticoids; cortisol, corticosterone

GR Glucocorticoid receptor

HM Homozygous/homozygotes

HPA Hypothalamic-pituitary-adrenal

HT Heterozygous/heterozygotes

HPI Hypothalamic-pituitary-interrenal

IR Infrared

KO Knockout

mc2r Melanocortin receptor type 2; ACTH receptor

MR Mineralocorticoid receptor

nr3cl Nuclear receptor subfamily 3 group ¢ member 1; glucocorticoid receptor, GR
nr3c2 Nuclear receptor subfamily 3 group ¢ member 2; mineralocorticoid receptor, MR
SR Stress response

TALEN Transcription activator-like effector nuclease

WT Wild type

Zeitgeber Environmental signals that entrain the circadian rhythm in an organism
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The stress response (SR) is defined as the body’s response to actual or perceived threats. The SR is mediated by
the hypothalamic-pituitary-adrenal (HPA) axis and has evolved in vertebrates. When a stimulus reaches the
paraventricular nucleus (PVN) of the hypothalamus, the SR is initiated in a hormonal cascade starting with the
secretion of corticotropin releasing hormone by the PVN. Subsequently, the anterior pituitary releases adreno-
corticotropic hormone (ACTH) that binds its receptor, MC2R (melanocortin receptor type 2) on the adrenal
gland. The adrenal gland in turn secretes the effector molecule glucocorticoids (GCs; cortisol for humans and
fish; corticosterone for rodents). GCs travel throughout the body and effectuate the SR by binding to their cognate
receptors (corticosteroid receptors [CR] that include glucocorticoid receptor [GR; NR3CI] and mineralocor-
ticoid receptor [MR; NR3C2])"% Thus, the SR is composed of two parts: the central perception of the stimulus
and production of the effector molecule (GCs), and the physiological changes occurring in diverse tissues by
the function of the GCs and their receptor binding®. Behavioral changes occur together with these physiological
changes. The responses from the brain and peripheral tissues are intertwined and modulate each other’s states®.

Despite the connotation of the name, the SR machinery operates in both stressful (phasic) and basal (tonic)
states of the body>*. During the phasic response after encountering potent stressors, high levels of GCs are
secreted and drive a broad range of physiological and behavioral changes. Increased lipolysis and blood glucose
levels, increased attention to the stressor, and increased or halted locomotion are some examples®’. At the basal
level, GCs are secreted in a pulsatile ultradian pattern via the same HPA axis"® and (among the many functions)
synchronize the circadian cycles between the central clock of the suprachiasmatic nucleus (SCN) and the clocks
of the peripheral tissues in the rest of the body®~'2. In this manner, the SR machinery and GCs regulate basal
wakefulness and metabolism"?. Based on the time of the day and states of the body, GCs constitutively modulate
the expression levels of many genes in diverse tissues!>!4-15,

Such broad-scale actions are made possible by the biphasic (slow or rapid) signaling of the GCs and its recep-
tor (GR). While glucocorticoid receptor (GR) is a transcription factor that modulates gene expression levels (slow,
genomic response), GR also functions as a signaling molecule enabling a rapid, non-genomic GC response within
seconds to minutes of a stimulus exposure>'. The long-lasting modulation of gene expression and rapid signal-
ing in both the stressful (phasic) and basal (tonic) states make GCs the key molecule with which our perception
in the brain is translated into tangible physiological and behavioral changes. Together with the nervous system,
GCs impart our body’s physiological responses and coordinate appropriate adaptations in accordance with the
changing environment, both gradually and rapidly”*. Thus, it is not a surprise that altered HPA axis activity
is one of the most common findings in people with psychiatric disorders. Peripheral physiological symptoms
accompany mental burdens in mood disorders and the ways in which psychological and somatic symptoms
influence each other continue to be of importance?*%. Thus, we sought to deepen our understanding of the
dynamics and role of key HPA axis receptors during an adaptive process to changing environmental conditions.
Such knowledge may bring insight into how the HPA axis operates and how maladaptation of our body to the
environmental challenges may arise. This context is important for interpretation of behavioral data when using
zebrafish to understand gene environment interactions that are critical for proper function of vertebrate stress
response and ultimately human health.

The zebrafish is well-suited for such investigations involving the SR and corresponding changes in physiology
and behavior. The hypothalamic-pituitary-interrenal (HPI) axis in zebrafish is functionally homologous to the
mammalian HPA axis?*?. The genes relevant to HPI axis functions are expressed around the time of hatching
(2.5 days post-fertilization [dpf]), and the HPI axis responds to exogenous stressors from 3 to 4 dpf onward?*%.
Zebrafish are a diurnal species with similar circadian pattern as humans®. Larval zebrafish develop rapidly,
establishing most organ systems by 5 dpf, including the visual system?>*!. Larval zebrafish exhibit a repertoire of
phototaxis and prototypical swim behavior*>**. Larvae (5 dpf) prefer mildly lit environments, swimming toward
a lit spot if not overly bright, and search for light when placed in darkness (positive phototaxis)**-*. Using a
larval zebrafish model, we specifically asked what the role of the key HPI axis receptors is during the adaptation
to changing ambient light conditions. We did not presume that the change itself is a stressful encounter, rather
inquired the role of the HPI axis during the period of changing illumination. We leveraged a photo adaptive
behavior in larval zebrafish that we previously showed to be dependent on key HPI axis receptors. Dark-accli-
mated zebrafish larvae moved significantly more after a 1-min illumination of white light in the post-illumination
darkness, which was dependent on the key receptors in the HPI axis**. With zebrafish that carry a mutation in
mc2r (ACTH receptor), nr3cl (glucocorticoid receptor), or nr3c2 (mineralocorticoid receptor), we had shown
that mc2r and nr3cl homozygous (HM) mutants had decreased locomotion in the post-illumination darkness
after 1-min illumination, whereas nr3c2 mutants did not?’. Using the same mutant zebrafish lines, we expanded
our investigation into locomotor responses to changing ambient illumination.

We hypothesized that fish with HPI axis perturbation show compromised light adaptation. In the expanded
paradigm, we provided alternating illumination and dark conditions. Fish were acclimated in darkness, and dark
and light conditions were provided for 7.5 min in four cycles finishing the experiment in 25 min of darkness:
dark acclimation (30 min) +4 x [dark (7.5 min) +light (7.5 min)] + dark (25 min) (Fig. 1). We observed changes
in locomotor responses after changing the duration of illumination to 2, 4, or 6 min (i.e., dark acclimation
(30 min) +4 x [dark (7.5 min) +light (2 min)] + dark (25 min). When we varied the illumination in duration and
intensity, HPI axis receptors were required to mount increased locomotor response only after shorter durations
of light (2 and 4 min), but not after longer illumination (7.5 min). At baseline without any changes in illumina-
tion, nr3cl mutant larvae moved less than their WT siblings in constantly lit and dark conditions. Dimmer and
brighter light elicited the same pattern of response while dimmer light did not require HPI axis signaling to do
so even during shorter durations of light. Using the adaptive behavior of zebrafish, we report that functioning
HPI axis receptors (mc2r, nr3cl) are required to facilitate photoadaptation, enabling adaptation even after a
short 1 or 2-min illumination, and to sustain basal locomotor activity. Rejecting our initial hypothesis, HPI
axis perturbation did not lead to a uniform disruption of light adaptation process. When the stimulus was long
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Figure 1. Schematics of experimental process and behavioral assay paradigms. (A) Experimental flow. Embryos
obtained on 0 days-post-fertilization (dpf) through natural spawning. Healthy larvae were plated onto a pair

of 48-well plates on 3-4 dpf. Assays were performed on 5 dpf unless otherwise stated. (B) Baseline assays.

Larvae were videorecorded without any exogenous stimuli for about 12 h between 9:30 a.m. and 10:30 p.m.

in light or darkness. (C) Dark-light repeat assays. Fish were observed in a changing illumination regimen i.e.,
30-min acclimation +4 x [7.5-min dark + 7.5-min light] + 25-min dark. Some assays do not include the final
[25-min dark] component since they were performed before the experimental protocol was established. (D)
Statistical analysis pipeline post-experiment. GAM modeling produces main effects of the predictors (i.e.,
genotype, illumination, developmental stages). When the main effect of the predictor is statistically significant,
pairwise post-hoc analyses were conducted to identify the significant difference temporally (time points) and

in the comparison group. The outcome of the statistical significance in the time window was summarized into
proportions of significance over the entire range of time. Subsequently, the proportion was assessed for statistical
significance to obtain the difference between different assay regimens (i.e., [7.5+2-min] assay vs. [7.5+7.5-

min] assay). Inferences for the proportions were not made for baseline assays because there was only one assay
regimen for the baseline assay (continuous recording in a dark or lit condition). GAM: generalized additive
model.

enough in duration (=6 min) or was low intensity (300 Ix), the adaptive behavior could be achieved without HPI
axis activity, indicating multiple pathways that lead to the adaptation. The HPI axis contributes to characteristic
locomotor responses during light adaptation at various stages, facilitating initiation and maintaining higher
levels of locomotion following basal adaptation.

Materials and methods
Materials and equipment
We listed the materials and equipment used in this study (Supplementary Table S1).

Zebrafish husbandry

Wild-type (WT) Mayo Recessive Free (MRF) zebrafish (Danio rerio) were used for all experiments. MRF zebrafish
were originally purchased from Segrest Farm in Florida (~ 2010) and have been systematically outbred to main-
tain a genetically diverse, healthy stock. Fish were handled and cared for following standard practices®. The
Institutional Animal Care and Use Committee (IACUC) in the Mayo Clinic (A345-13-R16, A8815-15) approved
the animal husbandry and study protocol. All experiments and methodologies were performed in accordance
with relevant guidelines and regulations. The “Methods” and “Results” are reported in accordance with ARRIVE
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guidelines®. Adult fish were kept in a 9 L (25-30 fish) or 3 L (10-15) housing tank at 28.5 °C with a light:dark
(14:10) cycle. Light is on at 8:30 A.M. All experiments in this study were conducted between 4 and 7 dpf before
the zebrafish sex is determined at about 15 dpf*"**-4!, and thus sex determination was not made.

Mutant zebrafish lines

The same WT and TALEN (transcription activator-like effector nuclease)-induced mutant zebrafish lines that we
previously reported were used?. All fish were maintained through outbreeding. There were three mc2r mutant
lines that each carried a frameshift mutation in exon 1 (two 4- and one 5-base pair deletions; mn*’, mn°®, and
mn®, respectively). The annotation on the gene mc2r in the National Center for Biotechnology Information
(NCBI) has changed from having 2 exons to having 1 exon since our previous report. Four nr3cl frameshift
mutants were used, each of which carried a 7- or a 17-bp deletion in exon 2 (mn®!, mn®?) or a 4- or a 5-bp deletion
in exon 5 (mn®, mn%). One nr3c2 frameshift mutant was used that carried a 55-bp deletion in exon 2 (mn%).
For detailed information on the mutant lines (i.e., the sequence of mutant alleles), refer to our previous paper?.

Behavioral assay preparation

Adult mating pairs were placed in mating tanks separated by dividers (- 1 dpf). On the following day, the divider
was pulled between 8:30 and 9:00 A.M. and embryos were obtained via natural spawning (0 dpf). Unfertilized and
unhealthy embryos were cleaned up on 0, 1, and 3 dpf in the petri dish. Morphological defects (deformity, death)
were the only exclusion criteria for an embryo to be excluded from an experiment. Larvae from different parent
pairs were mixed in each petri dish to randomize the animals. On 3-4 dpf, a single larva was placed in each well
of a 48-well plate. Larvae were caught from varying regions of the dish (i.e., center of the dish, areas close to the
wall), from various depths (i.e., surface of the water, close to bottom of the dish), and throughout various swim
behavior (i.e., fast swimmer, quiescent sitter) to ensure each 48-well plate contains larvae with diverse behavioral
patterns. On 5-7 dpf, behavioral assays were performed in a custom-built assay chamber (Fig. 1A). From 0 to 7
dpf, plates were stored in an incubator with a light:dark cycle (14:10 h) at 28.5 °C.

Custom light boxes

Light boxes were custom produced by the Mayo Clinic Division of Engineering. The light box has a control panel
with two knobs that enable light intensity adjustment. Both infrared (IR) and white light have a low, medium,
and high intensity. The illumination was provided from the bottom of the box through an additional translucent
white acrylic board to evenly diffuse the light.

The spectral range of white light was approximately between 420 and 780 nm (STS-VIS; Ocean Optics
Inc.; Supplementary Figs. S1-S3) and its light power (irradiance; wattage/unit area) was 20.5, 240.0, and
469.4 uW cm™? for the low, med, and high, respectively (Benchtop optical power meter; 1936-R; Newport Corp.).
When translated into brightness (illuminance; lux) measured by a light meter application on a cell phone, the
power measurements were equivalent to ~ 300, 4000, and 8000 lx, respectively.

The spectral range of infrared (IR) light was approximately between 780 and 880 nm (STS-NIR; Ocean Optics
Inc.; Supplementary Figs. S4-S6) and its light power was 6.3, 58.1, and 116.0 pW cm™ for the low, med, and high,
respectively. The IR light produces 0 Ix in brightness measurement. For detailed information on the custom light
boxes (e.g., dimensions), refer to our previous paper®.

Basal/baseline locomotor activity assays

On the assay day, larvae were acclimated in either dark or light for 30 min in accordance with the recording condi-
tion before videorecording started (HDR-CX560V; Sony Corp.; Supplementary Table S1). An assay started around
9 am and was videorecorded for 13 h without any changes in the light condition (either dark or light continually;
Fig. 1B) within the day light period of 14 h of the 14:10 (light:dark) cycle. Either white (469.4 pW cm™2 8000 1x)
or IR (116.0 uW cm™? 0 Ix) illumination was provided at the high intensity condition for an assay. Larvae were
tested at 4, 5, 6, and 7 dpf.

Dark-light repeat assays

All assays were performed at the high intensity for both IR (116.0 yW cm™2; 0 1x) and white (469.4 pW cm™;
8000 Ix) light, except the dim light assays. The dim light assays were done at the high intensity for infrared and
at the low (20.5 yW cm™?; 300 Ix) for white light.

The dark period was recorded in IR. Although zebrafish are thought to be unable to detect infrared and the
acclimation to IR led to quiescence in locomotion, negative phototaxis to near-IR was reported*?. The larval
zebrafish on 5 dpf were acclimated in IR for 30 min and underwent the dark (7.5 min) and light (7.5 min) peri-
ods four times. In the assays with shorter durations of illumination, 2, 4, or 6-min illumination was provided
while keeping the length of the dark phase constant at 7.5 min. Assays ended with a 25-min dark period. The
regimens were abbreviated with the repeat element (i.e., [7.5 + 2-min]) in the text. Regimen: 30-min dark accli-
mation +4 X [7.5-min dark + 7.5-min light] + 25-min dark (Fig. 1C). In some assays that were performed earlier
in the project, the final 25-min dark period was omitted since the full experimental protocol was not established.

Dim light assays
In the dim light assays, the same protocol was followed except that the lowest of three intensity settings was used
for white light (20.5 uW cm™% 300 Ix)*.
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Statistical analysis

Explanatory (independent) variables

WT baseline assays: Developmental stage (4, 5, 6, and 7 dpf), illumination (dark and light), and time (vide-
orecorded assay period. 1-43,200 s [12 h]; analyzed one data point per 30 s). nr3cI baseline assays: same as WT
baseline assays, except that genotype (W', heterozygous [HT], and homozygous [HM]) was an explanatory
variable instead of the developmental stage. Dark-light repeat assays: genotype (WT, HT, and HM) and time
(videorecorded assay period. 1-3600 secs [1 h]; one data point per second). The experimenters were blind to the
genotype of fish since larvae were genotyped post experiments.

Response (dependent) variable

Locomotor activity was videorecorded (30 fps), and one data point was used for every second. Total distance
moved for one minute is summed at every second in a sliding window of a minute (rolling sum; mm/min). The
mean of the total distance moved per minute at each second was calculated for each experimental condition of
the explanatory variable for each assay (i.e., WT, HT, and HM in assay 1). This rolling sum in each assay was
the primary analysis unit. Since the variability in the dark-light assay is not established, we used our previous
study to estimate the appropriate number of animals necessary. In our previous paper®, we used 500-1000 fish
for a set of an experiment (i.e., 1-min light assay with mc2r siblings). We used a pair of 48-well plates and thus
500-1000 fish translate to approximately 5-10 assays. Our aim was to fit the number of assays between 5 and 10.
However, since we intended to perform a set of experiment on multiple days to account for unexpected effects of
a particular day and used natural spawning, the final number of assays in each set of experiment varied between
4 and 11, with the exception of dim light assays using WT fish. The dim light assay with WT fish was concluded
with 3 assays per experiment.

Statistical analysis workflow

Using raw movement data obtained in csv files for each assay (Fig. 1D): (1) The total distance moved for a min
(rolling sum) at each second was computed for each explanatory variable group, (2) a Generalized Additive
Model (GAM)* was fitted to the data and analyzed the main effect of each predictors (i.e., genotype, illumina-
tion, developmental stages), (3) pairwise comparison on the predicted response variable from the model was
conducted at each second, (4) proportion of the significance during a photo period was computed, and (5)
comparison between the proportions of the significance was performed among different assay paradigms. All
analyses were performed using the R language (4.3.2; Eye Holes)** and all figures except the schematics (Fig. 1)
were produced with R. All primary data and supplementary materials were deposited in the open access data
repository (Enter “https://doi.org/10.6084/m9.figshare.25467865” on the figshare.com website). The core R scripts
for GAM modeling were deposited to GitHub.com (https://github.com/moonlarkalto/HPA_gam) and the data
sets for test-running the R scripts were deposited to FigShare at the same link).

Model
A generalized additive model (GAM) was developed to describe the locomotion of larval zebrafish in response
to illumination changes. The generic formula for GAMs can be conceptually represented as:

SE)) = Aif + filx1y) + folx2i) +- -+ € (1)

where g is a link function, E(Y) is mean (expected) values of the response variable, A; and 0 are a design matrix
and its parameter vector, respectively, of the linear term of A;0, f; is a group of smooth functions to the term of
X1i> f21s a set of smooth functions to another explanatory variable of x»;, and €; is an error term. The response
variable E(Y) can come from any exponential family and some non-exponential family distributions.

A GAM with the explanatory variables of genotype and time was fitted to the dark-light repeat assay data in
R* using the mgcv package (v1.8-42):*

rsums ~ geno + s(Time, k = 130,by = geno) + s(anid, bs = re) ()

where rsums is the response variable of the rolling sum, ~ denotes the relationship between the response and
explanatory variables, geno is a linear explanatory term as a categorical variable (WT, HT, and HM; the main
effect of this term is estimated), s constructs a set of smooth functions for the smooth term Time, k (basis dimen-
sion) is the number of base functions that constitute the smooth functions for the term (sets the upper limit
on the degrees of freedom for the s smoother of the term), and by means a separate set of smooth functions are
estimated for the term Time for each condition in geno. The smooth term for anid (representing each assay) is
added as a random effect among the different assays where bs is an option to choose the type of spline (the thin
plate spline [fp] is used as the default technique to produce smooth curves) and re is a spline option of random
effect for the term anid. Refer to the mgcv package manual for information*®.

Similarly, a GAM with the explanatory variables of illumination condition and developmental stage was fit-
ted to the baseline assay data. There was no significant interaction detected among the terms, so the interaction
was not modeled.

rsums ~ illu + dev + s(Time, k = 220,by = illu) + s(Time,k = 220,by = dev) + s(anid,bs = re) (3)

When the experimental period is longer (about an hour in the dark-light repeat assay vs. about 12 h in the
baseline assay), the number of base functions necessary to fit the model increased (k = 130 in the Eq. (2) vs.
k = 220in Eq. (3)). In GAMs, increased numbers of base functions produce more wiggly lines, more closely
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reflecting the changes in the actual data, while a straight line is produced when k = 1. To prevent overfitting,
unnecessarily high k values were penalized during the fitting process as well as when competing models were
compared for fitness. The experimenter only sets the upper limit (k) and the optimal k value is determined by the
underlying optimization algorithm in the mgcv package, which can be further validated for its fitness statistics.

The model was first heuristically evaluated by the proportion of the variation explained, the distribution
of the residuals, and the parameters produced by the gam.check function in mgcv. The model was considered
inadequate when (1) the predicted values do not reasonably trace the actual data upon visual inspection, (2) the
proportion of variation explained is too low, (3) the p-value (different from the p-value for inference on main
effects) for each smooth term in the gam.check summary is too small (has to be comfortably not significant).
Among the valid models with differing parameters, the fitness of those models was compared using Akaike
information criterion (AIC).

Inference for the locomotion

Once a GAM model is fitted, the overall effects (main effects) and significance of each linear and smooth term on
the response variable were evaluated, visualized, and recorded. Based on the fitted model, the predicted values
of the response variables were extracted using the predict function. With the predicted values of the rolling sum,
post hoc pairwise comparisons were performed using the emmeans package (v1.8.5)*. The estimated marginal
means (EMMs; least-squares means) for each explanatory variable condition was computed (i.e., Eq. (4)), the
difference between a pair of conditions was analyzed, and the significance of the difference was produced at
every second (i.e., Eq. (5)):

emmeans(fishmodel, ~ geno, at = list(Time = 500) 4)

pairs(emmeans(fishmodel, ~ geno, at = list(Time = 500)) (5)

The pairwise comparison (pairs) produced the Tukey-adjusted p-values based on the ¢ ratios drawn from
the Studentized Range distribution, adjusted for multiple comparisons. The p-values were used to determine
whether there is a significant difference in the distance moved between the two conditions (i.e., WT vs. HM)
at each second.

Proportion of significance during a photo period

Based on the inference (significance) drawn at every second, the proportion that a group moved significantly
more than the comparison group during a given photo period was computed (i.e., mc2r WT larvae significantly
moved more than their HM siblings in 89.3% of the “3rd Dark” photo period in the 7.5 +2-min illumination
assay; Supplementary Fig. S12; Supplementary Table S67; Fig. 4Ac).

Inference for the proportion

The proportions of significance during a photo period were compared using the two-proportions z test with
Yates’ continuity correction to see whether the durations of illumination led to difference in the proportions
of significant difference in locomotion*®-*° (i.e., nr3c1*° WT larvae moved significantly more than their HM
siblings in 100% of the “5th Dark” photo period in the 7.5+ 2-min illumination assay, whereas the proportion of
significant difference in the 7.5 + 6-min illumination assay was 90.1%. It was asked if these two proportions were
significantly different; Supplementary Data S32; Supplementary Table S67; Supplementary Figs. S21 and S23).

Results

Generalized additive model describes locomotor response during environmental changes

To better understand the dynamics of locomotor response over time, a generalized additive model (GAM) was
developed (Fig. 1D; “Model”, “Statistical analysis” in the “Methods”). A GAM for each assay consisted of the
linear (parametric) and smooth terms that described the response variable, locomotion. The effect of each term
on locomotion was evaluated for its main effect, which reports whether a predictor/explanatory variable had a
statistically significant effect (i.e., genotype, illumination, developmental stage). With all the assays, the overall
variation in locomotion explained by the model ranged from 68.3 to 97.5% (mean =86.6%), demonstrating a
satisfactory explanatory power (Supplementary Data S1-S23). The residuals, unexplained variations, and fit-
ted values were visualized to assess their appropriateness (Supplementary Figs. S63-S85). Post hoc pairwise
analysis was performed to assess the significance of the difference in locomotion between the groups every
second (Supplementary Tables S2-S66). The proportions of the significance between different assay regimens
were compared to understand the effect of different durations of illumination (i.e., 4% [7.5 dark + 2-min light]
regimen vs. 4 x [7.5+7.5-min] regimen; Supplementary Figs. S8-562; Supplementary Data. $24-S59; Supple-
mentary Tables S67-S70).

To make the analysis process more rigorous, we used the mean of each experimental group in each assay,
rather than the raw movement measurement of individual fish conventionally utilized in zebrafish behavioral
studies (“Response variable”, “Statistical analysis” in the “Methods”). The aggregation of the locomotor response
mitigated the severe skewedness in the data.

WT larvae move more in light than in darkness during the day

To understand the changes in locomotion following illumination changes, we first established the pattern of basal
locomotor activity during the day without any stimuli. We were curious whether zebrafish would move more in
alit or dark condition in the daytime. As a diurnal species, zebrafish have a circadian cycle that has evolved for
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high activity during the day and rest at night*'. In our previous studies, movement in our wild-type larval fish was
greater when acclimated in lit conditions (e.g., salt assays) than in dark conditions (e.g., light assays)?**% Indeed,
others have observed larval fish move more in lit conditions®. We have previously demonstrated that activation
of a transcriptional biosensor followed a baseline circadian rhythm and activation by exogenous cortisol was
lost in TALEN-injected fish that targeted a locus in nr3cI exon 2°!. Here, we intended to clearly establish if the
baseline larval locomotion would follow the circadian rhythm regardless of the condition of current illumination
at a moment or the condition of ambient light (lit or dark) would dictate the levels of locomotion overriding
the circadian cycle (called “masking”). We recorded wild-type (WT) larvae (4-, 5-, and 6-days post-fertilization
[dpf]) from around 9:30 A.M. to 10:30 P.M. in constant illumination or darkness.

We found that illumination was a critical determinant for the larvae’s baseline locomotion on days 5 and 6
but not on day 4 (Fig. 2; Supplementary Data S1). Light significantly increased locomotion in both 5 and 6 dpf
fish (light, main effect, p = 0.0026 and p < 2e — 16, respectively; Supplementary Data S1, Supplementary Figs. S8
and S9; all p-values provided in Supplementary Tables S3 and S4 and all proportions provided in Supplementary
Tables S67-568). However, there was no difference in 4 dpf fish (light, main effect, p=0.6735). The developmental
stage was another important determinant for basal locomotion. Compared to 4-dpf larvae, 5- and 6-dpf larvae
moved significantly more in the corresponding light conditions (4 dpf vs. 5 and 6-dpf in either dark or light). A
dark environment decreased baseline activity, masking the basal circadian activity levels in light during the day
in larvae aged between 5 and 6 days. Since the overall activity levels were low in 4-dpf fish, there was barely any
difference in baseline locomotion in 4-dpf larvae.

nr3c1 mutant larvae move less than WT siblings in light and darkness during the day

Following the study of basal locomotion in WT fish, we investigated the basal locomotion of the nr3cI fish (5
dpf) in which glucocorticoid receptor (nr3cl) is knocked out in homozygous (HM) larvae (nr3c1m6¥m163 or
nr3c1mneo/mnes)23 Gimilar to the WT stock fish, illumination was a critical determinant of locomotor activity of
nr3cl KO fish. Compared to darkness, a lit condition increased locomotion (light; main effect, p=3.27e — 6; Sup-
plementary Data S2; Fig. 3). Genotype was another determinant. nr3c1 WT and heterozygous (HT; nr3c1%/m3,
nr3c1*m%%) siblings showed comparable levels of locomotion in darkness or light (HT, main effect, p=0.683).
Homozygosity (nr3c1™63/mn63 or nr3c1mn6>/mn6s) decreased overall locomotion (HM, main effect, p=0.014). WT
larvae moved significantly more than HM siblings in 34.84% of the time both in darkness and illumination, and
the significant difference was mainly found before 7 PM. (Fig. 3Ac,Bc); Supplementary Figs. S10 and S11; Sup-
plementary Tables S6 and S7 and Tables S67-568).

mc2r mutant larvae show less activity than WT siblings in darkness only when illumination
duration is shorter

After establishing that both darkness and blocking an HPT axis receptor (nr3cl) activity decrease basal locomo-
tion in larvae, we investigated the dynamic changes in locomotion in response to changing illumination. We
previously showed that, to increase locomotor activity in post-light darkness after a brief 1-min illumination,
functioning HPI axis receptors are essential as loss of mc2r and nr3c1 significantly decreased the locomotor
response in these fish*. Our initial hypothesis on the larval response in the dark-light repeat assay was that fish
with a mutation in one of the key HPI axis receptor genes would have a deficiency in mounting an appropriate
locomotor response to changing light. However, the duration of illumination is a determinant of the ensuing
locomotor activity in darkness, as well as the HPI axis genes.

The ACTH receptor (mc2r) on the adrenal gland (interrenal cells in zebrafish) is a key HPA/I axis receptor that
initiates glucocorticoid synthesis. When mc2r was knocked out (mc2r™>7/mns7, g c2pmns8/mn38 | o ypyc2pmns/mn3d),
the overall locomotion in darkness was significantly less than that of WT siblings when repeated illumination
was 2 min (HM, main effect, p=8.007¢ - 6) and 4 min (main effect, p=0.00015), but not with 7.5-min illumina-
tion (main effect, p=0.758; Fig. 4; Supplementary Data S3-S5). The proportion of locomotion in which WT
larvae moved significantly more than their HM siblings in darkness (the 3rd, 4th, and 5th dark periods) was
93.9, 96.34, and 0% in the 2-, 4-, and 7.5-min light repeat assays, respectively (Supplementary Figs. S15-S17;
Supplementary Table S69). The difference in proportions was significant between the 2- and 4-min light repeat
assays (two-proportions z test, x> = 8.243, p = 0.004; Supplementary Data S25), the 2- and 7.5-min light repeat
assays (x2 = 2429.0, p &~ 0; Supplementary Data $27), and the 4- and 7.5-min light repeat assays (x2 = 2555.1,
p ~0; Supplementary Data S29). Therefore, the mc2r HM larvae could mount an equivalent locomotion profile
compared to WT siblings as the duration of illumination increased (7.5 min).

nr3cl mutant larvae move less than WT siblings in darkness when illumination duration is
shorter

Nr3cl is the canonical glucocorticoid receptor that binds to glucocorticoids (i.e., cortisol, corticosterone) and
drives the various stress responses in the central nervous system and peripheral tissues. Homozygous mutant
larvae in nr3c1®® (nr3c1™63/mn63 or nr3c1™¥m%) showed significantly less locomotion in darkness in the 2-, 4-,
and 7.5-min repeat assays (HM, main effect, p=0.00054; p=0.0029, and p=0.0465, respectively), but not in 6-min
repeat assays (main effect, p=0.057; Fig. 5; Supplementary Data S6-S9). The proportion of locomotion where
the WT fish moved significantly more than their HM siblings in darkness was 100, 87.78, 68.1, and 60.88% when
2-,4-,6-,and 7.5-min illumination was repeated (Supplementary Figs. S$25-S28; Supplementary Table S69). The
difference in proportions was significant in all pairwise comparisons between 2- and 4-min (two-proportions
z test, x2 = 171.48, p=3.510e - 39; Supplementary Data $31), 2- and 6-min (x2 = 507.92, p=1.794e - 112;
Supplementary Data $33), 2- and 7.5-min (x2 = 647.77, p = 6.828¢ — 143; Supplementary Data $35), 4- and
6-min (x2 = 153.23, p=3.42e — 35; Supplementary Data S37), 4- and 7.5-min (x? = 253.14, p=5.373e - 57;
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Figure 2. Illumination and developmental stages are determinants of basal locomotion in WT larvae. The
x-axis of the panels (a—c) are Time in hours labeled below panel (c). The y-axis is given in each panel. (a)
Descriptive statistics summarizing mean activity level. Locomotor activity (mean predicted value [mm/

min] +95% CI) for each experimental condition predicted by the generalized additive model (GAM) for each
time span. (b) Basal locomotor activity of WT larvae over 12 h. The scatterplot (points) shows actual mean
locomotor activity (mm/min) for each experimental condition of each assay. The line graph shows predicted
locomotor activity for each experimental condition by the GAM (predicted value +95% CI). (c) Time points
where an experimental condition showed significantly higher locomotor activity compared to the other in a
pairwise comparison. The color shown indicates the group with a significantly higher outcome in a pairwise
comparison. For the actual numbers of pairwise comparison, refer to the corresponding Supplementary Tables
of each Figure. For the main effects and smooth effects of the model, refer to the corresponding Supplementary
Data for each Figure. (d) Histogram of individual fish locomotion (y-axis is the same as subpanel (b) [Distance
moved]). Density distribution of actual mean locomotor activity shows severely right skewed distribution (low
locomotor response). The integration of the curve equals 100%. Since individual y-axis bin (distance moved
[mm/min]) is smaller than 1 (i.e., 0.2 mm/min), the x-axis values reach over 100% while the area under the
curve is still 100%. (D: dark, D4: 4 dpf, L: light, n.s: not significant).

Supplementary Data $39), and 6- and 7.5-min repeated illumination (x? = 15.632, p="7.694e - 5; Supplemen-
tary Data S41), showing that the proportion of the difference in locomotion between the WT and HM siblings
changes as the illumination duration changes.
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Figure 3. Illumination and genotype are determinants of basal locomotion in nr3cl knockout larvae. Aa Ba
Locomotor activity (mean predicted value [mm/min] +95%CI) for each genotype and experimental condition
((A) in darkness, (B) in light). (Ab, Bb) Basal locomotor activity of nr3cI knockout larvae over 12 h. The
scatterplot (points) shows actual mean locomotor activity (mm/min) for each experimental condition of

each assay. The line graph shows predicted locomotor activity for each experimental condition by the GAM
(predicted value £ 95%CI). (Ac, Bc) Time points where an experimental condition showed significantly higher
locomotor activity compared to the other in a pairwise comparison. The color shown indicates the group with
a significantly higher outcome in a pairwise comparison. (Ad, Bd) Histogram of individual fish locomotion
(y-axis is the same as subpanel [b]). Density distribution of actual mean locomotor activity shows severely right
skewed distribution (low locomotor response). The integration of the curve equals 100%. (D: dark, L: light, WT:
wildtype, HT: heterozygous, HM: homozygous, n.s: not significant, nr3cl genotypes: nr3c1*/* [WT], nr3c1*/m63
[HT], nr3c1mne3/mn63 [HM, KOJ, or nr3cI*™5 [HT], nr3c1™%>mn65 [HM, KO]).

In another allele of nr3c1 where the frameshift mutation was introduced in exon 2, the effect of the duration
of illumination was clearer. Homozygous mutant larvae in nr3c1®? moved significantly less in darkness when
repeated illumination was 4 min (HM, main effect, p=0.0071), but not when illumination was 6 min (p=0.197)
and 7.5 min (p =0.615; Supplementary Fig. 7; Supplementary Data S21-S23). The proportion of locomotion
where the WT fish moved significantly more than their HM siblings in darkness was 94.65, 71.58, and 0% when
the repeated illumination was 4, 6, and 7.5 min (Supplementary Figs. S57-S59; Supplementary Table S69). The
difference in overall activity levels in darkness between the WT and HM siblings decreased in both nr3c1¢~
and nr3c1®? mutant fish (100, 87.78, 68.1, and 60.88%; Not determined, 94.65, 71.58, and 0% at 2, 4, 6, and
7.5 min), respectively, as the repeated illumination increased®->%, showing that the nr3cl HM mutants could
mount increasingly similar locomotor responses in darkness as the duration of illumination increased.
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Figure 4. mc2r knockout larvae respond differentially in darkness based on the durations of illumination and genotype.

(Aa, Ba, Ca) Locomotor activity (mean predicted value [mm/min] +95% CI) for each experimental condition predicted by
the GAM for each photo period (gray: dark, white: light period). (Ab, Bb, Cb) Locomotor response of mc2r®! larvae during
dark-light repeat assays. The scatterplot (points) shows actual mean locomotor activity (mm/min) for each experimental
condition of each assay. The line graph shows predicted locomotor activity for each experimental condition by the GAM
(predicted value +95% CI; gray: dark, white: light period). (Ac, B¢, Cc) Time points where an experimental condition showed
significantly high locomotor activity compared to the other in a pairwise comparison. The color shown indicates the group
with a significantly higher outcome in a pairwise comparison. (Ad, Bd, Cd) Histogram of individual fish locomotion (y-axis is
the same as subpanel [b]). Actual mean locomotor activity shows severely right skewed distribution (low locomotor response).
The integration of the curve equals 100%. (D: dark, L: light, WT: wildtype, HT: heterozygous, HM: homozygous, n.s: not
significant, mc2r genotypes: mc2r** [WT], mc2r*/™7 [HT], mc2r™57m7 [HM, KOJ, mc2r*/™8 [HT], mc2r"58/mn58 [HM,
KOJ, or mc2rmm39 [HT], mc2r™%mn5% [HM, KOJ).
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Figure 5. nr3cl knockout larvae respond differentially in darkness based on the durations of illumination and genotype. (Aa,
Ba, Ca, Da) Locomotor activity (mean predicted value [mm/min]+95% CI) for each experimental condition predicted by the
GAM for each photo period (gray: dark, white: light period). (Ab, Bb, Cb, Db) Locomotor response of nr3cI larvae during
dark-light repeat assays. The scatterplot (points) shows actual mean locomotor activity (mm/min) for each experimental
condition of each assay. The line graph shows predicted locomotor activity for each experimental condition by the GAM
(predicted value +95% CI; gray: dark, white: light period). (Ac, B¢, Cc, Dc) Time points where an experimental condition
showed significantly high locomotor activity compared to the other in a pairwise comparison. The color shown indicates

the group with a significantly higher outcome in a pairwise comparison. (Ad, Bd, Cd, Dd) Histogram of individual fish
locomotion (y-axis is the same as subpanel [b]). Density distribution of actual mean locomotor activity shows severely right
skewed distribution (low locomotor response). The integration of the curve equals 100%. (D: dark, L: light, WT: wildtype, HT:
heterozygous, HM: homozygous, n.s: not significant, nr3cI genotypes: nr3c1** [WT], nr3cI*/"63 [HT], nr3c1""63mn%3 [HM,
KO, or nr3cI1*/™5 [HT), nr3c1%m65 [HM, KO)).
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Mutations in nr3c2 do not appear to have consistent effects on locomotion

Mineralocorticoid receptor (nr3c2) is another nuclear receptor that binds to glucocorticoids with higher affin-
ity than does glucocorticoid receptor. However, we did not find a clear role in locomotor response to light changes
in our previous paper®. Similarly, we could not identify any pattern of difference in locomotion between the WT
and HM siblings (Fig. 6; nr3c2™+ [WT], nr3c2*™7 [HT], nr3c2m67/mn67 [HM, KO]). The HM mutant larvae in
nr3c2%?2 apparently moved less in 2-min repeated illumination at some time points (Fig. 6Ac), but there was no
main effect of homozygosity compared to WT siblings (HM, main effect, p = 0.104; Supplementary Data S10).
Likewise, in 4- and 7.5-min repeated illumination, the HM larvae apparently moved more at some time points,
but there was no main effect of homozygosity compared to WT siblings (p=0.0728 and p =0.758), respectively
(Supplementary Data S11-S12). Since there was no main effect of homozygosity on locomotion, the meaning
of the apparent decrease or increase of locomotion amongst HM siblings at some time points is unlikely to be
biologically meaningful.

In addition, we investigated the locomotor response of nr3cl and nr3c2 double knockout fish after short
(1-min) illumination to discern the differential contribution of nr3cI and nr3c2 in the light responsive behavior.
There was a significant effect of homozygosity in nr3cl mutants (nr3c1™"¥™63; HM, main effect, p=0.0337)
whereas we did not find significance in nr3c2 mutants (HM, main effects, p=0.839; Fig. 6; Supplementary Data
S60; Supplementary Tables S71, S72, and S73). Figure 7 only shows the WT and HM data of the double knockout
fish to increase readability. For the full genotypic combinations, refer to Supplementary Fig. S87. Locomotor
response is less in part of the time window in gr HM mr HM (nr3¢1™"6%/mn63; py3c2mn67/mn67) | compared to gr HM
mr WT (nr3c1mn63/mn63; yr3c2+/+). However, the decreased locomotion was attributed more to the effect of nr3cl
homozygosity (the overall decrease of locomotion in both gr HM mr WT and gr HM mr HM).

Locomotor patterns over dark-light repeats are reproduced with much dimmer light

All light experiments were conducted with consistent illumination intensities: IR (116.0 W cm™ 0 Ix) and white
light (469.4 WW cm™2; 8000 1x). Since the duration of illumination (quantity of light by time) was a determinant of
locomotor response in darkness, we asked whether lower intensities of illumination (quantity of light by intensity)
would elicit the same behavioral adaptation and, if so, whether it would take longer. In the dim light assays, we
used the same dark-light repeat regimen but used a much lower intensity of white light (20.5 pW cm™%; 300 Ix).
With dim light repeat assays, WT fish showed the same pattern of locomotor response as the assays with higher
intensities of light (Supplementary Fig. $86), increasing locomotor response in darkness while having lower
locomotion in light. With the nr3c1%® fish, the HM larvae (nr3c1™6¥m13 or nr3c1™6%mn65) showed equivalent
levels of locomotion to WT fish in all 2-, 4-, and 7.5-min repeated dim illumination and there was no main effect
of homozygosity on locomotion compared to WT siblings (HM, main effect, p=0.224, p=0.263, and p=0.485),
respectively (Supplementary Data S18-520). Whereas such increased locomotor activity happened after longer
illumination (> 6 min) with a brighter light condition, it occurred with shorter durations of light (2 or 4 min) in
dimmer light. Since there was no main effect, further analysis was not pursued. The tile graphs (Fig. 8Bc,Cc,Dc)
are provided to show the patterns in difference. Unexpectedly, dimmer illumination effectively facilitates the
locomotor response in darkness after repeated illumination without a requirement for HPI axis signaling.

Discussion

We found that HPI axis receptors are required to facilitate light adaptive behavior and maintain baseline activity.
Larvae with mutations in a key HPT axis receptor (mc2r, nr3cl, but not nr3c2) did not increase their locomotor
activity levels in darkness after a brief (1-2 min) illumination. The mutants required longer durations of illumina-
tion (=6 min) to increase locomotor response in the ensuing darkness (Figs. 4 and 5). Our finding is congruent
with another nr3c1 mutant lines in exon 2 (nr3c1™6V/mn6! or nr3c]mn62/mn62) that showed equivalent locomotion to
WT fish in a 7.5-min dark-light repeat paradigm (Supplementary Fig. S7)*’. In addition, perturbation of an HPI
axis receptor (nr3cl knockout; nr3c1m63/mn63 or pr3c1mm65/mnss) led to decreased basal locomotor activity under
either constant illumination or darkness (Fig. 3). These findings show that the canonical HPI axis contributes
to the efficiency of adaptation to changing light conditions, but the photoadaptation can be slowly achieved
in HPI axis mutants when light is provided for a long enough duration (=6 min). Thus, the phasic locomotor
response can be achieved even without proper HPI axis activity, while maintaining the tonic (basal) locomotion
appropriate for the given illumination required nr3cI function (Fig. 3). Our findings contrast a previous study
that found an increased circadian locomotor activity in nr3cI mutants (gr**’) that carried a missense mutation®.
This discrepancy may be due to the difference in mutant types. While our nr3cl mutants in exon 2 or 5 carried
a frameshift mutation that was expected to yield a truncated protein, the DNA-binding function was abrogated
or changed in the gr***’ variant, possibly leaving the signaling capacity and protein-protein interaction intact®.
Importantly, elevated levels of cortisol by microinjection® or 24-h bath application®”¢' led to increased locomo-
tion during the dark, light, or both phases in 4-dpflarvae. Considering the likely hyper-cortisolemic state of nr3cl
mutant larvae, the level of cortisol only does not seem to explain the locomotor response during illumination
changes. Cortisol levels and how HPI axis sensitivity and activity are established during development would
need to be taken into consideration to better understand the behavior.

The same pattern of phasic locomotor response was reproduced in much dimmer light only with higher effi-
ciency in HPI axis mutant animals (Fig. 8 and Supplementary Fig. $86)). Both the dim (20.5 yW cm™ ~ 300 Ix)
and high (469.4 yW cm™; ~ 8000 Ix) intensities of white light increased locomotion in darkness post-illumina-
tion. Yet, nr3c1°° homozygous (HM) mutant larvae achieved WT-level activity after 2 min in the dim illumina-
tion, compared to 6-7.5 min they needed in brighter light. Thus, light adaptation was facilitated not only by
the number of photons, but also by the appropriate intensity of light. In most animals, the illumination during
twilight (dawn, dusk) is a salient zeitgeber (signals that entrain the circadian rhythm)®>¢. The electroretinogram
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Figure 6. Mutation in #r3c2 do not have main effect on locomotion. (Aa, Ba, Ca) Locomotor activity (mean predicted value [mm/
min] +95% CI) for each experimental condition predicted by the GAM for each photo period (gray: dark, white: light period).

(Ab, Bb, Cb) Locomotor response of nr3c2%? larvae during dark-light repeat assays. The scatterplot (points) shows actual mean
locomotor activity (mm/min) for each experimental condition of each assay. The line graph shows predicted locomotor activity for
each experimental condition by the GAM (predicted value +95% CI; gray: dark, white: light period). (Ac, B¢, Cc) Time points where
an experimental condition showed significantly high locomotor activity compared to the other in a pairwise comparison. Despite
such apparent significant difference at some time points, there was no main effect of being HM on locomotor response compared

to WT siblings (Refer to the “Results”). The significance in the post-hoc analysis should not be taken into consideration. The tile
graphs are provided to show the incoherent patterns in difference and for consistency with other Figures. (Ad, Bd, Cd) Histogram of
individual fish locomotion (y-axis is the same as subpanel [b]). Density distribution of actual mean locomotor activity shows severely
right skewed distribution (low locomotor response). The integration of the curve equals 100%. (D: dark, L: light, WT: wildtype, HT:
heterozygous, HM: homozygous, n.s: not significant, nr3c2 genotypes: nr3c2"* [WT], nr3c2""7 [HT], nr3c2m"s”/m67 [HM, KO]).
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Figure 7. nr3cl (gr) and nr3c2 (mr) double knockout larvae show varying locomotor activity levels in darkness
after short illumination (1-min) (a) Locomotor activity (mean predicted value [mm/min] +95% CI) for each
genotype (gr WT mr WT, gr WT mr HM, gr HM mr WT, gr HM mr HM), predicted by the GAM. Only

WT and HM mutants are shown to increase readability in this figure while the full genotypic combinations

are shown in Supplementary Fig. S87. The underlying data set is the same in the two figures. (b) Locomotor
response in the baseline (dark) and post-illumination (dark). The scatterplot (points) shows actual mean
locomotor activity (mm/min) for each experimental condition of each assay. The line graph shows predicted
locomotor activity for each genotype by the GAM (predicted value+95% CI). (c) Time points where a genotype
showed significantly high locomotor activity compared to the other in a pairwise comparison. (d) Density
distribution of actual mean locomotor activity shows severely right skewed distribution. The integration of the
curve equals 100% (gr: glucocorticoid receptor [nr3cl], mr: mineralocorticoid receptor [nr3c2], D: dark, T:
treatment [illumination], WT: wildtype, HM: homozygous, n.s: not significant, nr3cI genotypes: nr3cI** [WT],
nr3c1¥/m3 [HT], nr3c1™¥mne3 [HM, KOJ, or nr3c1*™ [HT], nr3c1™mn6> [HM, KO, nr3c2 genotypes:
nr3c2** [WT], nr3c2+m%7 [HT), nr3c2m"57/mn67 [HM, KO]).

(ERG) wave patterns change in birds during this period®, and there may be distinct photopigments detecting
twilight illumination®. During the twilight period, animals detect changes in the amount and composition (a
shift toward more blue spectrum) of illumination and the angle to the sun. Since the amount (intensity) of illu-
mination is the only variable that changed in this experiment, it is unclear whether the increased efficiency in the
light adaptive behavior is related to the twilight-time effect. Further investigation is required for the relationship
between light adaptation and illumination intensity. nr3c1 WT and HM siblings showed a marginal increase
in locomotion (<4 mm/min) after 1-min illumination in dim light (Fig. 8Ab). That was likely to be noise since
those low levels of locomotion (effect size) were within the range of basal locomotion, rather than a response
to light changes. The likely reason why general WT stock fish showed a more robust response (Supplementary
Fig. S86A) than the WT siblings of the nr3cI fish (Fig. 8A) after 1-min dim illumination may be familial differ-
ence in background genetics. Such familial differences are common among different zebrafish lineages in the
laboratory and wild strains®-"°.

The characterization of the locomotor response in this study reveals complex behavior over time. In the
earlier studies using ultrahigh-speed cameras, larvae showed a sharp increase in locomotion immediately after
transitioning from dark to light or from light to dark in millisecond scales®. These reflexive movements were
classified into different categories based on the nature of stimuli, the characteristics of the movement repertoire,
and the underlying neural circuits responsible for the movements. The auditory startle, visual startle, dark-flash,
and light-flash responses, to name a few, could be differentiated and were comprised of distinct basic units of
locomotion®>”!-%. Our study characterized the rapid non-genomic locomotor responses in the timescale of
hormonal response®!-# that followed the immediate reflexive responses. The adaptive response to changing illu-
mination arose with or without proper HPI axis receptors activity, demonstrating that vital adaptations essential
to the organism would occur by means of multiple redundant pathways. Nevertheless, the canonical HPI axis,
as the backbone of the stress response (SR), appeared to play a critical facilitative role (based on the observation
in key receptor mutants), making such locomotor adaptation more efficient.

Importantly, a functioning HPI axis receptor (nr3cl) was necessary to maintain basal locomotor activity,
which implies that dysfunction could be observed in the baseline activity before maladaptive phasic responses.
Decreased basal locomotion in nr3c1® HM larvae in light and darkness may be related to the role of GCs as
the key signaling molecule in synchronizing the circadian cycle in mammals®'"*%. Compared to mammalian
systems that rely heavily on the SCN, the circadian regulation is more complex in teleost fish as a range of tissues
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including the skin, brain, pineal gland, and heart are directly responsive to light and autonomously maintain
the circadian clock® . A broad spectrum of light (ultraviolet, visible, and infrared light) could directly induce
clock gene expression in zebrafish cell culture while infrared light could not phase-shift the circadian clock®.
Despite such complex interaction between the light and clock systems in zebrafish, the genetic abrogation of
DNA-binding in gr**” did not change clock-related gene expression levels while increasing basal locomotor
activity®. Blocking glucocorticoid (GC) signaling did not change the circadian fluctuation of crh (corticotropin
releasing hormone) in the neurosecretory preoptic area® (zebrafish homolog to the mammalian hypothalamus)®.
GC signaling was instead necessary to maintain the level of overall basal crh production in teleost fish (6-dpf
zebrafish larvae®, adult rainbow trout®, and adult zebrafish®'), contrasting the negative feedback of the phasic
GC signaling against crh production®. However, microinjection of anti-cortisol antibody or cortisol to 1-cell
stage embryos to deplete or increase cortisol levels led to increased or decreased crf expression, respectively, on
4-dpf zebrafish larvae®, which demonstrated the opposite trends in basal crflevels compared to other studies. It
appears that the total amount of cortisol, whether the levels fluctuate, and the developmental stage and history of
the animal, all factor in the regulation of basal and phasic HPA/I axis activity. Thus, the role of GC/GR signaling
and HPA/I axis dynamics in basal physiology needs further investigation and may add insight into maladaptive
HPA/I axis function during the phasic responses.

Mutations in nr3c2%? (nr3c2™"”/""7) did not show any consistent direction of influence in behavior. After
2-min illumination, WT fish appeared to move more than their HM siblings whereas, after 4-min illumination,
HM siblings moved more (Fig. 6). After 7.5-min illumination, there was no difference in locomotion between
the WT and HM siblings. We found no main effect of homozygosity on locomotion in any of these apparent
increases and decreases of locomotion among nr3c2 fish (main effect of homozygosity, p=0.104, p=0.0728, and
p=0.758, in 2-, 4-, and 7.5-min illumination assays, respectively). We previously reported that nr3c2 knockout
does not affect locomotor response after a short (1-min) illumination?. Thus, it appears that nr3c2 does not play
a critical role in the photo-adaptive behavior. Our findings contrast a previous study where nr3c2 mutant larvae
showed a significantly increased total locomotion during the dark phase®’. Such difference may arise due to the
husbandry with which nr3c2 mutants were maintained and the genetic status of the fish (i.e., F2, F3) used in
the experiments. While our nr3c2 lines were maintained as outbred heterozygous fish, adult #nr3c2 homozygous
mutants were maintained via inbreeding in the other study. We obtained WT, HT, and HM siblings by crossing
heterozygous parent pairs while the other study utilized WT and HM offspring obtained by separately crossing
WT and HM adult stock fish. This could also indicate a maternal role for MR, as the resultant larvae studied
were maternal-zygotic mutants. Other adult mr mutant teleost (medaka; Oryzias latipes) showed defects in
visuo-locomotor function, failing to closely trace a moving dot®>®. In teleosts, nr3c2 is highly expressed in the
brain, evolutionarily more ancient than nr3cl, more likely to change expression levels when cortisol levels are
altered, involved in the regulation of HPI axis gene expression, and evolutionarily preserved despite evidence
for the lack of mineralocorticoid activity®”*"?*>. While this line of evidence implies a possible ‘central’ function
of Nr3c2 in the brain, what types of behavioral response and what stages of the stress response are regulated by
the receptor requires further investigation.

The locomotor response of zebrafish larvae to exogenous stimuli is not normally distributed (non-normal).
A large proportion of fish do not move at all or move very little (many zero and negligible values) while a small
minority show excessive movement (outliers). The variation in the response is not homogeneous among experi-
mental groups (heteroscedasticity). There is no adequate method to easily transform the response variable to near
normal at the individual fish level®***. By comparing the single values averaged over a stretch of time (i.e., total
movement during the experimental period), we miss the dynamics of the response over time!'°*!!. Such data
structures and over-simplification violate key assumptions on which common parametric tests and linear models
depend to make valid hypothesis tests'*'%. Non-normality and violation of homoscedasticity can be addressed,
to some degree, by increasing the sample size®>!%, using the sample means (sampling distribution rather than
raw data from individual fish)'®~'””, and including the variation in each experiment as random effects in mixed
model approaches®. The size of the samples that yield reliably accurate hypothesis tests in non-normal distribu-
tion is often less than 100. Even with extremely non-normal and heteroscedastic data sets, a less than 500 sample
can perform statistical tests based on linear regression models'®. However, it is reported that whereas increasing
sample size could address non-normality issues more easily, other types of the assumption violation including
homoscedasticity, extreme outliers, and independence of errors may persist despite the increased sample size®.
Moreover, outcome transformations change the result estimates and may bias the result®.

To address these issues, several approaches were proposed in the zebrafish research community”*-*%1%, How-
ever, with nonparametric tests using rank comparison, we forgo quantitative estimates of the response although
the inference may be more justifiable'”. When a generalized linear model analyzes the proportion of the response
vs. nonresponse, we do not show the effect size but just summarize the presence or absence of the response.
While nonlinear models effectively characterize the properties of the response (i.e., the rate of increase), the
rigidity of the underlying equation limits the applicability of a model to a few specific phenomena. In our case,
it was difficult to apply the same nonlinear model to the two distinct response profiles during the dark or light
photo period. Thus, it is unlikely that a single solution will be able to address all the assumption violations in
the zebrafish locomotor data and produce the right inference. Rather, it would be more important to describe
the outcome and its effect size in accordance with the scientific question and discuss the biological relevance of
the inference'%-!!%, For example, what to report should be determined by the research interest, when a group of
zebrafish consistently moved 10 mm per minute making a 100-mm displacement for 10 minutes and another
group moved 90 mm for a minute and stayed without movement for 9 minutes. Whether comparing the total
distance of 100 mm vs. 90 mm or the pattern of evenness vs. dynamic change is more relevant should be deter-
mined by the scientific question in hand. The statistical assumptions violated or satisfied should be chosen by
the same standard.
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Figure 8. Much dimmer illumination reproduces the same pattern of dark-light responses in nr3cI knockout
larvae and may lead to more effective photoadaptation. Dimmer illumination (20.5 yW cm™% 300 1x) was

used compared to that of all other experiments (469.4 uW cm™2 8000 Ix). IR illumination was the same

(116.0 yW cm™% 0 Ix). (Aa, Ba, Ca, Da) Locomotor activity (mean predicted value (mm/min) +95% CI) for
each experimental condition predicted by the GAM for each photo period (gray: dark, white: light period).

A brief illumination assay (1-min light) without the repeat components was included to understand behavior
in dim light (A). (Ab, Bb, Cb, Db) Locomotor response of nr3c1%* larvae during dark-light repeat assays.

The scatterplot (points) shows actual mean locomotor activity (mm/min) for each experimental condition of
each assay. The line graph shows predicted locomotor activity for each experimental condition by the GAM
(predicted value +95% CI; gray: dark, white: light period). (Ac, B¢, C¢, Dc) Time points where an experimental
condition showed significantly high locomotor activity compared to the other in a pairwise comparison.
Despite such apparent significant difference at some time points, there was no main effect of being HM on
locomotor response compared to WT siblings, starting from the 2-min light assays (Refer to the “Results”).

The tile graphs are provided to show the patterns in difference. (Ad, Bd, Cd, Dd) Histogram of individual fish
locomotion (y axis is the same as the subpanel b). Density distribution of actual mean locomotor activity shows
right skewed distribution (low locomotor response). The integration of the curve equals 100%. (D: dark, L:
light, WT: wildtype, HT: heterozygous, HM: homozygous, n.s: not significant, nr3cI1*/* [WT], nr3c1*/™3 [HT],
nr3c1me¥mn63 [HM, KOJ, or nr3c1*/™%> [HT], nr3c1™6>/mn6> [HM, KO]).

To describe zebrafish locomotor response to changing light, we chose to adopt a statistical model, not com-
monly used in zebrafish behavioral studies. A generalized additive model (GAM) provided a practical and
expandable framework!''>!16, successfully describing locomotor response throughout the entire experimental
process. A GAM is an extended generalized linear model (GLM) with a linear predictor that is composed of a
sum of smooth functions of the explanatory variable (smooth terms) in addition to the parametric explanatory
variables***>!7_ A range of link functions can be used to linearly relate the predictors to the response variable of
an exponential or some non-exponential family distribution. However, we focused on estimating the effect size
and did not use additional link function (used the identity link function). The variance among the individual
assays was modeled as a random effect. The simplicity and flexibility of the GAM:s allow describing nonlinear
relationships in the linear additive framework. In our GAM analysis pipeline, the main effect of the explanatory
variable for the whole experiment was first evaluated, followed by post hoc pairwise analyses at each second
that reported the significance of the difference of the means between the compared pair. Then, the proportion
of significant difference between each pair was compared among different assay regimens to see if different
durations of illumination led to distinct locomotor response compared to another. The analysis pipeline allowed
quantitative estimation of the effect of the explanatory variable at each second without losing the dynamics of
changes in locomotion and the effect of different assay regimen on locomotion.

The body’s homeostasis represents a point in the continuum of physiological and behavioral states in an
organism. Allostasis describes how a homeostatic point is determined in response to the changing environment.
The redundancy in the SR ensures an adequate adaptation even if a defective pathway is present. However, the
compensatory pathways in achieving allostasis may be biologically expensive over time, eventually leading to
maladaptation. In our investigation, the canonical HPI axis receptors were dispensable to mounting light adap-
tive phasic responses when the illumination duration was long enough and the intensity was optimal. However,
maintaining light adaptive tonic states at the baseline required nr3cl function. Our findings imply that both
phasic and tonic responses of the HPA/I axis need to be investigated to understand the stress response. Stress-
aggravated psychiatric and metabolic disorders may arise not only from the aftereffect of HPA/I axis activity
(hyper- or hypo-cortisolemia) but also from the peripheral roles of glucocorticoid signaling in relevant organ
systems where cortisol and its cognate receptors support a wide variety of adaptive responses.
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Data availability

All primary data and supplementary materials were deposited in the open access data repository ( Enter: "https://
doi.org/10.6084/m9.figshare.25467865" at figshare.com). The core R scripts for GAM modeling were deposited
to GitHub.com (https://github.com/moonlarkalto/HPA_gam) and the data sets for test-running the R scripts
were deposited to FigShare.com in the same link.

Received: 6 August 2023; Accepted: 21 March 2024
Published online: 02 April 2024

Scientific Reports|  (2024) 14:7759 | https://doi.org/10.1038/s41598-024-57707-6 nature portfolio


https://doi.org/10.6084/m9.figshare.25467865
https://doi.org/10.6084/m9.figshare.25467865
https://github.com/moonlarkalto/HPA_gam

www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

Russell, G. & Lightman, S. The human stress response. Nat. Rev. Endocrinol. 15, 525-534. https://doi.org/10.1038/s41574-019-
0228-0 (2019).

Chrousos, G. P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 5, 374-381. https://doi.org/10.1038/nrendo.2009.
106 (2009).

Sapolsky, R. M., Romero, L. M. & Munck, A. U. How do glucocorticoids influence stress responses? Integrating permissive,
suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 55-89. https://doi.org/10.1210/edrv.21.1.0389 (2000).
Nicolaides, N. C., Charmandari, E., Kino, T. & Chrousos, G. P. Stress-related and circadian secretion and target tissue actions
of glucocorticoids: Impact on health. Front. Endocrinol. (Lausanne) 8, 70. https://doi.org/10.3389/fendo.2017.00070 (2017).
Spiga, E. & Lightman, S. L. Dynamics of adrenal glucocorticoid steroidogenesis in health and disease. Mol. Cell Endocrinol. 408,
227-234. https://doi.org/10.1016/j.mce.2015.02.005 (2015).

Agorastos, A. & Chrousos, G. P. The neuroendocrinology of stress: The stress-related continuum of chronic disease development.
Mol. Psychiatry 27, 502-513. https://doi.org/10.1038/s41380-021-01224-9 (2022).

McEwen, B. S. & Lasley, E. N. The End of Stress as We Know It (Joseph Henry Press, 2002).

Lightman, S. L. & Conway-Campbell, B. L. The crucial role of pulsatile activity of the HPA axis for continuous dynamic equili-
bration. Nat. Rev. Neurosci. 11, 710-718. https://doi.org/10.1038/nrn2914 (2010).

Oster, H. The interplay between stress, circadian clocks, and energy metabolism. J. Endocrinol. 247, R13-R25. https://doi.org/
10.1530/joe-20-0124 (2020).

Spencer, R. L., Chun, L. E., Hartsock, M. J. & Woodruff, E. R. Glucocorticoid hormones are both a major circadian signal and
major stress signal: How this shared signal contributes to a dynamic relationship between the circadian and stress systems. Front.
Neuroendocrinol. 49, 52-71. https://doi.org/10.1016/j.yfrne.2017.12.005 (2018).

Koch, C. E,, Leinweber, B., Drengberg, B. C., Blaum, C. & Oster, H. Interaction between circadian rhythms and stress. Neurobiol.
Stress 6, 57-67. https://doi.org/10.1016/j.ynstr.2016.09.001 (2017).

Leach, S. & Suzuki, K. Adrenergic signaling in circadian control of immunity. Front. Immunol. 11, 1235. https://doi.org/10.3389/
fimmu.2020.01235 (2020).

Weger, B. D. et al. Extensive regulation of diurnal transcription and metabolism by glucocorticoids. PLoS Genet. 12, €1006512.
https://doi.org/10.1371/journal.pgen.1006512 (2016).

Bering, T., Hertz, H. & Rath, M. F. Rhythmic release of corticosterone induces circadian clock gene expression in the cerebellum.
Neuroendocrinology 110, 604-615. https://doi.org/10.1159/000503720 (2020).

Shimba, A. & Ikuta, K. Glucocorticoids regulate circadian rhythm of innate and adaptive immunity. Front. Immunol. 11, 2143.
https://doi.org/10.3389/fimmu.2020.02143 (2020).

Woodruff, E. R., Chun, L. E,, Hinds, L. R. & Spencer, R. L. Diurnal corticosterone presence and phase modulate clock gene
expression in the male rat prefrontal cortex. Endocrinology 157, 1522-1534. https://doi.org/10.1210/en.2015-1884 (2016).
Faught, E. & Vijayan, M. M. Loss of the glucocorticoid receptor in zebrafish improves muscle glucose availability and increases
growth. Am. J. Physiol. Endocrinol. Metab. 316, E1093-E1104. https://doi.org/10.1152/ajpendo0.00045.2019 (2019).

Rose, A. ]. & Herzig, S. Metabolic control through glucocorticoid hormones: An update. Mol. Cell Endocrinol. 380, 65-78. https://
doi.org/10.1016/j.mce.2013.03.007 (2013).

McEwen, B. S. What is the confusion with cortisol?. Chronic Stress (Thousand Oaks). https://doi.org/10.1177/2470547019833647
(2019).

Minnetti, M. et al. Fixing the broken clock in adrenal disorders: Focus on glucocorticoids and chronotherapy. J. Endocrinol. 246,
R13-R31. https://doi.org/10.1530/JOE-20-0066 (2020).

Walker, W. H. 2nd., Walton, J. C., DeVries, A. C. & Nelson, R. J. Circadian rhythm disruption and mental health. Transl. Psychiatry
10, 28. https://doi.org/10.1038/s41398-020-0694-0 (2020).

Landgraf, D., McCarthy, M. J. & Welsh, D. K. Circadian clock and stress interactions in the molecular biology of psychiatric
disorders. Curr. Psychiatry Rep. 16, 483. https://doi.org/10.1007/s11920-014-0483-7 (2014).

Lee, H. B. et al. Novel zebrafish behavioral assay to identify modifiers of the rapid, nongenomic stress response. Genes Brain
Behav. 18, €12549. https://doi.org/10.1111/gbb.12549 (2019).

Schaaf, M. J., Chatzopoulou, A. & Spaink, H. P. The zebrafish as a model system for glucocorticoid receptor research. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 153, 75-82. https://doi.org/10.1016/j.cbpa.2008.12.014 (2009).

Kimmel, C. B., Ballard, W. W,, Kimmel, S. R., Ullmann, B. & Schilling, T. F. Stages of embryonic development of the zebrafish.
Dev. Dyn. 203, 253-310. https://doi.org/10.1002/aja.1002030302 (1995).

Alsop, D. & Vijayan, M. The zebrafish stress axis: Molecular fallout from the teleost-specific genome duplication event. Gen.
Comp. Endocrinol. 161, 62-66. https://doi.org/10.1016/j.ygcen.2008.09.011 (2009).

Alsop, D. & Vijayan, M. M. Development of the corticosteroid stress axis and receptor expression in zebrafish. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 294, R711-719. https://doi.org/10.1152/ajpregu.00671.2007 (2008).

Nesan, D. & Vijayan, M. M. Role of glucocorticoid in developmental programming: Evidence from zebrafish. Gen. Comp.
Endocrinol. 181, 35-44. https://doi.org/10.1016/j.ygcen.2012.10.006 (2013).

Alderman, S. L. & Bernier, N. J. Ontogeny of the corticotropin-releasing factor system in zebrafish. Gen. Comp. Endocrinol. 164,
61-69. https://doi.org/10.1016/j.ygcen.2009.04.007 (2009).

Yeh, C. M. The basal NPO crh fluctuation is sustained under compromised glucocorticoid signaling in diurnal zebrafish. Front.
Neurosci. 9, 436. https://doi.org/10.3389/fnins.2015.00436 (2015).

Spence, R., Gerlach, G., Lawrence, C. & Smith, C. The behaviour and ecology of the zebrafish, Danio rerio. Biol. Rev. Camb.
Philos. Soc. 83, 13-34. https://doi.org/10.1111/j.1469-185X.2007.00030.x (2008).

Fernandes, A. M. et al. Deep brain photoreceptors control light-seeking behavior in zebrafish larvae. Curr. Biol. 22, 2042-2047.
https://doi.org/10.1016/j.cub.2012.08.016 (2012).

Burgess, H. A., Schoch, H. & Granato, M. Distinct retinal pathways drive spatial orientation behaviors in zebrafish navigation.
Curr. Biol. 20, 381-386. https://doi.org/10.1016/j.cub.2010.01.022 (2010).

Horstick, E. J., Bayleyen, Y., Sinclair, J. L. & Burgess, H. A. Search strategy is regulated by somatostatin signaling and deep brain
photoreceptors in zebrafish. BMC Biol. 15, 4. https://doi.org/10.1186/s12915-016-0346-2 (2017).

Brockerhoff, S. E. et al. A behavioral screen for isolating zebrafish mutants with visual system defects. Proc. Natl. Acad. Sci. USA
92, 10545-10549. https://doi.org/10.1073/pnas.92.23.10545 (1995).

Lee, H. B., Modhurima, R., Heeren, A. A. & Clark, K. J. in Behavioral and Neural Genetics of Zebrafish (ed Robert T. Gerlai)
263-278 (Academic Press, 2020).

Niisslein-Volhard, C. & Dahm, R. Zebrafish: A Practical Approach 1st edn. (Oxford University Press, 2002).

Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18, €3000410.
https://doi.org/10.1371/journal.pbio.3000410 (2020).

Uchida, D., Yamashita, M., Kitano, T. & Iguchi, T. Oocyte apoptosis during the transition from ovary-like tissue to testes during
sex differentiation of juvenile zebrafish. J. Exp. Biol. 205, 711-718. https://doi.org/10.1242/jeb.205.6.711 (2002).

Takahashi, H. Juvenile hermaphroditism in the zebrafish, Brachydanio rerio. Bull. Fac. Fish Hokkaido Univ. 28, 57-65 (1977).

Scientific Reports |

(2024) 14:7759 |

https://doi.org/10.1038/s41598-024-57707-6 nature portfolio


https://doi.org/10.1038/s41574-019-0228-0
https://doi.org/10.1038/s41574-019-0228-0
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.3389/fendo.2017.00070
https://doi.org/10.1016/j.mce.2015.02.005
https://doi.org/10.1038/s41380-021-01224-9
https://doi.org/10.1038/nrn2914
https://doi.org/10.1530/joe-20-0124
https://doi.org/10.1530/joe-20-0124
https://doi.org/10.1016/j.yfrne.2017.12.005
https://doi.org/10.1016/j.ynstr.2016.09.001
https://doi.org/10.3389/fimmu.2020.01235
https://doi.org/10.3389/fimmu.2020.01235
https://doi.org/10.1371/journal.pgen.1006512
https://doi.org/10.1159/000503720
https://doi.org/10.3389/fimmu.2020.02143
https://doi.org/10.1210/en.2015-1884
https://doi.org/10.1152/ajpendo.00045.2019
https://doi.org/10.1016/j.mce.2013.03.007
https://doi.org/10.1016/j.mce.2013.03.007
https://doi.org/10.1177/2470547019833647
https://doi.org/10.1530/JOE-20-0066
https://doi.org/10.1038/s41398-020-0694-0
https://doi.org/10.1007/s11920-014-0483-7
https://doi.org/10.1111/gbb.12549
https://doi.org/10.1016/j.cbpa.2008.12.014
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1016/j.ygcen.2008.09.011
https://doi.org/10.1152/ajpregu.00671.2007
https://doi.org/10.1016/j.ygcen.2012.10.006
https://doi.org/10.1016/j.ygcen.2009.04.007
https://doi.org/10.3389/fnins.2015.00436
https://doi.org/10.1111/j.1469-185X.2007.00030.x
https://doi.org/10.1016/j.cub.2012.08.016
https://doi.org/10.1016/j.cub.2010.01.022
https://doi.org/10.1186/s12915-016-0346-2
https://doi.org/10.1073/pnas.92.23.10545
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1242/jeb.205.6.711

www.nature.com/scientificreports/

41.

42.

43.

44,

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Orban, L., Sreenivasan, R. & Olsson, P. E. Long and winding roads: Testis differentiation in zebrafish. Mol. Cell Endocrinol. 312,
35-41. https://doi.org/10.1016/j.mce.2009.04.014 (2009).

Hartmann, S. et al. Zebrafish larvae show negative phototaxis to near-infrared light. PLoS One 13, €0207264. https://doi.org/10.
1371/journal.pone.0207264 (2018).

Wood, N. S. Generalized Additive Models, An Introduction with R Vol. 496 (Taylor & Francis Group, 2017).

R: A language and environment for statistical computing. R Foundation for Statistical Computing (2021).

Wood, S. N. Fast stable restricted maximum likelihood and marginal likelihood estimation of semiparametric generalized linear
models. . R. Stat. Soc. Series B Stat. Methodol. 73, 3-36. https://doi.org/10.1111/j.1467-9868.2010.00749.x (2011).

Mixed GAM computation vehicle with automatic smoothness estimation v. 1.8-42 (2023).

Lenth, R. V. (2016) Least-Squares Means: TheRPackagelsmeans. J. Stat. Softw. https://doi.org/10.18637/jss.v069.i01

Wilson, E. B. Probable inference, the law of succession, and statistical inference. J. Am. Stat. Assoc. https://doi.org/10.1080/01621
459.1927.10502953 (1927).

Newcombe, R. G. Two-sided confidence intervals for the single proportion: Comparison of seven methods. Stat. Med. 17,
857-872. https://doi.org/10.1002/(sici)1097-0258(19980430)17:8%3c857:: Aid-sim777%3e3.0.Co;2-e (1998).

Newcombe, R. G. Interval estimation for the difference between independent proportions: Comparison of eleven methods. Stat.
Med. 17, 873-890. https://doi.org/10.1002/(sici)1097-0258(19980430)17:8%3c873::Aid-sim779%3e3.0.Co;2-1 (1998).

Cahill, G. M., Hurd, M. W. & Batchelor, M. M. Circadian rhythmicity in the locomotor activity of larval zebrafish. Neuroreport
9, 3445-3449. https://doi.org/10.1097/00001756-199810260-00020 (1998).

Krug, R. G. 2nd. et al. A transgenic zebrafish model for monitoring glucocorticoid receptor activity. Genes Brain Behav. 13,
478-487. https://doi.org/10.1111/gbb.12135 (2014).

Burgess, H. A. & Granato, M. Modulation of locomotor activity in larval zebrafish during light adaptation. J. Exp. Biol. 210,
2526-2539. https://doi.org/10.1242/jeb.003939 (2007).

De Kloet, E. R., Vreugdenhil, E., Oitzl, M. S. & Joels, M. Brain corticosteroid receptor balance in health and disease. Endocr. Rev.
19, 269-301. https://doi.org/10.1210/edrv.19.3.0331 (1998).

de Kloet, E. R., Oitzl, M. S. & Joels, M. Functional implications of brain corticosteroid receptor diversity. Cell Mol. Neurobiol.
13, 433-455. https://doi.org/10.1007/BF00711582 (1993).

Wingenfeld, K. & Otte, C. Mineralocorticoid receptor function and cognition in health and disease. Psychoneuroendocrinology
105, 25-35. https://doi.org/10.1016/j.psyneuen.2018.09.010 (2019).

Faught, E. & Vijayan, M. M. The mineralocorticoid receptor is essential for stress axis regulation in zebrafish larvae. Sci. Rep. 8,
18081. https://doi.org/10.1038/s41598-018-36681-w (2018).

Jaikumar, G., Slabbekoorn, H., Sireeni, J., Schaaf, M. & Tudorache, C. The role of the glucocorticoid receptor in the regulation
of diel rhythmicity. Physiol. Behav. 223, 112991. https://doi.org/10.1016/j.physbeh.2020.112991 (2020).

Ziv, L. et al. An affective disorder in zebrafish with mutation of the glucocorticoid receptor. Mol. Psychiatry 18, 681-691. https://
doi.org/10.1038/mp.2012.64 (2013).

Best, C., Kurrasch, D. M. & Vijayan, M. M. Maternal cortisol stimulates neurogenesis and affects larval behaviour in zebrafish.
Sci. Rep. 7, 40905. https://doi.org/10.1038/srep40905 (2017).

Best, C. & Vijayan, M. M. Cortisol elevation post-hatch affects behavioural performance in zebrafish larvae. Gen. Comp. Endo-
crinol. 257, 220-226. https://doi.org/10.1016/j.ygcen.2017.07.009 (2018).

Roenneberg, T. & Foster, R. G. Twilight times: Light and the circadian system. Photochem. Photobiol. 66, 549-561. https://doi.
org/10.1111/j.1751-1097.1997.tb03188.x (1997).

Aschoff, J. Exogenous and endogenous components in circadian rhythms. Cold Spring Harb. Symp. Quant. Biol. 25, 11-28.
https://doi.org/10.1101/sqb.1960.025.01.004 (1960).

Manglapus, M. K., Iuvone, P. M., Underwood, H., Pierce, M. E. & Barlow, R. B. Dopamine mediates circadian rhythms of rod-
cone dominance in the Japanese quail retina. J. Neurosci. 19, 4132-4141 (1999).

Peirson, S. N., Halford, S. & Foster, R. G. The evolution of irradiance detection: Melanopsin and the non-visual opsins. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 364, 2849-2865. https://doi.org/10.1098/rstb.2009.0050 (2009).

MacPhail, R. C. et al. Locomotion in larval zebrafish: Influence of time of day, lighting and ethanol. Neurotoxicology 30, 52-58.
https://doi.org/10.1016/j.neuro.2008.09.011 (2009).

Padilla, S., Hunter, D. L., Padnos, B., Frady, S. & MacPhail, R. C. Assessing locomotor activity in larval zebrafish: Influence of
extrinsic and intrinsic variables. Neurotoxicol. Teratol. 33, 624-630. https://doi.org/10.1016/j.ntt.2011.08.005 (2011).

de Esch, C. et al. Locomotor activity assay in zebrafish larvae: Influence of age, strain and ethanol. Neurotoxicol. Teratol. 34,
425-433. https://doi.org/10.1016/j.ntt.2012.03.002 (2012).

Whiteley, A. R. et al. Population genomics of wild and laboratory zebrafish (Danio rerio). Mol. Ecol. 20, 4259-4276. https://doi.
org/10.1111/j.1365-294X.2011.05272.x (2011).

Guryeyv, V. et al. Genetic variation in the zebrafish. Genome Res. 16, 491-497. https://doi.org/10.1101/gr.4791006 (2006).
Fernandes, A. M., Fero, K., Driever, W. & Burgess, H. A. Enlightening the brain: Linking deep brain photoreception with behavior
and physiology. Bioessays 35, 775-779. https://doi.org/10.1002/bies.201300034 (2013).

Burgess, H. A. & Granato, M. Sensorimotor gating in larval zebrafish. J. Neurosci. 27, 4984-4994. https://doi.org/10.1523/J]NEUR
0OSCI.0615-07.2007 (2007).

Kimmel, C. B., Patterson, J. & Kimmel, R. O. The development and behavioral characteristics of the startle response in the zebra
fish. Dev. Psychobiol. 7, 47-60. https://doi.org/10.1002/dev.420070109 (1974).

Wolman, M. & Granato, M. Behavioral genetics in larval zebrafish: learning from the young. Dev. Neurobiol. 72, 366-372. https://
doi.org/10.1002/dneu.20872 (2012).

Marques, J. C., Lackner, S., Felix, R. & Orger, M. B. Structure of the zebrafish locomotor repertoire revealed with unsupervised
behavioral clustering. Curr. Biol. 28, 181-195.e185. https://doi.org/10.1016/j.cub.2017.12.002 (2018).

Heap, L. A. L., Vanwalleghem, G., Thompson, A. W,, Favre-Bulle, I. A. & Scott, E. K. Luminance changes drive directional startle
through a thalamic pathway. Neuron 99, 293-301.e294. https://doi.org/10.1016/j.neuron.2018.06.013 (2018).

Temizer, I., Donovan, J. C., Baier, H. & Semmelhack, J. L. A visual pathway for looming-evoked escape in larval zebrafish. Curr.
Biol. 25, 1823-1834. https://doi.org/10.1016/j.cub.2015.06.002 (2015).

Lacoste, A. M. et al. A convergent and essential interneuron pathway for Mauthner-cell-mediated escapes. Curr. Biol. 25,
1526-1534. https://doi.org/10.1016/j.cub.2015.04.025 (2015).

Dunn, T. W. et al. Neural circuits underlying visually evoked escapes in larval zebrafish. Neuron 89, 613-628. https://doi.org/
10.1016/j.neuron.2015.12.021 (2016).

Medan, V. & Preuss, T. The Mauthner-cell circuit of fish as a model system for startle plasticity. J. Physiol. Paris 108, 129-140.
https://doi.org/10.1016/j.jphysparis.2014.07.006 (2014).

Sarabdjitsingh, R. A. & Joels, M. Rapid corticosteroid actions on synaptic plasticity in the mouse basolateral amygdala: Relevance
of recent stress history and beta-adrenergic signaling. Neurobiol. Learn Mem. 112, 168-175. https://doi.org/10.1016/j.nlm.2013.
10.011 (2014).

Joels, M., Pasricha, N. & Karst, H. The interplay between rapid and slow corticosteroid actions in brain. Eur. J. Pharmacol. 719,
44-52. https://doi.org/10.1016/j.ejphar.2013.07.015 (2013).

Scientific Reports |

(2024) 14:7759 |

https://doi.org/10.1038/s41598-024-57707-6 nature portfolio


https://doi.org/10.1016/j.mce.2009.04.014
https://doi.org/10.1371/journal.pone.0207264
https://doi.org/10.1371/journal.pone.0207264
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1080/01621459.1927.10502953
https://doi.org/10.1080/01621459.1927.10502953
https://doi.org/10.1002/(sici)1097-0258(19980430)17:8%3c857::Aid-sim777%3e3.0.Co;2-e
https://doi.org/10.1002/(sici)1097-0258(19980430)17:8%3c873::Aid-sim779%3e3.0.Co;2-i
https://doi.org/10.1097/00001756-199810260-00020
https://doi.org/10.1111/gbb.12135
https://doi.org/10.1242/jeb.003939
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1007/BF00711582
https://doi.org/10.1016/j.psyneuen.2018.09.010
https://doi.org/10.1038/s41598-018-36681-w
https://doi.org/10.1016/j.physbeh.2020.112991
https://doi.org/10.1038/mp.2012.64
https://doi.org/10.1038/mp.2012.64
https://doi.org/10.1038/srep40905
https://doi.org/10.1016/j.ygcen.2017.07.009
https://doi.org/10.1111/j.1751-1097.1997.tb03188.x
https://doi.org/10.1111/j.1751-1097.1997.tb03188.x
https://doi.org/10.1101/sqb.1960.025.01.004
https://doi.org/10.1098/rstb.2009.0050
https://doi.org/10.1016/j.neuro.2008.09.011
https://doi.org/10.1016/j.ntt.2011.08.005
https://doi.org/10.1016/j.ntt.2012.03.002
https://doi.org/10.1111/j.1365-294X.2011.05272.x
https://doi.org/10.1111/j.1365-294X.2011.05272.x
https://doi.org/10.1101/gr.4791006
https://doi.org/10.1002/bies.201300034
https://doi.org/10.1523/JNEUROSCI.0615-07.2007
https://doi.org/10.1523/JNEUROSCI.0615-07.2007
https://doi.org/10.1002/dev.420070109
https://doi.org/10.1002/dneu.20872
https://doi.org/10.1002/dneu.20872
https://doi.org/10.1016/j.cub.2017.12.002
https://doi.org/10.1016/j.neuron.2018.06.013
https://doi.org/10.1016/j.cub.2015.06.002
https://doi.org/10.1016/j.cub.2015.04.025
https://doi.org/10.1016/j.neuron.2015.12.021
https://doi.org/10.1016/j.neuron.2015.12.021
https://doi.org/10.1016/j.jphysparis.2014.07.006
https://doi.org/10.1016/j.nlm.2013.10.011
https://doi.org/10.1016/j.nlm.2013.10.011
https://doi.org/10.1016/j.ejphar.2013.07.015

www.nature.com/scientificreports/

83. Vernocchi, S. et al. Membrane glucocorticoid receptor activation induces proteomic changes aligning with classical glucocorticoid
effects. Mol. Cell Proteom. 12, 1764-1779. https://doi.org/10.1074/mcp.M112.022947 (2013).

84. Steindal, I. A. E & Whitmore, D. Zebrafish circadian clock entrainment and the importance of broad spectral light sensitivity.
Front. Physiol. 11, 1002. https://doi.org/10.3389/fphys.2020.01002 (2020).

85. Moore, H. A. & Whitmore, D. Circadian rhythmicity and light sensitivity of the zebrafish brain. PLoS One 9, €86176. https://
doi.org/10.1371/journal.pone.0086176 (2014).

86. Dekens, M. P. et al. Light regulates the cell cycle in zebrafish. Curr. Biol. 13, 2051-2057. https://doi.org/10.1016/j.cub.2003.10.
022 (2003).

87. Whitmore, D., Foulkes, N. S. & Sassone-Corsi, P. Light acts directly on organs and cells in culture to set the vertebrate circadian
clock. Nature 404, 87-91. https://doi.org/10.1038/35003589 (2000).

88. Whitmore, D., Foulkes, N. S., Strahle, U. & Sassone-Corsi, P. Zebrafish Clock rhythmic expression reveals independent peripheral
circadian oscillators. Nat. Neurosci. 1, 701-707. https://doi.org/10.1038/3703 (1998).

89. Herget, U. & Ryu, S. Coexpression analysis of nine neuropeptides in the neurosecretory preoptic area of larval zebrafish. Front.
Neuroanat. 9, 2. https://doi.org/10.3389/fnana.2015.00002 (2015).

90. Alderman, S. L., McGuire, A., Bernier, N. J. & Vijayan, M. M. Central and peripheral glucocorticoid receptors are involved in
the plasma cortisol response to an acute stressor in rainbow trout. Gen. Comp. Endocrinol. 176, 79-85. https://doi.org/10.1016/j.
ygcen.2011.12.031 (2012).

91. Alderman, S. L. & Vijayan, M. M. 11beta-Hydroxysteroid dehydrogenase type 2 in zebrafish brain: A functional role in hypo-
thalamus-pituitary-interrenal axis regulation. J. Endocrinol. 215, 393-402. https://doi.org/10.1530/JOE-12-0379 (2012).

92. Nesan, D. & Vijayan, M. M. Maternal cortisol mediates hypothalamus-pituitary-interrenal axis development in zebrafish. Sci.
Rep. 6,22582. https://doi.org/10.1038/srep22582 (2016).

93. Sakamoto, T. et al. Principal function of mineralocorticoid signaling suggested by constitutive knockout of the mineralocorticoid
receptor in medaka fish. Sci. Rep. 6, 37991. https://doi.org/10.1038/srep37991 (2016).

94. Takahashi, H. & Sakamoto, T. The role of “mineralocorticoids” in teleost fish: Relative importance of glucocorticoid signaling
in the osmoregulation and “central” actions of mineralocorticoid receptor. Gen. Comp. Endocrinol. 181, 223-228. https://doi.
org/10.1016/j.ygcen.2012.11.016 (2013).

95. Kumai, Y., Nesan, D., Vijayan, M. M. & Perry, S. E. Cortisol regulates Na+ uptake in zebrafish, Danio rerio, larvae via the glu-
cocorticoid receptor. Mol. Cell Endocrinol. 364, 113-125. https://doi.org/10.1016/j.mce.2012.08.017 (2012).

96. Liu, Y. et al. Statistical analysis of zebrafish locomotor behaviour by generalized linear mixed models. Sci. Rep. 7, 2937. https://
doi.org/10.1038/s41598-017-02822-w (2017).

97. Liu, Y. et al. Statistical analysis of zebrafish locomotor response. PLoS One 10, e0139521. https://doi.org/10.1371/journal.pone.
0139521 (2015).

98. Gauthier, P. T. & Vijayan, M. M. Nonlinear mixed-modelling discriminates the effect of chemicals and their mixtures on zebrafish
behavior. Sci. Rep. 8, 1999. https://doi.org/10.1038/s41598-018-20112-x (2018).

99. Schmidt, A. F. & Finan, C. Linear regression and the normality assumption. J. Clin. Epidemiol. 98, 146-151. https://doi.org/10.
1016/j.jclinepi.2017.12.006 (2018).

100. Ingebretson, J.J. & Masino, M. A. Quantification of locomotor activity in larval zebrafish: considerations for the design of high-
throughput behavioral studies. Front. Neural Circ. 7, 109. https://doi.org/10.3389/fncir.2013.00109 (2013).

101. Haigis, A. C., Ottermanns, R., Schiwy, A., Hollert, H. & Legradi, J. Getting more out of the zebrafish light dark transition test.
Chemosphere 295, 133863. https://doi.org/10.1016/j.chemosphere.2022.133863 (2022).

102. Krzywinski, M. & Altman, N. Significance, P values and t-tests. Nat. Methods 10, 1041-1042. https://doi.org/10.1038/nmeth.
2698 (2013).

103. Pek, J., Wong, O. & Wong, A. C. M. How to address non-normality: A taxonomy of approaches, reviewed, and illustrated. Front.
Psychol. 9, 2104. https://doi.org/10.3389/fpsyg.2018.02104 (2018).

104. Casson, R.J. & Farmer, L. D. Understanding and checking the assumptions of linear regression: A primer for medical research-
ers. Clin. Exp. Ophthalmol. 42, 590-596. https://doi.org/10.1111/ce0.12358 (2014).

105. Lumley, T, Diehr, P,, Emerson, S. & Chen, L. The importance of the normality assumption in large public health data sets. Annu.
Rev. Public Health 23, 151-169. https://doi.org/10.1146/annurev.publhealth.23.100901.140546 (2002).

106. Krzywinski, M. & Altman, N. Points of significance: Importance of being uncertain. Nat. Methods 10, 809-810. https://doi.org/
10.1038/nmeth.2613 (2013).

107. Kulesa, A., Krzywinski, M., Blainey, P. & Altman, N. Sampling distributions and the bootstrap. Nat. Methods 12, 477-478. https://
doi.org/10.1038/nmeth.3414 (2015).

108. Hsieh, J. H. et al. Application of benchmark concentration (BMC) analysis on zebrafish data: A New perspective for quantifying
toxicity in alternative animal models. Toxicol. Sci. 167, 92-104. https://doi.org/10.1093/toxsci/kfy258 (2019).

109. Krzywinski, M. & Altman, N. Points of significance: Nonparametric tests. Nat. Methods 11, 467-468. https://doi.org/10.1038/
nmeth.2937 (2014).

110. Nuzzo, R. Scientific method: Statistical errors. Nature 506, 150-152. https://doi.org/10.1038/506150a (2014).

111. Biau, D. ], Jolles, B. M. & Porcher, R. P value and the theory of hypothesis testing: An explanation for new researchers. Clin.
Orthop. Relat. Res. 468, 885-892. https://doi.org/10.1007/s11999-009-1164-4 (2010).

112. Weissgerber, T. L., Milic, N. M., Winham, S. J. & Garovic, V. D. Beyond bar and line graphs: Time for a new data presentation
paradigm. PLoS Biol. 13, 1002128. https://doi.org/10.1371/journal.pbio.1002128 (2015).

113. Sullivan, G. M. & Feinn, R. Using effect size-or why the P value is not enough. J. Grad. Med. Educ. 4, 279-282. https://doi.org/
10.4300/JGME-D-12-00156.1 (2012).

114. Altman, N. & Krzywinski, M. (2017) Interpreting P values. Nat. Methods 14, 213-214. https://doi.org/10.1038/nmeth.4210

115. Leuthold, S.J. et al. Topographic effects on soil microclimate and surface cover crop residue decomposition in rolling cropland.
Agric. Ecosyst. Environ. https://doi.org/10.1016/j.agee.2021.107609 (2021).

116. Archontoulis, S. V. & Miguez, E. E. Nonlinear regression models and applications in agricultural research. Agron. J. 107, 786-798.
https://doi.org/10.2134/agronj2012.0506 (2015).

117. Hastie, T. & Tibshirani, R. Generalized additive models for medical research. Stat. Methods Med. Res. 4, 187-196. https://doi.
0rg/10.1177/096228029500400302 (1995).

Acknowledgements

We appreciate the National Institutes of Health for funding this project (R01 GM134732 to KJC), the Division of
Engineering at the Mayo Clinic for lending expertise on light power and intensity measurements, and the staff
of the Mayo Clinic Library for their literature search service. SS was funded in part by the Natural Sciences and
Engineering Research Council of Canada (NSERC) PDF-546008-2020 as a postdoctoral fellow.

Scientific Reports |  (2024) 14:7759 | https://doi.org/10.1038/s41598-024-57707-6 nature portfolio


https://doi.org/10.1074/mcp.M112.022947
https://doi.org/10.3389/fphys.2020.01002
https://doi.org/10.1371/journal.pone.0086176
https://doi.org/10.1371/journal.pone.0086176
https://doi.org/10.1016/j.cub.2003.10.022
https://doi.org/10.1016/j.cub.2003.10.022
https://doi.org/10.1038/35003589
https://doi.org/10.1038/3703
https://doi.org/10.3389/fnana.2015.00002
https://doi.org/10.1016/j.ygcen.2011.12.031
https://doi.org/10.1016/j.ygcen.2011.12.031
https://doi.org/10.1530/JOE-12-0379
https://doi.org/10.1038/srep22582
https://doi.org/10.1038/srep37991
https://doi.org/10.1016/j.ygcen.2012.11.016
https://doi.org/10.1016/j.ygcen.2012.11.016
https://doi.org/10.1016/j.mce.2012.08.017
https://doi.org/10.1038/s41598-017-02822-w
https://doi.org/10.1038/s41598-017-02822-w
https://doi.org/10.1371/journal.pone.0139521
https://doi.org/10.1371/journal.pone.0139521
https://doi.org/10.1038/s41598-018-20112-x
https://doi.org/10.1016/j.jclinepi.2017.12.006
https://doi.org/10.1016/j.jclinepi.2017.12.006
https://doi.org/10.3389/fncir.2013.00109
https://doi.org/10.1016/j.chemosphere.2022.133863
https://doi.org/10.1038/nmeth.2698
https://doi.org/10.1038/nmeth.2698
https://doi.org/10.3389/fpsyg.2018.02104
https://doi.org/10.1111/ceo.12358
https://doi.org/10.1146/annurev.publhealth.23.100901.140546
https://doi.org/10.1038/nmeth.2613
https://doi.org/10.1038/nmeth.2613
https://doi.org/10.1038/nmeth.3414
https://doi.org/10.1038/nmeth.3414
https://doi.org/10.1093/toxsci/kfy258
https://doi.org/10.1038/nmeth.2937
https://doi.org/10.1038/nmeth.2937
https://doi.org/10.1038/506150a
https://doi.org/10.1007/s11999-009-1164-4
https://doi.org/10.1371/journal.pbio.1002128
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1038/nmeth.4210
https://doi.org/10.1016/j.agee.2021.107609
https://doi.org/10.2134/agronj2012.0506
https://doi.org/10.1177/096228029500400302
https://doi.org/10.1177/096228029500400302

www.nature.com/scientificreports/

Author contributions

HBL and KJC developed hypotheses and designed experiments. FEM developed the statistical model and R
scripts. HBL performed statistical analysis and developed R scripts. HBL, SS, FEM, and KJC analyzed the data.
HBL, VDH, GEB, RM, EMH, IKG, EC, and SS conducted experiments. HBL, SS, IKG, FEM, and KJC wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57707-6.

Correspondence and requests for materials should be addressed to K.J.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7759 | https://doi.org/10.1038/s41598-024-57707-6 nature portfolio


https://doi.org/10.1038/s41598-024-57707-6
https://doi.org/10.1038/s41598-024-57707-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Key HPI axis receptors facilitate light adaptive behavior in larval zebrafish
	Materials and methods
	Materials and equipment
	Zebrafish husbandry
	Mutant zebrafish lines
	Behavioral assay preparation
	Custom light boxes
	Basalbaseline locomotor activity assays
	Dark–light repeat assays
	Dim light assays
	Statistical analysis
	Explanatory (independent) variables
	Response (dependent) variable
	Statistical analysis workflow
	Model
	Inference for the locomotion
	Proportion of significance during a photo period
	Inference for the proportion


	Results
	Generalized additive model describes locomotor response during environmental changes
	WT larvae move more in light than in darkness during the day
	nr3c1 mutant larvae move less than WT siblings in light and darkness during the day
	mc2r mutant larvae show less activity than WT siblings in darkness only when illumination duration is shorter
	nr3c1 mutant larvae move less than WT siblings in darkness when illumination duration is shorter
	Mutations in nr3c2 do not appear to have consistent effects on locomotion
	Locomotor patterns over dark–light repeats are reproduced with much dimmer light

	Discussion
	References
	Acknowledgements


