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Abstract

Behavioral screens in model organisms have greatly facilitated the identification of genes
and genetic pathways that regulate defined behaviors. Identifying the neural circuitry via
which specific genes function to modify behavior remains a significant challenge in the field.
Tissue- and cell type-specific knockout, knockdown, and rescue experiments serve this pur-
pose, yet in zebrafish screening through dozens of candidate cell-type-specific and brain-
region specific driver lines for their ability to rescue a mutant phenotype remains a bottle-
neck. Here we report on an alternative strategy that takes advantage of the variegation
often present in Gal4-driven UAS lines to express a rescue construct in a neuronal tissue-
specific and variegated manner. We developed and validated a computational pipeline that
identifies specific brain regions where expression levels of the variegated rescue construct
correlate with rescue of a mutant phenotype, indicating that gene expression levels in these
regions may causally influence behavior. We termed this unbiased correlative approach
Multivariate Analysis of Variegated Expression in Neurons (MAVEN). The MAVEN strategy
advances the user’s capacity to quickly identify candidate brain regions where gene function
may be relevant to a behavioral phenotype. This allows the user to skip or greatly reduce
screening for rescue and proceed to experimental validation of candidate brain regions via
genetically targeted approaches. MAVEN thus facilitates identification of brain regions in
which specific genes function to regulate larval zebrafish behavior.

Introduction

Behaviors are mediated by ensembles of interconnected neurons and glia that make up neuro-
nal circuits. A genetic mutation may disrupt the development and/or function of one or more
specific circuit elements, thereby producing a behavioral phenotype. From a basic research
perspective, identifying circuit elements that mediate behavioral phenotypes aids in under-
standing the interplay between genetic mutations, cellular functioning, circuit activity, and
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behavior [1]. From a translational perspective, therapies must be targeted to the correct cells in
order to succeed, so identifying phenotypically relevant cell types and brain regions in model
organisms is critical [2]. However, this critical task remains a major challenge in a major verte-
brate model organism, the larval zebrafish. Here, we a present strategy in larval zebrafish for
identifying the brain region(s) via which a specific gene regulates a behavioral phenotype.

In genetic model organisms various specifically targeted approaches, such as genetic knock-
out, knockdown, and rescue, are used to establish the cell type(s) and brain region(s) in which
specific genes function to regulate behavior. In rescue approach, a promotor or driver is used
to induce expression of a rescue construct containing the target gene in a specific population
of cells in the context of an animal that is otherwise mutant for the target gene. If this manipu-
lation normalizes, or “rescues” the typical mutant phenotype, the gene’s function has been suc-
cessfully localized to that specific population of cells. Indeed, in larval zebrafish hundreds of
Gal4 drivers are available for inducing gene expression in specific defined populations, making
it a seemingly feasible option to screen through available Gal4s until rescue is achieved and
therefore the relevant cells are identified [3-8]. However, two major hurdles stand in the way
of rescue screens in larval zebrafish.

First, rescue screens are logistically challenging in zebrafish. Cell-type-specific rescue
screens must take place on a mutant genetic background, meaning that each individual Gal4
line must be crossed into the mutant background, raised to adulthood over 3 or more months,
genotyped, and finally crossed to a UAS rescue construct carrier also on the mutant back-
ground. Negative results in a rescue experiment do not definitively rule out the targeted cellu-
lar population because the possibility always remains that the target gene was not expressed at
sufficient levels to rescue the phenotype. The number of Gal4 lines to be tested may also pres-
ent a challenge. In Drosophila the number of Gal4 lines screened for rescue of a mutant pheno-
type can exceed several dozen [9]. In zebrafish, an unbiased cell-type-specific rescue screen of
more than a few dozen Gal4 lines would be prohibitively costly for most labs in terms of time,
labor, and tank space. For these reasons, few if any genetic rescue screens have been used to
identify the specific brain regions in which behaviorally-relevant genes function in larval
zebrafish.

A second hindrance to Gal4 x UAS-based rescue screens in zebrafish is the epigenetic
silencing of UAS lines [10-12]. Variegated expression of transgenic lines in zebrafish and
silencing throughout generations has been observed for as long as transgenic lines have been
made [13, 14], but UAS lines are possibly particularly susceptible due to methylation of their
repetitive promoter element. Some UAS lines continue to be expressed in all targeted cells
across multiple generations, while others are rapidly silenced, while others express in a varie-
gated fashion, producing a different pattern in every larva [15, 16]. When a UAS construct is
employed for rescue of a mutant phenotype, variegation can produce variability, undermining
confidence in results. Historically variegation has been regarded as a disadvantage of the Gal4
x UAS system in zebrafish and has motivated the development of alternative combinatorial
expression systems [17]. Our strategy utilizes variegated and/or mosaic expression throughout
the brain for a computational analysis, and thus turns the natural variegation of some UAS
constructs into an advantage.

Some conditions must be met before our strategy can be successfully utilized. First, we
assume that the broad tissue or cell type in which the target gene functions in behavior—e.g.
neurons, oligodendrocytes, astrocytes—has already been identified via cell-type-specific res-
cue, and that the user wishes to find the specific brain region(s) where the gene exerts its
effects. Second, we assume that the target gene can be expressed in a variegated and/or mosaic
fashion in the cell type of interest, either with a variegated UAS construct, via DNA or RNA
microinjection, or another technique. Third, we assume that the ectopically-expressed target
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gene can be visualized within the context of the brain, either by directly tagging the gene with
a fluorophore or epitope or by driving expression of a fluorophore from the same genetic con-
struct. Once these assumptions are met, our strategy can be applied.

We call our strategy Multivariate Analysis of Variegated Expression in Neurons (MAVEN).
MAVEN can be used when variegated, cell-type-specific expression of a rescue construct leads
to variable rescue of a behavioral phenotype (Fig 1A). Larvae are collected in two behavioral
groups: unrescued and rescued (Fig 1B). We assume that the rescued larvae express the rescue
construct in the functionally relevant population of cells, while the unrescued larvae do not.
Next, we image the expression pattern of the variegated rescue construct in each group of
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Fig 1. Overview of experimental workflow. A) Before MAVEN can be performed, a variegated, labeled expression construct for the gene of interest
that has variable effects on a phenotype of interest is required. B) The first step of MAVEN is to collect two groups of larvae, each expressing the
variegated transgene, but displaying different behavioral phenotypes. In this example, some mutant larvae fail to express the transgene in the relevant
cells, and therefore display the typical mutant phenotype (red), while other mutant larvae express the transgene in relevant cells and therefore display a
WT-like, rescued behavioral phenotype (blue). C) After larvae are collected in each phenotype group, their tails are trimmed distinctively so they can be
identified after immunohistochemical staining in a single tube to avoid batch artifacts. Antibodies for the rescue construct (in this example, GFP) and
an anatomical reference stain are applied. D) Next, the brains are aligned to a 3D brain atlas using the reference stain and the rescue construct signal in
identified brain regions is quantified. We give an example with our own data in Fig 3. We provide MATLAB code for this stage of the protocol. E)
Multivariate analysis is performed to identify specific brain regions in which GFP signal levels correlate with larval phenotype. These are candidate
regions which may mediate the function of the gene of interest. We show example results of our analysis in Fig 4, and provide R code for this stage. F)
Validation is performed by identifying more specific Gal4 drivers for candidate regions. If the phenotype of interest can be rescued by driving
expression solely in these regions, then a region that mediates the gene’s effects on phenotype has been successfully identified. We show how we
validated our results in Fig 5. G) If a specific region fails to validate, we offer methods to identify alternative candidate regions in Fig 6.

https://doi.org/10.1371/journal.pone.0281609.9001
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brains (Fig 1C). Brains are aligned to a standard reference atlas to allow quantification of res-
cue construct expression in defined brain regions (Fig 1D). Multivariate analysis then pro-
duces a short list of specific brain regions where rescue construct expression differs between
unrescued and rescued larvae (Fig 1E). We reason that in these brain regions, gene expression
may causally influence behavior, making them good candidates for more specific rescue exper-
iments. Specific rescue experiments validate the causal role for MAVEN-identified candidate
brain regions. To perform these experiments, using the brain atlas, we identify Gal4 lines that
drive expression in candidate regions. These Gal4 lines are then used for region-specific rescue
experiments to test whether gene activity in these regions is causally relevant for behavior (Fig
1F). Thus, even without highly laborious Gal4 x UAS screens, MAVEN facilitates localization
of genetic function to specific brain region(s).

In the example we present in this protocol, our analysis produced a single candidate brain
region. We identified two relatively specific Gal4 lines that we used to validate this candidate
region’s role in behavior as a site of action for our gene of interest. However, we recognize that
validation may not succeed with every candidate region. We therefore supply possible methods
for identifying alternative candidate regions, should the first candidates tested fail to validate
(Fig 1G). We also recognize that a variegating UAS rescue construct—which we identified
serendipitously for our example gene—may not be available to every potential user of this pro-
tocol. We offer some suggestions for how variegating and/or mosaic expression can be deliber-
ately achieved in the “Future improvement of MAVEN” section.

Materials and methods

All animal experiments were approved by the University of Pennsylvania Institutional Animal
Care and Use Commiittee (IACUC). The protocol described in this peer-reviewed article is
published on protocols.io, DOI: dx.doi.org/10.17504/protocols.io.14egn78jyv5d/vl and is
included for printing as S1 File with this article.

Expected results

Step 1: Collection of variegated transgene-expressing larvae with divergent
phenotypes

This protocol requires comparison of transgene expression patterns between two groups of lar-
vae. Two broad strategies—one based on the rescue of a loss-of-function phenotype and one
based on an overexpression phenotype—are available to collect larval populations for compari-
son. In our case, both the loss-of-function rescue and overexpression strategies were viable
options. We assume most users will employ the loss-of-function rescue strategy, as it will likely
be available for a larger set of genes than the overexpression strategy, which requires an overex-
pression phenotype. We therefore focus on the loss-of-function strategy in this manuscript.
For those who wish to use a strategy based on an overexpression phenotype, as we did for our
example gene, we provide more detailed information and caveats in Step 2 on protocols.io.
Our example target gene, CaSR, is necessary for a larval zebrafish to display typical sensori-
motor decision-making bias in response to sudden acoustic stimuli [18]. At low stimulus
intensities, WT larvae tend to respond to acoustic stimuli with a reorientation behavior, while
at high stimulus intensities, they perform an escape behavior (Fig 2A) [18]. CaSR mutants,
while capable of escapes, always bias towards the reorientation (Fig 2A). Variegated CaS-
R-EGFP expression in neurons, driven using the Gal4 x UAS system, is sufficient to rescue the
reorientation bias of some, but not all, CaSR mutants (Fig 2B) [19]. Specifically, we generated
larvae by crossing the atubulin:Gal4 stable transgenic line [20] to the 14xUAS:CaSR-EGFP
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Fig 2. An example larval collection strategy based on rescue of a loss-of-function mutant phenotype. A) Schematic
of behavioral bias for the escape versus reorientation decision of various larvae. At low stimulus intensities, WT larvae
perform predominantly reorientations (pink). As stimulus intensity increases, WT larvae shift their preference towards
escapes (light blue). CaSR mutant larvae, by contrast, are highly reorientation-biased across all stimulus intensities,
although they do occasionally perform escapes. B) Example of a loss-of-function rescue strategy for collecting groups
of larvae with divergent phenotypes. When responding to a strong acoustic stimulus, CaSR homozygous mutant larvae
(red squares) are reorientation-biased relative to sibling controls (blue circles). Overexpressing CaSR in a variegated
fashion in neurons in CaSR mutants (empty red squares) sometimes, but not always, rescues the mutant phenotype.
We collected larvae in rescued (above light blue line) and non-rescued (below pink line) groups. Some data from Panel
B also appears in Shoenhard, Jain, and Granato [19].

https://doi.org/10.1371/journal.pone.0281609.9002

stable transgenic line [19]. For the loss-of-function strategy, we divided these CaSR mutant lar-
vae into two groups: those that responded to high intensity stimuli with strong bias towards
reorientations (loss-of-function phenotype), and those that responded to the same stimuli
with strong bias towards escapes (rescue of loss-of-function phenotype) (Fig 2B). For the over-
expression strategy, we divided CaSR genotypically wild-type larvae that overexpressed CaSR
in variegated populations of neurons into two groups: those that responded to low-intensity
stimuli with bias towards reorientations (typical phenotype) and those that responded to low-
intensity stimuli with bias towards escapes (overexpression phenotype). This general approach
can be adapted to a wide variety of behaviors other than sensorimotor decision-making, so
long as there is some phenotypic variability in mutants expressing the variegated rescue
construct.

Step 2: Quantification of transgene in anatomically-identified brain
regions

After collecting larvae in two phenotypic groups, we compare the expression pattern of the res-
cue construct between each group. To do this, we immunostained larvae for total ERK (for
ZBrain atlas registration—see protocols.io Steps 3-12), imaged total ERK and CaSR-EGFP
expression pattern on a confocal microscope (see protocols.io Step 13), and then registered
them to the ZBrain 3D anatomical atlas (see protocols.io Steps 15-16 and Randlett et al. 2015).
We then quantified the CaSR-EGFP signal of all registered larvae across the brain regions in
the ZBrain atlas (Fig 3A) using the custom Matlab function QuantifySignalMultipleBrains
(available for download in protocols.io Step 17). Next, we imported the data to R for further
analysis (example code available for download in protocols.io Step 18).
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Fig 3. Patterns of variegation of rescue construct expression in neurons of d5 larvae. A) CaSR-EGFP (green) and total ERK
anatomy reference (magenta) signal in single slices in the dorsal portion of the brain of an atubulin:Gal4; UAS:CaSR-EGFP larva. Left
and right images are from the same brain: raw image is on the left and brain atlas-registered image is on the right. Note the variegation
in CaSR-EGFP expression, with left-right asymmetries highlighted using white arrowheads. Scale bars are 100 um. Due to the
deformations that occur during brain atlas registration, the raw image and the registered image do not depict exactly the same
anatomical regions, and therefore the exact same cells cannot be identified from image to image. B) Quantification of CaSR-EGFP
signal in the brains of n = 50 atubulin:Gald> UAS:CaSR-EGFP; CaSR*"* larvae sorted by behavioral phenotype. Signal in each brain
region is represented as a gradient ascending through the colors black, green, yellow, and white. C) Pearson correlations of a set of
example brain regions calculated on the full dataset of n = 150 larvae. Width and color of ellipses are proportional to the degree of
correlation. Regions are ordered by hierarchical clustering using the Ward method. Red = negatively correlated (no brain regions in
this group were negatively correlated), white = no correlation, blue = positively correlated.

https://doi.org/10.1371/journal.pone.0281609.g003
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We rely on the natural variability in expression of our rescue transgene—both between lar-
vae, and between brain regions in single larvae—for our analysis. Some brain regions exhibited
high variability in expression between larvae, while a few brain regions nearly always highly
expressed our transgene and a few nearly never expressed our transgene (Fig 3B). Likewise,
some larvae expressed our rescue transgene highly across almost the whole brain, some barely
expressed it at all, and most expressed it variably in different regions. In summary, a high
degree of variability existed in the expression of our rescue construct both within and between
brains.

For MAVEN, expression levels in each brain region serve as the independent variables, and
phenotype is the dependent variable. Multicollinearity, or correlation between independent
variables, is a challenge for multivariate analysis because it renders it difficult to discern which
of two highly correlated variables (if any) actually predicts the dependent variable. We there-
fore determined the correlation of CaSR-EGFP signal across a subset of brain regions (Fig 3C).
We hypothesized that signal would not be perfectly independent; rather, some larvae would
likely have overall more UAS inactivation and some would have less, leading signal in different
brain regions to be correlated. We performed pairwise Pearson correlations between a subset
of brain regions and found that correlation varied from nearly 0 to nearly 1, with a full range
in between (Fig 3C). Few, if any, pairs of brain regions were negatively correlated. Correlation
between independent variables informed our selection of a method for multivariate analysis
and our interpretation of the multivariate analysis results we obtained.

Our example dataset consists of 172 brains of larvae with various CaSR genotypes. Signal
within various brain regions exhibits varying degrees of positive correlation, with pairwise
Pearson correlations ranging from 0 to 1. For those seeking to apply the MAVEN strategy,
each variegated or mosaic construct is likely to display different patterns of correlation. Less
correlation between brain regions will provide greater power in subsequent steps of multivari-
ate analysis to determine which brain regions best predict behavioral phenotype. Extremely
high levels of correlation could render multivariate analysis uninformative, because no single
brain region will be able to predict phenotype better than any other. Therefore, it is critical to
examine and consider patterns of variegation before attempting MAVEN and when interpret-
ing results. We achieved success using an n of 50 wild-type larvae for our multivariate analysis
(note that users who follow the loss-of-function rescue strategy will employ mutant larvae for
their multivariate analyses). Depending on their own datasets’ levels of multicollinearity, users
may need to adjust their experimental ns accordingly.

Step 3: Multivariate analysis with LASSO regression

We selected a multivariate analysis method suited to our dataset and our goals. Our goal was
to produce a short list of defined candidate brain regions which we could easily validate via
more specific Gal4 x UAS expression experiments. We therefore avoided neural network and
random forest models, which can produce highly accurate classifiers for datasets, but do not
lend themselves to easy interpretation [21, 22]. We also chose not to use dimensionality reduc-
tion techniques before analyzing our data. This is because dimensionality reduction tech-
niques, such as PCA, flatten many variables that are easily interpreted (e.g. signal from
individual brain regions) into single variables that are more difficult to interpret (e.g. one vari-
able consisting of a weighted amalgamation of signal from many brain regions). Finally, we
knew that multicollinearity was present in our dataset (Fig 3B), and wished to use a method
suitable for such situations [23]. We therefore selected for our analysis logistic LASSO (least
absolute shrinkage and selection operator) regression. LASSO regression, like other forms of
multivariate regression, constructs a mathematical model that predicts a dependent variable—

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 7/18


https://doi.org/10.1371/journal.pone.0281609

PLOS ONE

Localizing gene function to brain regions with MAVEN

in this case, phenotype—by summing independent variables—in this case, rescue construct
expression level in a particular brain region—that are weighted by specific fitted coefficients
[24, 25]. Distinctively, LASSO regression reduces to zero coefficients of independent variables
that are not sufficiently informative, performing variable selection without first reducing the
dimensionality of the dataset. LASSO regression thereby produces an interpretable but sparse
model that tolerates a moderate degree of multicollinearity and resists overfitting [23, 25].

For those taking the loss-of-function rescue approach, LASSO regression should be used to
compare rescue construct expression levels in brain regions of phenotypically non-rescued
versus rescued mutant larvae. We took the overexpression approach, so we used LASSO
regression to compare the CaSR expression levels in brain regions of larvae with the overex-
pression phenotype versus larvae with the typical phenotype. The analysis steps involved in the
loss-of-function rescue and overexpression approaches are the same, but the phenotypic
groups collected and compared are different. For our overexpression-based analysis, we quan-
tified the variegated neuronal CaSR-EGFP expression levels in n = 251 brain regions of n = 50
wild-type larvae that responded to low-intensity stimuli with either reorientation-biased (typi-
cal phenotype) or escape-shifted (overexpression phenotype) behavior (see protocols.io Step
18). We then performed LASSO regression to predict behavioral phenotype using the brain
region expression data. The resulting model included a single coefficient for the ZBrain region
“Rhombencephalon QRFP Cluster—Sparse”, which we refer to as the “Dorsal Cluster—-Rhom-
bomere 6” (DCR6). This indicated that CaSR-EGFP expression levels in the DCR6 could help
predict a wild-type larva’s shift in bias towards escapes. To confirm this assessment, we per-
formed a single two-way ANOVA to assess if “escape-shifted” larvae had more CaSR-EGFP in
their DCR6 than “not escape-shifted” larvae across all genotypes. We found a highly significant
association between signal in the DCR6 and escape bias overall (main effect of phenotype
p<0.0001, with significant within-genotype effects after controlling for multiple comparisons
in CaSR*"* and CaSRP'*?'* groups) (Fig 4A).

While our initial analysis highlighted the DCR6 as a candidate mediator of the CaSR over-
expression phenotype, it was not clear if this brain region might also play a role in rescue of
the loss-of-function phenotype. To examine this question, we collected n = 12 CaSR mutant
larvae expressing variegated CaSR-EGFP under control of the aTubulin:Gal4 driver and sorted
them by their responses to strong stimuli: the typical CaSR mutant reorientation bias or the
phenotypically rescued escape bias. Indeed, we found a significant association between CaS-
R-EGFP signal in the DCR6 and phenotypic rescue in CaSR mutants (p = 0.0260, Mann-Whit-
ney U test, Fig 4B).

As a negative control, we performed the same Two-way ANOVA analyses on a different
brain region that was not implicated by LASSO regression. For this we selected the locus coe-
ruleus (LC) because it also resides in the hindbrain and is roughly the same size as the DCR6.
No significant association was observed between behavioral phenotype and CaSR-EGFP signal
in the LC (main effect of phenotype p = 0.0738, no significant effects of phenotype within any
genotype) (Fig 4C). There was also no significant correlation between signal in the LC and res-
cue of decision-making in CaSR mutants (p = 0.0649, Mann-Whitney U test, Fig 4D). Both of
these comparisons approached, but did not reach, statistical significance. We theorize that this
is due to the multicollinearity in the dataset, meaning there is a moderate degree of correlation
between CaSR-EGFP levels in the LC and the DCR6 across all larvae (Pearson correlation R-
squared = 0.233, p = 0.0055). This near-significant result underlines the importance of choos-
ing an unbiased method, like LASSO regression, to identify the most promising brain regions
for further analysis. A hypothesis-driven approach might have selected the LC as a brain region
of interest, given the potential role for the neuromodulator norepinephrine in a decision-
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(blue), e.g. performed predominantly escapes in response to a strong, escape-evoking stimulus. Rescue significantly
predicts DCR6 signal by Mann-Whitney U test. C) Normalized fluorescence intensity signal in the locus coeruleus
(LC) of larvae of various CaSR genotypes that either displayed the typical phenotype (red) or were escape-shifted
(overexpression phenotype) (blue) in response to a low-intensity stimulus. Presence of the overexpression phenotype
does not significantly predict (p = 0.0738) LC signal by Two-way ANOVA. D) Normalized fluorescence intensity
signal in the locus coeruleus of CaSR mutants whose behavioral phenotype was unrescued (red) vs. rescued (blue), e.g.
performed predominantly escapes in response to a strong, escape-evoking stimulus. Rescue does not significantly
predict LC signal by Mann-Whitney U test (p = 0.0649). E) Accuracy of logistic regression models used to predict
phenotype of CaSR** (blue), CaSRF**”* (green), or CaSRP**”P'% (red) larvae using the average CaSR-EGFP signal
across the whole brain, the signal only in the DCR6, or both. CaSR*"* and CaSRF"**?"*° phenotypes could be more
accurately predicted with the DCR6 than with the average signal in the whole brain, and using both variables in the
model did not improve accuracy compared to the model that used only the DCR6. CaSR?**”* phenotypes were not
accurately predicted by any of the three models. Data in panels A and B also appears in Shoenhard, Jain, and Granato
[19].

https://doi.org/10.1371/journal.pone.0281609.9004

making task. However, unbiased analysis reveals that other regions, like the DCR6, are most
strongly linked.

Because signal in various brain regions tends to be positively correlated, we also considered
the possibility that overall CaSR-EGFP signal in the brain could predict phenotype. If this were
the case, then any brain region that served as a good proxy for average whole-brain expression
might be selected by LASSO regression. To evaluate this possibility, we averaged the signal
across all brain regions in a single larva and performed bootstrapped univariate logistic regres-
sion over 100 randomly drawn training subsets of our data to predict phenotype. We found
this univariate average-signal model performed no better than chance on test sets of CaSR™*
or CaSRP"*”"* larvae (bootstrapped analysis accuracy on test larvae = 48% +/- 1.9% for CaSR*"*
larvae and 48% +/- 0.8% for CaSRP**”’*, mean +/- SEM), but performed better than chance in
CaSRP*”P1% Jarvae (bootstrapped analysis accuracy = 59% +/- 1.9%). By contrast, when we
performed the same analysis using only signal in the DCR6 as the independent variable, we
found that the phenotype of CaSR*'* larvae was predicted with 69% +/- 1.5% accuracy and
CaSRP'??'% Jarvae were predicted with 74% +/- 1.0% accuracy, consistent with our earlier
Two-way ANOVA results. Again consistent with the Two-way ANOVA, DCR6 signal was not
informative for CaSRP**”* larvae, with an accuracy of 50% +/- 0.8%, no better than chance.
Finally, we considered if average CaSR-EGFP signal in the brain, while not informative by
itself, could help improve the accuracy of a DCR6 signal model. We therefore bootstrapped
models including both average signal and DCR6 signal. However, we found that this model
did not improve upon the DCR6 alone model in any genotype (Fig 4E). The MAVEN strategy
has thus identified a hindbrain region, the DCR6, where CaSR-EGFP expression levels are
highly correlated with escape-shifted decision-making, independent of the average signal
across all brain regions.

Step 4: Candidate brain region validation

While the MAVEN strategy is capable of identifying brain regions where a genetic rescue con-
struct expression strongly correlates with phenotype, it does not necessarily imply that these
regions are causally involved with behavior. To test whether target gene expression in a specific
brain region is truly causatively influencing behavior, the target gene should be specifically
expressed in that brain region and its phenotypic effects assayed. Since the ZBrain atlas is used
in MAVEN, this tool can be searched to identify Gal4 drivers that express in the candidate
region(s) of interest (https://zebrafishatlas.zib.de/Im). When completely specific Gal4 lines for
a given brain region are not available, testing rescue with multiple Gal4s that express in a com-
mon target region and different off-target regions can potentially be informative. Additionally,
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since functional heterogeneity is characteristic of many brain regions, multiple Gal4s that
seemingly target the same region may in fact express in different molecular subpopulations.
Therefore, testing multiple Gal4s that seem to express in the same region can potentially pro-
vide additional information about which cell type(s) and specific circuit elements are relevant
for genetic function. In our case, we identified two Gal4 drivers that expressed in the DCR6
and some immediately bordering regions (Fig 5A) and used them to validate the causative role

of CaSR in this region.
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Fig 5. Example validation of a single Gal4-defined brain region as a mediator of a genetic behavioral phenotype. A) Expression patterns of the y293
(purple), y234 (green), and y341 (magenta) Gal4s relative to the DCR6 in Slice 122 of ZBrain 2.0 (https://zebrafishatlas.zib.de/lm) [8, 26]. Scale bars are
100 um. Below, enlarged images of the DCR6. The y293 Gal4 labels apparent cell bodies of a population medial to the DCR6 (black arrowheads) that
project through the DCR6 and terminate in a region lateral to the DCR6 (orange arrowheads). However, cell bodies within the DCR6 are labeled only
sparsely. By contrast, the y234 and y341 Gal4s both label cell bodies within the DCR6 and immediately surrounding it, y234 to a slightly greater extent
than y341. B) Maximum projections from ZBrain slices 12-64 (ventral portion of the brain) in the y293 (blue), y234 (green), and y341 (magenta) Gal4s.
All three Gal4s drive expression in the trigeminal ganglion (TG), while only y293 and y234 drive expression in the vagal ganglion (VG). Scale bar = 100
um. C) CaSR overexpression escape-shifted phenotype is exhibited by GFP+ y234; UAS:CaSR-EGFP; CaSR sibling (CaSR** and CaSRF™***) larvae
responding to a low-intensity acoustic stimulus [19]. D) Partial rescue of CaSR loss-of-function phenotype in sorted GFP+ y234; UAS:CaSR-EGFP;
CaSRPP*”P1%0 [arvae responding to a strong acoustic stimulus. CaSR sibling (CaSR™* and CaSRF**”*) larvae in blue; CaSRF*P**° mutant larvae in red.
Data from Panel D and some data from Panel C also appear in Shoenhard, Jain, and Granato [19].

https://doi.org/10.1371/journal.pone.0281609.g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 11/18


https://zebrafishatlas.zib.de/lm
https://doi.org/10.1371/journal.pone.0281609.g005
https://doi.org/10.1371/journal.pone.0281609

PLOS ONE

Localizing gene function to brain regions with MAVEN

We chose to validate the role of the DCR6 in decision-making by driving UAS:CaS-
R-EGFP with Gal4s that target this region. If CaSR expression driven by these Gal4s could
drive the overexpression phenotype in WT larvae and/or rescue the loss-of-function pheno-
type in CaSR mutant larvae, a role for CaSR in this Gal4-defined region in decision-making
would be confirmed. We manually searched the ZBrain atlas [8, 26] for Gal4s that drove
expression in the DCR6. While completely specific Gal4s (e.g. those that drive expression
across the entire DCR6, but not in any other brain regions) were not available, we obtained
two lines, y234 and y341, with expression patterns that included the DCR6 (Fig 5A). These
lines also both drove expression in the trigeminal and/or vagal ganglia (Fig 5B), so we
obtained a negative control line, y293, that drove expression in both ganglia (Fig 5B), but
drove only sparse expression in and around the DCR6 (Fig 5A). We then tested whether
driving CaSR in populations defined by these Gal4s was sufficient to evoke the CaSR overex-
pression phenotype in siblings and/or rescue the CaSR loss-of-function phenotype in
mutants.

Driving CaSR with either DCR6-targeting Gal4 line was sufficient to shift decision-making
of CaSR sibling larvae towards escapes (Fig 5C). By contrast, driving CaSR within the trigemi-
nal and vagal ganglia without the DCR6 failed to shift decision-making (Fig 5C). Furthermore,
we demonstrated that CaSR expression driven by the DCR6-targeting y234 line was sufficient
to partially rescue the CaSR loss-of-function mutant phenotype (Fig 5D). By contrast, CaSR
expression driven by the negative control line did not rescue the CaSR mutant phenotype (Fig
5E). In summary, we used a series of partially overlapping Gal4 lines to show that CaSR activity
specifically in the DCR6 is a key determinant of decision-making bias. This step demonstrates
a causal role for CaSR in the brain region that was initially identified via the MAVEN strategy.
Our example illustrates the utility of this strategy to identify Gal4 drivers for genetically-identi-
fiable neuronal populations that mediate genetic effects on behavior.

Optional step: Identifying other candidate regions

We validated the functional significance first candidate region that MAVEN identified. How-
ever, since the MAVEN strategy identifies candidates via correlation, this may not always be
the case for users of this protocol. If validation in the first candidate region fails, the next steps
depend on the results of the LASSO regression. For our analysis, LASSO regression returned
only a single hit, but it is possible that in other cases the analysis will assign coefficients to mul-
tiple regions. If this occurs, and if driving expression only in the first candidate region fails to
reproduce the phenotype of interest, either a less specific Gal4 or two Gal4s in combination
could be used to drive expression in the top two candidate regions. This may reveal a require-
ment for a gene in multiple brain regions simultaneously.

If all candidate regions from the LASSO regression have been tested without successful res-
cue, there are still options available. LASSO regression tends to produce sparse models, which
means that if multiple brain regions are highly correlated with each other and with the pheno-
type, some may be discarded from the model. Thus, multiple highly phenotype-linked candi-
date regions may be obscured by a single highest-linked candidate [25]. One option is simply
re-running the LASSO regression with the previous top candidate brain region’s data omitted.
Another option is employing our function, exportStrongestCorrelatedRegions, which identi-
fies the regions that are most highly correlated with a given region (protocols.io Step 18.3).
This output of this function can be input to our CustomBrainRegionStack function in Matlab
(protocols.io Step 18.6) to visualize the brain regions where expression is most highly corre-
lated with the top LASSO hit region (Fig 6A). When we performed this analysis, after exclud-
ing brain regions that physically included the DCR6 (Rhombomere 6 and Rhombencephalon),
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nearby within the dorsal rhombencephalon. Some regions were excluded due to anatomical overlap with regions
shown or because they physically contain the entire DCR6; see Supplemental Information full results. Abbreviations,
in descending order of correlation strength: DCR6 -Dorsal cluster Rhombomere 6 (“Rhombencephalon—QRFP
Neuron Cluster Sparse”); VGlut2 CI2 -“Rhombencephalon—VGlut2 Cluster 2”; Gad1b Cl 14 -“Rhombencephalon—
Gad1b Cluster 14”; Cerebellum-“Rhombencephalon—Cerebellum”; Rh 1 -“Rhombencephalon—Rhombomere 17;
HcrtR St 2 -“Rhombencephalon—6.7 DHCrtR Gal4 Stripe 2”; s1181t -“Rhombencephalon—s1181t Cluster”; L
Habenula VGlut2 Cl-“Diencephalon—Left habenula VGlut2 Cluster” B) Training and testing set accuracy of 100
LASSO regression models created by bootstrapping data from n = 50 CaSR WT larvae expressing UAS:CaSR-EGFP
under control of atubulin:Gal4. Most models fall into one of two categories: accurate (greater than 50% accuracy on
both training and testing sets, sea green, n = 35) or inaccurate (less than 50% accuracy on both training and testing
sets, purple, n = 55). Datapoints are jittered to avoid overplotting. We hypothesize that the inaccurate models are the
result of declining statistical power associated with halving sample size for bootstrapping. For all further analysis, only
accurate models were used. C) Regions that received positive coefficients in more than one bootstrapped, accurate
LASSO model. The most common region employed in accurate models was the DCR6 (red). Two other regions that
are among the top 10 most correlated with the DCR6 (see Fig 5A and S1 File) also appeared (blue). The other regions
(gray) may explain some of the variability in phenotype that was not explained by the DCR6. Abbreviations: DCR6
—“Dorsal Cluster Rhombomere 6” (ZBrain: “Rhombencephalon-QRFP Neuronal Cluster Sparse”); Mes RAF7
—“Mesencephalon—Retinal Arborization Field 7 (AF7)”; Tel OB-“Telencephalon—Olfactory Bulb”; Rhomb Gad1b
Clust14 -“Rhombencephalon—Gad1b Cluster 14”; Rhomb Vmat2 Clust2 -“Rhombencephalon—Vmat2 Cluster 27;
Tel Migrated Area 4 —“Telencephalon—Telencephalic Migrated Area 4 (M4)”; Rhomb Vglut2 Clust2
—-“Rhombencephalon—Vglut2 cluster 2; Rhomb Hcrtr Clust5 —“Rhombencephalon—6.7FDhcrtR-Gal4 Cluster 57; Tel
Vmat2 Clust-“Telencephalon—Vmat2 Cluster”; Tel Pallium-“Telencephalon—Vmat2 Cluster”’; Rhomb Neuropil
Reg4 -“Rhombencephalon—Neuropil Region 47; Tel Vglut2 Rind-“Telencephalon—Vglut2 rind”; Rhomb Glyt2
Clust13 -“Rhombencephalon—Glyt2 Cluster 13”; Mes Torus Long—“Mesencephalon—Torus Longitudinalis”. D)
Regions that received negative coefficients in more than one bootstrapped, accurate LASSO model. The most
commonly employed region was lateral line neuromast O1, which is the single least correlated region with the DCR6
(green, top 10 regions least correlated with DCR6). Other regions are shown in gray. Abbreviations: Gang LLN O1
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—“Ganglia—Lateral Line Neuromast O1”; Gang PLLG-“Ganglia—Posterior Lateral Line Ganglia”; Gang
Vagal-“Ganglia—Vagal Ganglia”; Gang Facial Glossopharyng—“Ganglia—Facial glossopharyngeal ganglion”; Rhomb
Isl1 Clust3 -“Rhombencephalon—1Isl1 Cluster 3”; Gang LLN D1 —“Ganglia—Lateral Line Neuromast D1”; Di Rost
Hypothal-“Diencephalon—Rostral Hypothalamus”.

https://doi.org/10.1371/journal.pone.0281609.9006

we were left with predominantly dorsal hindbrain regions, including other nuclei within
Rhombomere 6 and the cerebellum (S1 File).

An estimate for reliability of a LASSO regression model can be obtained by bootstrapping
the data. When we bootstrapped our LASSO regression, we used half of our original dataset
(n =25 CaSR WT brains) for training and half for testing and created 100 models from the
randomly subsampled data. The resulting models exhibited a surprising bimodal distribution
of accuracy. Some models (n = 35/100) accurately classified both the training and testing data-
set, while others (n = 55/100) failed to accurately classify either (Fig 6B). We speculate that
halving our dataset for the bootstrapping caused such a great loss in statistical power that it
was no longer possible to produce an accurate model from the data in most cases. Therefore,
for all subsequent analyses, we use only the bootstrapped models that produced accurate
results (n = 35 models).

Our original analysis on the full dataset highlighted a single brain region, the DCR6. 60%
(n =21/35) of our accurate bootstrapped models also incorporated the DCR6, making it the
single region most likely to be employed by an accurate model. We would expect that if the
DCRG6 was the only region where signal predicts phenotype, our bootstrapped models
would tend to employ either the DCR6 or regions very highly correlated with the DCRe.
Bootstrapping, however, revealed other regions where CaSR-EGFP signal could potentially
be used to predict phenotype (Fig 6C), only two of which were among the 10 brain regions
most highly correlated with the DCR6. For those seeking to generate alternative candidate
regions if the initial LASSO regression fails to validate, bootstrapping may reveal hidden
possibilities.

When we bootstrapped our analysis, we also found a few regions that our accurate models
used as negative coefficients (e.g. more signal in the region predicts the typical phenotype, not
the overexpression phenotype). For example, 54% (n = 19/35) of our accurate models assigned
a negative coefficient to lateral line neuromast O1, the single region least correlated with the
DCRé6 (Fig 6D). Overall, our results suggest that phenotypic regulation, even by a single gene,
may be highly spatially complex. While overexpression of a gene in the whole brain may shift a
phenotype in one direction, overexpression in specific regions may have the opposite effect.
Therefore, it is not surprising that both positive and negative coefficients may be employed in
a model for phenotype prediction.

Strengths and limitations of the MAVEN strategy

We selected LASSO regression to detect potentially important brain regions from a large set
of possible regions. However, LASSO regression has its own strengths and limitations rela-
tive to other forms of multivariate analysis. Because LASSO regression produces an additive
model, it may be able to detect effects of gene’s expression levels in multiple regions, espe-
cially if the analysis is highly powered. This is a potential strength of the analysis, as it allows
for the possible identification of multiple brain regions that may only produce phenotypic
effects in combination with each other, a capability that simple Gal4 x UAS screens do not
have. However, more complex scenarios may not be best detected by LASSO regression. For
example, if gene expression in any one of a several brain regions is sufficient to produce a
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phenotype, LASSO regression may not be able to construct a suitable model. Other types of
models may prove more suitable in such cases. In this case, variegated expression data could
be generated and quantified using the methods we describe in this paper, but an alternative
multivariate model, such as a neural network or a random forest model, could be employed
at the analysis stage.

Another limitation arises from using anatomically defined brain regions as the basic unit of
the analysis. Within each brain region, there are multiple cell types with differing neurotrans-
mitter identities, patterns of connectivity, and functional activity. If only a small fraction of the
cells in a given brain region functionally contribute to a given genetic phenotype, the MAVEN
strategy may fail to identify that region as important. Relatedly, if a relevant population of cells
spans multiple brain regions, MAVEN may not identify both regions. Therefore, failure to be
identified by the MAVEN strategy should never be considered evidence that a brain region
does not contribute to a genetic phenotype, particularly if that region is functionally heteroge-
neous. Along the same line of logic, when validating regions identified with specific Gal4 x
UAS experiments, we recommend attempting validation with multiple different Galds, as they
may express at different strengths, in different subsets of neurons within the region in ques-
tion, and/or in different sets of off-target regions.

Future improvement of the MAVEN strategy

One of the requirements to attempt MAVEN is a variegating or mosaic expression construct
for the gene of interest. While we were able to achieve this serendipitously due to a variegated
UAS construct, we realize that this may not always be available. Fortunately, other methods
are available for deliberately inducing mosaic gene expression in zebrafish. Microinjecting
genetic constructs into zebrafish embryos very early in development (1-4 cell stage) results in
mosaic animals, and use of cell-type-specific promoters enables largely cell-type-specific
mosaic expression [27-29]. Injection of a labeled rescue construct thus is one potential avenue
for generating cell-type and/or tissue-specific mosaic expression.

Other methods for mosaic expression make use of stochastic activity of recombinases. For
example, in zebrafish UAS:Switch, which recombines Cre-dependently [30], and UAS:bloS-
witch, which recombines B3-dependently [31], have both been successfully used to label neu-
rons within a genetically-defined population [31]. In both cases, a GFP-STOP element is
flanked by recombination sites. When the GFP-STOP element is recombined out, a down-
stream RFP element can then be transcribed. By adding an expression construct for the gene
of interest prior to the RFP sequence, either a Switch or bloSwitch construct could be repur-
posed for stochastic expression of a rescue construct in a genetically-defined subpopulation of
cells. Furthermore, the dosage of a heat shock-inducible or injected recombinase could be
titrated to ensure roughly equal-sized groups of rescued and non-rescued larvae for highest
experimental efficiency. Other transgenic techniques for generating mosaic zebrafish, includ-
ing MAZe [32], zZMADM [33], and Bi-FoRe [34], may also prove adaptable for MAVEN
analysis.

A major aim of neuroscience is to understand the cellular and circuit mechanisms by which
specific genetic mutations affect behavioral and neurological phenotypes. Fulfilling this aim
requires determination of the specific neurons in which a gene’s function is relevant to behav-
ior. Previously, accomplishing this task in larval zebrafish has required arduous, time-consum-
ing cell-type-specific rescue screens. We have developed an unbiased strategy, MAVEN, for
prioritizing brain regions in which rescue experiments are most likely to succeed, then validat-
ing causal roles for these regions in behavior. Our MAVEN strategy thereby facilitates the inte-
gration of molecular-genetic, circuit, and behavioral neurobiology.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 15/18


https://doi.org/10.1371/journal.pone.0281609

PLOS ONE

Localizing gene function to brain regions with MAVEN

Supporting information
S1 Protocol. Protocols.io DOI. dx.doi.org/10.17504/protocols.io.14egn78jyv5d/vl.
(PDF)

S1 File. Data used for figure creation.
(XLSX)

S1 Code. R and Matlab code and associated files (also available at protocols.io).
(ZIP)

Acknowledgments

We gratefully acknowledge Dr. Eugenio Piasini of the UPenn Computational Neuroscience
Initiative for providing guidance on computational strategies, Dr. Daniel Beiting and his
Spring 2020 DIY Transcriptomics class for providing an excellent resource for learning R, Dr.
Andrea Stout at the UPenn CDB Microscopy Core (RRID:SCR_022373) and Dr. Joseph Zinski
for microscopy advice, the UPenn fish facility staff (especially for their continuous work dur-
ing the pandemic), Elelbin Ortiz for protocol testing, and Dr. Mike Iannacone, Dr. Jessica Nel-
son, and Dr. Joy Meserve for their helpful comments on a draft of this manuscript.

Author Contributions
Conceptualization: Hannah Shoenhard.
Formal analysis: Hannah Shoenhard.
Funding acquisition: Michael Granato.
Investigation: Hannah Shoenhard.
Methodology: Hannah Shoenhard.

Project administration: Michael Granato.
Software: Hannah Shoenhard.

Supervision: Michael Granato.

Validation: Hannah Shoenhard.
Visualization: Hannah Shoenhard.

Writing - original draft: Hannah Shoenhard.
Writing - review & editing: Hannah Shoenhard, Michael Granato.

References

1. Isabella AJ, Leyva-Diaz E, Kaneko T, Gratz SJ, Moens CB, Hobert O, et al. The field of neurogenetics:
where it stands and where it is going. Genetics. 2021 Aug 9; 218(4).

2. Tosolini AP, Sleigh JN. Motor Neuron Gene Therapy: Lessons from Spinal Muscular Atrophy for Amyo-
trophic Lateral Sclerosis. Front Mol Neurosci. 2017 Dec 7; 10. https://doi.org/10.3389/fnmol.2017.
00405 PMID: 29270111

3. Davison JM, Akitake CM, Goll MG, Rhee JM, Gosse N, Baier H, et al. Transactivation from Gal4-VP16
transgenic insertions for tissue-specific cell labeling and ablation in zebrafish. Dev Biol. 2007 Apr 15;
304(2):811-24. https://doi.org/10.1016/j.ydbio.2007.01.033 PMID: 17335798

4. Asakawa K, Kawakami K. Targeted gene expression by the Gal4-UAS system in zebrafish. Dev Growth
Differ. 2008 Aug 1; 50(6):391-9. https://doi.org/10.1111/j.1440-169X.2008.01044.x PMID: 18482403

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281609.s001
https://dx.doi.org/10.17504/protocols.io.14egn78jyv5d/v1
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281609.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281609.s003
https://doi.org/10.3389/fnmol.2017.00405
https://doi.org/10.3389/fnmol.2017.00405
http://www.ncbi.nlm.nih.gov/pubmed/29270111
https://doi.org/10.1016/j.ydbio.2007.01.033
http://www.ncbi.nlm.nih.gov/pubmed/17335798
https://doi.org/10.1111/j.1440-169X.2008.01044.x
http://www.ncbi.nlm.nih.gov/pubmed/18482403
https://doi.org/10.1371/journal.pone.0281609

PLOS ONE

Localizing gene function to brain regions with MAVEN

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Scott EK, Baier H. The cellular architecture of the larval zebrafish tectum, as revealed by Gal4 enhancer
trap lines. Front Neural Circuits. 2009 Oct 9; 3(OCT):13. https://doi.org/10.3389/neuro.04.013.2009
PMID: 19862330

Kawakami K, Abe G, Asada T, Asakawa K, Fukuda R, Ito A, et al. zZTrap: zebrafish gene trap and
enhancer trap database. BMC Dev Biol. 2010 Jan 18; 10(1):105. https://doi.org/10.1186/1471-213X-
10-105 PMID: 20950494

Balciuniene J, Balciunas D. Gene Trapping Using Gal4 in Zebrafish. JoVE (Journal of Visualized Exper-
iments). 2013 Sep 29;(79):€50113. https://doi.org/10.3791/50113 PMID: 24121167

Marquart GD, Tabor KM, Brown M, Strykowski JL, Varshney GK, LaFave MC, et al. A 3D Searchable
Database of Transgenic Zebrafish Gal4 and Cre Lines for Functional Neuroanatomy Studies. Front
Neural Circuits. 2015 Nov 24; 9:78. https://doi.org/10.3389/fncir.2015.00078 PMID: 26635538

Jiang Y, Pitmon E, Berry J, Wolf FW, McKenzie Z, Lebestky TJ. A genetic screen to assess dopamine
receptor (DopR1) dependent sleep regulation in Drosophila. G3: Genes, Genomes, Genetics. 2016
Dec 1; 6(12):4217-26. https://doi.org/10.1534/g3.116.032136 PMID: 27760793

Akitake CM, Macurak M, Halpern ME, Goll MG. Transgenerational analysis of transcriptional silencing
in zebrafish. Dev Biol. 2011; 352(2):191-201. https://doi.org/10.1016/j.ydbio.2011.01.002 PMID:
21223961

Halpern ME, Rhee J, Goll MG, Akitake CM, Parsons M, Leach SD. Gal4/UAS Transgenic Tools and
Their Application to Zebrafish. Zebrafish. 2008 Jun 1; 5(2):97. https://doi.org/10.1089/zeb.2008.0530
PMID: 18554173

Goll M, Anderson R, Stainier D, Spradling A, Halpern M. Transcriptional silencing and reactivation in
transgenic zebrafish. Genetics. 2009 Jul; 182(3):747-55. https://doi.org/10.1534/genetics.109.102079
PMID: 19433629

Stuart GW, Velkind JR, Mcmurray J V, Westerfield M. Stable lines of transgenic zebrafish exhibit repro-
ducible patterns of transgene expression. Development. 1990; 109:577—84. https://doi.org/10.1242/
dev.109.3.577 PMID: 2401211

Amsterdam A, Lin S, Hopkins N. The Aequorea victoria green fluorescent protein can be used as a
reporter in live zebrafish embryos. Dev Biol. 1995; 171(1):123-9. https://doi.org/10.1006/dbio.1995.
1265 PMID: 7556889

Xiao T, Baier H. Lamina-specific axonal projections in the zebrafish tectum require the type IV collagen
Dragnet. Nature Neuroscience 2007 10:12. 2007 Nov 4; 10(12):1529-37. https://doi.org/10.1038/
nn2002 PMID: 17982451

Robles E, Laurell E, Baier H. The retinal projectome reveals brain-area-specific visual representations
generated by ganglion cell diversity. Current Biology. 2014 Sep 22; 24(18):2085-96. https://doi.org/10.
1016/j.cub.2014.07.080 PMID: 25155513

Ghosh A, Halpern ME. Transcriptional regulation using the Q system in transgenic zebrafish. Methods
Cell Biol. 2016; 135:205. https://doi.org/10.1016/bs.mcb.2016.05.001 PMID: 27443927

Jain R, Wolman MA, Marsden KC, Nelson JC, Shoenhard H, Bell H, et al. A forward genetic screen in
zebrafish identifies the G-protein coupled receptor CaSR as a regulator of sensorimotor decision-mak-
ing. Current biology. 2018; 28(9):1357—1369.€5.

Shoenhard H, Jain RA, Granato M. The calcium-sensing receptor (CaSR) regulates zebrafish sensori-
motor decision making via a genetically defined cluster of hindbrain neurons. Cell Rep [Internet]. 2022
Dec 6 [cited 2023 Jan 16]; 41(10):111790. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S$2211124722016783 PMID: 36476852

Leung LC, Wang GX, Madelaine R, Skariah G, Kawakami K, Deisseroth K, et al. Neural signatures of
sleep in zebrafish. Nature 2019 571:7764. 2019 Jul 10; 571(7764):198-204. https://doi.org/10.1038/
s41586-019-1336-7 PMID: 31292557

Chakraborty S, Tomsett R, Raghavendra R, Harborne D, Alzantot M, Cerutti F, et al. Interpretability of
deep learning models: A survey of results. In: 2017 IEEE SmartWorld, Ubiquitous Intelligence & Com-
puting, Advanced & Trusted Computed, Scalable Computing & Communications, Cloud & Big Data
Computing, Internet of People and Smart City Innovation (SmartWorld/SCALCOM/UIC/ATC/CBDCom/
IOP/SCI). IEEE; 2017. p. 1-6.

Zhao Q, Hastie T. Causal Interpretations of Black-Box Models. Journal of Business and Economic Sta-
tistics. 2021; 39(1):272-81.

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: a review of methods
to deal with it and a simulation study evaluating their performance. Ecography. 2013 Jan 1; 36(1):27—
46.

Tibshirani R. Regression Shrinkage and Selection Via the Lasso. Journal of the Royal Statistical Soci-
ety: Series B (Methodological). 1996 Jan 1; 58(1):267-88.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 17/18


https://doi.org/10.3389/neuro.04.013.2009
http://www.ncbi.nlm.nih.gov/pubmed/19862330
https://doi.org/10.1186/1471-213X-10-105
https://doi.org/10.1186/1471-213X-10-105
http://www.ncbi.nlm.nih.gov/pubmed/20950494
https://doi.org/10.3791/50113
http://www.ncbi.nlm.nih.gov/pubmed/24121167
https://doi.org/10.3389/fncir.2015.00078
http://www.ncbi.nlm.nih.gov/pubmed/26635538
https://doi.org/10.1534/g3.116.032136
http://www.ncbi.nlm.nih.gov/pubmed/27760793
https://doi.org/10.1016/j.ydbio.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21223961
https://doi.org/10.1089/zeb.2008.0530
http://www.ncbi.nlm.nih.gov/pubmed/18554173
https://doi.org/10.1534/genetics.109.102079
http://www.ncbi.nlm.nih.gov/pubmed/19433629
https://doi.org/10.1242/dev.109.3.577
https://doi.org/10.1242/dev.109.3.577
http://www.ncbi.nlm.nih.gov/pubmed/2401211
https://doi.org/10.1006/dbio.1995.1265
https://doi.org/10.1006/dbio.1995.1265
http://www.ncbi.nlm.nih.gov/pubmed/7556889
https://doi.org/10.1038/nn2002
https://doi.org/10.1038/nn2002
http://www.ncbi.nlm.nih.gov/pubmed/17982451
https://doi.org/10.1016/j.cub.2014.07.080
https://doi.org/10.1016/j.cub.2014.07.080
http://www.ncbi.nlm.nih.gov/pubmed/25155513
https://doi.org/10.1016/bs.mcb.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27443927
https://linkinghub.elsevier.com/retrieve/pii/S2211124722016783
https://linkinghub.elsevier.com/retrieve/pii/S2211124722016783
http://www.ncbi.nlm.nih.gov/pubmed/36476852
https://doi.org/10.1038/s41586-019-1336-7
https://doi.org/10.1038/s41586-019-1336-7
http://www.ncbi.nlm.nih.gov/pubmed/31292557
https://doi.org/10.1371/journal.pone.0281609

PLOS ONE

Localizing gene function to brain regions with MAVEN

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

James G, Witten D, Hastie T, Tibshirani R. An Introduction to Statistical Learning with Applications in R.
2nd ed. New York, NY: Springer US; 2021. (Springer Texts in Statistics).

Randlett O, Wee CL, Naumann EA, Nnaemeka O, Schoppik D, Fitzgerald JE, et al. Whole-brain activity
mapping onto a zebrafish brain atlas. Nat Methods. 2015 Nov 14; 12(11):1039—-46. https://doi.org/10.
1038/nmeth.3581 PMID: 26778924

Miyasaka N, Wakisaka N, Yoshihara Y. Genetic mosaic labeling and immunofluorescence techniques
in zebrafishbr ain. Immunocytochemistry and Related Techniques. 2015 Feb 24;81-92.

Barsh GR, Isabella AJ, Moens CB. Vagus Motor Neuron Topographic Map Determined by Parallel
Mechanisms of hox5 Expression and Time of Axon Initiation. Current Biology. 2017 Dec 18; 27
(24):3812-3825.€3. https://doi.org/10.1016/j.cub.2017.11.022 PMID: 29225029

Miyasaka N, Arganda-Carreras |, Wakisaka N, Masuda M, Simbil U, Seung HS, et al. Olfactory projec-
tome in the zebrafish forebrain revealed by genetic single-neuron labelling. Nature Communications
2014 5:1.2014 Apr 9; 5(1):1—14. https://doi.org/10.1038/ncomms4639 PMID: 24714622

Horstick EJ, Jordan DC, Bergeron SA, Tabor KM, Serpe M, Feldman B, et al. Increased functional pro-
tein expression using nucleotide sequence features enriched in highly expressed genes in zebrafish.
Nucleic Acids Res. 2015 Apr 20; 43(7):e48—-e48. https://doi.org/10.1093/nar/gkv035 PMID: 25628360

Tabor KM, Smith TS, Brown M, Bergeron SA, Briggman KL, Burgess HA. Presynaptic inhibition selec-
tively gates auditory transmission to the brainstem startle circuit. Curr Biol. 2018 Aug 20; 28(16):2527.
https://doi.org/10.1016/j.cub.2018.06.020 PMID: 30078569

Collins RT, Linker C, Lewis J. MAZe: A tool for mosaic analysis of gene function in zebrafish. Nat Meth-
ods. 2010 Mar; 7(3):219-28. https://doi.org/10.1038/nmeth.1423 PMID: 20139970

Xu B, Kucenas S, Zong H. zZMADM (zebrafish mosaic analysis with double markers) for single-cell gene
knockout and dual-lineage tracing. Proceedings of the National Academy of Sciences. 2022 Mar 1; 119
(9):€2122529119. https://doi.org/10.1073/pnas.2122529119 PMID: 35197298

Han B, Zhang Y, Bi X, Zhou Y, Krueger CJ, Hu X, et al. Bi-FoRe: an efficient bidirectional knockin strat-
egy to generate pairwise conditional alleles with fluorescent indicators. Protein Cell. 2021 Jan 1; 12
(1):39-56. https://doi.org/10.1007/s13238-020-00747-1 PMID: 32681448

PLOS ONE | https://doi.org/10.1371/journal.pone.0281609  February 14, 2023 18/18


https://doi.org/10.1038/nmeth.3581
https://doi.org/10.1038/nmeth.3581
http://www.ncbi.nlm.nih.gov/pubmed/26778924
https://doi.org/10.1016/j.cub.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29225029
https://doi.org/10.1038/ncomms4639
http://www.ncbi.nlm.nih.gov/pubmed/24714622
https://doi.org/10.1093/nar/gkv035
http://www.ncbi.nlm.nih.gov/pubmed/25628360
https://doi.org/10.1016/j.cub.2018.06.020
http://www.ncbi.nlm.nih.gov/pubmed/30078569
https://doi.org/10.1038/nmeth.1423
http://www.ncbi.nlm.nih.gov/pubmed/20139970
https://doi.org/10.1073/pnas.2122529119
http://www.ncbi.nlm.nih.gov/pubmed/35197298
https://doi.org/10.1007/s13238-020-00747-1
http://www.ncbi.nlm.nih.gov/pubmed/32681448
https://doi.org/10.1371/journal.pone.0281609

