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SUMMARY

Advancing from gene discovery in autism spectrum disorders (ASDs) to the identification of biologically
relevant mechanisms remains a central challenge. Here, we perform parallel in vivo functional analysis of
10 ASD genes at the behavioral, structural, and circuit levels in zebrafish mutants, revealing both unique
and overlapping effects of gene loss of function. Whole-brain mapping identifies the forebrain and cere-
bellum as the most significant contributors to brain size differences, while regions involved in sensory-motor
control, particularly dopaminergic regions, are associated with altered baseline brain activity. Finally, we
show a global increase in microglia resulting from ASD gene loss of function in select mutants, implicating
neuroimmune dysfunction as a key pathway relevant to ASD biology.

INTRODUCTION

There has been remarkable progress in recent years in our ability

to identify genes that are strongly associated with autism spec-

trum disorders (ASDs), leading to the identification of >100 risk

genes.1–5 These genes of large effect were identified by the pres-

ence of recurrent, de novo damaging mutations in affected

individuals by whole-exome sequencing and are likely to shed

light on relevant pathophysiological mechanisms. While these

genes represent seemingly disparate molecular functions,

common biological pathways are beginning to emerge, such

as gene expression regulation and neuronal communication.1,4,5

However, ASD genes are highly pleiotropic, further complicating

efforts to identify unifying pathophysiology.6 To address

this, studies have focused on identifying convergent mecha-

nisms across genes, with the rationale that elucidating shared

pathways might reveal molecular targets with therapeutic

potential.7

Recent studies have found evidence for biological conver-

gence across risk genes. Co-expression network and integrative

genomics analyses identified strong enrichment of ASD gene

expression in excitatory and inhibitory neurons during the mid

to late fetal period,1,8,9 providing evidence for excitatory-inhibi-

tory (E/I) imbalance in the developing brain as a central pathway

underlying ASDs.10 In vitro studies provide additional support for

this mechanism, showing that disruption of three ASD genes in

human cortical organoids results in asynchronous development

of excitatory and inhibitory neuron populations.11 In addition,

studies have implicated altered neural proliferation and differen-

tiation resulting from ASD gene loss of function.12 In vivo studies
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in Xenopus demonstrated a critical role of 10 ASD genes in neu-

rogenesis,13 while targeting 35 ASD- and neurodevelopmental

disorder-associated genes in the mouse cortex revealed a key

function of these genes in both the neuronal and glial lineages,14

highlighting a role for neurogenesis and gliogenesis in ASD

biology.

At the same time, there is growing recognition that ASD genes

have unique neurodevelopmental effects, which may be equally

important for defining biologically relevant sub-groups and devel-

oping targeted treatments. For example, a functional magnetic

resonance imaging analysis of 16mousemutants with ASD-asso-

ciated mutations identified brain connectivity sub-types among

mutants despite the presence of divergent phenotypes.15

Similarly,whilemousemutants of 26ASDgenes displayed hetero-

geneous neuroanatomical phenotypes, clustering these mutants

by shared features led to the identification of gene sub-groups.16

Therefore, categorizing genes based on shared biology despite

their heterogeneity might represent a path toward precision med-

icine in ASDs, bridging the gap between gene discovery and

actionable biological mechanisms.

In this study, we sought to leverage the unique features of

zebrafish to define the neurodevelopmental effects of 10 ASD

genes, with the goal of identifying functionally meaningful pheno-

types across risk genes. Zebrafish offer important advantages in

this regard, including direct visualization of the developing verte-

brate brain in transparent embryos, amenability to large-scale

behavior-based screens, and ease of genetic manipulation.17–20

Our group and others have already demonstrated the strengths

of this system for pharmaco-behavioral and genetic screens

relevant to ASDs and other neuropsychiatric disorders.21,22

There is also compelling evidence for the conservation of neural

mechanisms in zebrafish and mammals at the level of gene

expression, neurotransmitter systems, pharmacological path-

ways, and basic neural circuits,23–29 highlighting the translational

potential of zebrafish for elucidating biological mechanisms rele-

vant to ASDs.

Here, we establish a pipeline for the in vivo functional anal-

ysis of ASD genes in zebrafish. We identify unique and shared

phenotypes in zebrafish mutants of 10 ASD genes at multiple

levels by incorporating high-throughput, automated behavioral

assays, whole-brain structural and circuit analyses, and RNA

sequencing (RNA-seq). While no two mutants share identical

phenotypes across modalities, we find clear evidence that

ASD gene dosage impacts basic arousal and sensory process-

ing behaviors, brain size, and activity in the developing verte-

brate brain. Our analysis demonstrates that ASD genes broadly

impact brain size and identifies the forebrain (telencephalon) as

the most significant contributor to size phenotypes. Whole-

brain activity mapping reveals significant differences in baseline

activity in the thalamus and posterior tuberculum, and identifies

dopaminergic regions involved in sensory-motor control as a

point of convergence. Finally, by performing RNA-seq in two

ASD gene mutants with the most robust phenotypes, DYRK1A

and SCN1A/SCN2A, we find striking evidence for the conserva-

tion of molecular pathways downstream of ASD genes in ze-

brafish and mammals and uncover evidence for dopaminergic

and neuroimmune dysfunction in the developing brain relevant

to ASD biology.

RESULTS

Generation of zebrafish ASD gene mutants
We selected 10 genes that are strongly associated with ASDs for

functional analysis in zebrafish (Figure 1A). In addition to the syn-

dromic ASD gene,CNTNAP2, which we previously studied,21 we

targeted another nine genes ascertained by whole-exome

sequencing,1,3–5 which were selected based on evidence for

biological convergence by co-expression network analyses in

humans.8 These genes span a range of biological functions

and represent pathways implicated in ASDs, including gene

expression regulation (CHD8, CUL3, KDM5B, POGZ, and

TBR1), neuronal communication (CNTNAP2, SCN1A/SCN2A,

and GRIN2B), and the cytoskeleton (DYRK1A and KATNAL2).1

All 10 genes have an SFARI gene score of 1 (false discovery

rate <0.1) or are syndromic ASD-associated genes,32 indicating

that they are strongly associated with ASD risk.

To analyze the effect of gene loss of function (LoF) in the devel-

oping brain, we targeted the zebrafish ortholog(s) of each ASD

gene using CRISPR-Cas9, TALENs, or zinc finger nucleases

and generated two stable mutant lines for each gene carrying

early frameshift mutations that are predicted to cause a trunca-

tion (Figures 1A and S1A–S1I, Table S1, STAR Methods). For

genes that are duplicated in zebrafish, both paralogs were

targeted. Zebrafish orthologs show a high degree of conserva-

tion with human genes, displaying on average approximately

70% identity at the amino acid level (Table S1). Most homozy-

gous and all heterozygous mutants lack gross morphological

phenotypes and survive to adulthood with the exception of

homozygous cul3 and scn1lab mutants, which display gross

morphological phenotypes as larvae (Figures S1J–S1K). Pheno-

typing analyses were performed in homozygous and heterozy-

gous mutants for all genes except cul3, where intermediate

genotypes (e.g., cul3aD7/D7cul3bD20/+) were used because of

severe morphological abnormalities in homozygotes.

Developmental trajectory of ASD gene expression in
zebrafish
To characterize ASD gene expression in the developing zebrafish

brain, we performed whole mount in situ hybridization. We found

that the orthologs of ASD genes are broadly expressed in the ze-

brafish CNS at 24 to 48 h post-fertilization, with many genes

showing strong expression in the telencephalon and midbrain-

hindbrain boundary (Figure 1B), which are neurogenic zones.33

To investigate how ASD gene expression in zebrafish compares

with the human brain, we mapped zebrafish transcriptomic data-

sets from embryonic and larval stages30 onto the human

BrainSpan developmental transcriptome31 using principal

component analysis.13 Our analysis reveals that zebrafish devel-

opment follows a clear chronological trajectory that can be map-

ped onto related stages of human brain development (Figures 1C

andS1L). Interestingly,we show that embryonic stageswhenASD

genes are expressed in the zebrafish CNS (Figure 1B) correspond

most closely with the human mid-prenatal period, consistent with

their expression patterns in the human brain,8,9 while the larval

stages when our phenotyping assays are performed (5–6 days

post-fertilization [dpf]) map to the late pre-natal stage in humans

(Figure 1C). Therefore, the time points that we study in zebrafish
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are likely to be highly relevant for understanding ASD gene func-

tion at related stages of human brain development.

Convergence and divergence define basic behavioral
phenotypes
We first aimed to establish that ASD gene LoF affects basic

arousal and sensory processing behaviors in zebrafish to obtain

a readout of circuit-level effects resulting from gene disruption.

We performed quantitative behavioral profiling using high-

throughput, automated assays of sleep-wake activity24,29 and

visual-startle responses34 (Figures 2A and 2B, STAR Methods)

and measured 24 sleep-wake and startle parameters in all 20

mutant lines (Table S2). In total, we tested >7,500 background-

matched larvae from heterozygous incrosses at 6 dpf using

twomutant lines per gene (Figure 1A). We defined unique behav-

ioral fingerprints for each ASD gene mutant (Figure 2C), which

reveal differential effects of ASD gene LoF on the circuitry under-

lying these behaviors. Using hierarchical clustering, we found

that the behavioral profiles of independent mutant lines of the

same gene co-cluster (Figure 2C), indicating that mutations in

each gene result in similar behavioral features.

We identified a spectrum of convergent and divergent behav-

ioral phenotypes across mutants (Figure 2C). For example, mu-

tants of scn1lab and dyrk1a display the most robust behavioral

phenotypes, including increased responses to lights-on stimuli

in scn1lab mutants and decreased responses to lights-off stimuli

in dyrk1a mutants (Figures 2D and 2E). Both mutants show

decreased daytime activity, while only scn1lab mutants exhibit

night-time hyperactivity (Figures 2D and 2E). These behaviors

likely reflect conserved roles of these genes, given the association

Figure 1. ASD gene expression in zebrafish and mutant generation

(A) Zebrafish mutant lines. See Table S1 and Figures S1A–S1I for mutant sequences.

(B) Whole-mount RNA in situ hybridization of ASD gene orthologs in zebrafish at 24 and 48 hpf. For cntnap2a and cntnap2b, see Hoffman et al. (2016).21 Lateral

views are shown in the left three panels; dorsal views are shown in the right panel. Anterior to the left; tel, telencephalon; di, diencephalon; MHB, midbrain-

hindbrain boundary; OT, optic tectum; HB, hindbrain. Scale bars, 0.1 mm.

(C) Mapping zebrafish RNA-seq datasets30 to the human BrainSpan developmental transcriptome RNA-seq dataset31 using principal component analysis.13

Principal component 1 (PC1) is plotted. Bands represent the 95% confidence interval of the mean PC1 value for human developmental stages. Biological

replicates of zebrafish samples are shown as points. pcw, postconception weeks; hpf, hours post-fertilization; dpf, days post-fertilization. See Figure S1L for the

full PCA.
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Figure 2. Behavioral phenotypes in zebrafish ASD gene mutants

(A and B) Experimental setup and behavioral assays. Visual-startle: Larvae are exposed to five 1-s flashes of lights-off or -on stimuli at 29-s intervals at 5 dpf.

Sleep-wake: Larvae are exposed to a 14 h:10 h white light:dark schedule at 5–7 dpf. Visual-startle and sleep-wake parameters are shown (see STAR Methods).

(legend continued on next page)
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of human mutations in DYRK1A with visual deficits35 and SCN1A

with increased sensitivity to visual stimuli36; both genes have been

associated with sleep disturbance in humans.37,38 chd8 mutants

display a highly specific phenotype of decreased daytime sleep

length (Figure 2F), consistent with a conserved role of this gene

in regulating sleep architecture inDrosophila and humans,39 while

tbr1 mutants exhibit daytime hyperactivity (Figure 2G). Modestly

increased locomotor activity was also observed in Tbr1 mouse

mutants carrying an ASD-associated de novomutation.40 Hetero-

zygous mutants display intermediate phenotypes reflecting gene

dosage effects (Figures S2A–S2J). Additional behavioral pheno-

types, including night-time hyperactivity in cntnap2 mutants,21

are shown in Figures S2F–S2J.

Given the heterogeneity observed in mutant behaviors, we

sought to identify gene sub-groups, which might represent

shared circuit-level functions. To this end, we performed corre-

lation analyses across mutants, prioritizing mutant lines with

the most robust phenotypes for each gene. Our analysis identi-

fied three distinct sub-groups of ASD genes with highly corre-

lated behavioral features (Figures 2H and S2K). Interestingly,

the genes in these sub-groups have different biological functions

(e.g., chd8, scn1lab, and cntnap2), yet related behavioral out-

comes. This suggests that quantitative behavioral profiling can

be leveraged to categorize ASD genes in functionally meaningful

ways. Therefore, our analysis reveals both highly pleiotropic

effects of ASD genes on basic behaviors and defines ASD

gene clusters based on behavioral sub-types.

Brain size differences cluster in neurogenic regions
Given that altered brain growth has been described in ASDs,41 we

next investigated the effect of ASD gene LoF on brain size. We

sought to determine the extent to which similar brain regions

might be impacted across risk genes, representing shared vulner-

abilities. To do this, we mapped confocal images of whole larval

brains at 6 dpf immunostained for total extracellular signal-related

kinase (tERK) onto a standard zebrafish reference brain42 (Fig-

ure 3A, STAR Methods). Regional differences in brain volume

were quantified in 8 major brain regions22,42 (Figure 3B) in >600

background-matched homozygous, heterozygous, and wild-

type fish from a total of 10 mutant lines. Our analysis identified

unique brain size phenotypes in most homozygous mutants

affecting multiple regions (Figure 3C, Table S3). Homozygous

dyrk1amutants display themost robust phenotype of significantly

reduced brain size in all regions with themost prominent effects in

the forebrain (p = 13 10�10, linear mixed model) (Figures 3D–3F).

Intermediate phenotypesare alsopresent indyrk1aheterozygotes

indicating gene-dosage effects (Figures S3A–S3C). The decrease

in brain size in homozygous larvae (approximately 20%) is not

associated with an equivalent decrease in body length (approxi-

mately 5%) (Figure S3D), indicating a specific effect of dyrk1a

LoF on brain size. This is consistent with a conserved role of

DYRK1A in regulating brain size in Drosophila, Xenopus, and

mammals.13,43,44 Brain volume phenotypes were also observed

in mutants of scn1lab, chd8, tbr1, kdm5b, and cul3, primarily

affecting the forebrain (telencephalon) and midbrain-hindbrain

boundary (Figures 3C and 3G), which are neurogenic regions

where these genes are highly expressed (Figure 1B).

To characterize shared phenotypes, we identified the brain

regions most strongly associated with size differences by calcu-

lating the combined p value for each region across homozygous

mutants and cul3aD7/D7cul3bD20/+ using Fisher’s method. Initially

dyrk1a was excluded from this analysis given the magnitude of

its phenotype. This analysis showed that the forebrain (telen-

cephalon) is the most significant contributor to brain size differ-

ences (p = 8.32 3 10�6, Fisher’s combined probability test),

followed by the cerebellum (p = 1.35 3 10�4) (Figures 3H

and S3E). Both the forebrain and cerebellum also display the

largest percent change in volume (�4.46% and �5.39%;

1.15 3 105 mm3 and 9.74 3 104 mm3, respectively). This is in

line with our observation of size phenotypes affecting the fore-

brain and midbrain-hindbrain boundary (Figure 3G), suggesting

a vulnerability of neurogenic regions to ASD gene LoF. The fore-

brain is the most significant contributor to brain size (p = 4.9 3

10�13) and volume differences (�6.36%, 1.64 3 105 mm3) when

dyrk1a is included in the analysis (Figure S3F). Overall, our find-

ings implicate a role for ASD genes in regulating brain size in

neurogenic regions, particularly the forebrain.

ASD gene mutants display heterogeneous brain activity
phenotypes
We reasoned that because ASD gene mutants display behav-

ioral and brain size phenotypes, they might also exhibit differ-

ences in baseline brain activity, reflecting common circuit-level

effects of gene LoF. To investigate this, we performed whole-

brain activity mapping in freely swimming larvae at 6 dpf by

immunostaining brains for phosphorylated-ERK (pERK), which

labels active neurons, and tERK.42 Using a custom analysis pipe-

line, we conducted a voxel-by-voxel comparison of the pERK/

tERK ratio as a readout of active neurons in >600 background-

matched homozygous, heterozygous, and wild-type fish from

10 mutant lines (Figures 4A and S4A). Overall, we found that

more mutants show significant differences in baseline activity

(C) Hierarchical clustering of mutant behavioral fingerprints. Each rectangle represents the signed -log10-transformed p values from linear mixed models (LMM)

comparing mutant and background-matched wild-type fish (red, increased in mutant; blue, decreased in mutant). Behavioral parameters from startle-off (light

blue), startle-on (orange), and sleep-wake (purple) are shown. All mutant lines are shown except katnal2, which lacks consistently significant behavioral features

(Figure S2A). Three mutant lines and transheterozygotes (scn1labD44/D5) are shown for scn1lab. Behavioral features shown in individual graphs (D–G) are outlined

in cyan. Mean and SD values for all groups and beta and p values for all behavioral parameters are shown in Table S2.

(D–G) Significant behavioral phenotypes in ASD gene mutants: increased responses to lights-on stimuli, daytime hypoactivity, and night-time hyperactivity in

scn1labD44/D44 (D); decreased responses to lights-off stimuli and daytime hypoactivity in dyrk1aaD77/D77dyrk1abD8/D8 (E); decreased daytime sleep bout length in

chd8D5/D5 (F); and daytime hyperactivity in tbr1aD64/D64tbr1bD10/D10 (G). Sleep-wake time series graphs in (D–G) show a rolling average of activity data points

every 50 min. ****p < 0.0001, ***p < 0.001, **p < 0.01 (one-way ANOVA).

(H) Correlation analysis across all 24 behavioral parameters identifies three sub-groups with related phenotypes: (i) scn1labD44/D44, chd8D5/D5,

cntnap2aD121/D121cntnap2b31ins/31ins; (ii) pogzaD23/D23pogzbD20/D20, dyrk1aaD77/D77dyrk1abD8/D8, cul3aD7/+cul3bD32/D32; and (iii) tbr1aD64/D64tbr1bD10/D10,

kdm5baD17/D17kdm5bbD14/D14, grin2baD25/D25grin2bbD64/D64.
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Figure 3. Zebrafish mutants of ASD genes display brain size phenotypes

(A) Whole-brain volume mapping pipeline (STAR Methods).

(B) Eight-region zebrafish brain atlas derived from Thyme et al. (2019) and Randlett et al. (2015).22,42

(C) Hierarchical clustering of regional brain volumemeasurements comparing mutant and background-matched wild-type fish. Each rectangle in the clustergram

represents the signed -log10-transformed p values from linear mixedmodels (LMM) (red, increased inmutant; blue, decreased inmutant). Regions with significant

volume differences by LMM (p < 0.05) are outlined in yellow. p-values for homozygous and heterozygous mutants are shown in Figure S3A. For raw volume

quantifications by region for all fish, see Table S3.

(D) tERK-immunostained brains of dyrk1aaD77/D77dyrk1abD8/D8 and wild-type larvae at 6 dpf. Note the decrease in forebrain volume in mutants (arrowheads).

Dorsal views. FB, forebrain; OT, optic tectum; CB, cerebellum. Scale bar, 50 mm.

(E) Regional brain volume differences in dyrk1aaD77/D77dyrk1abD8/D8 (n = 18) andwild-type (n = 18) relative to the standard zebrafish reference brain42 (dotted line).

****p < 0.0001, ***p < 0.001, *p < 0.05 (one-way ANOVA).

(F) Voxel-wise Z score values representing brain volume differences in dyrk1aaD77/D77dyrk1abD8/D8 versus background-matched wild-type larvae. Images shown

from left to right represent sequential slices: axial views, top row, dorsal to ventral; sagittal views, bottom row, lateral to medial. Scale bar, Z score (red/yellow,

increased in mutant; cyan/purple, decreased in mutant).

(G) Voxel-wise Z score values representing brain volume differences for the following lines: scn1labD44/D44, chd8D5/D5, tbr1aD64/D64tbr1bD10/D10,

kdm5baD17/D17kdm5bbD14/D14, and cul3aD7/D7cul3bD20/+. Axial views, top row; sagittal views, bottom row. The horizontal green line in the sagittal view

(legend continued on next page)
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(Figure 4B) compared with size (Figure 3C), and that activity phe-

notypes are generally more robust than volume phenotypes,

suggesting that ASD gene LoF has a greater impact on brain

activity versus size. In addition, the activity and volumemeasure-

ments in the eight major brain regions (Figure 3B) are not highly

correlated across mutants (Figure S4B), indicating these effects

are independent of each other.

We identified unique brain activity phenotypes across ASD

gene mutants (Figure 4B, Table S4). As in our analysis of mutant

behavior, we found that ASD gene LoF results in a range of brain

activity phenotypes, with no two mutants showing identical pat-

terns of altered baseline activity. Homozygous scn1lab mutants

display the strongest phenotype, characterized by significantly

decreased activity throughout the brain, most prominently in

the forebrain (telencephalon) and habenula (Figures 4C–4E).

scn1lab heterozygotes show moderately decreased activity in

these regions (Figures S4C and S4D), indicating gene dosage ef-

fects. Both dyrk1a and chd8 mutants have significantly

decreased baseline activity in several regions, including the

thalamus and posterior tuberculum, while cntnap2 mutants

exhibit a striking increase in activity in multiple regions, including

the thalamus and hypothalamus (Figure 4F). Heterozygotes

exhibit intermediate phenotypes (Figures S4A, S4E and S4F).

Additional significant phenotypes include increased activity in

the thalamus in kdm5b mutants and decreased activity in the

bilateral habenula in tbr1 mutants (Figure 4F).

Despite the heterogeneity observed in brain activity, we

reasoned that overlapping phenotypes might represent conver-

gence at a circuit level. To identify shared regions that show dif-

ferences in baseline activity across mutants, we calculated the

combined p value from the eight major brain regions across ho-

mozygous mutants and cul3aD7/D7cul3bD20/+ using Fisher’s

method. scn1lab was excluded from this analysis because of

the severity of its phenotype, which otherwise recapitulates the

phenotype of the scn1lab mutant alone (Figures 4D and S4G).

Our analysis of the remaining mutants identified the thalamus

(p = 9.55 3 10�9, Fisher’s combined probability test), followed

by the posterior tuberculum (p = 7.083 10�7), as themost signif-

icant contributors to brain-wide activity differences (Figures 4G

and S4H). This suggests that the thalamus is particularly vulner-

able to alterations in baseline activity resulting from ASD gene

LoF, unlike brain volume, where the forebrain (telencephalon) is

most significantly affected by size differences (Figure 3H).

Together, brain activity mapping in ASD gene mutants identifies

a range of unique and shared phenotypes and implicates the

thalamus as a main contributor to circuit-level differences.

Brain activity phenotypes converge on 22
neuroanatomical regions
To characterize brain activity phenotypes with greater speci-

ficity, we mapped whole-brain activity (pERK/tERK) datasets

from homozygous and heterozygous mutants versus back-

ground-matched wild-type fish onto a zebrafish brain atlas

containing 149 neuroanatomical regions and neural cell type

clusters42 (Figure 5A). We defined whole-brain activity finger-

prints for each ASD gene mutant across the 149 regions and

found that these fingerprints broadly cluster by major brain

sub-division (telencephalon, diencephalon, mesencephalon,

and rhombencephalon) (Figure S5A), reflecting similar activity

patterns within these regions. Next, we asked which of the 149

regions shows significant differences in baseline activity in

most mutants, representing convergence. To this end, we

ranked regions based on their significance in the greatest num-

ber of mutants, as opposed to their relative strength in individual

mutants. Our analysis identified 22 of the 149 regions with signif-

icant differences in at least five mutants (p < 0.05, linear mixed

model) (Figures 5B and 5C, Table S5). Of the 22 regions, 16

(73%) are in the diencephalon and include regions that broadly

function in sensory-motor control and sleep regulation, such as

the dorsal and ventral thalamus, posterior tuberculum, pre-

tectum, and pre-optic area (Figure 5C), highlighting a vulnera-

bility of these regions to ASD gene LoF. In addition, 7 of the

top 22 regions, including the dorsal thalamus, show significant

differences in baseline activity in at least 6 mutants (p < 0.05,

linear mixed model) (Figure 5C [asterisks], Figures S5B and

S5C, Table S5). Baseline activity in these regions is significantly

decreased in scn1lab and dyrk1a mutants (Figures 5D and 5E),

which also display the most robust sensory responsiveness

and sleep-wake phenotypes (Figures 2D and 2E). Furthermore,

most heterozygous mutants display intermediate phenotypes

(Figures S5D–S5I), providing strong evidence that ASD gene

dosage affects baseline activity in these seven regions.

We next investigated the neural cell types present among the

top 22 regions. Intriguingly, we found that 5 of the 22 regions are

associated with dopaminergic neuron development, including

the pre-tectal dopaminergic cluster, otpb and vmat2 neuron

clusters,45,46 and the posterior tuberculum, which contains

dopaminergic neurons that are functionally related to midbrain

dopaminergic neurons in the mammalian ventral tegmental

area (VTA)47 (Figure 5C [italics]). In addition, two of the top seven

regions with significant activity differences in six mutants are

dopaminergic: the pre-tectal dopaminergic cluster and anterior

pre-tectal cluster of vmat2 neurons (Figures S5B and S5C).

Therefore, our analysis demonstrates that ASD gene disruption

affects baseline activity in 22 neuroanatomical regions broadly

associated with sensory-motor regulation and provides evi-

dence for convergence in dopaminergic regions.

Dysregulated pathways in scn1lab and dyrk1a mutants
are highly conserved
To identify molecular mechanisms underlying brain size, activity,

and behavioral phenotypes, we performedwhole-brain RNA-seq

indicates the slice shown in the axial view. FB, forebrain; MHB, midbrain-hindbrain boundary. Scale bar, Z score (red/yellow, increased in mutant; cyan/

purple, decreased in mutant). For the number of animals used in imaging experiments, see STAR Methods (average n = 23–26 per genotype in two to four

independent clutches).

(H) Genotype-level p values for each brain region combined for all homozygousmutants and cul3aD7/D7cul3bD20/+, excluding dyrk1a, using Fisher’s method. Scale

represents the -log10-transformed combined p value. The forebrain (telencephalon) shows the most significant difference in volume (p = 8.32 3 10�6, Fisher’s

combined probability test).
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Figure 4. Altered baseline brain activity in zebrafish ASD gene mutants

(A) Whole-brain activity mapping pipeline (STAR Methods).

(B) Hierarchical clustering of regional brain activity (pERK/tERK) in mutant versus background-matched wild-type fish using linear mixed models (LMM). Each

rectangle in the clustergram represents the signed -log10-transformed p values from LMM (red, increased in mutant; blue, decreased in mutant). Regions with

significant activity differences by LMM (p < 0.05) are outlined in yellow. p-values for all homozygous and heterozygous mutants are shown in Figure S4A. For

pERK/tERK ratios by region for all fish, see Table S4.

(C) pERK- (top) and merged pERK- and tERK-immunostained brains of scn1labD44/D44 and wild-type larvae at 6 dpf. Note the decrease in pERK staining in the

mutant forebrain (arrowheads). Dorsal views. FB, forebrain; OT, optic tectum; CB, cerebellum. Scale bar, 50 mm.

(D) Normalized regional activity (pERK/tERK) in scn1labD44/D44 (n = 23) and background-matched wild-type (n = 21). ****p < 0.0001 (one-way ANOVA).

(E) Voxel-wise Z score pERK/tERK values representing brain activity differences in scn1labD44/D44 versus background-matched wild-type larvae. Images shown

from left to right represent sequential slices: axial views, top row, dorsal to ventral; sagittal views, bottom row, lateral to medial. Scale bar, Z score (red/yellow,

increased in mutant; cyan/purple, decreased in mutant). Results are shown at p < 0.05 whole-brain family-wise error (FWE) corrected with an initial p threshold

of 0.0001.

(F) Voxel-wise Z score pERK/tERK values representing brain activity differences for the following lines: dyrk1aaD77/D77dyrk1abD8/D8, chd8D5/D5,

cntnap2aD121/D121cntnap2b31ins/31ins, kdm5baD17/D17kdm5bbD14/D14, and tbr1aD64/D64tbr1bD10/D10. Axial views, top row; sagittal views, bottom row. The

horizontal green line in the sagittal view indicates the slice shown in the axial view. Scale bar represents Z score (red/yellow, increased in mutant; cyan/

purple, decreased in mutant). Results are shown at p < 0.05 whole-brain FWE corrected with an initial p threshold of 0.05 for all mutants except tbr1, which

is not FWE corrected because significance did not meet cluster correction. tbr1 mutants display significantly decreased activity in the habenula (HB)

(legend continued on next page)
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in two mutants with the most robust phenotypes across assays:

scn1lab and dyrk1a. RNA was isolated from whole brains of

background-matched homozygous, heterozygous, and wild-

type larvae at 6 dpf. Significantly dysregulated pathways were

determined by PANTHER Gene Ontology (GO) analysis48 and

gene set enrichment analysis (GSEA) using the Molecular Signa-

tures Database.49,50 Our analysis identified multiple convergent

pathways in scn1lab and dyrk1a mutants, suggesting shared

mechanisms despite their unique brain and behavioral

phenotypes. Specifically, GO pathways that are significantly

downregulated in both mutants include neurogenesis and

neuron differentiation, synaptic signaling, and GABAergic and

glutamatergic synapses (Figures 6A and 6B), which overlap

with pathways previously implicated in ASDs.5,10,13 Cell-cycle

and mitotic spindle organization pathways are upregulated in

dyrk1a mutants (Figure 6B), consistent with a known role of

DYRK1A in cell-cycle regulation.52 In addition, we found that

both upregulated (p = 1.12 3 10�23, Fisher’s exact test) and

downregulated (p = 4.34 3 10�49) GSEA pathways in scn1lab

and dyrk1a mutants significantly overlap (Figures 6C and 6E).

Shared upregulated GSEA pathways include translation and

mitochondrial oxidative phosphorylation, which have been impli-

cated in ASDs,53,54 along with cell-cycle checkpoints, consistent

with altered neurogenesis (Figure 6D). Interestingly, estrogen

metabolism is also significantly upregulated (Figure 6D), in line

with recent studies suggesting modulatory functions of estro-

gens related to ASD genes.13,21,55 Unexpectedly, we found

that the complement system is significantly upregulated in

both mutants (Figure 6D), suggesting neuroimmune dysfunction,

which we examine further in the next section. Significantly

downregulated GSEA pathways in both mutants include basic

neurodevelopmental processes, such as synaptic signaling,

cell adhesion molecules, and neurotransmitter release, as well

as dopaminergic neurogenesis (Figure 6F), providing a point of

overlap with our brain activity findings (Figure 5C). Similar dysre-

gulated pathways were identified in heterozygotes (Figure S6A,

Table S6), suggesting moderate gene dosage effects.

We next sought to assess the conservation of dysregulated

pathways in zebrafish and mammals using hypothesis-driven

GSEA.56 Our analysis revealed significant enrichment of ASD

gene-associated mammalian transcriptomic datasets8,9,32,51

among dysregulated genes in both zebrafishmutants (Figure 6G,

STAR Methods). By comparing differentially expressed (DE)

genes in scn1lab and dyrk1a mutants to human co-expression

network modules8,9 from the BrainSpan dataset,31 we found

that the early and mid-fetal modules from Willsey et al. (2013)8

and the co-expression modules M13, M16, and M17 from Parik-

shak et al. (2013)9 are the most significantly enriched for DE

genes (Figure 6G). Interestingly, these modules are the most

strongly enriched for ASD gene expression in humans,8,9

revealing a striking level of conservation downstream of ASD

genes in zebrafish and mammals. The co-expression module,

M11, which is associated with immune activation,57 is the most

strongly enriched module among upregulated genes in dyrk1a

mutant brains (Figure 6G), providing additional evidence for neu-

roimmune dysregulation. In addition, we found that targets of

FMRP, the Fragile X mental retardation protein,51 are signifi-

cantly enriched among downregulated genes in both mutants,

adding to evidence that Fragile X syndrome-associated path-

ways are disrupted in ASDs.4 Other ASD genes in the SFARI

database32 are also significantly downregulated in scn1lab mu-

tants (Figure 6G). Several intermediate phenotypes were

observed in heterozygotes (Figures S6B and S6C). Taken

together, our RNA-seq analysis identifies sharedmolecular path-

ways in scn1lab and dyrk1amutants and demonstrates that ASD

gene-associated pathways in zebrafish and mammals are highly

conserved.

scn1lab and dyrk1a mutants display dopaminergic and
microglial abnormalities
To identify cellular mechanisms contributing to dysregulated

pathways in scn1lab and dyrk1amutants, we performed hypoth-

esis-driven GSEA56 using cell-type-specific datasets from the

mouse brain.58–60We found significant enrichment of downregu-

lated genes in neuronal datasets in both scn1lab and dyrk1a

mutants and upregulated genes in an astrocyte-specific data-

set58 in scn1lab mutants (Figure 7A), suggesting altered neuro-

genesis and/or gliogenesis. Next, we found that a dataset of

95 gene candidates, including genes expressed in the mamma-

lian midbrain, Parkinson’s disease-associated genes, and

known dopaminergic neuron markers, used for single-cell

profiling of midbrain dopaminergic neurons in themouse brain,60

is significantly enriched for downregulated genes in both

mutants (Figure 7A). This provides a striking concordance with

our brain activity mapping findings, which also implicate altered

dopaminergic signaling. Interestingly, microglia-associated

genes from single-cell RNA-seq of the mouse cortex and hippo-

campus59 are significantly enriched among upregulated genes in

both scn1lab and dyrk1a mutant brains (Figure 7A), adding to

evidence for the dysregulation of neuroimmune pathways.

Furthermore, interneuron datasets59 are significantly enriched

for downregulated genes in both mutants (Figure 7A), consistent

with the downregulation of GABA-related pathways (Figures 6A-

6B and 6F). Pyramidal neuron datasets59 are also upregulated in

scn1labmutants (Figure 7A), consistent with E/I imbalance. As in

our RNA-seq pathway analyses, we observed several intermedi-

ate phenotypes in heterozygotes (Figure S7A).

To validate cell-type-specific phenotypes, we performed

whole-brain immunolabeling in mutant larvae. First, we hypothe-

sized that differences in neurogenesis and/or gliogenesis might

be due to abnormal cell proliferation in the developing brain

based on the observed dysregulation of cell-cycle pathways

(Figures 6B and 6D). To test this hypothesis, we performed

whole-brain immunohistochemistry by labeling cells for

(arrowhead) by LMM (B). For the number of animals used in imaging experiments, see STAR Methods (average n = 22–24 per genotype in two to three

independent clutches).

(G) Genotype-level p values for each brain region are combined for all homozygous mutants and cul3aD7/D7cul3bD20/+, excluding scn1lab, using Fisher’s method.

The scale represents the -log10-transformed combined p value. The thalamus shows themost significant difference in activity (p = 9.553 10�9, Fisher’s combined

probability test).
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Figure 5. Mutant activity phenotypes converge on 22 brain regions

(A) The 149-region zebrafish brain atlas derived from Randlett et al. (2015).42

(B) The 22 regions with significant differences in baseline brain activity in at least five mutants. Region names are shown in (C). Images shown from left to right

represent sequential slices: axial views, top row, dorsal to ventral; sagittal views, bottom row, lateral to medial.

(C) Hierarchical clustering of 22 regions with significant differences in baseline brain activity in at least five mutants by linear mixed models (LMM) (p < 0.05). Five

regions involve dopaminergic signaling (italics): posterior tuberculum, pre-tectal dopaminergic cluster, vmat2 cluster 2, anterior pretectum cluster of vmat2

neurons, otpb cluster 1. Colors shown to next to each region name refer to (B). *The seven regions with significant differences in baseline activity in at least six

mutants (Figures S5B and S5C). Hierarchical clustering of 131 regions with significant differences in activity in at least two mutants by LMM is shown in Fig-

ure S5A. For a list of significant regions by mutant, see Table S5.

(D and E) Normalized brain activity (pERK/tERK) in scn1labD44/D44 (D) and dyrk1aaD77/D77dyrk1abD8/D8 (E) versus background-matched wild-type fish in the seven

brain regions that show significant differences in at least six mutants. Heterozygous phenotypes are shown in Figures S5D and S5E. ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.05 (one-way ANOVA).
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phospho-histone H3 (pH3), a marker of proliferative cells. Our

analysis showed that pH3+ cells are significantly increased

throughout the brain in both mutants (Figures 7B–7D), including

regions displaying volume differences, such as the forebrain and

optic tectum/midbrain-hindbrain boundary (Figures S7B–S7E).

This suggests that early differences in neural cell proliferation

might predispose to brain size phenotypes. Next, based on our

finding of the downregulation of genes associated with dopami-

nergic neurogenesis (Figure 6F) andmidbrain dopaminergic neu-

rons (Figure 7A), we labeled dopaminergic neurons using an anti-

body to tyrosine hydroxylase (TH). We found that both scn1lab

and dyrk1a mutants display a significant deficit in TH+ cells in

the forebrain (telencephalon), which includes the olfactory bulb

and sub-pallium (Figures 7E–7G and S7F–S7J). These differ-

ences are more prominent in scn1lab mutants, which show a

nearly 50% decrease in forebrain dopaminergic neurons

(Figures 7E and 7F). There were no significant differences in

the number of TH+ cells in the posterior tuberculum
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Figure 6. Whole-brain RNA-seq identifies common dysregulated pathways in scn1lab and dyrk1a mutants

(A and B) Dysregulated GO pathways in scn1labD44/D44 (A) and dyrk1aaD77/D77dyrk1abD8/D8 (B) mutants. The dashed line represents FDR of less than 0.05.

Pathways enriched in upregulated (red) or downregulated (blue) genes are shown. For a complete list of significant GO pathways, see Table S6.

(C–F) GSEA pathways upregulated (C and D) or downregulated (E and F) in both mutants. The dashed line represents FDR of less than 0.25. p values indicating

significant overlap were calculated using Fisher’s exact test. For a complete list of significant GSEA pathways, see Table S6.

(G) Hypothesis-driven GSEA of DE genes (p < 0.1 and fold-change >1.5) in scn1labD44/D44 and dyrk1aaD77/D77dyrk1abD8/D8 mutants using the following datasets:

SFARI ASD risk genes,32 FMRP targets,51 and human brain co-expression network modules.8,9 The top four modules from Parikshak et al. (2013)9 based on

combined p value in homozygous mutants using Fisher’s method are shown. Gene sets enriched in upregulated (red) or downregulated (blue) genes are shown.

Bubbles are shown only for gene sets with significant enrichment (p < 0.05). The color intensity and size of each bubble represent the odds ratio. p-values

calculated using Fisher’s exact test are shown in each bubble. For the complete GSEA including all co-expression network modules in homozygotes and

heterozygotes, see Figures S6B and S6C.
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Figure 7. Dopaminergic and microglial phenotypes in scn1lab and dyrk1a mutants

(A) Hypothesis-driven GSEA of DE genes (p < 0.1 and fold-change >1.5) in scn1labD44/D44 and dyrk1aaD77/D77dyrk1abD8/D8 mutants using cell-type-specific

datasets.58–60 Cell type markers enriched in upregulated (red) or downregulated (blue) genes are shown. Bubbles are shown only for cell type markers with

significant enrichment (p < 0.05). The color intensity and size of each bubble represent the odds ratio. p-values calculated using Fisher’s exact test are shown in

each bubble. For the complete GSEA in homozygotes and heterozygotes, see Figure S7A.

(B) Phospho-histone H3 (pH3, green) and acetylated tubulin (AcTub, magenta) immunostained whole brains of scn1labD44/D44 and dyrk1aaD77/D77dyrk1abD8/D8

versus wild-type fish at 3 dpf. Dorsal views. FB, forebrain; OT, optic tectum; MHB, midbrain-hindbrain boundary. Scale bar, 50 mm. For quantification by brain

region, see Figures S7B–S7E.

(C and D) Total number of pH3+ cells in scn1labD44/D44 (n = 18) versus scn1lab+/+ (n = 16) (C) and dyrk1aaD77/D77dyrk1abD8/D8 (n = 14) versus wild-type fish (n = 19)

(D). ****p < 0.0001, one-way ANOVA.

(E) Tyrosine hydroxylase (TH, green) and acetylated tubulin (AcTub, magenta) immunostained whole brains of wild-type, scn1labD44/D44, and

dyrk1aaD77/D77dyrk1abD8/D8 fish at 4 dpf. Scale bar, 50 mm. Ventral views. FB, forebrain; PT, posterior tuberculum.

(F and G) Total number of TH+ cells in scn1labD44/D44 (n = 20) versus scn1lab+/+ (n = 19) in the forebrain (F) and posterior tuberculum (G) (boxes in [E]).

****p < 0.0001, one-way ANOVA. For heterozygous phenotypes, see Figures S7F–S7G.

(H) Neutral red staining of live scn1labD44/D44 and dyrk1aaD77/D77dyrk1abD8/D8 versus wild-type fish at 4 dpf. Scale bar, 0.1 mm.

(legend continued on next page)
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(Figures 7G and S7J). Overall, these findings suggest that abnor-

malities in early cell proliferation in the developing brain might

lead to altered dopaminergic neuron populations in the forebrain.

To determine the effect of ASD gene LoF on microglial popu-

lations, we performed in vivo staining of mutant larvae using

neutral red, which labels lysosomes as a proxy for microglia.61

We found a significant increase in neutral red-positive cells in

both dyrk1a and scn1lab mutants (Figures 7H–7J), consistent

with the observed upregulation of microglial-associated genes.

To validate these findings, we performed whole-brain immuno-

staining using amicroglia-specific antibody.62 We found a signif-

icant increase in microglia in the brains of both mutants

(Figures 7K–7M and S7K–S7M). Remarkably, this difference is

most prominent in dyrk1a mutants, which show a nearly two-

fold increase in microglia throughout the brain, including the

forebrain (Figures 7K–7M). This suggests that changes in cell

proliferation resulting from ASD gene LoF during early brain

development might be associated with altered microglial

numbers. Taken together, our cell-type-enrichment and whole-

brain labeling studies identify dopaminergic and neuroimmune

pathways as points of cellular convergence and reveal a promi-

nent role for dysregulated neurogenesis occurring in concert

with neuroimmune dysregulation in select ASD gene mutants.

DISCUSSION

This study describes the in vivo functional characterization of 10

ASD genes in zebrafish at the behavioral, structural, and circuit

levels. Overall, our analysis strongly supports both convergence

and divergence across ASD genes. Specifically, we find that

each ASD gene mutant displays a unique behavioral, brain size,

and activity fingerprint and that no two mutants share identical

phenotypes (Figures 2C, 3C and 4B). This suggests that ASD

gene LoF broadly impacts basic arousal and sensory processing

behaviors, brain size, and baseline brain activity, although not in

the same direction or to the same extent. In addition, we find clear

evidence for gene dosage effects across modalities, suggesting

that haploinsufficiency of ASD genes likely has incremental yet

quantifiable effects on multiple phenotypes. Our findings under-

score the significant heterogeneity associated with ASDs and

are consistent with recent parallel analyses of mouse models of

ASD genes and genomic regions.15,16 These studies also identi-

fied a range of brain size and functional connectivity phenotypes,

yet defined gene sub-groups with related phenotypes.15,16 We

identified sub-groups of ASD genes with highly correlated behav-

ioral phenotypes (Figure 2H), which would not have been pre-

dicted based solely on their known molecular functions. There-

fore, our study supports neurosubtyping as an approach to

parse out shared biologically relevant features across ASD

genes,63 which may represent a path forward for developing tar-

geted therapeutics as part of a precision medicine approach.

At the same time, our study provides evidence for conver-

gence at multiple levels. For example, we identify the forebrain

(telencephalon) and cerebellum as the most significant contribu-

tors to brain size phenotypes across mutants (Figure 3H),

suggesting that neurogenic regions where ASD genes are highly

expressed are particularly vulnerable to ASD gene LoF. Consis-

tent with this finding, we show that cell-cycle and neurogenesis

pathways are dysregulated in dyrk1a and scn1labmutants, both

of which display a reduction in brain volume and an increase in

pH3+mitotic cells. Our results are in line with recent studies high-

lighting an imbalance of neural proliferation and differentiation in

the developing brain, leading to altered neurogenesis and telen-

cephalon size resulting from ASD gene disruption.12,13 In

addition, we find clear evidence for the conservation of molecu-

lar mechanisms downstream of ASD genes in zebrafish and

mammals, revealing the dysregulation of ASD gene-associated

co-expression networks8,9 and pathways, including synaptic

function, FMRP targets, and E/I signaling5,11,64 in zebrafish

mutants, which supports the translatability of our results to

mammals. Together, our study supports a central role of ASD

genes in controlling neural proliferation and growth of neuro-

genic regions, which may predispose to altered connectivity in

the developing brain.

We also find evidence for convergence at a circuit level,

revealing the thalamus as the most significant contributor to

brain activity phenotypes across most ASD gene mutants.

We identify 22 regions with significant differences in baseline

activity in at least one-half of the mutants, which strongly

implicates regions involved in sensory-motor regulation,

including the dorsal thalamus. Intriguingly, a recent study of

social affiliation in zebrafish identified a central role of the dor-

sal thalamus in a tectothalamic circuit controlling collective

social behavior,65 suggesting that altered baseline activity in

this region resulting from ASD gene LoF might lead to social

deficits. Our results, therefore, provide additional support for

thalamic dysfunction in ASDs66 and highlight a potential asso-

ciation between disrupted growth of the telencephalon due to

ASD gene LoF and altered connectivity in diencephalic re-

gions, which may in turn affect social development. In addi-

tion, three lines of evidence indicate that dopaminergic

signaling is disrupted in mutants, representing a point of bio-

logical convergence. First, dopaminergic regions, such as

the posterior tuberculum, are among the top regions showing

differences in baseline activity across mutants. Second, a

mammalian dopaminergic neuronal dataset is significantly en-

riched for downregulated genes in scn1lab and dyrk1a mu-

tants. Third, both mutants display deficits in dopaminergic

neurons in the telencephalon. Interestingly, because midbrain

dopaminergic systems, such as the VTA, are involved in

reward and motivation, dysfunction of these regions has

been proposed as a mechanism contributing to social deficits

(I and J) Total number of neutral red+ cells in scn1labD44/D44 (n = 17) versus scn1lab+/+ (n = 20) (I) and dyrk1aaD77/D77dyrk1abD8/D8 (n = 16) versus wild-type fish (n =

15) (J). ****p < 0.0001, *p < 0.05, one-way ANOVA.

(K) 4C4 (green) and acetylated tubulin (AcTub, magenta) immunostaining of whole brains of dyrk1aaD77/D77dyrk1abD8/D8 and wild-type fish at 4 dpf. Scale bar,

50 mm. Dorsal views. FB, forebrain; OT, optic tectum; MHB, midbrain-hindbrain boundary.

(L andM) Total number of 4C4+ cells in dyrk1aaD77/D77dyrk1abD8/D8 (n = 13) versus wild-type (n = 10) in whole brain (L) and forebrain (M). ****p < 0.0001, **p < 0.01,

one-way ANOVA.
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in ASDs.67 Therefore, our study lends additional support to

examining the role of neuromodulatory systems in ASDs.

Finally, we report an unexpected point of convergence in neuro-

immunepathways.We show that the complement systemandmi-

croglia-associated genes are enriched among upregulated genes

in scn1lab and dyrk1amutant brains and identify increasedmicro-

glia in both mutants, including a nearly two-fold increase in the

brains of dyrk1a mutants, which also display the most prominent

reduction in size. Interestingly, studies of post-mortem brains in

individuals with ASDs show an enrichment of microglial genes

and an increase in activatedmicroglia,68–72 illuminating an associ-

ation of ASDs and neuroimmune dysfunction. Here, we demon-

strate a global increase in microglia at stages corresponding to

mid-fetal development, providing evidence for early neuroimmune

dysfunction in the context of ASD gene LoF. Furthermore, micro-

glia have been shown to play roles in neurogenesis by phagocy-

tosing neural precursor cells73 and in synaptic pruning74,75 during

brain development. ASD genes are strongly expressed in

excitatory and inhibitory neurons1 and function in cell-cycle con-

trol and neurogenesis.12,13,52,76 This suggests that the increase

in microglia in dyrk1a and scn1lab mutants might occur in

response to altered neurogenesis and/or synaptic signaling result-

ing from gene LoF, though additional studies are needed to deter-

mine the extent to which the microglial phenotypes represent a

direct or indirect effect of gene disruption and directly contribute

to brain size and/or activity phenotypes. Overall, our findings high-

light neuroimmune dysfunction in the developing brain as a point

of convergence downstream of select ASD genes. Taken

together, our study identifies both convergent and divergent ef-

fects of ASD gene LoF at multiple neurodevelopmental levels

and reveals dopaminergic and neuroimmune pathways as highly

relevant to the biology of ASDs.

Limitations of the study
While we identify convergence and divergence across ASD genes

and define gene sub-groups at multiple neurodevelopmental

levels, additional studies are needed to investigate the extent to

which these findings (e.g., behavioral fingerprints) can be lever-

aged to develop targeted pharmacological treatments using a

precision medicine approach. Our findings highlight a central

role of the thalamus and dopaminergic regions in baseline brain

activity differences in ASD genemutants, though themechanisms

bywhich changes in activity in these regions predispose to behav-

ioral alterations remain to be understood. This can be addressed

by in vivo imaging of these circuits during behavioral tasks. In

addition, future studies are needed to determine the mechanisms

contributing to alterations in microglial number in dyrk1a and

scn1lab mutants and the extent to which microglial number and/

or activation is affected across ASD gene mutants. Finally, exam-

ining the brain regions and cell types that we identified in our

screen in parallel with mouse and human induced pluripotent

stem cell models will be important for translating these findings

to mammals and illuminating convergence across systems.
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(2003). PGC-1alpha-responsive genes involved in oxidative phosphory-

lation are coordinately downregulated in human diabetes. Nat. Genet.

34, 267–273. https://doi.org/10.1038/ng1180.

51. Darnell, J.C., VanDriesche, S.J., Zhang, C., Hung, K.Y.S., Mele, A., Fraser,

C.E., Stone, E.F., Chen, C., Fak, J.J., Chi, S.W., et al. (2011). FMRP stalls

ribosomal translocation onmRNAs linked to synaptic function and autism.

Cell 146, 247–261. https://doi.org/10.1016/j.cell.2011.06.013.

52. Willsey, H.R., Xu, Y., Everitt, A., Dea, J., Exner, C.R.T., Willsey, A.J.,

State, M.W., and Harland, R.M. (2020). The neurodevelopmental disorder

risk gene DYRK1A is required for ciliogenesis and control of brain size in

16 Cell Reports 42, 112243, March 28, 2023

Article
ll

OPEN ACCESS

https://doi.org/10.1016/j.neuron.2015.12.039
https://doi.org/10.1016/j.neuron.2015.12.039
https://doi.org/10.1016/j.cell.2019.01.048
https://doi.org/10.1016/j.cell.2019.01.048
https://doi.org/10.1517/17460440902988464
https://doi.org/10.1126/science.1183090
https://doi.org/10.1126/science.1183090
https://doi.org/10.1016/j.cell.2017.10.021
https://doi.org/10.1016/j.cell.2017.10.021
https://doi.org/10.1242/jeb.003939
https://doi.org/10.1523/JNEUROSCI.0615-07.2007
https://doi.org/10.1523/JNEUROSCI.0615-07.2007
https://doi.org/10.1523/JNEUROSCI.5193-09.2010
https://doi.org/10.1523/JNEUROSCI.5193-09.2010
https://doi.org/10.1523/JNEUROSCI.4332-06.2006
https://doi.org/10.1523/JNEUROSCI.4332-06.2006
https://doi.org/10.7554/eLife.30860
https://doi.org/10.1038/nature10523
https://doi.org/10.1038/nature10523
https://gene.sfari.org/
https://doi.org/10.1186/1749-8104-8-3
https://doi.org/10.1186/1749-8104-8-3
https://doi.org/10.1002/dvdy.24398
https://doi.org/10.3390/genes12020234
https://doi.org/10.3390/genes12020234
https://doi.org/10.1016/j.clinph.2016.11.021
https://doi.org/10.1038/mp.2015.5
https://doi.org/10.1038/mp.2015.5
https://doi.org/10.1016/j.seizure.2020.12.021
https://doi.org/10.1126/sciadv.abe2626
https://doi.org/10.3389/fnmol.2019.00241
https://doi.org/10.1016/j.brainres.2010.09.101
https://doi.org/10.1038/nmeth.3581
https://doi.org/10.1016/j.biopsych.2021.01.012
https://doi.org/10.1016/0896-6273(95)90286-4
https://doi.org/10.1016/0896-6273(95)90286-4
https://doi.org/10.1016/j.ydbio.2007.11.012
https://doi.org/10.1016/j.cub.2007.04.003
https://doi.org/10.1016/s0006-8993(00)03174-7
https://doi.org/10.1101/gr.772403
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/ng1180
https://doi.org/10.1016/j.cell.2011.06.013


Xenopus embryos. Development 147, dev189290. https://doi.org/10.

1242/dev.189290.

53. Kelleher, R.J., 3rd, and Bear, M.F. (2008). The autistic neuron: troubled

translation? Cell 135, 401–406. https://doi.org/10.1016/j.cell.2008.10.017.

54. Hollis, F., Kanellopoulos, A.K., and Bagni, C. (2017). Mitochondrial

dysfunction in Autism Spectrum Disorder: clinical features and perspec-

tives. Curr. Opin. Neurobiol. 45, 178–187. https://doi.org/10.1016/j.conb.

2017.05.018.

55. Gegenhuber, B., Wu, M.V., Bronstein, R., and Tollkuhn, J. (2022). Gene

regulation by gonadal hormone receptors underlies brain sex differences.

Nature 606, 153–159. https://doi.org/10.1038/s41586-022-04686-1.

56. Werling, D.M., Parikshak, N.N., and Geschwind, D.H. (2016). Gene

expression in human brain implicates sexually dimorphic pathways in

autism spectrum disorders. Nat. Commun. 7, 10717. https://doi.org/10.

1038/ncomms10717.

57. Kimura, R., Swarup, V., Tomiwa, K., Gandal, M.J., Parikshak, N.N., Funa-

biki, Y., Nakata, M., Awaya, T., Kato, T., Iida, K., et al. (2019). Integrative

network analysis reveals biological pathways associated with Williams

syndrome. J. Child Psychol. Psychiatry 60, 585–598. https://doi.org/10.

1111/jcpp.12999.

58. Cahoy, J.D., Emery, B., Kaushal, A., Foo, L.C., Zamanian, J.L., Christo-

pherson, K.S., Xing, Y., Lubischer, J.L., Krieg, P.A., Krupenko, S.A.,

et al. (2008). A transcriptome database for astrocytes, neurons, and oli-

godendrocytes: a new resource for understanding brain development

and function. J. Neurosci. 28, 264–278. https://doi.org/10.1523/JNEUR-

OSCI.4178-07.2008.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ellen J.

Hoffman (ellen.hoffman@yale.edu).

Materials availability
All zebrafish mutant lines generated in this study are available upon request with a completed Materials Transfer Agreement. A com-

plete list of genotyping primers for these lines is provided (Table S1).

Data and code availability
d The raw and processed RNA sequencing data have been deposited at GEO and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table. Sleep-wake and visual-startle parameters (mean, SD, beta, p

value) per genotype are shown in Table S2. All raw behavioral data from sleep-wake and visual-startle assays are available

upon request. Regional quantification of brain volume (raw Jacobian determinants) for all mutants using the eight-region atlas

is shown in Table S3. Regional quantification of brain activity (raw pERK/tERK values) for all mutants using the eight- and

149-region atlases is shown in Table S4. Raw confocal images are available upon request. Significant dysregulated pathways

identified in homozygous and heterozygous scn1labD44 and dyrk1aaD77;dyrk1abD8 mutants by PANTHER GO and GSEA using

the Molecular Signatures Database are shown in Table S6.

d The code for comparing zebrafishand humandevelopmental timecourse is described inWillsey et al. (2021).13 TheMATLABcode

for sleep-wake analysis is described in Prober et al. (2006) and Rihel et al. (2010),24,29 and is available on github at https://github.

com/JRihel/Sleep-Analysis/tree/Sleep-Analysis-Code (Zenodo: https://doi.org/10.5281/zenodo.7644073). TheMATLABcode for

analyzing visual-startle responses is available on github at https://github.com/ehoffmanlab/Weinschutz-Mendes-et-al-2023-

behavior (Zenodo: https://doi.org/10.5281/zenodo.7644898). Custom codes for whole-brain mapping are available on github at

https://github.com/ehoffmanlab/Weinschutz-Mendes-et-al-2023-mapping (Zenodo: https://doi.org/10.5281/zenodo.7644861).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All procedures involving zebrafish were conducted in accordance with Institutional Animal Care and Use Committee (IACUC; Proto-

col #2021-20054) regulatory standards at Yale University. Zebrafish larvae were raised at 28�C on a 14:10 h light:dark cycle. Larvae

were grown in 150 mm Petri dishes in blue water (0.3 g/L Instant Ocean, 1 mg/L methylene blue, pH 7.0) at a density of 60-80 larvae

per dish. Assays were conducted in zebrafish embryos and larvae at 1-7 dpf. At these developmental stages, sex is not yet

determined.

METHOD DETAILS

Generation of zebrafish mutant lines
To generate zebrafish ASD gene mutants, gene-specific CRISPR gRNAs (20 pg/CRISPR) and mRNA encoding Cas9 (200 pg) or sets

of zinc finger nucleases (ZFN) (25-75 pg) or TALENs (50 pg) were injected into zebrafish embryos at the one-cell stage. See Table S1

for gRNA and ZFN/TALEN target sequences. The zebrafish paralogs of human ASD genes were identified by conducting a reciprocal

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NodeJS N/A https://nodejs.org/en/

R and RStudio CRAN https://www.Rstudio.com

Sleep-wake behavioral analysis code Prober et al. (2006)29;

Rihel et al. (2010)24
https://github.com/JRihel/Sleep-Analysis/tree/

Sleep-Analysis-Code; Zenodo: https://doi.org/10.5281/

zenodo.7644073

Visual-startle analysis code This paper https://github.com/ehoffmanlab/Weinschutz-

Mendes-et-al-2023-behavior; Zenodo: https://doi.org/

10.5281/zenodo.7644898

Zebrafish to human developmental

transcriptome code

Willsey et al. (2021)13 https://bitbucket.org/willseylab/
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BLAST search of the zebrafish genome (Zv9). If two zebrafish paralogs were identified for a given gene, both were targeted simul-

taneously, generating double mutant fish. Percent amino acid identity compared to the human protein was determined using Clustal

Omega.78 CRISPRs were designed using ZiFit79,80 and CRISPRscan, which was used to predict off-target sites.81 ZFN were de-

signed by Sigma-Aldrich and TALENs were designed by the University of Utah HSC Cores Research Facility.82 Germline

mutations in founders were confirmed by Sanger sequencing (Table S1, Figure S1). Founders (F0) were crossed to wild-type fish

to generate double heterozygotes, which were incrossed to generate double homozygous mutants. Mutant lines were outcrossed

to wild-type fish for at least one generation and genotyping was used to confirm the presence of mutations in each generation.

Genotyping primers and procedures for all mutant lines are shown in Table S1. The scn1labdidy mutant line28 was obtained from

the laboratory of Dr. Peter de Witte.

Whole mount in situ hybridization
PCR primers used to generate in situ probes are shown in Table S1. Probes were amplified from cDNA samples from zebrafish

embryos (0-48 hpf) and larvae (72-120 hpf) and cloned into pBluescript, pCRII-TOPO, or pCR-Blunt II-TOPO. Antisense digoxigenin

(DIG)-labeled RNA probe synthesis was performed according to the following method.21 Probes were synthesized for 3 h at 37�C in

20 mL reactions containing: 2 mL 10X transcription buffer (Roche), 2 mL 10X DIG RNA labeling mix (Roche), 1 mL 100 mMDTT (Roche),

1 mL RNaseOUT recombinant ribonuclease inhibitor (Invitrogen), 2 mL RNA polymerase (T7, SP6, or T3) (Roche), and 12 mL of

linearized purified plasmid. Following probe synthesis, 2 mL of DNase I (amplification grade) (Invitrogen) was added to each sample

for 30 min at 37�C. Probes were purified using the RNeasy Mini Kit (Qiagen).

Whole mount in situ hybridization was performed according to themethod of Thisse et al. (1993).83 Specifically, 24-48 hpf embryos

were raised in 0.003% 1-phenyl-2-thiourea (PTU) in blue water (0.3 g/L Instant Ocean, 1 mg/L methylene blue, pH 7.0) to prevent

pigment formation and fixed in 4% paraformaldehyde (PFA) overnight at 4�C. Embryos were then washed in PBSTw (PBS +0.1%

Tween 20), dehydrated sequentially in methanol/PBSTw, and stored at �20�C in 100% methanol at least overnight. Embryos

were sequentially rehydrated, washed in PBSTw, and digested with proteinase K at a final concentration of 10 mg/mL for

11-12 min (24 hpf) or 40 min (48 hpf). After washing in PBSTw, samples were refixed in 4% PFA for 20 min at room temperature

and washed in PBSTw. Next, samples were incubated in pre-warmed hybridization buffer (50% formamide, 4X SSC buffer, 0.1%

Tween 20, 9.2 mM citric acid, 50 mg/mL Heparin, 500 mg/mL tRNA) for 3 h at 65�C, then incubated overnight at 65�C in hybridization

buffer containing 100-200 ng of each RNA probe. Samples were then transferred sequentially from hybridization buffer to 2X SSC

buffer (3.0 M sodium chloride and 0.3 M sodium citrate) at 65�C, incubated in 2X SSC buffer for 15 min and 0.2X SSC buffer for

1 h (2 3 30 min) at 65�C. Samples were transferred sequentially from 0.2X SSC buffer to PBSTw at room temperature, incubated

in blocking solution (15% normal sheep serum, 2 mg/mL BSA in PBSTw) for 2 h at room temperature, and then in antibody solution

(anti-Digoxigenin-AP, Fab fragments, Millipore Sigma, Cat# 11093274910) diluted 1:5000 in 2% normal sheep serum and 2 mg/mL

BSA in PBSTw) overnight at 4�C. Samples were washed in PBSTw and incubated in staining buffer (100 mM tris HCl, pH 9.5, 50 mM

MgCl2, 100 mM NaCl, 0.1% Tween 20) for a total of 15 min (3 3 5 min) at room temperature. Samples were transferred to staining

solution (100mg/mLNBT (Roche) and 50mg/mL BCIP (Roche) in staining buffer), and incubated at room temperature in the dark until

staining became visible. The reaction was stopped by removing the staining solution and washing in 4%PFA. Stained embryos were

incubated overnight in 4% PFA, washed in PBSTw, and later cleared in 100% glycerol for imaging at 40x or 85x using a dissecting

stereomicroscope.

Zebrafish time course transcriptomic analysis
RNA sequencing raw count data fromwild-type zebrafish at 16 hpf to 5 dpf (whole-body) in the HLF background30 andwild-type 6 dpf

zebrafish brains in the scn1labD44 genetic background (see ‘‘RNA extraction and sequencing’’) were used. To compare the zebrafish

developmental time course to human brain development, we utilized methods and code developed by the laboratory of JeremyWill-

sey. Using raw count data, zebrafish genes were first mapped to human genes using Ensembl BioMart (version GRCz10/danRer10)84

according to the genemappingmethod described below (see ‘‘RNA-Seq pathway analysis’’). Next, we performed a principal compo-

nent analysis (PCA) of the BrainSpan human brain developmental transcriptome dataset31 and projected the zebrafish datasets to

PCA coordinate space, as in Willsey et al. (2021).13 We used the BrainSpan RNA-seq (Gencode v10) dataset summarized to gene

level. This dataset was subset to expressed genes defined as those having greater than three RPKM in at least five samples, as

in Willsey et al. (2021).13 Briefly, all gene expression datasets were reduced to a common gene set between the zebrafish and human

datasets (2,192 genes). In the zebrafish dataset, human gene orthologs in zebrafish that had multiple transcripts were collapsed and

the median value across the five replicates (whole-body) or three replicates (brain-only) was retained. We transformed the zebrafish

and BrainSpan RNA-seq datasets into log2(RPKM). To visualize developmental trajectories, the BrainSpan and zebrafish datasets

were zero centered and scaled before calculating and projecting onto the principal components. An equivalent vector representing

the scaled and centered zebrafish time course data was projected onto the BrainSpan PCA coordinate space using center point and

rotations, as in Willsey et al. (2021).13

qPCR
qPCR primer sequences for each gene are shown in Table S1. qPCR primer sequences for katnal2 were obtained from Zheng

et al. (2022).85 Total RNA was isolated from zebrafish larvae or juvenile fish using the RNeasy Plus Micro Kit (Qiagen). cDNA was
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synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen). qPCR was performed using a CFX96 machine

(Bio-Rad) and Power SYBR Green PCR Master Mix (Applied Biosystems). Two to four replicate experiments were performed per

gene. The following mutant lines and wild-type fish at matched developmental stages were used: cul3aD7/D7cul3bD32/D20 and

scn1labD44/D5 (5 dpf); tbr1aD64/D19tbr1bD10/D14

(7 dpf); chd8D5/D7, dyrk1aaD77/4insdyrk1abD8/D5, grin2baD25/D4grin2bbD64/D4,

katnal2D19/D4, kdm5baD17/4inskdm5bbD14/D4; pogzaD23/D5pogzbD22/D20 (pogzb) (14-18 dpf); pogzaD23/D5pogzbD22/D20 (pogza) (24

hpf). 24 hpf was used for pogza because it has been shown to be expressed up to 48 hpf and its expression at juvenile stages

has not been shown.86 Statistical analyses were conducted and boxplots were generated using GraphPad Prism (Dotmatics).

Brain volume and activity mapping
Whole-mount immunostaining with antibodies to total-ERK and phosphorylated-ERK for brain volume and activity mapping was

performed following themethod of ref. 22 and 42 with somemodifications. Specifically, zebrafish larvae at 6 dpf were collected by pour-

ing larvae into a mesh sieve and immediately immersing the sieve into 4% PFA/4% sucrose in PBS +0.25% Triton (PBST). Larvae

were fixed overnight at 4�C and washed in PBST. To control for background variation, larvae from all mutant lines were generated

from heterozygous incrosses with fixation performed blind to genotype. Genotyping was performed the day after fixation by tail clip-

ping followed by DNA extraction. PCR was performed using fluorescent-labeled (fluorescein (50 6-FAM) or hexachlorofluorescein

(50 HEX)) PCR primers, using high-resolution fragment analysis (DNA Analysis Facility at Yale University; Yale Keck DNA Sequencing

Facility). To improve antibody penetration, brains were dissected prior to immunostaining, as in Wilson et al. 1990.87 Briefly, larvae

were pinned on the side in a sylgard dish using two dissecting pins. Using a tungsten needle and forceps, the eyes and the skin tissue

on the surface of the brain were removed. The jaw, cardiac tissue, and yolk were also removed. Dissected brains were incubated in

150 mM Tris-HCl for 15 min at 70�C, washed in PBST, permeabilized in 0.05% Trypsin-EDTA for 45 min on ice, and washed in PBST.

To remove any residual skin pigment, depigmentation was performed by incubating samples in 1.5% H2O2 and 50 mM KOH for

15 min. Brains were blocked for 1 h in PBST with 1% BSA, 2% normal goat serum (NGS) and 1% DMSO, and incubated overnight

at 4�C in primary antibodies to pERK (Cell Signaling #4370) and tERK (Cell Signaling #4696) diluted at 1:500 in blocking solution

without NGS. After overnight incubation, samples were washed in PBST and incubated for 2 h at room temperature with Alexa-fluo-

rophore-conjugated secondary antibodies (Life Technologies) at a dilution of 1:200 in blocking solution without NGS. Dissected

brains weremounted dorsally in lowmelting point agarose (1-2%) and imaged by confocal microscopy at 25X (0.95W) using z-stacks

ranging from�200 to 300 mm (Leica Systems, Yale Center for Cellular andMolecular Imaging). Experiments were performed in two to

four independent clutches for each ASD gene. Total sample sizes are shown in Table S7.

Behavioral assays
Behavioral assayswere performed by placing individual larvae in a 96-well plate (7701-1651;Whatman, Clifton, NJ) containing 650 mL

of standard embryowater per well (0.3 g/L Instant Ocean, 1mg/Lmethylene blue, pH 7.0) within a Zebrabox (Viewpoint Life Sciences,

Montreal, QC, Canada). Larval movement was recorded with a monochrome camera using ZebraLab quantization mode and quan-

tified using an automated video tracking system (Zebrabox and ZebraLab software). The ZebraLab detection parameters were

empirically defined for detection of larval movement with minimal noise. The visual-startle assay was adapted from Scott et al.

(2016)34 with some modifications and conducted in larvae at 5 dpf. ZebraLab quantization mode (Zebrabox and ZebraLab software)

was used to record larval activity every 1 s. To test larval responses to lights-off stimuli, larvae were acclimated to white light back-

ground illumination for 1 h, after which their baseline activity was tracked for 30 min followed by five 1-s flashes of darkness at 29-s

intervals (Figure 2B). To test responses to lights-on stimuli, the assay was then reversed, where larvae were acclimated to darkness

and then exposed to 1-s flashes of bright white light at 29-s intervals. Using customMATLAB software developed by our lab (available

on github at https://github.com/ehoffmanlab/Weinschutz-Mendes-et-al-2023-behavior; https://doi.org/10.5281/zenodo.7644898),

the following six behavioral parameters were quantified for both lights-off and lights-on stimuli (Figure 2B): (i) average intensity of

all startle responses (AVG STIM); (ii) average post-stimulus activity (AVG POST); (iii) average activity after the first stimulus

(POST1); (iv) stimulus versus post-stimulus activity (STIMvPOST); (v) and (vi) intensity of responses to the first (S1) and last (S5) stim-

uli, reflecting habituation, respectively.

The sleep-wake assay24,29 was conducted in larvae at 5-7 dpf after the visual-startle assays. Specifically, larvae were exposed

to a 14h:10h white light:dark schedule with constant infrared illumination within a Zebrabox (Viewpoint Life Sciences). Using

custom MATLAB software developed by Jason Rihel (available on github at (https://github.com/JRihel/Sleep-Analysis/tree/

Sleep-Analysis-Code; https://doi.org/10.5281/zenodo.7644073)), the following six behavioral parameters were quantified during the

day and night at 6-7 dpf (Figure 2B): (i) total activity; (ii) total sleep; (iii) waking activity; (iv) rest bouts; (v) sleep length; (v) sleep latency.24

To control for genetic background, behavior assays were performed blind to genotype using sibling- or cousin-matched larvae

from heterozygous incrosses of all mutant lines (Table S1). Genotyping was performed after each experiment. Experiments were per-

formed at least in triplicate for each line to obtain sample sizes of �40-50 homozygous and wild-type fish. Total samples sizes of

homozygous, heterozygous, and wild-type fish for all behavioral experiments are shown in Table S7.

RNA extraction and sequencing
Total RNA was extracted from isolated larval heads with the eyes removed (n = 3-4 heads per genotype, 1 head per sample). To con-

trol for genetic background, RNA was extracted from sibling- or cousin-matched larvae from heterozygous incrosses of scn1labD44/+
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and dyrk1aaD77/+dyrk1abD8/+ fish. DNA was isolated from 3 dpf larvae using the Zebrafish Embryonic Genotyper (ZEG) system

(wFluidx, Salt Lake City, UT, USA) and genotyping was performed using high-resolution fragment analysis (DNA Analysis Facility

at Yale University; Yale Keck DNA Sequencing Facility). Larvae were separated by genotype at 4 dpf and raised in a 6-well plate

at 28�C in blue water (0.3 g/L Instant Ocean, 1 mg/L methylene blue, pH 7.0). At 6 dpf, larvae were euthanized on ice for 15 min, after

which the heads were isolated, and the eyes were removed using a fine scalpel. RNA was immediately extracted using the RNeasy

Micro Kit (Qiagen). RNA library preparation was performed using NEBNext Single Cell Low Input RNA Library Prep Kit (Cat# E6420L)

and sequenced at 25 million reads/sample using NovaSeq 6000 (Illumina) (Yale Center for Genome Analysis). Raw reads from all

RNA-seq experiments have been deposited at Gene Expression Omnibus (GEO) (Accession # GEO: GSE205578) (https://www.

ncbi.nlm.nih.gov/geo/).

dyrk1a body length measurements
Homozygous dyrk1aaD77/D77dyrk1abD8/D8 and unrelated wild-type larvae were imaged live at 6 dpf using a dissecting stereomicro-

scope. A single blinded rater measured body length using Fiji.88 Statistical analyses were conducted and boxplots were generated

using GraphPad Prism (Dotmatics).

Immunohistochemistry
Whole mount antibody staining of dissected embryos was performed as described in Wilson et al. (1990)87 with some modifications.

Specifically, larvae were fixed in 4% sucrose/4% PFA at room temperature for 1 h per 24 h of development. Following fixation, larvae

were washed in PBS and brains were dissected as described above (see ‘‘Brain volume and activity mapping’’)87 then dehydrated

sequentially inmethanol-PBST (PBS+0.5%Triton X-100) and stored inmethanol at�20 �Cat least overnight. Brains were rehydrated

sequentially, washed in PBST, and permeabilized with either proteinase K at 20-40 mg/mL for 20 min (4C4, tyrosine hydroxylase,

acetylated tubulin) or 0.05% Trypsin-EDTA for 30 min followed by 100% acetone on ice for 7 min (pH3, acetylated tubulin). After per-

meabilization, brains were post-fixed in 4% PFA for 20 min at room temperature (4C4, tyrosine hydroxylase staining). Brains were

blocked for at least 1 h at room temperature in 10% NGS, 1% DMSO and 10% BSA in PBST, and incubated in primary antibodies

at a dilution of 1:500 in block solution without NGS overnight at 4�C. Samples were washed 4-6 times for at least 30 min in PBST and

incubated for 2 h at room temperature with Alexa-fluorophore-conjugated secondary antibodies (Life Technologies) at a dilution of

1:200 in blocking solution without NGS. After washing with PBST, zebrafish larvae weremounted in lowmelting point agarose (1-2%)

for imaging. The following primary antibodies were used: anti-4C4 (generous gift from the lab of Dr. Peter Hitchcock), anti-pH3 (Milli-

pore Sigma #06-570), anti-tyrosine hydroxylase (Millipore Sigma #AB152), and anti-acetylated tubulin (Millipore Sigma #T7451).

Background-matched wild-type, heterozygous, and homozygous larvae from scn1labD44/+ incrosses were used. Homozygous

dyrk1aaD77/D77dyrk1abD8/D8 fish were compared to unrelated wild-type fish. Statistical analyses were conducted and boxplots

were generated using GraphPad Prism (Dotmatics).

Confocal imaging and cell quantification
Whole-mount immunostained embryos were imaged by confocal microscopy (Leica Systems, Yale Center for Cellular andMolecular

Imaging). Maximum intensity projections are shown for all confocal images, which were processed using Fiji.88 Image brightness and

contrast were adjusted equally for all genotypes using Fiji.88 Figures were assembled using Illustrator (CC, Adobe). Imaris 9.9 (Bit-

plane) was used to quantify the number of pH3+ and 4C4+ cells. All images were analyzed blind to genotype by a single rater.

For quantifying pH3+ cells using Imaris, surfaces were drawn using landmarks to identify the forebrain and midbrain-hindbrain

boundaries. The green channel (pH3) was masked for each region using the rendered surface. Spots were then applied to the

region-specific masked channels using background subtraction and estimated XY diameter = 5.0 mm, and filtered by quality with

cutoff 3.80 to identify pH3+ cells in the forebrain, midbrain, and whole brain. Each spot counted as one pH3+ cell. Quantification

of 4C4+ cells was performed using the Imaris 9.9 LabKit pixel classification method plugin through ImageJ. Imaris Surfaces were

created and trained usingmachine learning pixel classification from LabKit to specifically identify 4C4+ cells within themasked green

channel for the whole brain and forebrain. The trained algorithm was applied to each image followed by seed point (12.0 mm) gen-

eration to split cells based on morphology. The surface was rendered and filtered by quality with a cutoff of 1.75 (dyrk1a) and

�3.75 or �4.0 (scn1lab, replicate experiments). All surfaces passing this threshold of any voxel size were selected. Each surface

was counted as one microglial cell. To quantify TH+ cells, the forebrain and posterior tuberculum were identified according to Nunes

et al. (2021) and Sallinen et al. (2009)89,90 and quantified using the ImageJ Cell Counter plug-in. Statistical analyses were conducted

and boxplots were generated using GraphPad Prism (Dotmatics).

Neutral red staining
For phenotypic analyses of microglia in live fish, a surface neutral red stain was used.61 Background-matched siblings from

scn1labD44/+ heterozygous incrosses and homozygous dyrk1aaD77/D77dyrk1abD8/D8 and unrelated wild-type zebrafish larvae at

4 dpf were used. Fish were collected and treated daily with 0.003% 1-phenyl-2-thiourea (PTU) diluted in methylene blue embryo

water to inhibit pigmentation. At 4 dpf, larvae were incubated in embryo water containing 2.5 mg/mL neutral red at 28�C for 4–5 h,

and embryo water was replaced three times prior to imaging. Live images were acquired using an upright dissecting
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stereomicroscope. Quantification of neutral red+ cells was performed blind to genotype by a single rater using the ImageJ Cell

Counter plug-in. Statistical analyses were conducted and boxplots were generated using GraphPad Prism (Dotmatics).

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging registration for brain volume and activity analysis
Confocal z stack images of tERK and pERK-stained brains were used to quantify regional differences in brain volume and activity as

in Randlett et al. (2015),42 using custom MATLAB software developed by our lab, which is available on github at https://github.com/

ehoffmanlab/Weinschutz-Mendes-et-al-2023-mapping (https://doi.org/10.5281/zenodo.7644861). Specifically, our image registra-

tion and analysis pipeline utilized BioImage Suite Web Tools91 and included the following steps (Figures 3A and 4A).

Pre-processing
1. Confocal z stack images of tERK-immunostained brains were nonlinearly registered to a standard reference brain42 using

transformation-based deformation.92,93 This generates a transformation file that describes the degree of stretch or compres-

sion required for mapping to the reference image. Brain size and activity differences were visualized using BioImage Suite

Web.91

Volume quantification
2. The determinant of the Jacobian of the deformation field was used to quantify local volume differences between the registered

images and a 23 23 2 resampled version of the standard reference zebrafish brain. (i.e. 1 = no volume change, >1 = individual

subject is larger than the template and <1 = individual subject is smaller than the template) (Staib et al., 2006),92 as was done in

our previous work in humans.93

3. Regional differences in brain volumewere calculated using the 8-region zebrafish brain atlas, whichwas derivedmanually from

a resampled standard zebrafish brain (Z-brain) atlas.22,42

4. Linear mixed modeling was applied to raw Jacobian values to identify significant differences in brain volume across experi-

ments (see ‘‘Brain volume and activity analysis’’ below).

5. The boxplot shown in Figure 3E shows the regional differences in brain volume relative to the standard zebrafish reference

brain.42 Statistical analyses were conducted in StatPlus (AnalystSoft) and boxplots were generated in GraphPad Prism (Dot-

matics).

Activity quantification
6. For brain activity calculations, the geometric transformation is applied to the pERK confocal z stack images.

7. pERK image intensities were normalized by tERK intensities through a voxel-wise division (pERK/tERK).

8. The average pERK/tERK intensities were calculated within individual regions delineated in the Z-brain atlas.42 The 8-region and

149-region atlases were derived manually from versions of the Z-brain atlas.22,42 To generate the 149-region atlas (Figure 5A),

65 regions were excluded from the original Z-brain atlas because these regions were either removed in dissected brains (e.g.

eyes, trigeminal ganglion) or located in the posterior hindbrain (e.g. regions caudal to rhombomere 4), which was not imaged.

The 149-region atlas consists of four major subdivisions: (i) telencephalon, including the pallium and subpallium (17 regions); (ii)

diencephalon, including the thalamus, hypothalamus, and posterior tuberculum (71 regions); (iii)mesencephalon, including the

optic tectum and tegmentum (11 regions); (iv) rhombencephalon (46 regions); and (v) 4 regions that are not considered part of

these major regions (Figure S5A).

9. Linear mixed modeling was applied to raw pERK/tERK values to identify significant differences in brain activity across exper-

iments (see ‘‘Brain volume and activity analysis’’ below).

10. The boxplot in Figure 4D shows regional differences in brain activity (normalized pERK/tERK ratios). Statistical analyses were

conducted in StatPlus (AnalystSoft) and boxplots were generated in GraphPad Prism (Dotmatics).

Visualization of brain volume and activity phenotypes
BioImage Suite Web (2022)91 was used to visualize differences in brain volume and activity in homozygous and heterozygous mu-

tants versus wild-type background-matched fish. Images for volume and activity were overlayed on a resampled standard refer-

ence fish. We calculated a voxel-wise Z-scored value of homozygous and heterozygous images compared to background-

matched wild-type fish using the mean and standard deviation of Jacobian determinant (volume) or pERK/tERK (activity) values.

Hypothesis testing for activity was performed at the voxel level using AFNI 3dttest comparing homozygous and heterozygous fish

to background-matched wild-type fish, generating an index of voxel coordinates deemed significantly different between geno-

types. We visualized volume differences by mapping Z score values from 3.3-6 (Figure 3F) or 2.4–5.2 (Figures 3G and S3B). To

visualize activity images, we used FWE correction on this index determined by Monte Carlo simulation using the AFNI 3dClustSim

version (16.3.05, October 2016) program.94 Visualizations for activity are shown at p < 0.05 whole-brain FWE corrected with an

initial P threshold of <0.0001 for scn1labD44/D44 and <0.05 for the following mutant lines: chd8D5/D5, dyrk1aaD77/D77dyrk1abD8/D8,

kdm5baD17/D17kdm5bbD14/D14, cntnap2aD121/D121cntnap2b31ins/31ins. tbr1aD64/D64tbr1bD10/D10 was not FWE corrected because
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significance for this mutant did not meet cluster correction. For activity and volume, images were generated using mosaic and

orthogonal views in BioImage Suite Web to capture cross sectional increases and decreases in the axial and sagittal planes.

All axial mosaics are shown starting at Z level of 90 and decreasing by 7 slices for each image. Sagittal mosaics are displayed

starting at X level of 169 and decreasing by 7 slices for each image.

Brain volume and activity analysis
Linear mixed models (LMM) were used to compare volume and activity in each brain region in homozygous, heterozygous, and back-

ground-matchedwild-typefish for eachgenotype. The variationsofbrain volumeandactivity acrossexperimentswereaccounted forby

including the date of the experiment as a random effect in LMM. Hierarchical clustering analysis was performed to cluster mutants and

brain regions based on the signed -log10-transformed p values from LMM, where sign is the direction of the difference in volume or ac-

tivity when comparing between the mutant and wild-type. Clustergram (‘‘pheatmap: Pretty heatmaps’’ (RRID:SCR_016418): https://

cran.r-project.org/web/packages/pheatmap/index.html) was used to visualize mutant clusters and brain region clusters in a heatmap.

To compare volumeand activity in each brain region across all genotypes (Figures 3H, 4G, S3E, S3F, S4GandS4H),we assessed the

overall difference by combining the genotype-level p values using Fisher’smethod. Bonferroni adjustment was used to correct for mul-

tiple comparisons.Brain regionswith adjustedp value <0.05were considered tobe significant. Todetermine the regionswith the largest

volume change, we pooled b values from LMM for each region across all homozygous mutants using inverse-variance weighting.95

Behavioral analysis
LMMwere used to compare phenotypes of each behavioral parameter between homozygous and heterozygous mutant versus wild-

type fish for each genotype. The variations of behavioral phenotype across experiments were accounted for by including the date of

the experiment as a random effect in LMM. We analyzed 24 behavioral parameters from the visual-startle lights-on and lights-off as-

says and the sleep-wake assay. Hierarchical clustering analysis was performed to cluster mutants and behavioral parameters based

on the signed -log10-transformed p values from LMM, where sign is the direction of the difference in behavioral phenotype when

comparing between the mutant and wild-type. Clustergram (‘‘pheatmap: Pretty heatmaps’’ (RRID:SCR_016418): https://cran.

r-project.org/web/packages/pheatmap/index.html) was used to visualize mutant clusters and behavioral parameter clusters in a

heatmap.

Pearson correlation analysis was performed to evaluate correlations betweenmutants based on the difference in the 24 behavioral

parameters, where the difference was assessed using the signed -log10-transformed p values. Hierarchical clustering analysis was

performed to cluster mutants based on pairwise correlations. Correlograms were used to visualize mutant clusters and their

correlations.

Identification of differentially expressed genes from RNA-seq data
To identify DE genes, low quality reads were trimmed and adaptor contamination was removed using Trim Galore (v0.5.0, https://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were mapped to the Danio rerio reference genome

(GRCz11) using HISAT2 (v2.1.0).96 Gene expression levels were quantified using StringTie (v1.3.3b)97 with gene models (release

103) from Ensembl. Differential expression analysis was conducted using DESeq2 (v 1.22.1).98 DEseq2 results have been deposited

at Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/info/seq.html). (Accession # GEO: GSE205578)

RNA-seq pathway analysis
To understand the biological functions of DE genes, we performed functional pathway analysis using Gene Set Enrichment Analysis

(GSEA)49,50 and PANTHER.99 We first mapped zebrafish genes to human orthologs using Ensembl BioMart (version GRCz10/

danRer10).84 For duplicated genes, we used the following gene mapping assignments: (i) if multiple human genes mapped to the

same zebrafish gene, then each human gene was assigned to the zebrafish gene; (ii) if multiple zebrafish genes map to the same

human gene, then the zebrafish gene with the highest average expression among samples was assigned to the human gene. In

the GSEA analysis, enrichment scores were calculated for all mapped genes. A nominal p value for the maximal enrichment score

was obtained based on 1,000 random permutations. Significance was adjusted using false discovery rate (FDR) to account for

multiple hypothesis testing. Pathways with FDR Q value < 0.25 were considered to be significant as recommended by the GSEA

software. For PANTHER, DE genes with p value <0.05 were included in the analysis. Fisher’s exact test was used to determine

the representation of a specific functional pathway among the selected DE genes. Pathways with FDR <0.05 were considered to

be significant.

Gene set and cell type enrichment analysis
To test whether human gene sets of interest are over-represented in the DE genes of each mutant, we first mapped zebrafish DE

genes with p value <0.1 and fold-change >1.5 to human orthologs using Ensembl BioMart (version GRCz10/danRer10)84 and

then performed Fisher’s exact test to assess the enrichment in the upregulated and downregulated genes separately. p-value

<0.05 was considered to be significant. To identify the top co-expression networks9 that are the most significant in both mutants

(Figure 6G), we calculated the combined p value in homozygous mutants using Fisher’s method.
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Mouse brain cell type markers were obtained fromCahoy et al. 2008, Poulin et al. 2014, and Zeisel et al. 2015.58–60 To test whether

the cell typemarkers are over-represented in the DE genes of eachmutant, we first mapped zebrafish DE geneswith p value <0.1 and

fold-change >1.5 to human orthologs using Ensembl BioMart (version GRCz10/danRer10)84 and obtained genome-wide one-to-one

human-mouse orthologs from the Mouse Genome Informatics (MGI) resource.100 Fisher’s exact tests were performed to assess the

enrichment in the upregulated and downregulated genes separately. p-value <0.05 was considered to be significant.
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