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SUMMARY

DISC1 is a genetic risk factor for multiple psychiatric disorders. Compared to the
dozens of murine Disc1 models, there is a paucity of zebrafish disc1 models—an
organism amenable to high-throughput experimentation. We conducted the lon-
gitudinal neurobehavioral analysis of discT mutant zebrafish across key stages of
life. During early developmental stages, disc1 mutants exhibited abrogated
behavioral responses to sensory stimuli across multiple testing platforms. More-
over, during exposure to an acoustic sensory stimulus, loss of disc1 resulted in the
abnormal activation of neurons in the pallium, cerebellum, and tectum—anatom-
ical sites involved in the integration of sensory perception and motor control. In
adulthood, disc1 mutants exhibited sexually dimorphic reduction in anxiogenic
behavior in novel paradigms. Together, these findings implicate disc1 in sensori-
motor processes and the genesis of anxiogenic behaviors, which could be ex-
ploited for the development of novel treatments in addition to investigating
the biology of sensorimotor transformation in the context of disc1 deletion.

INTRODUCTION

Disrupted-In-Schizophrenia 1 (DISC1) was originally identified to co-segregate with schizophrenia, bipolar
disorder, and major depression, and growing evidence now demonstrates that human DISC1 variants also
confer risk to endophenotypes that underlie multiple neurodevelopmental disorders, including autism
spectrum disorder, attention-deficit/hyperactivity disorder, and Asperger’s syndrome.'™” The diversity of
endophenotypes associated with DISCT mutations in patients is mirrored by the diversity of phenotypes
observed in murine Discl genetic models. Currently, there are over a dozen genetic models to study
Disc1-dependent phenotypes.'®"'® Moreover, many of the murine Disc1 genetic models exhibit opposing
or unique behavioral phenotypes.'”'?"® These differences suggest possible environmental influences on
behavior in the context of DiscT deletion. Further complicating the analysis of the growing number of mu-
rine lines, there could be age-dependent functions of this gene, and it is challenging to characterize
behavior with a battery of assays throughout the lifespan.’*"*

Zebrafish is an ideal model organism to overcome these challenges and decipher gene-environment interac-
tions in behavioral neuroscience.'"'” Each week, a mating pair can produce > 200 fertilized eggs. Due to their
fecundity, rapid ex utero development, and modest laboratory footprint, these small vertebrate organisms
are uniquely positioned for large-scale behavioral phenotyping and high-throughput chemical screening.
Multiple paradigms and experimental permutations can be tested in a short period of time. Moreover, by
5 days post-fertilization (dpf), larval zebrafish possess all major sensory organs and neurotransmitter systems
in addition to displaying a rich repertoire of complex neurobehaviors including hunting, avoidance of pred-
ators, group interactions, learning and memory, and prepulse inhibition.'*"?? Zebrafish provide a unique op-
portunity to assess behaviors from as early as 1 dpf (embryonic stage) to 7 dpf (an equivalent developmental
stage to post-natal mammals),”’*** in addition to testing classical adult paradigms of behavior.”*"*” Thus,
zebrafish is a tractable model for behavioral phenotyping through the lifespan.

Prior studies in zebrafish have investigated the functions of discl in early neurodevelopmental pro-
cesses.’’ ¢ These studies demonstrate that disc1 plays a conserved role in neural development. Moreover,
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example, abnormal axonogenesis and defects in Wnt-mediated neural development caused by loss of
disc1 in zebrafish were rescued by the co-injection of human DISC1 mRNA.**** While the majority of prior
studies on discT in zebrafish were focused on understanding its role in neurodevelopment,®*° investiga-
tions into the behavioral effects of disc1 mutations in zebrafish have only just begun.** Consequently, the
development of disc1-mediated behavioral models in zebrafish has been lagging that of murine models.
Dependent on the specific Disc1 mutant line being tested, Disc1 mutations in mice affect anxiety, sociabil-
ity, and depressive-like behaviors.'% >3 |n both mice and humans, carriers of DISC1 mutations exhibit
defects in sensorimotor behaviors such as acoustic startle and sensory gating.'%*® Finally, sex differences in
behavioral responses were reported in disc1 murine models.**~*® In the present study, our aims were 1) to
decipher gene-environment interactions of disc through lifespan in zebrafish, and 2) to identify behavioral
endpoints in discT mutants that could be leveraged for future high-throughput chemical screens.

Here, we generated zebrafish disc? mutants and subjected them to neurobehavioral testing across multi-
ple paradigms throughout their lifespan. In embryos, larvae, and adults, we measured responses to visual
and auditory stimuli, and tested paradigms of fear, anxiety, and socialization. As early as 28 h postfertiliza-
tion (hpf), disc1 mutants were behaviorally distinct from wild-type animals and exhibited abrogated senso-
rimotor behaviors. Differences in responses to sensorimotor stimuli in discT mutant embryos and larvae
were present in multiple testing paradigms and preceded sex-dependent differences in anxiety in adult-
hood. Finally, we conducted whole-brain optical imaging to map neuronal activity in discT mutant brains
and compared it to existing data on schizophrenia-associated genes collected by our group. In summary,
this new mutant line provides a tractable neurogenetic model to study sensorimotor pathways and the gen-
esis of anxiogenic behaviors in the context of genetic loss of discT. In addition, we identified behavioral
endpoints that will enable the chemical screening of small molecules in discT mutants; by leveraging the
exact same behavioral phenotyping platforms that are used for high-content screening, we set the stage
for large-scale chemical screens aimed at discovering novel pharmaceuticals to reverse the sensorimotor
defects in carriers of discT mutations.

RESULTS
Generation of disc1 mutant zebrafish

We used CRISPR-Cas9 genome editing to target exon 2 (Figures 1A and 1B), as it is present in all annotated
zebrafish Discl isoforms. The Cas9 target site was upstream of the putative protein-protein binding do-
mains (Figure 1C).3*” One mutant exhibited a 20-nucleotide deletion starting at base pair +129 (Fig-
ure 1B), which is expected to cause a frameshift, the generation of a premature translational stop codon,
and the formation of a predicted truncated protein consisting of 16-amino acids (Figure 1C, red line de-
notes predicted truncated mutant protein). The founder was raised to adulthood and outcrossed to
wild-type (WT) zebrafish. Genotyping and confirmation of knockout were performed by PCR fragment
length analysis (Figure S1) and by Western blot using an antibody directed to an internal sequence (aa
511-527) (Figure 1D). WTs displayed an expected band at ~100 kD while discT homozygous mutants lacked
this band, confirming that the truncated allele results in the loss of Disc1 protein. The expected Mendelian
ratio was observed in 3-month-old adults derived from heterozygous crosses (Figure 1E, n = 451). Further,
the mutant larvae exhibited normal gross morphology at 6 dpf (Figure 1F), and adults were fertile and lived
a normal lifespan. Next, we sought to characterize the behavioral responses of discT homozygous mutant
embryos, larvae, and adults using a battery of behavioral assays (Figure 1G).

The photomotor response is absent in disc1 mutant embryos

Prior to the development of a functional visual system, exposure to high intensity white light induces rapid,
rhythmic tail coiling movements in zebrafish embryos. This nonvisual light-driven motor behavior, termed
the photomotor response, occurs between 24 and 30 h postfertilization (hpf) and is controlled by photo-
sensitive neurons in the hindbrain.”® The photomotor response assay was designed to capture the robust
and reproducible series of motor behaviors induced by photo-stimulation, and consists of four discrete
phases: pre-stimulus background phase, latency phase, excitation phase, and refractory phase.”” In
dark-adapted embryos that were previously loaded into 96-well plates, basal motion is acquired for 9 s
(pre-stimulus background phase). Next, an intense visual wavelength light stimulus is delivered for 1 s re-
sulting in a brief latency phase (1 s) followed by vigorous tail coiling that lasts for 5 s (excitation phase). Sub-
sequently, a second light pulse does not elicit vigorous movement (refractory phase) (Figures 2A and 2B).
These stereotypic movements are registered as motion indexes (Ml) that are calculated by frame differenc-
ing serial images from digital videos (Figure 2B).*
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Figure 1. Generation of the disc1 mutant genetic model in zebrafish

(A) Representation of the 15 exon discT gene. Red asterisk indicates the site targeted.

(B) The CRISPR-Cas? target site is highlighted in yellow, with the PAM underlined. A mutant line with a 20-base pair
deletion (denoted by red dashes) was identified.

(C) Depiction of the putative Disc1 protein domains. The red line indicates the predicted length of the truncated protein in
discT mutants.

(D) Western blot of Disc1 protein in lysates from discT WT and HOM larvae at 7 dpf (25 larvae per lane).

(E) Ratio of genotypes in offspring generated by disc1 heterozygous incrosses (n = 451; age = 3 months).

(F) Light micrographs of disc? WT and HOM larvae at 7 dpf.

(G) Diagram depicting the timeline of neurobehavioral assays conducted through lifespan.

As expected, during the excitation phase, 28 hpf WT embryos exhibited a significant increase in motion
index as compared to their baseline motion (Figure 2C; Ml = 149.2 + 13.0 versus 64.5 + 5.9, p = 0.001;
FDR g < 0.0001), followed by a refractory period in which they did not respond to a second pulse of light
(MI'=39.9 £+ 3.2). In contrast to this normal response to photo-stimulation, disc? mutants did not exhibit a
significant increase in motion after the first light pulse as compared to their baseline motion (Figure 2C).
Moreover, the maximal motion index reached during the excitation phase was ~26% lower in disc1 mutants
as compared to that of WTs in the excitation phase (p = 0.01; FDR g = 0.002). These data indicate that light-
induced excitation is not present in discT homozygous embryos. These findings were not due to develop-
mental delay as embryonic staging by developmental landmarks and by somite number was normal
(Figures S2A and S2B). In addition, morphological defects in muscle structure were not detected
(Figures S2C-S2J).

Following the excitation phase, WT animals did not respond to a second light pulse delivered att = 20 s
(Figure 2C; refractory phase). Similar to WTs, discT mutants did not respond to the second light stimulus.
Interestingly, the motion index in the refractory phase decreased to ~40% below the pre-stimulus baseline
level in mutants (p = 0.001; FDR g < 0.0001) similar to the ~41% decrease observed in WTs (p = 0.0005; FDR
g < 0.0001) (Figure 2C). The finding that mutants exposed to a second light pulse decreased their Ml may
indicate that disc! mutants perceive the first light stimuli but did not respond by increasing motor activity.
Cumulatively, these data demonstrate that genetic loss of disc affects behavioral responses, specifically
the nonvisual light-driven motor circuit located in the zebrafish hindbrain, as early as 28 hpf.

iScience 26, 107099, July 21, 2023 3




¢? CellPress

OPEN ACCESS

A
1 dpf embryos SOO_pm /
B Light pulses c p=0.01
Basal Ex0|tat|on Refractory p=0.001 n.s.
Motion\/ Phase Period mwT
500 350 N W HOM
300
5| 8250 ,,
2 < 200 I ‘
c o
(<} = 150 T .
= h o T
! 1o L B8 gl
| so ] || T |
0 0 — —
EY o ﬂ 2D xo° N
0 2o o o\\a\‘ & 0 o 6*0\\?)\\ @
T|me (seconds) A
D BWT = Soft Tap
< W HOM Hard Tap
Red light
Purple light
40000 Blue light
3 |
()
2 30000 |
5 \
5 20000 ?J ﬁ’ g ‘
Wil .
10000
©
F ASR1 ASR2
o 2 AVSR1 AVSR2 AVSR3
& VSR1 VSR2 VSR3 VSR4 VSR5

Figure 2. disc1 mutant embryos and larvae display blunted behavioral responses to sensory stimuli

(A) Overview of the photomotor response assay: Ten embryos (28 hpf) per well were loaded into 96-well plates and motion
was measured using the ZebraBox.

(B) Example motion index graph. For each well, basal motion was captured, followed by an excitation period induced by a
light stimulus (denoted by a magenta vertical bar), and a refractory period in which a second light stimulus (denoted by a
magenta vertical bar) did not elicit motion.

(C) Box and whisker plot showing motion indexes for the basal, excitation, and refractory phases in WT (gray) and mutant
(magenta) embryos (n = 48 wells per genotype). The box in the plot represents the 25th percentile to the 75th percentile,
the line across the box represents the median, and the whiskers are the maximum and minimum data-point values.

(D) Behavioral profile generated in 7 dpf larvae using a battery of sensory and acoustic stimuli demonstrating decreased
motor outputin disc mutants in response to auditory stimuli. Plot shows the average motion index of WT (gray) and disc1
mutant (magenta) larvae (8 larvae per well, 36 wells per genotype). The x-and y axes indicate time and the motion index,
respectively. Behavioral assay names and their order in the run are indicated below the x axis. AS = auditory stimulus,
VS. = visual stimulus and AV = auditory plus visual stimulus.

disc1 mutant larvae exhibit blunted behavioral responses to auditory stimuli

We next sought to determine the behavioral responses elicited by a range of sensory stimuli in discT mu-
tants. To measure sensorimotor behavioral responses, we used a platform that we previously developed in
which 7 dpf larvae are loaded into 96-well plates and then placed into an enclosed behavioral apparatus to
capture motion index for 10 serial behavioral assays.”” The 10 assays use combinations of visual and audi-
tory stimuli: two acoustic stimulus response assays (ASR1 and ASR2), five visual stimulus response assays
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(VSR1-VSRY), and three combined acoustic and visual stimulus response assays (AVSR1-AVSR3). Previously,
using this platform, we demonstrated that visual, auditory, and combined stimuli induce unique and robust
behavioral profiles.”

After an acclimation period to the enclosed platform (in the dark), the basal motion was measured. disc1
WT and mutant larvae displayed similar baseline motion prior to the start of stimulus delivery (WT MI =
13601 £ 972 versus HOM MI = 14363 + 2190; p = n.s.). Visual stimuli (red, blue, and purple light) elicited
a similar motion index in discT mutants as compared to wild-type animals (VSR1-5; Figure 2D). For example,
as shown in VSR1, violet light (405 nm) rapidly increased motor activity and when the light was turned off,
the animals immediately stopped moving; by contrast, red light did not affect motor activity (Figure 2D).
When red (600 nm) was paired with violet light, the sharp decrease in motion was lost. Instead, the activity
slowly decayed in the presence of red light (VSR2).

In acoustic stimulus assays, disc! mutants exhibited a reduction in motion indexes. In response to a series
of one soft tap per second for 30 s (ASR2; Figure 2D), WTs initially responded with a high motion index,
which slowly tapered over the 30-s assay as they habituated. In contrast, discT mutants never reached
the peak of motion as compared to WTs (HOM MI = 28726 + 4523 versus WT MI = 37108 + 5879;
p = 0.003). In addition, the motion index in mutants remained steady for ~15's, and then tapered off while
in WTs the peak response occurred almost immediately and then tapered off. In combinational acoustic
and visual assays (AVSR1-3), discT mutants also responded with less motion. Together, these data demon-
strate a defect in motor output following repeated auditory stimulation in disc1 mutants.

Brain-wide mapping of neural activity in disc1 mutants following auditory stimulus

In contrast to classical single-neuron mapping in mammals, the optical clarity of zebrafish allows for
comprehensive whole-brain mapping. Neuronal activity can be measured in zebrafish brains using phos-
phorylated extracellular-signaling-regulated kinase (phospho-ERK), a marker of active neurons, followed
by confocal microscopy. A whole-brain activity map is then generated using a nonlinear volume registration
algorithm.”” Multiple brains are registered into the Z-brain atlas and statistical differences between the
groups (mutant and sibling controls) are calculated.”” Leveraging this technique, we interrogated gene-
function relationships of discT in the zebrafish brain.

As discT mutant larvae displayed differences in sensorimotor behaviors that included auditory stimuli (Fig-
ure 2D and Table 1), we chose to define activity maps in the presence of an auditory stimulus. Following an
acclimation period in our behavioral platform, a single high magnitude acoustic stimulus (70 dB) was deliv-
ered and 2 min later the 7 dpf larvae were fixed. A 2-min delay elicits the highest levels of phospho-ERK.*
Sibling control fish were exposed to the exact same conditions, as the groups were mixed and genotyped
following imaging. We detected increased activity throughout the entire brain in disc? mutants compared
to controls (Figures 3A and 3B). The most prominent bilateral activity was in the pallium and cerebellum in
addition to the tectum (Figures 3C-3E and S3A-S3D; n = 38-44 per genotype), and these activity patterns
were replicated in a second experiment (Figure S4). In addition, there were no differences at baseline, in
unstimulated animals. Importantly, deformation-based morphometry®® using the total-ERK stain revealed
no apparent structural differences in the mutant brains (Figure S5). Thus, these results indicate that the
abnormal sensorimotor behavioral responses in discT mutants are likely due to differences in neural circuit
function and not to major changes to brain development or morphology.

We next compared the discT mutant activity patterns to those produced for a large set of zebrafish mutants
for schizophrenia-associated genes®'; disc1 mutant neural activity maps were not previously published in
this dataset. We found that of the 132 mutants cacnalc heterozygous loss-of-function was the most similar.
In contrast to the increased activity in discT mutant brains, the cacnalc mutants showed decreased activity
in similar areas (Figures 3F-3K). While the direction of these activity changes differs, the similar pattern in-
dicates a disruption in overlapping circuitry in these two models.

Innate fear response is abrogated in disc1 mutant larvae

We next sought to determine the effect of fear and anxiety paradigms in our disc! mutants. We evaluated
the behavioral response to a stimulus that invokes the innate fear response in 7 dpf larvae. Similar to most
other animals, zebrafish respond to aversive stimuli by exhibiting defensive behaviors such as freezing and
escaping. In zebrafish, encountering aversive stimuli such as bright light, moving shadows, or predators,
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Table 1. Summary of Behavioral Responses in disc1 Mutants

Effect in
Behavioral Assay Age Phenotype disc1 Mutants  Sex-Effect
Photomotor response 28 hpf  Light-induced excitation absent N/A
assay Refractory period present N/A
Photomotor response absent N/A
Sensorimotor response 7 dpf Visual stimuli (red, purple or blue light) - N/A
assay Acoustic stimuli (soft taps or hard taps) l N/A
Combination of visual and acoustic stimuli 1 N/A
Sensorimotor responses l N/A
Strobe light response 7 dpf Innate fear response l N/A
assay
Novel tank diving test adult Total time and average time per I Male
visit in the top zone
Distance traveled in the top zone 1 Male
Latency to first entry into the top zone l Female
Number of transitions - No
Mean speed l No
Anxiogenic behavior l Male
Light-dark preference adult Latency to first entry into the light zone l No
test Total time in light zone 1 No
Average time per visit in the light zone T Male
Number of transitions - No
Scototaxis absent No
Shoal preference test adult Total visit time and average time - No
per visit social zone
Total visit time and average time - No
per visit asocial zone
Shoal preference - No
Shoal cohesion adult Average pairwise fish-fish distance l N/A
Average distance to furthest neighbor l N/A
Shoal cohesion T N/A

hpf: hours postfertilization; dpf: days post-fertilization; | indicates decreased response; 1 indicates increased response; —
indicates normal response; N/A indicates sex not known.

evokes active or passive threat response (escaping or freezing behavior, respectively).””>* This innate fear
response can be modeled using the strobe light response (SLR) assay.”® In this assay, 7 dpf animals (n = 10)
are loaded into 96-well plates and placed in a dark chamber with an infrared camera that records locomotor
activity in each well. Alternating 1-min intervals of darkness and 10 Hz strobe light invokes threat response
behavior, which is quantified by measuring the overall motion in each well (motion index).

During the dark intervals, WT zebrafish actively and freely swam in their wells (Figure 4A; solid black bars). In
contrast, the strobe light induced rapid onset hypo-locomotion and freezing behavior as demonstrated by
the motion index att = 60-120 s (Figure 4A; broken black bars) as compared to the motionindex att =0-60's
in the dark-interval period. Subsequently, when the next dark interval began at t = 120 s the animals imme-
diately returned to actively swimming in their wells. Thus, the innate fear response was present in 7 dpf WT
zebrafish as demonstrated by the substantially decreased average motion indexes during strobe light in-
tervals (Figure 4A, the average motion is indicated by the red line) as compared to dark intervals (Figure 4A,
the average motion is indicated by the blue line). disc1 mutants also responded to strobe light by freezing
(Figure 4B), however, there was a difference in latency of the response in disc1 mutants as compared to
wildtypes.
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Figure 3. Brain-wide mapping of neural activity in disc1 mutants following acoustic stimulus

(A) Color coded diagram highlighting several structures in the larval zebrafish brain at 7 dpf.

(B) Sum-of-slices projections (x- and z-axes) of significant differences between discT mutant and sibling control groups
(n =44 HOM and n = 38 sibling controls). Increased versus decreased neuronal activity in disc! mutants is displayed as

green and magenta, respectively.
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Figure 3. Continued

(C-H) Image slices showing the specific brain subregions with significant differences in neuronal activity in (C-E) discT and
(F-H) cacnalc mutants. Images of activity in the (C,F) pallium (outlined in orange) and (D-E), (G-H) cerebellum (outlined in
white) demonstrating increased activity differences in these regions in discT mutants and decreased activity differences in
these regions in cacnalc mutants.

(I-K) Diagrams indicating the spatial location of the image slices displayed in panels C/F, D/G, and E/H, respectively.

Upon closer inspection of the behavioral profiles, WTs and disc1 mutants exhibited uniform and similar
levels of activity in the dark (Figures 4C-4E). By contrast, during the strobe light, hypo-locomotion was abro-
gated in discT mutants (Figures 4F-4H); at t = 71, the motion index of discT mutants was 31% higher than
that of WTs (Figure 4H; 0.81 £ 0.20 versus 0.60 + 10.13; p = 0.0004). Over the next 20 s (t = 71-90), the mo-
tion index for mutants was approximately twice that of WTs (t = 75: 0.86 + 0.16 versus 0.48 + 0.12,
p = 0.0001; t = 80: 0.82 + 0.16 versus 0.34 + 0.08, p = 0.004; t = 85: 0.59 + 0.13 versus 0.22 + 0.06,
p = 0.010). During the last 30 s, both WTs and mutants froze for the remaining 30 s of the strobe light.
Together, these results indicate that the innate fear response to a threatening stimulus is present but
partially suppressed in disc1 mutant larvae.

disc1 mutants exhibit decreased anxiogenic behavior and increased exploration behavior in a
novel environment

We next sought to assess the behavior of adult mutants in paradigms that induce anxiety. To assess anxiety,
we used the novel tank diving test—a well-established assay that is the aquatic equivalent to the murine
open field test.”** When removed from their home tank and placed into a new tank, zebrafish instinctively
dive to the bottom of the tank to seek protection and subsequently spend the majority of the time swim-
ming near the bottom of the tank (Figure 5A). As the animal habituates to the novel environment, it begins
to explore. This is evidenced by swimming upwards and engaging in swimming at the top of the tank.
Increased time spent in the top zone of the tank indicates low anxiety and increased willingness to explore
a new environment, while increased time spent in the bottom zone of the tank indicates high anxiety and
decreased willingness to explore a new environment.”*>*

Adult male zebrafish were gently placed into a novel tank and digital videos of movement were captured
using a side-mounted camera. To globally visualize position preference in the novel tank, heat maps were
generated based on the time spent in each x-y coordinate of the tank during the 15-min test. As expected,
sibling WT fish spent the majority of the time swimming in the bottom zone of the tank (Figure 5B). In
contrast to this normal pattern of position preference in the novel tank diving test, the heatmap of disc?
mutants depicted increased entries into and increased time spent in the top zone of the tank (Figure 5B).
Using motion tracking software, we next quantified several parameters of anxiogenic and exploratory be-
haviors including time spent in each zone, number of visits to the top zone, and average visit time to the top
zone. The total time spent in the top zone was significantly greater in discT mutants versus WT siblings
(115 £ 69 versus 57 + 63's, p = 0.01; Figure 5C). In accordance with this result, the total distance traveled
in the top zone was significantly approximately twice as much in mutants versus WTs (484 + 230 versus
216 + 151 cm, p = 0.0004; Figure 5D). Concomitantly, the total distance traveled the bottom zone was
significantly less in discT mutants versus WTs (p = 0.01; Figure 5E). Mutants did not exhibit a significant dif-
ference in latency time to first entry into the top zone or in the total number of visits to the top zone as
compared to WTs (Figures 5F and 5G). However, the average time spent per visit to the top zone was
approximately twice as long in discT mutants versus WTs (2.99 + 1.83 versus 1.73 £ 0.56 s, p = 0.009; Fig-
ure 5H) leading to increased total time in the top zone. The mean speed of mutants was slower than that of
WTs (p = 0.009; Figure 5l), and the total distance traveled in the whole tank was less (p = 0.03; Figure 5J).
Cumulatively, these findings indicate that male disc1 mutants exhibit increased exploratory behavior when
placed in a new environment and demonstrate behaviors associated with low anxiety in response to the
stress of a novel environment.

disc1 mutants exhibit sex-specific differences in anxiogenic and exploration behaviors

To determine if there are sex-specific differences in our discT mutant line, we next examined the behavior of
adult female zebrafish. Female discT mutants did not exhibit significant differences in position preference
in the novel tank diving test as reflected by heat maps of the time spent in each x-y coordinate of the tank
(Figures 6A and 6B). Moreover, female discT mutant zebrafish did not display significant differences in most
of the parameters of anxiogenic behaviors measured as compared to female WT siblings (Figures 6C-6J).
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Figure 4. Innate fear response is abrogated in disc1 mutant larvae

(A and B) Plots of motion index for (A) WT and (B) mutant larvae (7 dpf) in the strobe light response assay. Dark versus
strobe light intervals are indicated by the solid black versus the black-and-white panels above the plots.

(C and D) The blue and red lines indicate the average motion index during the dark and strobing light periods,
respectively. Representative plots of 60 s of motion during the dark period for (C) WT and (D) mutant larvae.

(E) Graph of average motion index over time (motion binned in 5 s intervals) in WT (gray) and mutant (magenta) larvae
demonstrating that both move at a similarly constant level throughout the 60-s dark period (10 larvae per well, 48 wells per
genotype).

(F and G) Data is normalized to the WT Ml at t = 0. Representative plots of motion during the strobe light period for (F) WT
and (G) mutant larvae.

(H) Graph of average motion index over time in WT (gray) and mutant (magenta) larvae demonstrating that, during the
strobe light phase and during a specific period (t = 71-90), discT mutants exhibit a higher motion index as compared with
WT larvae. Data is normalized to the WT Ml att=0.* = p <0.01.

Error bars = standard deviation.

The only behavior that was significantly different in female mutants as compared to female WTs was a
reduction in latency to first entry into the top zone (96 £ 69 versus 200 + 142 s, p = 0.007; Figure 6F);
this phenotype was not observed in male mutants. The mean speed of female mutants was slower than fe-
male WTs (p = 0.05; Figure 6l), a phenotype also observed in males; however, the total distance traveled in
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Figure 5. Adult male disc1 mutants exhibit decreased anxiogenic behavior and increased exploration behavior in
a novel environment

(A) Diagram of behavioral testing arena.

(B) Spatiotemporal data (heat maps) depicting the amount of time spent at each location in the testing arena by a
representative male WT sibling and male discT mutant (red indicates increased time and blue indicates decreased time).
(C-J) Box and whisker plots of the (C) total time spent in the top zone, (D) distance traveled in the top zone, (E) distance
traveled in the bottom zone, (F) latency time to first visit to the top zone, (G) the number of transitions between the top
and bottom zone, (H) average time per visit in the top zone, (I) mean speed throughout the duration of the assay, and
(J) total distance traveled in the top and bottom zone combined. WTs (black, n = 16 males), HOMs (green, n = 16 males).
*=p < 0.01. The box in the plot represents the 25th percentile to the 75th percentile, the line across the box represents
the median, and the whiskers are the maximum and minimum data-point values. * = p<0.05.

the whole tank was not different in females. In summary, these findings indicate that loss of discT leads to
differences in several metrics of anxiety and exploratory behaviors in males but not females.

disc1 mutants do not exhibit scototaxis in the light-dark preference test

We next assessed behavior in a conflict-based novelty test. Zebrafish exhibit an innate aversion to brightly
illuminated spaces and a marked preference for dark spaces, a behavior termed scototaxis, which can be
measured using the light-dark preference test.”’~** In this assay, a zebrafish is placed in a tank that is half-lit
and half-dark (Figure 7A). When placed in this environment, zebrafish have a marked preference for the
dark compartment as evidenced by spending more time in that zone. Increased time spent in the light

compartment indicates increased risk-taking behavior and a reduction in anxiety-like behavior.?’>*

discT mutants spent more time in the light zone as compared to wildtypes. Male mutants spent 39% more
time in the light zone (46 s, p = 0.02, FDR g = 0.009) as compared to male WTs (Figure 7B) and female
mutants spent 29% more time in the light zone (41 s, p = 0.04, FDR g = 0.011) as compared to female
WTs (Figure 7C). discT mutants (males and females) exhibited a shorter latency time to first entry into
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Figure 6. Adult female disc1 mutants do not exhibit decreased anxiogenic behavior and increased exploration
behavior in a novel environment

(A) Diagram of behavioral testing arena.

(B) Spatiotemporal data (heat maps) depicting the amount of time spent at each location in the testing arena by a
representative female WT sibling and female discT mutant (red indicates increased time and blue indicates decreased
time).

(C-J) Box and whisker plots of the (C) total time spent in the top zone, (D) distance traveled in the top zone, (E) distance
traveled in the bottom zone, (F) latency time to first visit to the top zone, (G) the number of transitions between the top
and bottom zone, (H) average time per visit in the top zone, (I) mean speed throughout the duration of the assay, and
(J) total distance traveled in the top and bottom zone combined. WT (black, n = 16 females), mutant (red, n = 16 females).
* =p <0.01. The box in the plot represents the 25th percentile to the 75th percentile, the line across the box represents
the median, and the whiskers are the maximum and minimum data-point values. * = p<0.05.

the light zone; mutants first entry was 5-fold earlier than WTs (male: 8 + 11 versus 43 + 53 s, p = 0.02, FDR
g = 0.022 and female: 5 + 3 versus 24 + 38, p = 0.05, not FDR significant; Figures 7D and 7E). Finally,
although the number of entries into the light zone was not different (Figures 7F and 7G), the average visit
time in the light zone was significantly longer in male mutants compared to male WTs (p = 0.009, FDR g =
0.025; Figure 7H), and in female mutants as compared female WTs (p = 0.038, FDR g = 0.026; Figure 71). In
sum, the results of the light-dark preference test indicate that the innate aversion to brightly illuminated
spaces is suppressed in disc! mutants (Table 1).

disc1 mutants exhibit a preference to be part of a shoal

Zebrafish are highly social animals that form tight multimember groups (shoals).”®*>=>” To investigate so-
cial behavior in zebrafish, we used the three-chamber shoal preference test. In this assay, an adult zebrafish
is placed in the center chamber of a tank that has an empty chamber on one end (asocial zone) and 5 con-
specifics in the chamber on the opposite end (social zone) (Figure 8A). The behavior of the animal was re-
corded and social preference was assessed by quantifying the total visit time to each zone and the average
time per visit to each zone. Male WT zebrafish spent more total time in the social zone as compared to the
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Figure 7. Adult disc1 mutants do not exhibit scototaxis in the light-dark preference test

(A) Diagram of behavioral testing arena.

(B-G) Total time spent in the light zone (open bars) and dark zone (black bars) by WT sibling and mutant (B) males (n = 16)
and (C) females (n = 16). Latency to first entry into the light zone in (D) males and (E) females. Number of transitions into the
light zone in (F) males and (G) females.

(H and 1) Average visit time in the light zone in (H) males and (I) females. ** = FDR significant, * = nominally significant.
Data are presented as box and whisker plots. The box in the plot represents the 25th percentile to the 75th percentile, the
line across the box represents the median, and the whiskers are the maximum and minimum data-point values.

asocial zone (392 + 111 versus 39 + 355, p < 0.0001; Figures 8B-8D). In addition, they spent significantly
greater time per visit to the social zone than to the asocial zone (10.6 + 11.3 versus 1.6 + 0.6 s, p < 0.0007;
Figures 8E and 8F). Male discT mutants also exhibited a preference for the social zone compared to the
asocial zone (365 + 22 versus 50 £ 7 s, p < 0.0001; Figures 8C and 8D). They also spent significantly greater
time per visit to the social zone than to the asocial zone (6.5 £+ 3.0 versus 1.6 + 0.7 s, p < 0.0001; Figures 8E
and 8F; note the different y axis scales). These metrics of shoaling preference were not significantly
different between male disc? WT and mutant animals (Figures 8C-8F).

Next, we tested shoal preferences in females. Female WT zebrafish exhibited significantly greater total visit
time to the social zone versus the asocial zone (441 £+ 156 versus 22 + 165, p <0.0001; Figures 8G and 8H) and
greater time per visit to the social zone versus the asocial zone (17.9 + 16.7 versus 1.1 £ 0.6 s, p < 0.0001;
Figures 8l and 8J). Female disc? mutants also exhibited a preference for the social zone compared to the
asocial zone. They spent significantly increased total visit time in the social versus asocial zone (487 + 66
versus 22 + 27's,p < 0.0001; Figures 8G and 8H) and greater time per visit to the social zone versus the asocial
zone (15.1 £ 17.2versus 1.0 + 0.5, p <0.0001; Figures 81 and 8J). None of the metrics of shoaling preference
were significantly different between female disc1 WT and mutant animals (Figures 8G-8J).

Finally, we assessed shoal cohesion using shoals consisting of 3 males and 3 females that were placed in a
single open chamber tank. We measured average-pairwise fish-fish distance, average distance to the furthest
neighbor, and average distance to the nearest neighbor (Figure 8K). The average-pairwise fish-fish distance
was 10% shorter in disc1 mutant shoals as compared to WT shoals (5.5 &+ 0.4 versus 6.1 + 0.3 cm, p = 9E-06;
Figure 8L). In addition, the average distance to the furthest neighbor in the shoal was 10% shorter in disc1
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Figure 8. Adult discT mutants exhibit a preference for being part of a shoal

(A) Diagram of behavioral testing arena.

(B) Heat maps depicting the amount of time spent at each location in the testing arena by a representative WT sibling and
disc1 mutant (red indicates increased time and blue indicates decreased time).

(C-F) Total visit time to the social zone, (D) total visit time to the asocial zone, (E) average time per visit to the social zone,
and (F) average time per visit to the social zone in males WTs (n = 16) and male disc1 mutants (n = 16).

(G-K) Total visit time to the asocial zone, (H) total visit time to the asocial zone, (I) average time per visit to the asocial zone,
and (J) average time per visit to the asocial zone in females WTs (n = 16) and female discT mutants (n = 16). (K) Pairwise
interactions measured in the shoal cohesion assay (n = 18; 3 males and 3 females per shoal).

(L-N) Average pairwise fish-fish distance, (M) average distance to the furthest neighbor, and (N) average distance to the
nearest neighbor. * = p < 0.01.

Data are presented as box and whisker plots. The box in the plot represents the 25th percentile to the 75th percentile, the
line across the box represents the median, and the whiskers are the maximum and minimum data-point values.
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mutant shoals as compared to WT shoals (10.3 + 0.5 versus 11.5 + 0.1 cm, p = 0.005; Figure 8M). There was
no difference in the distance to the nearest neighbor; thus, distance to the furthest neighbor underlies the
difference (Figure 8N). Together, these findings indicate that discT mutants form tighter shoals.

DISCUSSION

Accurate registration of sensory information and its subsequent transformation to motor output is essential
for an organism’s ability to adapt to its physical environment, and to interact among conspecifics. In this
study, a common correlate throughout the lifespan of disc1 mutants was that embryos, larvae, and adults
exhibit decreased responsiveness to aversive stimuli in diverse environmental contexts (Table 1). The
behavioral phenotypes detected across paradigms indicated impairment in the normal processing of sen-
sory information and stressful stimuli, in addition to response decision (sensorimotor transformation).
Concordantly, whole-brain activity mapping in disc? mutant larvae during exposure to an acoustic sensory
stimulus demonstrated that loss of disc1 abnormally activates neurons in the pallium, cerebellum, and
tectum—subregions in the central nervous system that integrate sensory input and motor output. Together
these findings demonstrate that the mutation of disc? in zebrafish abrogates motor output in response to
sensory stimuli, modulates neuronal activity in subregions involved in sensorimotor processing, and sup-
presses fear and anxiogenic behaviors.

As the very first behaviors emerge in embryos, behavioral defects are evident in disc1
mutants

Neurodevelopmental abnormalities that occur in utero contribute to the endophenotypes observed in
adult animals carrying disc1 mutations.'®> As opposed to the in utero development of mammals, the
external development (ex utero) of zebrafish allows access to all stages along the neurodevelopmental tra-
jectory. It was intriguing to find that in our discT mutant zebrafish embryos, abnormal behavioral responses
to external stimuli were evident very early in embryonic development, as early as 28 hpf. One of the first
behaviors to develop in zebrafish embryos is the photomotor response which is the behavioral response
of dark-adapted embryos to a pulse of white light. In discT embryos, the light pulse did not induce the
PMR excitation phase. Although the first light pulse did not trigger PMR excitation, the second light pulse
did trigger the PMR inactive phase—a reduction in motor activity (Figure 2C). This indicates that photo-
sensation is intact,”® and suggests that the mutants perceived the first light pulse but did not respond
with a motor output. These findings were not due to an overall delay in embryonic development or to
morphological defects in muscle development (Figure S2). The photomotor response occurs prior to the
development of vision (24 hpf versus 74 hpf, respectively)®®>” and thus does not require light detection
by retinal cells within the eyes. Instead, the hindbrain is both necessary and sufficient for this response.*®
A light-sensing circuit that drives this motor behavior has been identified in the caudal hindbrain and con-
sists of opsin-based photoreceptor neurons.*® Our findings suggest that disc1 KO zebrafish harbor defects
in this sensorimotor circuit in the hindbrain and demonstrate that as the very first embryonic behaviors
emerge in zebrafish, behavioral deficits are detectable in discT mutants.

disc1 mutant larvae exhibit abnormal neural activity in the cerebellum, tectum, and pallium,
and deficits in sensorimotor behaviors regulated by these nervous system substructures

In both mice and humans, carriers of DISC1 mutations exhibit defects in sensorimotor behaviors, including
prolonged latency time when presented with an acoustic startle stimulus and abnormal sensory gating.'%“°
Analogous assays are highly feasible in zebrafish larvae. Leveraging our high-content behavioral phenotyp-
ing platform, we next conducted a battery of 10 behavioral assays to determine the impact of combinations
of visual and auditory stimuli on sensorimotor behaviors in 7-day-old disc1 mutant larvae. disc1 mutant
larvae exhibited reduced acoustic startle as compared to sibling WTs in several behavioral assays (ASR1,
ASR2, and AVSR1-3; Figure 2D). These findings are consistent with murine studies demonstrating that mu-
tations in disc result in defects in the magnitude of motor responses to sensory stimuli and defects in the
rate of habituation to sensory stimuli—both of which result from deficits in neural processing of sensori-
motor stimuli.'%“° The behaviors observed in our discT mutant zebrafish provide a tractable new genetic
model to study the biology of sensorimotor processing pathways in the context of disc deletion in an
organism.

To further interrogate sensorimotor processing in the context of disc1 deletion, we conducted whole-brain
neuronal activity imaging. Brain structure and regional activity maps were generated following the delivery
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of a high-magnitude acoustic stimulus and through the subsequent elicitation of motor outputin disc1 mu-
tants and sibling controls. In response to an acoustic stimulus, there was increased bilateral activity in the
pallium, cerebellum, and tectum of disc! mutant larvae (Figures 3 and S3). These anatomical sites are
involved in the integration of sensory perception and motor control.®’ The zebrafish pallium is essential
for active avoidance and motivated behavior, and contains regions homologous to the mammalian amyg-
dala.®*** Thus, the acoustic startle induction of neural activity in the pallium is consistent with the pallium'’s
role in the response to fearful stimuli. disc! mutants exhibit abnormal stimulus-induced neural activity in
this subregion. Interestingly, in response to fearful stimuli, schizophrenic patients also exhibit altered ac-
tivity patterns in the amygdala.®®

We also observed differential neuronal activity patterns in the tectum of discT mutants. The tectum in
vertebrates (the superior colliculus in mammals) has an evolutionarily conserved function in processing vi-
sual-motor responses by transforming visual signals into motor responses,®*® in addition to processing
auditory and somatosensory inputs.®” Although less well-studied in zebrafish, in addition to processing vi-
sual stimuli, the zebrafish tectum also processes auditory and water motion stimuli.®’’° Thus, discT mutants
may exhibit abnormally increased activity in the tectum in response to the auditory stimulus that we deliv-
eredin the dark, or the tectum of discT may exhibit an abnormal registry of non-visual stimulus (i.e. the audi-
tory stimulus). Moreover, the decision to approach prey or to evade a predator requires the tectum.>*°%”"
We found that the innate fear response (SLR assay) is present but abrogated in discT mutant larvae as ex-
hibited by less freezing during the first half of the stimulus as compared to wildtypes (Figure 4). These
behavioral findings suggest that a predator threat stimulus (strobe light) evoked less fear in discT mutants.
Prior work has shown that an alarm pheromone, which indicates the presence of a predator and induces a
strong fear response in zebrafish, failed to upregulate cortisol levels in discT mutant larvae.®” In response to
a threat or the anticipation of a threat, cortisol-induced stress responses are activated,’” thus it can be hy-
pothesized that the disc1 mutant larvae experienced decreased stress in response to a fear-inducing stim-
ulus. Our study builds upon prior work by demonstrating that a visual predator threat stimulus (strobe light)
evoked less fear in discT mutants. Together with our whole-brain neuronal mapping, this implicates disc7in
neural circuits in the pallium and tectum that impact behavioral responses to fearful stimuli, thereby
providing a new entry point to study the regulation of defensive behaviors.

Early behavioral phenotypes of disc1 larval mutants correlated with concordant phenotypes
in disc1 adults

Zebrafish engage in complex behaviors through lifespan; however, very few of the numerous neurogenic
zebrafish mutant lines have undergone extensive behavioral characterization throughout key develop-
mental stages of their life. Therefore, it is often not clear whether early surrogate phenotypes in larvae truly
translate into changes in anxiety or fear in adult zebrafish. Using established paradigms of environment-
induced stress, we assessed adult behaviors in discT mutants. In the novel tank dive test, adult male
discT mutants exhibited decreased anxiety in response to the stress of a novel environment and increased
engagement in exploration behavior. This was evidenced by increased distance traveled in the top zone
and increased time per visit exploring the top zone (Figure 5). In a conflict-based novelty test (light-dark
preference test), the innate aversion to brightly illuminated spaces (scototaxis) was suppressed in adult
discT mutants. discT mutants spent more time in the light zone as compared to WTs, suggesting mutants
did not perceive the light compartment as an aversive environment (Figure 7). Moreover, discT mutants ex-
hibited a 5-fold shorter latency to first entry into the light compartment, an indication of willingness to
engage in higher-risk behavior. Cumulatively, these findings in adults are concordant with abrogated
fear in disc1 larvae in the SLR assay (Figure 4); in addition, they are concordant with the blunted responses
to aversive sensory stimuli in discT embryos and larvae (Figure 2).

Sex-specific effects of disc1 in zebrafish

There were sex-specific differences in anxiogenic and exploration behaviors in disc1 mutants. Male disc1
mutants were less anxious than male WTs in the novel tank dive test (Figure 5), in contrast, female discT
mutants displayed anxiogenic behavior similar to that of female WTs (Figure 6). The novel tank dive test
is a classical anxiogenic paradigm that is analogous to the open-field test used for mice. Sex-specific dif-
ferences in Disc mice in the open field test have been reported.”*® Given the extensive protein-protein
interactome of Disc1,"" sexually dimorphic behavioral phenotypes may result from sex-dependent differ-
ences in gene expression or hormone-dependent effects on GSK3B signaling in the brain.”*’* Our data
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identifying sex-specific effects of discT in zebrafish in the novel tank dive test, adds new information on
sexually dimorphic behaviors in zebrafish.

Effects of disc1 on social paradigms in adult animals

In the zebrafish shoal preference test, adult male and female discT mutants exhibited normal social
behavior as evidenced by preferentially spending more time near the compartment with conspecifics as
opposed to an empty compartment (Figure 8). This finding is consistent with a previous study, albeit in
larvae, which measured shoal cohesion (distance to the nearest neighbor) in disc? mutant larvae®®; under
normal conditions there were no differences in larval social cohesion. However, when combined with a
stressor divergent shoaling behavior emerged between mutant and WT larvae. When exposed to the pher-
omone Schreckstoff (a predator-stress stimulus), WT zebrafish exhibit increased shoal cohesion’® whereas
disc1 larval mutants (5 dpf) failed to respond to the alarm stimulus, i.e. did not change shoal cohesion.*
Interestingly, in response to the alarm stimulus, swimming speed was reduced in both WTs and mutants.
This may suggest that discT mutants can detect the stimulus (as evidenced by decreased swim speed) but
do not process the stimulus as threatening and therefore fail to increase shoal cohesion (a protective
response). Consistent with a study which used larval and juvenile age disc? animals (7 d.p.f. and 21
d.p.f.), as opposed to the adult age animals used in our shoaling study, tighter shoals were also observed
in disc1 mutant larvae and juveniles as compared to WTs."” In contrast to our findings, the Garcia-Gonzélez
et al. study, which aimed to test the interaction of developmental exposure to cannabinoids in zebrafish in
the context of genetic loss of disc1, found different results in adult WT and discT mutants in the Novel Tank
Diving Test.”® Their study found that adult disc1 mutants spent more time in the bottom of the tank in the
Novel Tank Diving Test, which contradicts with our findings in the Novel Tank Diving Test. It is not clear if
the differences between their findings and our findings are due to the genetic site targeted, which is known
to have a strong influence on the phenotypes in mice.'”"® Collectively this also supports our claim for the
need of additional zebrafish discT mutants to deconvolute the gene-environment-phenotype interactions
in zebrafish, which have been far more well-established in Disc? mutant mice as compared to disc! mutant
zebrafish (Jaaro-Peled, 2009, Lipina and Roder, 2014, Tomoda et al., 2016, Cash-Padgett and Jaaro-Peled,
2013. Finally, in another study that sought to stratify the dynamic motion patterns of group behavior across
90 mutant zebrafish lines, disc1 mutant animals (6 adults) were placed in a circular open arena and their
shoaling behavior was found to be dense and disordered.”” As our shoaling assay used a 3-chambered
arena and the paradigm of zone placement preference, as opposed to a single open area and the para-
digm of coordinated, directional swimming used in the Tang et al. study, we also conducted a second
shoaling assay. Concordantly, when placed in a single-chamber arena, our disc? mutants (6 adults) ex-
hibited tighter shoal cohesion as evidenced by the reduction in average pairwise fish-fish distance (Fig-
ure 8). This paradigm requires individuals in the group to coordinate their movements as such collective
group behavior requires sensory, motor, and integrative processes. Therefore, this collective group
behavior assesses sensorimotor transformations in addition to social interactions. In the future, it will be
interesting to examine the effects of strobe light, acoustic startle, or other threatening stimuli on shoaling
behaviors in our discT mutant zebrafish using both the 3-chamber and single-chamber paradigms.

Limitations and future directions

Our study does have some limitations. First, increased impulsivity, engaging in risk-taking, and decreased
anxiety are challenging to distinguish in animal models, and the novel tank diving assay and light-dark pref-
erence test have been used to study all these behaviors. Second, the identity of the neuronal cell types that
are activated in discT mutant tectum and pallium are not known. Future investigations using the ablation of
targeted neurons or light-based optogenetic manipulations will aid in the identification of these neural cir-
cuits. Third, the phenotypes detected may indicate impairment in the processing of sensory information, in
the integration of sensory and motor outputs, or in the response decision. Future investigations are
required to distinguish between these possibilities. Fourth, Disc1 plays a role in early neurodevelopment
processes including neuronal progenitor cell proliferation, migration, and differentiation. Using the Z-brain
atlas to conduct structural analysis, no malformations occurred during the development of the central ner-
vous system in discT mutants. Future experiments examining more nuanced neurodevelopmental pro-
cesses are needed to fully assess if proliferation, migration, or differentiation processes are altered and
if these affect the behaviors in disc? mutants (Table 1). In addition, given zebrafish allow for easy access
to all stages along the neurodevelopmental trajectory: gastrulation, embryonic, and larval stages of neuro-
development—all occurring over a 6-day period, in the future, subjecting discT mutant embryos to pertur-
bations between 0 and é dpf and subsequently raising them to adulthood will aid in elucidating the

16 iScience 26, 107099, July 21, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

molecular interactions between environment, neurodevelopment, and adult behaviors. Finally, in future
studies, this disc1 genetic model will be a tractable new tool for high-throughput behavioral screens aimed
at small molecule drug discovery.”® Several behavioral phenotypes identified in this study can be leveraged
endpoints in high-throughput chemical screens in discT mutants (Figures 2C, 2D, 4A, and 4B). Previously,
we have successfully leveraged “behavioral bar coding” in the photomotor response assay, automated
multiplex sensorimotor response assay, and strobe light response assay to identify novel neuroactive small
molecules.”* Thus having identified, in this study, the embryonic and larval sensorimotor phenotypes in
our disc1 mutants (Figures 2C, 2D, 4A, and 4B)—in the exact same behavioral phenotyping platforms that
are used for high-content screening—we set the stage for large-scale small molecule screens aimed at
discovering novel pharmaceuticals to reverse the sensorimotor defects in carriers of disc! mutations.

Conclusions

Sensory input and motor systems are tightly intertwined, and adapting to environmental stimuli requires
their coordinated integration. Cumulatively, our findings indicate that discT embryos and larvae exhibit
aberrant global motor outputs in response to sensory stimuli, while disc1 adults exhibit reduced anxiogenic
behaviors and increased risk-taking behaviors in novel paradigms. Our data also provide novel insights into
the functional role of discT in the brain by demonstrating that loss of disc leads to abnormal neuronal ac-
tivity in the cerebellum, tectum, and pallium. These findings suggest new lines of investigation that could
be undertaken in disc1 zebrafish aimed at investigating the impact of disc1 on sensorimotor neural circuits.
In addition to interrogating gene function, this model provides opportunities to test potential therapies in
high-throughput behavioral assays.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor 594 Phalloidin Invitrogen A12381

Anti-DISC1 Abcam ab191455

Anti-phosphorylated-ERK Cell Signaling 43700

Anti-total-ERK Cell Signaling 4696

Experimental models: Organisms/strains

disc1-A20 mutant zebrafish This paper ZDB-ALT-210308-1
disc1-A10 mutant zebrafish This paper N/A
cacnala mutant zebrafish This paper N/A

Oligonucleotides

disc1-A20 This paper N/A
TGCAGCTGTCATGGGTCATT

(forward-6FAM) CGAAACCCTCTGTCAGCCAT (reverse)

disc1-A10 This paper N/A

CTGTAATCTGTGCTCAACAGGTG (forward-6FAM)

AGTTCTGGGTGAATAGCATGTGT (reverse)

cacnala This paper N/A
ACAAAACCGCACAGAACAGC (forward-6FAM) and

ACGATATTGATGCACGCCCT (reverse)

Software and algorithms

Actual-Track Video Tracking Software Actual Analytics, Edinburgh, UK N/A

Zebrabox Software ViewPoint N/A

Z-Brain PMID: 26778924 http://engertlab.fas.harvard.edu/Z-Brain/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Anjali Nath (anath1@bidmc.harvard.edu).

Materials availability

The disc1-A10 mutant line has been submitted to and will be distributed by ZIRC following publication
(https://zfin.org ZFIN ID: ZDB-ALT-210308-1).

Data and code availability

All data and code can be requested from the lead contact. This paper does not report original code. Any
additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

Zebrafish were maintained and embryos were obtained according to standard fish husbandry protocols.
disc1 mutant zebrafish were generated in Tibingen zebrafish by CRISPR-Cas9 mediated genome editing.
A site in exon 2 of the zebrafish discT gene (Ensembl: ENSDARG00000021895) was targeted using the
following gRNA: 5 GGCTCAGACCGCATGTATCCGGG 3’ (the PAM nucleotides are underlined). At the
1-cell stage ~100 ng/puL of sgRNA and 150 ng/plL of Cas? mRNA were co-injected. The discT mutant line
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generated has a 20-base pair deletion starting at base pair position +129. Genome edits were confirmed by
Sanger Sequencing. Founders were outcrossed to establish the F1 generation. F2 generation fish were
genotyped using the following PCR primers: TGCAGCTGTCATGGGTCATT (forward-6FAM) and
CGAAACCCTCTGTCAGCCAT (reverse). The PCR products were subjected to DNA fragment analysis us-
ing the ABI 3730xI DNA Analyzer. The wildtypes exhibit a 345 base pair peak whereas the homozygous
knockouts exhibit a 325 base pair peak. In addition to the disc1-A20 mutant, a second disc! mutant was
generated (disc7-A10 mutant) using the following gRNA: 5 GGCGAGAAATGGCTGACAGAGGG 3’ (the
PAM nucleotides are underlined). The following PCR primers were used: CTGTAATCTGTGCTCAACA
GGTG (forward-6FAM) and AGTTCTGGGTGAATAGCATGTGT (reverse). Note, the disc1-A20 mutant
was used for all studies except for Figure S6 which used the disc1-A10 mutant. The cacnalc mutant was
generated by targeting a site in exon 2 of the cacnal gene (Ensembl: ENSDARG00000008398) using the
following gRNA: 5 GGCTGCCTGCCAACTAAGGG 3’ (the PAM nucleotides are underlined). The following
PCR primers were used: ACAAAACCGCACAGAACAGC (forward-6FAM) and ACGATATTGATGCAC
GCCCT (reverse). All methods were carried out in accordance with the regulations and guidelines of the
Animal Welfare Act and the American Association for Accreditation of Laboratory Animal Care. All exper-
imental protocols were approved by the IACUC committee at MGH and BIDMC. Zebrafish embryos and
larvae were housed in 150 mm Petri dishes at a density of <150 per dish. They were grown at 28°C in
HEPES-buffered Tibingen E3 medium inside light/dark cycle incubators (14 h light/10 h dark). Behavioral
experiments were conducted on 28 hpf to 7 dpf animals; at this developmental stage the sex of the organ-
ism has not yet been determined. Behavioral testing occurred between 9 a.m. and 5 p.m. in a behavioral
testing room at 28°C.

METHOD DETAILS

Western blot

Larvae (25 per sample) were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors.
Supernatants were run on SDS-PAGE gels and transferred to PVDF membranes. Discl protein was de-
tected using Abcam ab191455. This antibody is directed to an internal region of human Disc1 that has
100% conservation with zebrafish residues 511-527.

Embryo and larval behavioral phenotyping

In the photomotor response assay, automated multiplex sensorimotor response assay, and strobe light
assay, we used cousins (embryos from WT x WT crosses versus KO x KO crosses; of which the WTs and
KOs breeders were derived from a Het x Het cross). Our rationale was that cousins are genetically similar
and, importantly, are practical controls to use for high-throughput behavioral screens. It would be chal-
lenging to genotype and conduct high-throughput chemical screens on WT and KO larvae derived from
Het x Het crosses. This is relevant because one of the goals of the present study was to identify behavioral
endpoints in larval discT zebrafish that may be leveraged in high-throughput chemical screens in future
studies aimed at identifying novel small molecules to ameliorate schizophrenia-related phenotypes.
Importantly, to confirm the phenotypes identified in Figures 2 and 4 did not result from background mu-
tations in our colony, we examined the sensorimotor responses of discT mutants derived from Het incrosses
and found similar results (Figure S6).

Photomotor response

Fertilized eggs were obtained from 10-min timed matings. For this assay 28 hpfwere used. Embryos (10 per
well), stage-matched using morphological developmental landmarks and somite number,”” were loaded
into flat-bottom 96-well plates (black wells with clear bottom). The plated embryos were dark-adapted in-
side the behavioral apparatus. The stimulus in this assay is two 1's pulses of high-intensity visual wavelength
light (300-700 nm, 52 pwW/mm?, 38,000 lux) delivered att = 10 and 20 s. This assay was performed using on
the Zebrabox (ViewPoint, Lyon, France) in a room at 28°C temperature.

Somite counting
Somite production in zebrafish is linked to their overall developmental progression and has been used to
accurately determine embryonic age given they are produced every 30 min between 10.5 and 24 hpf.® Im-
ages were captured using diffractive oblique microscopy and somites were counted by 2 independent
blinded observers.
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F-actin staining
Embryos (28 hpf) were fixed in 4% paraformaldehyde overnight, permeabilized with 2% Triton X-100 and
stained with Alexa Fluor 594 Phalloidin (Invitrogen) in phosphate buffered saline with 1% bovine serum al-
bumin. Embryos were mounted in low melt agarose and z stack images were captured on a Keyence BZ-
X710 Microscope.

Automated multiplex sensorimotor response assay

For this assay, 3 light stimuli (red light: 650 nm, 11 pW/mm?, blue light: 560 nm, 18 pW/mm?, and violet light:
400 nm, 11 pW/mm?) and 2 acoustic stimuli (60 dB low-intensity and 70 dB high-intensity) were used. There
were 10 assays: 2 acoustic stimulus response assays, 5 visual stimulus response assays, and 3 combined
acoustic and visual stimulus response assays. The temporal series of assays was assembled to maximize
the capture of sensorimotor behavioral responses.”” At 7 dpf, larvae (8 per well) were loaded into wells
of clear flat-bottom 96-square-well plates filled with E3 medium (300 pL). After an acclimation period in
the enclosed platform in the dark, the 10 serial behavioral assays were conducted over 7 min and locomotor
activity was captured by video using an infrared camera.

Whole-brain activity and morphology

Fertilized eggs were obtained from 10-min timed matings. Per established protocols to obtain sufficient
numbers of mutant animals and sibling controls for analysis, a homozygous female was mated with a het-
erozygous male”'; there was no differences between disc1 wildtypes and heterozygotes. At 7 dpf, larvae (10
per well) were loaded into clear flat-bottom 96-square-well plates. After an acclimation period in the en-
closed behavioral platform (in the dark), a single high magnitude acoustic stimulus (70 dB) was delivered
using push-style solenoids to tap the stage. This was conducted in the same behavioral platform used
for the automated multiplex sensorimotor response assay described above.?” Following the stimulus, a
2-min incubation was performed to allow maximal phosphorylation of neuronal ERK.*” Subsequently,
the plate was removed from the behavioral platform and larvae were rapidly fixed in 4% paraformaldehyde
in phosphate buffered saline with 0.25% Triton X-100 overnight. To ensure rapid fixation, i.e. less than 10's
after removal from the platform, larvae were poured into a mesh sieve and immediately submerged in fixa-
tive. Following fixation, the pigment on larvae was bleached with a 1% H,0,/3% KOH solution. The anti-
bodies used for immunofluorescent staining were anti-phosphorylated-ERK (Cell Signaling CAT#4370),
anti-total-ERK (Cell Signaling CAT#4696), and Alexa-fluorophore conjugated secondary antibodies (Life
Technologies); all antibodies were diluted 1:500. Images were captured using a Zeiss LSM 880 confocal mi-
croscopes with a 20%/1.0 NA water-dipping objective. Following imaging, single larvae were genotyped.

Strobe light response assay

At 7 dpf, larvae (10 per well) were loaded into 96-well plates and placed inside the Zebrabox (ViewPoint,
Lyon, France) which was located in a room at 28°C. After an acclimation period in the dark, alternating
1-min intervals of darkness and 10 Hz strobe light were delivered during the 7-min assay. The strobe light
was set at 10 Hz [white light alternated between 100 ms at the 100% setting, (7.8 pW/mm?), and 100 ms at
0%]. An infrared camera recorded locomotor activity in each well.

Behavioral testing room and adult fish handling

Animals were obtained from heterozygous incrosses; WTs are sibling WTs. Care was taken to size and age
match animals (1-year old). Males and females were separated prior to the assay day. All fish were not feed
prior to the assay to avoid the effects of satiety. Testing occurred between 9a.m. and 5 p.m. Fish were trans-
ported from the animal room to the procedure room and given 1 h prior to the start of the assay to accli-
mate. The behavioral testing room was 28°C. All behavioral assay tanks were sandpapered to reduce reflec-
tion and blocked with thick white paper. Assays were performed by alternating WT and mutant fish. Digital
videos were captured using a Point Gray Flea3 camera and analyzed using Actual-Track Video Tracking
Software (Actual Analytics, Edinburgh, UK). Detection features were set to track the center of the fish.

Novel tank diving test

The behavioral arenawas 27 x 6 x 15 cm (L x W x H) with 3 sides sandpapered and covered in white paper,
and one side left clear (the viewing side). The water level was 9 cm. One zebrafish was gently netted and
placed in the tank. Video was captured for 15 min. To analyze the videos, the area of the arena containing
water was divided into horizontal zones. The parameters analyzed were total time, distance traveled, and
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average time spent per visit to each zone (top and bottom of the tank). In addition, latency to first entry into
the top zone, number of transitions into the top zone, and mean speed was measured.

Light-dark preference test

The behavioral arena was 21 x 10 X 11 cm (L x W x H) with water filled to a height of 9 cm. Half of the tank
was blocked with white paper and the other half with black paper. The top of the tank was left open and was
the viewing side. An adult fish was gently netted and placed in the dark zone of the tank and recorded for
6 min. The parameters measured were total time in the light zone, latency to first entry into the light zone,
number of transitions into the light zone, and average time per visit to the light zone.

Three chamber shoaling preference test

The arena was 32 x 23 x 18 cm (L x W x H) with water filled to a height of 14 cm. It was segmented into 3
separate compartments: the no stimulus compartment, the testing compartment, and the social stimulus
compartment. Three sides of the tank were sandpapered and covered in white paper. One side was left
open and was the viewing side. Five fish were placed into the stimulus compartment of the arena and given
30 min to acclimate. The stimulus fish were a mix of male and female conspecifics. The test subject was gently
netted and placed into the testing compartment. Digital videos were captured for 10 min. To analyze the
videos, the chamber where the zebrafish was located in was divided into 4 parts: the social zone (25%), middle
(50%) and asocial zone (25%). The parameters measured were total time in the social zone, total time in the
asocial zone, average time per visit to the social zone, and average time per visit to the asocial zone.

Shoal cohesion

The arenawas 27 X 6 x 15 cm (L x W x H) with water filled to a height of 11.5 cm. Three sides were sandpa-
pered and covered in white. One side was left clear and was used as the viewing side. Six fish were gently
netted and placed into a small opaque holding tank for 10 min. The fish were gently poured into the behav-
ioral arena. The fish were given 3 min to acclimate. Digital videos were captured for 3 min. The average
pairwise fish-to-fish distance was determined by tracking the 15 pair interactions every 0.3 s for 3 min.
The average nearest neighbor and the furthest neighbor was also measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

PMR: Videos were captured and movement was registered as motion indexes that were calculated by frame
differencing serial images of each well over the 30 s assay.”* Automated multiplex sensorimotor response
assay: The motion index for each well was calculated by frame differencing.”” Whole-brain activity and
morphology. To generate a whole-brain activity map we used a nonlinear volume registration algorithm.*’
Next, multiple brains were registered into the Z-brain atlas and statistical differences between the groups
(mutant and sibling controls) were calculated using Mann-Whitney U statistic Z score for each voxel with an
FDR < 0.05.%7 Strobe light response assay: The threat response behavior was quantified by measuring the
overall motion in each well.”* Statistical analysis: Statistical analysis was performed using a Student’s t-test
(two-tailed, unpaired, unequal variance). To adjust for multiple hypothesis testing a two-stage step-up
method (Benjamini, Krieger, and Yekutieli) for false discovery rate (FDR) adjustment with a threshold for sta-
tistical significance of g < 0.05. Error bars in line graphs represent standard deviation unless otherwise
noted. In box and whisker plot, the box in the plot represents the 25th percentile to the 75th percentile,
the line across the box represents the median, and the whiskers are the maximum and minimum data-point
values. Adult behavioral assays: Digital videos were captured using a Point Gray Flea3 camera and analyzed
using Actual-Track Video Tracking Software (Actual Analytics, Edinburgh, UK). Detection features were set
to track the center of the fish.
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