
ARTICLE OPEN

Mitochondrial proteins encoded by the 22q11.2
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Microdeletion of a 3Mb region encompassing 45 protein-coding genes at chromosome 22q11.2 (22q11.2DS) predisposes
individuals to multiple neurodevelopmental disorders and is one of the greatest genetic risk factors for schizophrenia. Defective
mitochondrial function has been hypothesized to contribute to 22q11.2DS pathogenesis; however, which of the six mitochondrial
genes contribute to neurodevelopmental phenotypes and their underlying mechanisms remain unresolved. To systematically test
22q11.2DS genes for functional roles in neurodevelopment and behavior, we generated genetic mutants for each of the 37
conserved zebrafish orthologs and performed high throughput behavioral phenotyping using seven behavioral assays. Through
this unbiased approach, we identified five single-gene mutants with partially overlapping behavioral phenotypes. Two of these
genes, mrpl40 and prodha, encode for mitochondrial proteins and, similar to what we observed in mrpl40 and prodha mutants,
pharmacologic inhibition of mitochondrial function during development results in microcephaly. Single mutant analysis shows that
both mrpl40 and prodha mutants display aberrant neural stem and progenitor cell proliferation, with each gene regulating distinct
cell populations. Finally, double mutants for both mrpl40 and prodha display aggravated behavioral phenotypes and neural stem
and progenitor cell analysis reveals a previously unrecognized partially redundant role for mrpl40 and prodha in regulating radial
glia-like cell proliferation. Combined, our results demonstrate a critical role for mitochondrial function in neural stem and progenitor
cell populations in the developing vertebrate brain and provide compelling evidence that mitochondrial dysfunction during
neurodevelopment is linked to brain volume and behavioral phenotypes observed in models of 22q11.2DS.
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INTRODUCTION
Heterozygous microdeletion at chromosome 22q11.2 (22q11.2DS)
is the most common microdeletion syndrome, occurring in 1 out
of every ~2000 live births [1]. 22q11.2DS predisposes individuals
to multiple neurodevelopmental disorders (NDDs), including
schizophrenia (SZ), autism spectrum disorders (ASD), intellectual
disability (ID), and attention-deficit/hyperactivity disorder (ADHD)
[2]. Mouse models with similar heterozygous deletions display
developmental deficits in neurogenesis [3], brain size [4], and
ultimately circuit-level [5] as well as behavioral abnormalities [6],
suggesting that this genetic locus has an integral role in early
brain development that impacts postnatal behaviors and intellec-
tual abilities. Thus, understanding the molecular mechanisms by
which 22q11.2DS genes regulate brain development and behavior
is fundamental to identifying therapeutic targets for individuals
with 22q11.2DS and idiopathic forms of NDDs. Yet despite
their importance, the neurodevelopmental and behavioral roles
of all genes within the deleted region remain incompletely
understood.
In the majority of cases, the deleted region encompasses 45

protein coding genes, of which ~90% are expressed in the brain in

humans [7], suggesting that many genes within the region have
the potential to contribute to neurodevelopmental phenotypes.
While a subset of genes have been implicated in neuronal
function and behavior, data on brain and/or behavioral pheno-
types of individual mouse knockouts exists for only a fraction of
the 45 genes (33%, 15/45) [8]. Even for those available,
homozygous knockouts are frequently embryonic lethal, which
precludes the analysis of functional roles these genes might have
in behavior and brain function. Finally, a prevailing yet not fully
tested hypothesis is that rather than single genes driving disease,
interactions between genes in the region that overlap in function
could be a driving factor [9], adding to the complexity of
disentangling the functional contributions of the 45 genes to
neurodevelopmental and behavioral phenotypes.
Recent work has suggested that genes with mitochondrial

function may be one such driving factor [10–15]. Indeed, proteins
encoded by at least six genes (13.3%, 6/45 genes) in the deleted
region are localized to mitochondria [10] which represents an over
two fold enrichment of mitochondrial genes in this region, given
that roughly 5.7% of genes across the genome are localized to
mitochondria (1136 of ~20,000 human genes [16]). Furthermore,
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neurons derived from individuals with the deletion display deficits
in mitochondrial function [11] and patient phenotypic severity
also appears to be correlated with deficits in mitochondrial
function in patient cell lines [12]. At the same time, multiple lines
of evidence over the last decade have implicated mitochondria in
neurogenesis [17]. In fact, neurogenesis is affected in deletion
mice [3] and individuals with 22q11.2DS display microcephaly, yet
whether 22q11.2DS mitochondrial genes contribute to these
phenotypes is an unresolved question.
To systematically test 22q11.2DS genes for their roles in

neurodevelopment and behavior, we generated presumptive null
mutants for all 37 conserved 22q11.2DS zebrafish orthologs. We
then subjected these mutants to seven validated high-throughput
larval behavioral assays that measure motor behavior, sensor-
imotor processing, habituation learning, and sensorimotor gating.
This revealed five genes with partially overlapping behavioral
phenotypes, suggesting the potential for roles in similar biological
processes and/or circuits. Two of these genes, mrpl40 and prodha,
encode mitochondrial proteins, and similar to what we observe in
these two mutants, pharmacologic inhibition of mitochondrial
function leads to microcephaly. Moreover, we find that both
mrpl40 and prodha single mutants display phenotypes in neural
stem and progenitor cell (NSPC) populations, though each mutant
disrupts distinct NSPC populations; mrpl40 mutants display
prominent phenotypes in highly proliferative progenitors, whereas
prodha mutants display phenotypes in less proliferative radial glia-
like cells. Finally, we show that mrpl40/prodha double mutants
display more severe behavioral phenotypes than single mutants
and reveal an overlapping role for mrpl40 and prodha in regulation
of radial glia-like cell proliferation. Combined, these results identify
two mitochondrial genes within the 22q11.2DS deleted region
that play distinct, yet partially overlapping roles in regulating brain
size and NSPC proliferation in vivo. Furthermore, our results
suggest that in addition to deleterious effects in post-mitotic
neurons, defective mitochondrial functioning plays a role during
neurogenesis in 22q11.2DS-linked pathogenesis earlier than
previously thought. Together, these results reveal a clear
functional link between mitochondrial gene dysfunction, micro-
cephaly, and 22q11.2DS-relevant behavioral phenotypes.

RESULTS
Generation of zebrafish 22q11.2DS orthologous gene mutants
To identify the protein-coding genes in the 22q11.2DS deleted
region that play critical roles in neurodevelopment and behavior
in vivo, we used the zebrafish model system. We previously
reported that 37 of the 45 protein-coding genes in the 22q11.2DS
deleted region have orthologs in zebrafish [18], with seven having
duplicate copies and one having triplicate copies for a total of 46
zebrafish 22q11.2DS orthologous genes (Fig. 1A, B). To generate
presumptive null alleles for each of the individual 46 genes, we
used a CRISPR-Cas9 targeting approach with two guide RNAs
(gRNA) targeting regions ~50–400 bp apart and flanking either a
known functional domain or a highly conserved region (Supple-
mentary Table S1). Using this approach, we identified hetero-
zygous F2 adults with a variety of insertions and deletions
(Supplementary Table S1). Mutations were predicted to lead to
frameshifts (30/46, 65%), in-frame insertions/deletions (11/46,
24%), or disruption of splice sites (5/46, 11%) (Supplementary
Table S1). Five of the 46 mutant lines displayed gross morpho-
logical defects in the homozygous state at 6 days post-fertilization
(6dpf) (Fig. 1B, Supplementary Table S2), and these homozygous
mutants were excluded from subsequent behavioral analyses. To
assess behavior, we used a behavioral analysis pipeline that
consisted of seven previously validated assays (described in detail
in the following section). This pipeline identified five mutant lines
that displayed behavioral defects at 6dpf (Fig. 1B, I). Importantly,
these mutants did not display overt morphological defects,

though two (dgcr8 and snap29) had deficits in swim bladder
inflation that were incompletely penetrant (Supplementary Table
S3). Thus, our single gene mutational analysis identified 10 genes
with roles in either development or behavior prior to 6dpf.

Mutants in five genes including two encoding mitochondrial
proteins, display partially overlapping behavioral phenotypes
As a first approach to identify genes with roles in brain development
and/or function, we subjected all single-gene mutant lines to
behavioral phenotyping at 6dpf (Fig. 1C). We used an unbiased
phenotyping approach, assaying behavioral responses to visual and
acoustic stimuli. Specifically, using visual stimuli we assayed the
visual motor response (VMR) [19], the response to flashes of light
(Light Flash, LF) [20], the response to flashes of darkness (Dark Flash,
DF) [20], and Short-term habituation (Hab) of the DF response [21].
Using acoustic stimuli, we assayed the acoustic startle response
(ASR) [22], as well as ASR modulation, including startle sensitivity
[23], pre-pulse inhibition (PPI) [24] and startle habituation [21].
Behaviors of individual larvae were tracked at millisecond resolu-
tion, and all larvae were genotyped following completion of the
behavioral assay (Fig. 1C). For each behavioral assay multiple
kinematic parameters were computed using custom-written track-
ing software. Specifically, for the VMR assay, frequency, features of
movement (speed, distance traveled, etc.), and position metrics
were computed. For the LF, DF, and ASR assays, frequency of
response to stimulus and features of the responses (bend angle,
latency, distance, etc.) were computed. Homozygous mutant larvae
were compared to sibling larvae across all behavioral metrics. In
cases where gross morphological defects were observed in
homozygotes, heterozygotes were compared to wildtypes.
Using this pipeline, we identified five single-gene mutants with

reproducible behavioral phenotypes. Each of these mutant lines
had behavioral phenotypes that spanned more than one assay.
Further, phenotypes were undetectable in heterozygotes which
appeared indistinguishable from wild-type siblings. Examples of
phenotypes are displayed in Fig. 1D–H. Behavioral heatmaps
revealed that phenotypes were specific both within each mutant
line and between mutant lines (Fig. 1I). That is, not all behavioral
metrics were affected in individual lines and each mutant line had
a distinct subset of metrics affected. Closer examination and
comparison of behavioral heatmaps revealed several overlapping
phenotypes across mutant lines (Fig. 1I). All five mutant lines
displayed abnormal baseline metrics for the DF response,
indicating that these genes have roles in mediating sensorimotor
behaviors in response to darkness. Three of the five lines (mrpl40,
dgcr8, snap29) also displayed reductions in the sensitivity of the
ASR response, while the fifth line (prodha) displayed differences in
the opposite direction indicating these genes play roles in the
hindbrain startle circuit or in downstream effectors. In addition to
shared phenotypes, we also observed phenotypes unique to one
or two mutant lines. For example, snap29 mutants had increased
movement metrics during the first minute of the VMR following
lights turning off (Fig. 1G), prodha (Fig. 1E) and hira mutants had
increased habituation of the DF response, and dgcr8 mutants
displayed increased angular velocity of the DF response (Fig. 1D).
Regarding the biological function of these genes, there are also
both similarities and differences: prodha and mrpl40 have roles in
mitochondria, dgrc8 and hira have roles in gene regulation, while
snap29 is involved in vesicle trafficking. In summary, our
systematic analysis of the 22q11.2DS deleted region identified
five single genes that function to either establish or maintain
several distinct and overlapping behaviors.
One hypothesis for how the 22q11.2DS deleted region

generates disease risk is that genes within the region are involved
in overlapping biological processes [9] resulting in partial
functional redundancy, such that inactivating individual genes is
insufficient to reveal measurable phenotypes. To assess whether
the combined loss of multiple 22q11.2DS genes results in
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behavioral phenotypes, we combined multiple gRNAs to generate
nine combination gene mutants that disrupted between 2 and 5
neighboring genes (Fig. 1B). This yielded deletions ranging in size
from ~7kb-544kb (Supplementary Table S4). One of these
deletions, C10del2, encompassed two genes, pi4kaa and slc25a1b,
and resulted at 6dpf in gross morphological defects not present in
single deletion mutants of either of the two genes (Fig. 1B,
Supplementary Table S2), indicating that pi4kaa and slc25a1b may

have partially overlapping function during early development. We
then analyzed behavior of combination mutant lines. While three
of the nine combination mutant lines had reproducible behavioral
phenotypes (C5del2, C8del1, C8del2), the phenotypes were also
detectable in single-gene mutants in genes present in the deleted
region of the combination lines (dgcr8, snap29, mrpl40 respec-
tively) (Fig. 1B). Comparing behavioral heatmaps of these
combination mutants with their corresponding single mutants
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revealed similar phenotypes (Supplementary Fig. S1), indicating
that the loss of a single gene is driving phenotypes in these
combination mutant lines. Although we only tested a limited
number of multiple gene deletion combinations, our results
suggest that directly neighboring 22qDS zebrafish orthologs
exhibit only limited behavioral functional redundancy.

Pharmacologic inhibition of mitochondrial function
phenocopies the mrpl40 mutant phenotype
Two of the five genes identified through our behavioral screening
(mrpl40 and prodha) encode for proteins that localize to
mitochondria [10], and defective mitochondrial function has been
previously reported in the context of 22q11.2DS [11] as well as in
neurodevelopmental disorders associated with 22q11.2DS [25]. As
such, we hypothesized that disrupted mitochondrial functioning
might contribute to the behavioral phenotypes we observed in
mrpl40 and prodha mutants. mrpl40 is a component of the
mitochondrial ribosome, and thus its disruption would be
expected to decrease mitochondrial translation and subsequently
reduce protein levels of electron transport chain components. To
test whether inhibiting mitochondrial translation affects behavior
and recapitulates the mrpl40 phenotype, we treated wild-type
embryos between 1 and 5 dpf with the mitochondrial ribosome
inhibitor chloramphenicol (Cam) [26, 27] and tested their behavior
at 6dpf (Fig. 2A). Compared to embryos reared in the absence of
Cam, Cam-treated larvae displayed a dose-dependent behavioral
profile that phenocopied mrpl40 mutants (Fig. 2B, C). Specifically,
Cam treatment recapitulates both DF and ASR phenotypes
observed in mrpl40 mutants (Fig. 2B).
mrpl40 is maternally expressed [28] and part of a large multi-

protein and RNA complex [29], supporting the idea that in mrpl40
mutants mitochondrial translation may be reduced, rather than
eliminated. Similarly, zebrafish embryos treated with Cam have
been shown to have reduced, rather than completely absent
electron transport chain complex activity, even at Cam doses higher
than those used in our experiments [27]. Therefore, we reasoned
that loss of mrpl40 would render animals particularly sensitive to
Cam treatment. Indeed, we find that animals heterozygous for
mrpl40, which do not have phenotypes at baseline (Fig. 2D), are
more sensitive to Cam treatment than wild-type animals, displaying
more severe phenotypes and nearly fully recapitulating the mrpl40
mutant phenotype (Fig. 2B, D). Furthermore, mrpl40 mutants are
extremely sensitive to Cam treatment, displaying phenotypes across
all behavioral metrics (Fig. 2D). Together, this supports the

hypothesis that mitochondrial mrpl40 function is critical for distinct
behaviors, including sensorimotor behaviors, in response to
darkness and acoustic stimuli.

Mitochondrial disruption leads to alterations in brain volume
Individuals with 22q11.2DS exhibit alterations in brain size
including a reduction in total brain volume and an increase in
brain ventricular size [30, 31]. At the same time, metabolic genes,
including those involved in mitochondrial function, have been
previously implicated in regulating cortical growth and size [32].
Therefore, we examined whether disruption of mitochondrial
functioning might cause behavioral phenotypes through an effect
on brain volume. To determine if mitochondrial mutants and Cam-
treated animals exhibited regional differences in brain volume we
utilized deformation-based morphometry [33–35]. Briefly, larvae
were raised to 6dpf, fixed, and stained for the brain structural
marker total-ERK (tERK) [36]. Confocal stacks through the entire
brain were then acquired on genotyped larvae and registered to a
tERK reference brain [36]. Differences in deformation across the
entire brain were computed for mutant/treated vs. wildtype/
control larvae. Compared to controls, prodha mutant, mrpl40
mutant, and Cam-treated (treated from 1-5dpf) larvae all displayed
regional differences in brain volumes (Fig. 3A–C). Interestingly,
differences appear similar across the two mutants and the
mitochondrial translation inhibitor-treated larvae, with all three
showing large reductions in the telencephalon and mesencepha-
lon and smaller increases in the rhombencephalon (Fig. 3A–E).
prodha mutants and Cam-treated larvae also show additional
reductions in the diencephalon (Fig. 3D). We noted that
reductions in brain volume were predominantly present in lateral
brain regions, while increases tended to occur centrally with a
distribution reminiscent of brain ventricles (Fig. 3A–C). To further
assess this, we used the Zebrafish Brain Browser [37] to overlay our
volumetric data onto a registered confocal stack of Tg(gfap:GFP),
which labels populations of ventricular neural stem and progeni-
tor cells (NSPCs). This revealed significant colocalization between
increased brain volume signal and Tg(gfap:gfp) across all three
conditions in multiple brain areas, suggesting possible increases in
brain ventricular size and/or alteration of NSPC populations which
reside along the ventricles. Importantly, compared to wildtype
larvae, we observed reduced apoptosis in the brains of both
mrpl40 and prodha mutants (Supplementary Fig. S2), suggesting
that rather than apoptosis, deficits in neurogenesis may underlie
the observed volumetric phenotypes.

Fig. 1 Mutants in five genes including two encoding mitochondrial proteins, display partially overlapping behavioral phenotypes.
A Protein-coding genes present in the usual 3Mb human deletion. Those without orthologs in zebrafish are shaded gray. Those with multiple
copies in zebrafish are highlighted in blue. B Zebrafish 22q11.2 orthologs are on six different chromosomes. Contiguous genes that were
targeted for combination deletion are highlighted in yellow. Single or combination gene mutants with morphological or behavioral
phenotypes are shown in red and green font respectively. C Behavioral phenotyping paradigm. Heterozygous carriers are in-crossed to
generate homozygous mutants and siblings that are raised to 6dpf at which point behavioral phenotyping is performed blinded to genotype.
Approximately 50 larvae are used for each mutant line, and arrayed in a 100-well plate. Assay occurs over approximately 2 h in the following
order: Visual-motor Response (VMR), Light Flash (LF), Dark Flash (DF), Acoustic Startle Response (ASR). Individual larvae are genotyped,
acquired videos are tracked offline, and then analyzed for 94 behavioral metrics. D–H Example phenotypes for five single gene mutants with
reproducible behavioral phenotypes. Each plot represents data from a single behavioral run. Points indicate individual larvae, Boxes indicate
range of 25th to 75th percentile with line indicating the median, whiskers indicate the rest of the range, with outliers lying outside of this.
D Average maximum angular velocity of the DF response is increased in dgcr8 mutants compared to siblings. E Percent habituation of DF
O-bend response is increased in prodhamutants compared to siblings. F Percent of timemrpl40mutants perform O-bends in response to DF is
decreased compared to siblings. G snap29mutants display an increase in distance traveled in VMR assay following lights turning off compared
to siblings. Each bin represents the total distance traveled in during that minute of the assay. H Average latency to movement after DF
stimulus is increased in hira mutants compared to siblings. All statistics represent one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
I Heatmap illustrating single gene mutant phenotypes across behavioral metrics. Each row is an individual mutant line and all columns
represent a behavioral metric. Color of each box represents difference of average mutant value compared to siblings expressed as number of
standard deviations (SD). Blue boxes indicate the value is lower in the mutant and Red boxes indicate the value is higher in the mutant.
Mutant values that are significantly different from siblings based on Student’s t test with a Bonferroni-corrected p-value of <0.05/94 are
designated with #. Yellow boxes indicate behavioral similarities across mutant lines. VMR behavioral metrics are highlighted in gray, LF in
yellow, DF in green, and ASR in orange. Supplementary Tables 5–7 display behavioral data and sample sizes for mutant lines with reproducible
behavioral phenotypes. Python tracking scripts are in Supplementary Zip file 1.
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mrpl40 and prodha play distinct roles in NSPC proliferation
Volumetric analysis of mrpl40 and prodha mutants revealed
significant reductions in brain volume and abnormalities sur-
rounding brain ventricles, where NSPCs reside. Recent studies
have implicated mitochondria as important regulators of neuro-
genesis [17], prompting us to consider the possibility that
defective mitochondrial function in mutant animals may be linked
to defects in NSPCs. To examine this possibility in more detail, we
focused on the hindbrain, as both mrpl40 and prodha mutants
display significant volumetric changes in the hindbrain. Further-
more, the hindbrain contains neuronal populations that regulate
ASR and visuomotor behaviors, which are disrupted in both
mutants (Fig. 1). At 5dpf, hindbrain NSPCs marked by the
multipotency marker Sox2 can be divided into two distinct
populations based on expression of the glial marker slc1a3b (Glast)

(Fig. 4A). First, Glast− NSPCs located in the dorsal hindbrain
(dorsal proliferative zone, DPZ) are highly proliferative, with the
majority expressing the cell proliferation marker Proliferating cell
nuclear antigen (PCNA) (Figs. 4A and 5F). Second, Glast+ NSPCs
lining the ventral, central ventricular surface (central proliferative
zone, CPZ) are less proliferative (Fig. 4A) and express both gfap
and fat4 [38], indicating they likely represent radial glia-like cells.
mrpl40 and prodha are expressed in both of these cell populations,
though prodha appears to be enriched in the CPZ (Supplementary
Fig. S3), suggesting it may be particularly important in this cell
population.
We first examined the CPZ in mrpl40 and prodha mutants using

wholemount immunofluorescence with an antibody for the NSPC
marker Sox2 and a transgenic line that marks nuclei of Glast+ cells
with mCherry (Tg(slc1a3b:H2AmCherry) [39]. While mrpl40 mutants

Fig. 2 Pharmacologic inhibition of mitochondrial function phenocopies the mrpl40 mutant phenotype. A Chloramphenicol experimental
setup. Animals were treated daily with chloramphenicol in E3 or with E3 alone and then behaviorally tested at 6dpf. B Heatmap illustrating
behavioral phenotype across VMR, DF, and ASR behavioral metrics based on mrpl40 genotype and Chloramphenicol (Cam) treatment status.
mut+E3 (n= 27), wt+Cam (n= 18), het+Cam (n= 41), mut+Cam (n= 19) from two biological replicates. Values that are significantly different
from sibling/untreated controls based on Student’s t test with a p-value of <0.05 are designated with #. See Fig. 1 legend for full description of
heatmap. C Chloramphenicol-treated larvae have dose-dependent reductions in the average duration of movement following DF stimuli. E3
alone (n= 30), 375 μM (n= 13), 562 μM (n= 29), 750 μM (n= 15) from three biological replicates. One-way ANOVA, p-values are displayed on
the plot. D Percent Acoustic Startle Response based on mrpl40 genotype and Cam treatment status. mrpl40 heterozygotes and mutants are
hypersensitive to Cam-treatment. Wildtypes (n= 12), hetererozygotes (n= 40), mutants (n= 27) with E3. Wildtypes (n= 18), hetererozygotes
(n= 41), mutants (n= 19) with Chloramphenicol 562 μM from two biological replicates.. One-way ANOVA, p-values are displayed on the plot.
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appeared indistinguishable from wildtypes, prodha mutants
displayed an expanded CPZ, as shown by both Sox2 antibody
staining and the Tg(slc1a3b:H2AmCherry) transgenic line (Fig. 4B,
C). Quantification revealed an increased number of Glast+ cells in
prodha mutants, but not mrpl40 mutants (Fig. 4D). This expansion
in prodha mutants is consistent with our volumetric measure-
ments (Fig. 3A) that revealed increases in volume along the central
hindbrain ventricle. To determine whether abnormal proliferation
may be contributing to the CPZ expansion, we assessed
expression of the mitosis marker phospho-histone H3 (PH3) in

Tg(slc1a3b:H2AmCherry) animals. We observed a significant
increase in the number of Glast+ mitotic cells in prodha mutants
compared to siblings (Fig. 4E, F). Conversely, mrpl40 mutants
appeared indistinguishable from siblings (Fig. 4E, F). Together, this
data indicates that prodha regulates proliferation and cell
numbers of Glast+ NSPCs in the CPZ, while mrpl40 appears to
be largely dispensable for this process.
We next analyzed the DPZ in mrpl40 and prodha mutants. PCNA

staining revealed that while the number of proliferative cells was
similar between wildtype and prodha mutants, there was a
significant reduction in mrpl40 mutants (Fig. 5A–D). Consistent
with this, we also observed a significant reduction in the number
of Glast−/PH3+ cells in mrpl40, but not prodha, mutants (Fig. 5E).
In both mutants, however, DAPI nuclear staining revealed an
enlarged ventricle (Fig. 5A–C), which may account, in part, for the
increases in volume found in our volumetric experiments. To
better understand the reduction of PCNA+ cell numbers in mrpl40
mutants, and to determine which cell type(s) may be affected, we
co-stained with Sox2 antibody. In wild-type animals, we observed
Sox2+ cells located medially and expressing PCNA at high levels
(PCNAhi). These PCNAhi/Sox2+ cells abutted weaker expressing
PCNA cells (PCNAlo) laterally (Fig. 5F). In contrast to PCNAhi cells
which also expressed Sox2, PCNAlo cells did not express Sox2 and
their nuclei appeared smaller (Fig. 5F). This is consistent with the
presence of at least two populations of proliferative cells in the
DPZ, with PCNAhi/Sox2+ cells likely representing highly prolif-
erative uncommitted/intermediate progenitors and PCNAlo/Sox2−
cells representing committed progenitors or neuroblasts. In
mrpl40 mutants, we observed a specific reduction in the number
of PCNAlo/Sox2− cells compared to wildtypes, while the number
of PCNAhi/Sox2+ cells was unaffected (Fig. 5F–H). Interestingly,
while the number of PCNAhi/Sox2+ cells was unaffected in mrpl40
mutants, the PCNAhi/Sox2+ cells displayed abnormal morphology,
appearing elongated compared to wildtypes (Fig. 5I, J). We
therefore wondered whether a proliferative defect in PCNAhi/
Sox2+ cells may be underlying the reduction in PCNAlo/Sox2− cell
numbers. To test this idea, we analyzed the spatial distribution of
PH3 expression within the DPZ. As PCNAlo/Sox2− cells are located
laterally, we reasoned that PH3 expression in cells located
centrally along the ventricle represent mitotic PCNAhi/Sox2+ cells,
whereas PH3+ cells located more laterally are a mixture of
PCNAhi/Sox2+ and PCNAlo/Sox2− cells. We counted PH3+ cells
within the DPZ and grouped them based on whether the cells
were located in the first cell layer adjacent to the ventricle or in
more lateral regions. Consistent with the overall decrease in DPZ
PCNA+ cells, in mrpl40 mutants we observed a reduction in lateral
PH3+ cells (Fig. 5K–M). Moreover, we also observed a reduction in
central PH3+ cells, suggesting that reduced proliferation of
PCNAhi/Sox2+ cells likely contributes to the observed reduction
in PCNAlo/Sox2− cell numbers (Fig. 5K–M). Together, our results
indicate that both prodha and mrpl40 are required for NSPC
proliferation, though they appear to regulate this process in
distinct NSPC populations: prodha regulates proliferation of
Glast+ cells in the CPZ, whereas mrpl40 regulates proliferation
of Glast− cells in the DPZ.

mrpl40 and prodha function independently from each other to
regulate behavior and NSPC proliferation
mrpl40 and prodha proteins are localized to mitochondria and
mutants display similar behavioral and brain volumetric pheno-
types, raising the possibility that they regulate behavior through a
common genetic pathway. However, our single mutant NSPC
analysis suggests these genes have independent functions in
distinct cell populations. To test whether these genes function
within a common pathway, we analyzed the behavior of double
mutants for mrpl40 and prodha across multiple behavioral metrics
(Supplementary Fig. S4). If double mutants display the same

Fig. 3 Mitochondrial disruption leads to alterations in brain
volume. A–C Differences in brain volume in mitochondrial mutants
and pharmacologically inhibited larvae. Deformation-based mor-
phometry for prodha mutants (A), mrpl40 mutants (B), and
Chloramphenicol-treated (C) larvae shows differences in multiple
brain areas. Images are sum projections of whole-brain z-stacks.
Magenta designates areas that are reduced in volume compared to
siblings/controls and Green designates areas that are increased in
volume compared to siblings/controls. White outline indicates
outline of brain. Analysis performed as in Thyme et al. [35].
Representative images of two biological replicates with at least
n= 11 wildtypes/controls and n= 12 mutants/treated.
D–E Heatmaps illustrating degree to which volume signals in
A–C occupy various brain regions in arbitrary units. Higher values
indicate larger reductions (D)/increases (E) in volume in designated
region. Values are scaled based on size of the region as performed in
Randlett et al. [36]. D diencephalon, M mesencephalon, R
rhombencephalon, SC spinal cord, T telencephalon. F–H’ Colocaliza-
tion of increases in brain volume with gfap reporter line. Average
signal of a Tg(gfap:GFP) line that has been registered to the Zebrafish
Brain Browser (ZBB) atlas was merged with increased volume signals
for prodha mutants (G-G’), mrpl40 mutants (H-H’), and
Chloramphenicol-treated (F-F’) larvae. Increased volume colocalizes
with GFP signal in multiple brain regions in the ventricle-occupying
midline.
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phenotypic severity compared to single mutants, this indicates
that the genes act within a common pathway. Conversely, if
double mutants display a stronger phenotype, this is consistent
with the genes acting in separate pathways. Analysis of mrpl40
and prodha double mutants revealed more severe phenotypes
than either single mutant alone in both the VMR and DF assays
(Supplementary Fig. S4A–C). For example, double mutants had
lower average speed in the dark phase of the VMR assay
(Supplementary Fig. S4B) and lower fraction of O-bends in the
DF assay (Supplementary Fig. S4C) than either single mutant
alone. In the ASR assay, where mrpl40 and prodha single mutants
have opposite phenotypes (mrpl40 mutants have lower ASR
sensitivity and prodha mutants have higher ASR sensitivity),
double mutants displayed an intermediate phenotype and were
not significantly different from siblings (Supplementary Fig. S4D).
Notably, in any of the assays examined, transheterozygous
animals were indistinguishable from wild-type or single hetero-
zygote animals (Supplementary Fig. S4A–D). Together, these

results indicate that while single mutants of mrpl40 and prodha
have similar behavioral and brain morphology phenotypes, they
function in genetically distinct pathways.
These results are consistent with our NSPC findings where we

observe roles for mrpl40 and prodha in distinct NSPC populations.
To confirm these distinct phenotypes in double mutants at the
level of NSPCs, we assessed PH3 expression in Glast+ and Glast−
cells as we did previously for single mutants. Consistent with roles
in two distinct pathways, we observed that double mutants had
both NSPC phenotypes: the lower number of Glast−/PH3+ cells of
mrpl40 mutants (Fig. 6A) and the higher number of Glast+/PH3+
cells of prodha mutants (Fig. 6B). Unexpectedly, however, we
found that double mutants had a striking increase in the number
of Glast+/PH3+ cells even compared to prodha mutants
(Fig. 6B–E), indicating that mrpl40 also regulates Glast+ cell
proliferation. Notably, we observed no difference in the number
of Glast+ or Glast− proliferative cells in transheterozygotes.
These results, together with our behavioral analysis, support the

Fig. 4 prodha mutant NSPCs in the central proliferative zone are expanded and hyperproliferative. A Diagram depicting NSPC
populations in the zebrafish hindbrain at 5dpf. Transverse plane view shows highly proliferative NSPCs (Sox2+/Glast−) and committed
progenitors/neuroblasts (Sox−/Glast−) located dorsally (Dorsal proliferative zone inset) and less proliferative NSPCs (Sox2+/Glast+) located
centrally (Central proliferative zone inset). Insets are horizontal plane view. B–D Sox2 antibody staining (B) and Tg(slc1a3b:H2AmCherry)
labeling (C) in central proliferative zone in wildtypes, mrpl40 mutants, and prodha mutants. Wildtypes and mrpl40 mutants display similar
patterns whereas prodha mutants have an expanded Sox2+ and Glast+ domain. Images are single confocal slices. Scale bars 10 μm.
Quantification shows increased number of Glast+ cells in prodhamutants (D). Unpaired two-way Student’s t test, p-values are displayed on the
plots.mrpl40mutants (n= 9) and siblings (n= 9). prodhamutants (n= 10) and siblings (n= 12) from two biological replicates. E, F PH3 staining
in central proliferative zone in siblings, mrpl40mutants, and prodha mutants. prodha mutants show an increased number of Glast+/PH3+ cells
compared to siblings (F). Unpaired two-way Student’s t test, p-values displayed on the plots. Images are maximum projections from confocal
stacks. Scale bars 10 μm. mrpl40 mutants (n= 19) and siblings (n= 25). prodha mutants (n= 25) and siblings (n= 26) from four biological
replicates.
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notion that during development prodha and mrpl40 regulate
partially overlapping brain volumes and behaviors by regulating
proliferation of distinct NSPC populations. Taken together, our
data reveal a previously unappreciated link between 22q11.2DS-
relevant behavioral phenotypes, mitochondrial function, and
neurogenesis.

DISCUSSION
22q11.2DS predisposes individuals to multiple NDDs and repre-
sents one of the greatest risk factors for schizophrenia, yet it has
been difficult to define which genes within the region contribute
to brain and behavioral phenotypes. Part of this difficulty is likely
due to the idea that rather than single genes acting alone to

impart disease risk, multiple genes within the deleted region act
together through shared biological pathways/functions to drive
pathology. However, the identity of these shared pathways and
the relevant genes has remained unclear. Here, we identify
previously unappreciated roles for the mrpl40 and prodha genes in
NSPC proliferation and provide compelling evidence that both
genes function in genetically separable pathways to regulate
mitochondrial-supported NSPC proliferation. Furthermore, while
our results support previous studies implicating mitochondrial
function in 22q11.2DS pathology, they indicate that defects in
NPSCs precede post-mitotic defects. Finally, our results provide a
first functional link between mitochondrial gene dysfunction,
brain volumetric changes, and 22q11.2DS-relevant behavioral
phenotypes. Thus, our results strongly support the notion that

Fig. 5 mrpl40 mutants have fewer NSPCs and a reduction in NSPC proliferation in the dorsal proliferative zone. A–D PCNA and DAPI
antibody staining in wildtypes (A), mrpl40 mutants (B), and prodha mutants (C) in dorsal proliferative zone. mrpl40 mutants have fewer PCNA+
cells than wildtypes. prodha mutants have similar numbers to wildtypes. Quantification in D. One-way ANOVA, p-values are displayed on the
plots. Siblings (n= 21), mrpl40 mutants (n= 10), prodha mutants (n= 13) form two biological replicates. Both mrpl40 and prodha mutants
appear to have increased ventricle size (yellow arrows). Images are single confocal slices. Scale bars 15 μm. E PH3 staining in dorsal
proliferative zone in siblings, mrpl40 mutants, and prodha mutants.. mrpl40 mutants show a decrease in the number of Glast−/PH3+ cells
compared to siblings. Unpaired two-way Student’s t test, p-values displayed on the plots. mrpl40 mutants (n= 19) and siblings (n= 25). prodha
mutants (n= 25) and siblings (n= 26) from four biological replicates. F–H Sox2/PCNA antibody staining in wildtypes (E) and mrpl40 mutants
(F) in dorsal proliferative zone. mrpl40 mutants show a reduction in the number of Sox2−/PCNA+ cells but no difference in the number of
Sox2+/PCNA+ cells (G). Quantification in G. Unpaired two-way Student’s t test, p-values displayed on the plot. mrpl40 mutants (n= 10) and
siblings (n= 12) from three biological replicates. Images are single confocal slices. Dotted line indicates boundary of Sox2+ cells. Scale bars
15 μm. I–J Proliferative cells in dorsal hindbrain of mrpl40 mutants (I) display elongated nuclei compared to wildtypes (H). Images are single
confocal slices. Scale bars 10 μm. K–M PH3/PCNA antibody staining in wildtypes (J) and mrpl40 mutants (K) in dorsal proliferative zone. mrpl40
mutants show a reduction in the number of PH3+ cells located both centrally along ventricle and more peripherally. Quantification in L.
Unpaired two-way Student’s t tests, p-values displayed on the plot. mrpl40 mutants (n= 14) and siblings (n= 15) from three biological
replicates. Images are maximum projections from confocal stacks. Scale bars 20 μm.
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mitochondrial dysfunction plays an early and central role in the
etiology of neurodevelopmental disorders associated with
22q11.2DS.
Previous studies have suggested that mitochondrial dysfunction

is involved in 22q11.2DS pathogenesis. Indeed, at least six of the
genes in the deleted region have been shown to localize to
mitochondria [10], with several displaying behavioral phenotypes
in mouse knockouts [14, 15, 40, 41]. Further, iPSC-derived neurons
from patients with the deletion display reduced levels of electron
transport chain components and ATP [11, 12]. Despite evidence
that suggests NSPC proliferation may be defective in 22q11.2DS
[3, 42, 43], studies to date have focused on mitochondrial roles in
post-mitotic neurons. Our data indicate that two evolutionarily
conserved mitochondrial genes within the 22q11.2 deleted
region are required for zebrafish NSPC function, implicating NSPC
mitochondrial dysfunction as a potential mechanism in 22q11.2DS
pathology. We hypothesize that mitochondrial dysfunction result-
ing from cumulative effects of deleterious mutations in multiple
genes in the region results in NSPC deficits. Indeed, our double
mutant analysis indicates a partially redundant role for mrpl40 and
prodha in regulating radial glia-like proliferation. Furthermore, a

recent study demonstrated that mrpl40 and another mitochon-
drial gene in the deleted region, slc25a1, biochemically interact
to maintain mitochondrial ribosomal integrity [44]. Our hypothesis
is also supported by an increasing recognition of mitochondria as
key regulators of NSPC proliferation and neurogenesis [17, 45] and
recent data suggesting that mitochondrial dysfunction may serve
as a general pathological mechanism underlying multiple NDDs
[25, 46]. Therefore, understanding the roles that mitochondria
serve in NSPCs is crucial to furthering our understanding of
22q11.2DS and NDDs in general.
Mitochondrial ribosomal protein L40 (mrpl40) is a component

of the mitochondrial ribosome that is required for translation of
mitochondrially encoded genes, many of which are involved
in oxidative phosphorylation (OxPhos). Previously, mrpl40 has
only been examined in the context of post-mitotic neuron
function. Heterozygous loss of mrpl40 in cultured forebrain-like
excitatory neurons leads to reductions in OxPhos complexes
and ATP levels that phenocopy deficits observed in 22q11.2DS
patient-derived neurons [11]. Heterozygous mrpl40 mouse
knockouts display deficits in working memory that have been
attributed to abnormal intracellular calcium buffering [47].
Knockdown of mrpl40 in Drosophila leads to abnormal larval
neuromuscular junction synapse development and function
and sleep phenotypes [44]. Here we show a previously
unrecognized role for mrpl40 in regulating brain size and NSPC
proliferation. Due to its role in OxPhos gene translation, we
hypothesize that mitochondrial OxPhos genes are required for
NSPC proliferation and maintenance of brain volume. This is
supported by our mitochondrial translation inhibition experi-
ments that reveal behavioral and brain volume changes similar
to those we observe in mrpl40 mutants. This is also consistent
with data from Drosophila [48] and mouse [49, 50] studies that
found that disrupting OxPhos reduces NSPC proliferation. Our
results provide a more granular view in that different popula-
tions of NSPCs exhibit differential sensitivity to the loss of mrpl40
function. Specifically, mrpl40 mutants display reduced NSPC
proliferation in the DPZ of the hindbrain, while Glast+, radial
glia-like cells in the CPZ appear unaffected. One possible
explanation for this is that NSPC populations have different
reliance on mitochondria. Indeed, multipotent neural stem cells
are mainly glycolytic and shift to relying on mitochondria as
intermediate progenitors and during commitment [51, 52].
Therefore, it is possible that radial glia-like CPZ NSPCs are more
reliant on glycolysis whereas DPZ NSPCs require mitochondria.
Another possibility may relate to differences in proliferation
between these populations. Specifically, the more highly
proliferative nature of DPZ NSPCs may mean that they are
more reliant on mitochondria. In support of such a mechanism is
the observation that OxPhos disruption alters cell cycle
dynamics [48, 53], so it is possible that highly proliferative cells
may be more vulnerable to mitochondrial dysfunction. Impor-
tantly, our results also indicate that in the context of prodha
loss, mrpl40 functions to repress CPZ NSPC proliferation. This
surprising finding that mrpl40 can function in opposing
directions depending on NSPC cell type is intriguing and
warrants further investigation. Understanding how the loss of
mrpl40 function impacts downstream events, and determining
the specificity of the NSPC proliferative phenotypes are
important questions that remain unanswered.
Proline Dehydrogenase (Prodh) is localized to mitochondria and

is responsible for the first step of L-Proline metabolism. Humans
with homozygous mutations in PRODH display elevated levels of
L-Proline as well as multiple NDDs including developmental delay,
ID, ASD, and SZ [54]. To date, studies of PRODH’s role in brain
function and behavior have mainly focused on the role of
hyperprolinemia in post-natal, post-mitotic neurons [13, 14]. Our
results indicate that prodha plays an important role in NSPC

Fig. 6 mrpl40 and prodha function independently from each
other to regulate NSPC proliferation. Number of Glast−/PH3+ (A)
and Glast+/PH3+ (B) cells in mrpl40/prodha transheterozygotes and
double mutants compared to single mutants. Double mutants have
both prodha and mrpl40 single mutant phenotypes. Transheterozy-
gotes display no phenotypes. Quantification one-way ANOVA, p-
values are displayed on the plots. siblings (n= 20), transheterozy-
gotes (n= 20), mrpl40 mutants (n= 10), prodha mutants (n= 10) and
mrpl40;prodha double mutants (n= 9) from four biological replicates.
PH3 staining in Tg(slc1a3b:H2AmCherry) line in wildtype (C), single
prodha mutants (D), and double mutants (E). Double mutant has
more severe hyperproliferative phenotype, revealing role for mrpl40
in Glast+ NSPCs.
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development, in line with observed NDD clinical phenotypes.
Specifically, we find that prodha mutants display a reduction in
brain size, an expanded CPZ, and hyperproliferative Glast+ NSPCs.
Although its role in NSPC development has not been previously
examined, PRODH has been extensively investigated in other
highly proliferative cells, such as cancer cells where it can act as
either a tumor suppressor or oncogene depending on context
[55]. Although the NSPC phenotypes we uncovered in prodha
mutants provide insights into the role of prodha in NSPCs, there
are several potential mechanisms by which prodha might act. For
example, L-Proline oxidation via prodha leads to reducing
equivalents of NADH/FADH2 that can feed OxPhos to serve NSPC
energetic needs. Alternatively, prodha may regulate NSPCs
through reactive oxygen species (ROS). Prodh is known to
promote ROS formation in several contexts [56–58] and low levels
of exogenous ROS have been shown to promote proliferation of
NSPCs [59] and other stem cells [60]. L-Proline’s metabolism also
leads to glutamate, which can contribute to the TCA cycle and
play critical roles for forming other cellular substates important for
highly proliferative cells. Furthermore, the TCA cycle has recently
been identified as a key hub of cell fate decisions in embryonic
stem cells [61], so it is possible that TCA substrates may perform
more instructive roles during neurogenesis.
In addition to the five genes that that we identified as

having roles in behavior, our unbiased approach also identified
six mutants with gross morphological phenotypes: ess2, ufd1l,
cdc45, tbx1, med15, and combination deletion of pi4kaa/slc25a1b
(Supplemental Table 2). 22q11.2DS is a multisystem syndrome and
individuals can display abnormalities beyond brain and behavioral
phenotypes, including cardiovascular and craniofacial abnormal-
ities. Consistent with this, four of these mutants displayed heart
edema (ess2, tbx1, med15, pi4kaa/slc25a1b) and two had gross jaw
abnormalities (tbx1, med15). It is important to note that while we
analyzed behavior of heterozygotes for these genes and found
no phenotypes, this does not exclude important roles for these
genes in brain development or behavior. Indeed, four of these
homozygous mutants displayed gross eye or brain phenotypes
(ufd1l, cdc45, med15, pi4kaa/slc25a1b) and warrant further
investigation for their roles in neurodevelopment.
One limitation to this study that should be considered is that we

have focused on homozygous mutants whereas patients with
22q11.2DS are heterozygous for genes in the deleted region.
However, it is not unusual for genes associated with disease in
humans in the heterozygous state to require homozygosity in
zebrafish larvae in order for phenotypes to be observed [62, 63].
One possible explanation for this observation is that a large
number of gene products that are deposited in the zebrafish egg
function during early development and persist for a period of time
as development progresses. Indeed, there is RNA sequencing
evidence that all of the five genes identified in our study are
expressed in the ovary and early embryo prior to zygotic gene
activation [28]. As such, zygotic homozygous mutants that retain
maternal gene products may be somewhat similar to the human
heterozygous state. While this distinction between the zebrafish
and human conditions should be considered when interpreting
our results, our data nonetheless indicate that all of the genes we
have identified do contribute to establishing or maintaining
behavior in the zebrafish model.
Together, our data present NSPC proliferation defects as a

potential core component of 22q11.2DS pathology. Our work
complements previous studies that have shown that two other
genes in the deleted region, dgcr8 [64, 65] and ranbp [66], also
affect NSPC proliferation. It remains to be determined to what
extent NSPC proliferation deficits lead to behavioral outcomes and
through which mechanisms. To fully appreciate how mitochon-
drial dysfunction caused by loss of mrpl40 and prodha may lead to
behavioral phenotypes will require careful examination of
progenitor and post-mitotic cell diversity.

MATERIALS AND METHODS
Experimental model details
Experiments were conducted on 5-6 dpf larval zebrafish (Danio rerio, TLF
strain) raised in E3 medium at 29 °C on a 14:10 h light cycle. At this
developmental stage the sex of the organism is not yet determined.
Breeding adult zebrafish were maintained at 28 °C on a 14:10 h light cycle.
Sample size for each experiment was estimated based to ensure ability to
observe effect while minimizing animals used. Animals were not
randomized. Mutant alleles were generated using CRISPR-Cas9 mutagen-
esis. For single gene mutants, two gRNAs flanking a known functional
domain or highly conserved region were designed using ChopChop v2
(https://chopchop.cbu.uib.no/). Alt-R CRISPR-Cas9 crRNAs (IDT) were
annealed with tracrRNA (IDT), complexed with Cas9 protein (PNA Bio,
CP02), and injected into 1-cell stage embryos. F0 injected larvae were
raised and outcrossed to identify and establish heterozygous carrier lines.
For combination gene mutants, four gRNAs were used: two gRNAs
targeting the gene flanking one end of the deletion were injected together
with two gRNAs targeting the gene flanking the other end in order to
delete the intervening region. Mutant lines were identified and
subsequently genotyped by PCR, using primers flanking the gRNA target
sites. Allele sequences were obtained by Sanger-sequencing of PCR
products. For a subset of alleles, genotyping was also performed with the
KASP method with proprietary primer sequences (LGC Genomics). This
method was validated using the PCR method. Transgenic lines used in this
study were as follows: Tg(slc1a3b:myrGFP-P2A-H2AmCherry)vo80Tg provided
by Kelly Monk, Oregon Health & Science University [39]; Tg(sox2-2A-
sfGFP)stl84Tg provided by Benjamin Martin, Stonybrook University [67];
Tg(NBT:DsRed)zf148Tg [68]. All animal protocols were approved by the
University of Pennsylvania Institutional Animal Care and Use Committee
(IACUC).

Behavior recording
Behavior experiments were performed on 6dpf larvae. For each behavioral
run, approximately 50 larvae were used for each mutant allele. Larvae were
arrayed in 100-well plates fabricated from 2mm thick clear acrylic sheets
(McMaster-Carr). Wells were 9 mm in diameter and 2mm in depth and
arrayed 10 × 10. The plate was illuminated from below with IR-850nm LED
arrays (IR100, CMVision) which were diffused using a white acrylic sheet.
Images were recorded from above with 1024 × 1024 resolution using a
Photron UX50 camera, Quantaray 50mm 1: 2.8D Macro for Nikon AF lens,
and IR long-pass filter (LP800-55, Midwest optical). To provide acoustic
vibrational stimuli (2 ms duration, 1000 Hz waveforms), the plate was
attached via an aluminum rod to a vibrational exciter (4810; Brüel and
Kjaer, Norcross, GA). White light (MCWHL2, Thorlabs) was provided from
above (700mW, 6500 K). Video recording, white light LED, and vibrational
stimuli were triggered by a NI PCI-6221 M Series DAQ [24].
The full behavioral paradigm consisted of the following described blocks

in the stated order. VMR: Lights OFF (10min, unrecorded) > Lights ON
(8min, 20fps) > Lights OFF (8min, 20fps) > Video saved (~12min). LF:
15 stimuli of white light of 500ms duration with 30 s interstimulus interval
(ISI). Recording 500ms post-stimulus at 500fps (8 min) > Video saved
(~2min). DF: Lights ON (5 min, unrecorded) > 14 stimuli of darkness of 1 s
duration with 30 s ISI (recorded) > 14 stimuli of darkness of 1 s duration
with 10 s ISI (unrecorded) > 14 stimuli of darkness of 1 s duration with 10 s
ISI (recorded) > 14 stimuli of darkness of 1 s duration with 10 s ISI
(unrecorded) > 14 stimuli of darkness of 1 s duration with 10 s ISI
(recorded). Recording 1 s post-stimulus at 500fps (~23min total) > Video
saved (~12min). ASR: 10 stimuli of low intensity with 20 s ISI > 10 stimuli of
medium intensity with 20 s ISI > 10 repetitions of the following with 20 s ISI
PP1-PPI2-PPI3-PPI4-High Intensity (where PPI1: low intensity prepulse,
50ms prior high intensity, PPI2: low intensity prepulse, 300ms prior high
intensity, PPI3: medium intensity prepulse, 50 ms prior high intensity, PPI4:
medium intensity prepulse, 300ms prior high intensity, High Intensity: no
prepulse) > 30 stimuli of high intensity with 1ISI. Recording 200ms post-
stimulus at 500fps (~24min total) > Video saved (~6min). The behavioral
paradigm took place over an approximately two-hour period during the
daytime hours from 8AM to 4PM. Following behavioral experiments, larvae
were individually genotyped as described above.

Larval tracking
Offline tracking of recorded videos was performed with Python. Each
image was background subtracted, Gaussian blurred, thresholded, and the
centroid identified to identify larvae. For LF, DF and ASR assays five points
along the tail were also identified as previously described [69]. The
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orientation of the larvae was determined as the vector between the first
point along the body and the centroid and the curvature was defined as
the sum of the angles between all of the points along the larva.

Behavioral metrics
A total of 94 metrics were computed for each behavioral run and they are
described below.

VMR (60). Number of bouts, Total distance traveled (pix), Total time
moved (ms), Average speed (pix/ms), Average distance from center of the
well (pix), Fraction of time spent in out rim of well, Average distance/bout
(pix), average displacement/bout (pix), Average time/bout (ms), Average
speed/bout (pix/ms). A bout was defined as the displacement of the
centroid crossing a certain threshold (0.7 pixels) for at least two
consecutive frames. For a bout to end, two consecutive frames had to
have a displacement below this threshold. Centroid movements were only
considered if they occurred during periods defined as bouts. Behavioral
metrics were considered for the first and last minutes of the Light ON and
Light OFF segments and for the entirely of each of the Light ON and Light
OFF segments for a total of six bins for each metric, and a total of 60
metrics for the VMR assay

LF (9). Frequency of reacting, frequency of no movement, Average
latency to movement (ms), Average maximum bend angle (rad), Average
maximum angular velocity (rad/frame), Average change in orientation
(rad), Average displacement (pix), Average distance (pix), Average duration
(ms). Larvae were classified as reacting if their maximum curvature
was > 0.5 rad and latency of movement was not too early (>15ms).

DF (11). In addition to the metrics for LF, Frequency of O-bend response
and Habituation of the O-bend response were calculated. Larvae were
classified as performing an O-bend if their maximum curvature was
>1.75 rad or reacting if it was >0.5 rad but less than 1.75 rad as long as
latency of movement was not too early (>15ms). O-bend habituation was
calculated as (1− [Obend frequency for last 14 stimuli]) ÷ [Obend fre-
quency for first 14 stimuli].

ASR (14). In addition to the metrics for LF, Frequency of SLC response,
Frequency of LLC response, Sensitivity Index of the ASR (AU), Pre-pulse
inhibition of the ASR, and Habituation of the ASR were calculated. Larvae
were classified as performing an SLC if their maximum curvature was
>0.8 rad and the latency was <20ms, performing an LLC is their maximum
curvature was >0.8 rad and the latency was >20ms, or reacting if it was
>0.5 rad but less than 0.8 rad. ASR habituation was calculated as (1-[SLC
frequency for last 10 High intensity stimuli with 1 s ISI]) ÷ [SLC frequency
for 10 High intensity stimuli with 20 s ISI]. ASR PPI was calculated as (1-[SLC
frequency for 10 PPI4 runs]) ÷ [SLC frequency for 10 High intensity stimuli
with 20 s ISI]. ASR Sensitivity index was calculated by measuring the area
under the curve of SLC frequency versus stimulus intensity.

Chloramphenicol treatment
Embryos from mrpl40 heterozygous in crosses were raised in E3 medium,
dechorionated, and treated with either Chloramphenicol (C0328, Sigma)
dissolved in E3 or E3 medium alone starting at 1dpf. Media was replaced
daily up until 6dpf when behavioral experiments were performed. Larvae
were genotyped following behavioral analysis. Behavior experiments were
performed using serial dilutions of Chloramphenicol to show dose-
response (375–750 μM), whereas dose used for brain volumetric analysis
was 562 μM.

Deformation-based morphometry
Deformation-based morphometry was performed as described pre-
viously [35]. Briefly, whole-brain confocal stacks were registered to the
previously reported 6-dpf nacre mutant (mifta−/−) larvae stained with anti-
total ERK using CMTK (http://www.nitrc.org/projects/cmtk/) via the Fiji-
CMTK-registration-runner-GUI (https://github.com/sandorbx/Legacy-Fiji-
CMTK-registration-runner-GUI) with the following parameters: Threads 8,
Initial exploration step 52, Coarsest resampling 8, Refine grid 3, Grid size
80, Accuracy 1. The jacobian was calculated using reformatx in CMTK,
followed by smoothing the images with a custom Fiji script PrepareJaco-
bianStacksForMAPMapping_cluster.m as previously described [35] (github
repository: sthyme/ZFSchizophrenia/cluster_pErk_imageprocessing/). To
compare volumetric stacks with gfap expression, the Tg(gfap:gfp) reference

stack was obtained from the Zebrafish Brain Browser (http://vis.arc.vt.edu/
projects/zbb/) and merged with volumetric stacks using Fiji.

Immunohistochemistry
Larvae were raised to 5-6dpf at which point they were fixed in 4%
paraformaldehyde in PBS. Larvae were stained as previously described [36].
Briefly, larvae were washed with PBS+ 0.25% Triton X-100 (PBT) and
pigment was removed using a 1.5% H2O2/0.5% KOH solution at room
temperature (RT) for 15mins followed by further PBT washes. For
experiments with transgenic lines, embryos were raised in 0.003% PTU
to remove pigment and the H2O2/KOH bleaching step was omitted to
ensure fluorophores persisted. Antigen recovery was performed with
150mM Tris-HCl, pH 9 for 5 min at RT followed by 15min at 70 °C, followed
by PBT washes. Permeabilization was performed with 0.05% Trypsin-EDTA
for 5 min on ice followed by PBT washes. Larvae were then blocked with
PBT+ 1%bovine serum albumin+ 2% normal goat serum (NGS)+ 1%
DMSO for 1 h at RT followed by overnight incubation at 4 °C with primary
antibodies and DAPI in blocking solution without NGS. The following day
PBT washes were performed followed by overnight incubation at 4 °C with
secondary in blocking solution without NGS. Following further PBT washes,
larval tails were removed with a razor blade and used for genotyping.
Following genotyping, larvae were mounted in 1.5% low melting-point
agarose in PBS dorsal side down in a glass-bottomed dish and imaged with
an inverted confocal microscope (Zeiss LSM880 or LSM980) using either a
20X air objective for whole brain analysis, or a 40X water objective for
hindbrain analysis. Imaging was not performed blinded to genotype.
Primary antibody concentrations used were: Mouse Anti-PCNA Antibody
(Sigma, MAB424, 1:500), Rabbit Anti-active Caspase-3 (BD Bioscience,
559565, 1:500), Rabbit Anti-Sox2 (Abcam, ab97959, 1:200), Rabbit Anti-
phospho-Histone H3 (Sigma, 06-570, 1:500), Mouse Anti-total-ERK (Cell
Signaling, 4696, 1:500). Alexa Fluor secondary antibodies were used at
1:500 dilution (Invitrogen).

HCR fluorescent in situ hybridization
Endogenous mrpl40 and prodha transcripts were detected using HCR
fluorescent in situ hybridization (Molecular Instruments, Los Angeles, CA,
USA). HCR buffers, probes, and hairpins were purchased from Molecular
Instruments. Tg(sox2-2A-sfGFP);Tg(NBT:DsRed)-positive larvae were fixed at
5dpf with 4% paraformaldehyde in Dulbecco’s phosphate-buffered saline
overnight at 4 °C and staining was performed as previously described [38].

Quantification and statistical analysis
Behavioral quantification. Behaviors were quantified, analyzed, and
visualized with Python. Approximately 50 larvae from a heterozygous in-
cross for each mutant allele were run through the behavior paradigm.
Following genotyping, mutant larvae were compared to sibling larvae
across all 94 behavioral metrics with two-tailed, unpaired Student’s t tests.
If any behavioral metric had p < 0.05, an additional independent
experiment was performed (expect for cdc45 where only a single
experiment was performed for technical reasons). In this independent
experiment, p values were compared with the first experiment to identify if
any behavioral metrics were in common. This was the case for 13 mutant
lines and they had varying numbers of metrics in common ranging from 1
to 53. Those mutants that only had differences in metrics in the VMR assay
and which only occurred within a single 1-min bin of time and in no others
during the 16min assay (slc25a1b (1 metric) and scarf2 (4 metrics)) were
felt to less likely represent true differences and were not considered
further. To account for multiple comparisons, the data for both
experiments was then pooled and subjected to further statistical
stringency using a Bonferroni correction of p= 0.05/94. Prior to pooling,
to account for run-to-run variation in behavior, behavioral metrics were
first normalized within their experiment by dividing all values by the
average sibling value. Normalized values were then pooled and statistics
performed. Nine mutants had behavioral metrics that survived correction.
One of the nine mutants (dgcr2), was significant only for habituation of the
SLC response in the ASR assay. However, due to technical limitations
and loss of the line, the ASR assay was only performed once. Since
habituation of the SLC was only significant for the last 10 stimuli of the
habituation paradigm and not the first 10 or the middle 10 stimuli, this was
deemed less likely to be a true difference. The eight remaining mutants
had a range of 5–47 behavioral metrics below the corrected p value. These
are the data represented by the heatmaps shown in Fig. 2G and
Supplementary Fig. S1.
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Deformation-based morphometry
Deformation-based morphometry was analyzed as described previously
[35]. The Mann–Whitney U statistic Z score is calculated for each voxel,
comparing between the mutant/treated groups and control groups. The
significance threshold was set based on a false discovery rate (FDR) where
0.005% of control pixels would be called as significant. Following this, the
extent to which volumetric changes overlapped within different Z-Brain
atlas defined regions was performed by processing the volumetric stacks
with the previously reported “ZBrainAnalysisOfMAPMaps.m” Matlab
function [36].

Immunohistochemistry quantification
All image visualization and processing was performed with Fiji. Activated
Caspase 3: Positive cells were manually counted by manually progressing
through stacks. The forebrain, tectum, and hindbrain were defined by
anatomical landmarks visualized with DAPI co-staining. Glast+ cells in
central PZ: For Fig. 4C, D, a single confocal slice at a comparable anatomical
location ~50μm below dorsal surface of hindbrain was used for analysis.
H2AmCherry signal was gaussian blurred, maximum filtered with radius of
5pixels, unsharp masked with radius 5 pixels and mask weight 0.6,
thresholded, and then watershed function used. Nuclei were subsequently
counted with the Analyze Particles function. PH3 in central and dorsal PZ:
For Figs. 4E, F and 5E, PH3+ cells were manually counted as Glast+ or
Glast− based on transgene expression by manually progressing through a
100 μm thick confocal stack through the hindbrain. DAPI/PCNA co-staining
allowed visualization of the central ventricle. Number of PH3+ cells was
normalized by dividing the observed number of PH3+ cells by the average
number of PH3+ cells in siblings on that experimental day. For Fig. 5K–M,
Positive cells were manually counted by manually progressing through
stacks. DAPI co-staining allowed for distinction of those that were within
the first cell layer along the ventricles vs. those that were located more
peripherally. Sox2/PCNA in dorsal PZ: For Fig. 5A–D, a single confocal slice at
a comparable anatomical location ~10 μm below dorsal surface of
hindbrain was used for analysis. DAPI signal was gaussian blurred,
maximum filtered with radius of 2pixels, unsharp masked with radius 5
pixels and mask weight 0.9, thresholded, and then watershed function
used. PCNA signal was then thresholded and used to mask DAPI image, to
leave only PCNA+ nuclei which were subsequently counted with the
Analyze Particles function. For Fig. 5F–H, Sox2+/PCNA+ and Sox2−/PCNA
+ cells were manually counted in an ROI encapsulating a 93µmx122µm
segment of one of the lateral hindbrain PCNA+ segments in a single z-slice
~10 µm below the dorsal most aspect of the hindbrain. Hindbrain PH3:
One-way ANOVA, Chi-square, or two-tailed, unpaired Student’s t tests were
used for immunohistochemistry statistics as indicated in Figure legends.

REFERENCES
1. Blagojevic C, Heung T, Theriault M, Tomita-Mitchell A, Chakraborty P, Kernohan K,

et al. Estimate of the contemporary live-birth prevalence of recurrent 22q11.2
deletions: a cross-sectional analysis from population-based newborn screening. C
Open. 2021;9:E802.

2. Schneider M, Debbané M, Bassett AS, Chow EWC, Fung WLA, van den Bree MBM,
et al. Psychiatric disorders from childhood to adulthood in 22q11.2 deletion
syndrome: results from the International Consortium on Brain and Behavior in
22q11.2 Deletion Syndrome. Am J Psychiatry. 2014;171:627–39.

3. Meechan DW, Tucker ES, Maynard TM, LaMantia A-S. Diminished dosage of
22q11 genes disrupts neurogenesis and cortical development in a mouse model
of 22q11 deletion/DiGeorge syndrome. Proc Natl Acad Sci. 2009;106:16434–45.

4. Ellegood J, Markx S, Lerch JP, Steadman PE, Genç C, Provenzano F, et al. Neu-
roanatomical phenotypes in a mouse model of the 22q11.2 microdeletion. Mol
Psychiatry. 2014;19:99–107.

5. Sigurdsson T, Stark KL, Karayiorgou M, Gogos JA, Gordon JA. Impaired
hippocampal–prefrontal synchrony in a genetic mouse model of schizophrenia.
Nature. 2010;464:763–7.

6. Drew LJ, Crabtree GW, Markx S, Stark KL, Chaverneff F, Xu B, et al. The 22q11.2
microdeletion: fifteen years of insights into the genetic and neural complexity of
psychiatric disorders. Int J Dev Neurosci. 2011;29:259.

7. Guna A, Butcher NJ, Bassett AS. Comparative mapping of the 22q11.2 deletion
region and the potential of simple model organisms. J Neurodev Disord.
2015;7:18.

8. Motahari Z, Moody SA, Maynard TM, LaMantia A-S. In the line-up: deleted genes
associated with DiGeorge/22q11.2 deletion syndrome: are they all suspects? J
Neurodev Disord. 2019;11:7.

9. Jensen M, Girirajan S. An interaction-based model for neuropsychiatric features of
copy-number variants. PLoS Genet. 2019;15:e1007879.

10. Maynard TM, Meechan DW, Dudevoir ML, Gopalakrishna D, Peters AZ, Heindel
CC, et al. Mitochondral localization and function of a subset of 22q11 Deletion
Syndrome candidate genes. Mol Cell Neurosci. 2008;39:439.

11. Li J, Ryan SK, Deboer E, Cook K, Fitzgerald S, Lachman HM, et al. Mitochondrial
deficits in human iPSC-derived neurons from patients with 22q11.2 deletion
syndrome and schizophrenia. Transl Psychiatry. 2019;9:1–10.

12. Li J, Tran OT, Crowley TB, Moore TM, Zackai EH, Emanuel BS, et al. Association of
mitochondrial biogenesis with variable penetrance of schizophrenia. JAMA Psy-
chiatry. 2021;78:911–21.

13. Crabtree GW, Park AJ, Gordon JA, Gogos JA. Cytosolic accumulation of L-proline
disrupts GABA-ergic transmission through GAD blockade. Cell Rep.
2016;17:570–82.

14. Gogos J, Santha M, Takacs Z, Beck KD, Luine V, Lucas LR, et al. The gene encoding
proline dehydrogenase modulates sensorimotor gating in mice. Nat Genet.
1999;21:434–9.

15. Devaraju P, Yu J, Eddins D, Mellado-Lagarde MM, Earls LR, Westmoreland JJ, et al.
Haploinsufficiency of the 22q11.2 microdeletion gene Mrpl40 disrupts short-term
synaptic plasticity and working memory through dysregulation of mitochondrial
calcium. Mol Psychiatry. 2016;229:1313–26.

16. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, et al. MitoCarta3.0: an
updated mitochondrial proteome now with sub-organelle localization and
pathway annotations. Nucleic Acids Res. 2021;49:D1541–D1547.

17. Iwata R, Vanderhaeghen P. Regulatory roles of mitochondria and metabolism in
neurogenesis. Curr Opin Neurobiol. 2021;69:231.

18. Campbell PD, Granato M. Zebrafish as a tool to study schizophrenia-associated
copy number variants. Dis Model Mech. 2020;13:dmm043877.

19. Emran F, Rihel J, Dowling JE. A behavioral assay to measure responsiveness of
zebrafish to changes in light intensities. J Vis Exp. 2008. https://doi.org/10.3791/
923.

20. Burgess HA, Granato M. Modulation of locomotor activity in larval zebrafish
during light adaptation. J Exp Biol. 2007;210:2526–39.

21. Wolman MA, Jain RA, Liss L, Granato M. Chemical modulation of memory for-
mation in larval zebrafish. Proc Natl Acad Sci. 2011;108:15468–73.

22. Kimmel CB, Patterson J, Kimmel RO. The development and behavioral char-
acteristics of the startle response in the zebra fish. Dev Psychobiol. 1974;7:47–60.

23. Marsden KC, Jain RA, Wolman MA, Echeverry FA, Nelson JC, Hayer KE, et al. A
cyfip2-dependent excitatory interneuron pathway establishes the innate startle
threshold. Cell Rep. 2018;23:878.

24. Burgess HA, Granato M. Sensorimotor gating in larval zebrafish. J Neurosci.
2007;27:4984–94.

25. Ortiz-González XR. Mitochondrial dysfunction: a common denominator in neu-
rodevelopmental disorders? Dev Neurosci. 2021;43:222–9.

26. Bulkley D, Innis CA, Blaha G, Steitz TA. Revisiting the structures of several anti-
biotics bound to the bacterial ribosome. Proc Natl Acad Sci USA.
2010;107:17158–63.

27. Byrnes J, Ganetzky R, Lightfoot R, Tzeng M, Nakamaru-Ogiso E, Seiler C, et al.
Pharmacologic modeling of primary mitochondrial respiratory chain dysfunction
in zebrafish. Neurochem Int. 2018;117:23.

28. Cunningham F, Allen JE, Allen J, Alvarez-Jarreta J, Amode MR, Armean IM, et al.
Ensembl 2022. Nucleic Acids Res. 2022;50:D988–D995.

29. Amunts A, Brown A, Bai XC, Llácer JL, Hussain T, Emsley P, et al. Structure of the yeast
mitochondrial large ribosomal subunit. Microsc Microanal. 2014;20:1252–3.

30. Chow EWC, Zipursky RB, Mikulis DJ, Bassett AS. Structural brain abnormalities in
patients with schizophrenia and 22q11 deletion syndrome. Biol Psychiatry.
2002;51:208.

31. Rogdaki M, Gudbrandsen M, McCutcheon RA, Blackmore CE, Brugger S, Ecker C,
et al. Magnitude and heterogeneity of brain structural abnormalities in 22q11.2
deletion syndrome: a meta-analysis. Mol Psychiatry. 2020;258:1704–17.

32. Namba T, Nardelli J, Gressens P, Huttner WB. Metabolic regulation of neocortical
expansion in development and evolution. Neuron. 2021;109:408–19.

33. Jefferis GSXE, Potter CJ, Chan AM, Marin EC, Rohlfing T, Maurer CR, et al. Com-
prehensive maps of drosophila higher olfactory centers: spatially segregated fruit
and pheromone representation. Cell. 2007;128:1187.

34. Rohlfing T, Maurer CR. Nonrigid image registration in shared-memory multi-
processor environments with application to brains, breasts, and bees. IEEE Trans
Inf Technol Biomed. 2003;7:16–25.

35. Thyme SB, Pieper LM, Li EH, Pandey S, Wang Y, Morris NS, et al. Phenotypic
landscape of schizophrenia-associated genes defines candidates and their shared
functions. Cell. 2019;177:478–491.e20.

36. 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;12:1039–46.

P.D. Campbell et al.

12

Molecular Psychiatry

https://doi.org/10.3791/923
https://doi.org/10.3791/923


37. Tabor KM, Marquart GD, Hurt C, Smith TS, Geoca AK, Bhandiwad AA, et al. Brain-
wide cellular resolution imaging of cre transgenic zebrafish lines for functional
circuit-mapping. Elife. 2019;8:e42687.

38. Shainer I, Kuehn E, Laurell E, Al Kassar M, Mokayes N, Sherman S, et al. A single-
cell resolution gene expression atlas of the larval zebrafish brain. Sci Adv.
2023;9:eade9909.

39. Chen J, Poskanzer KE, Freeman MR, Monk KR. Live-imaging of astrocyte mor-
phogenesis and function in zebrafish neural circuits. Nat Neurosci.
2020;23:1297–306.

40. Fernandez A, Meechan DW, Karpinski BA, Paronett EM, Bryan CA, Rutz HL, et al.
Mitochondrial dysfunction leads to cortical under-connectivity and cognitive
impairment. Neuron. 2019;102:1127–1142.e3.

41. Mukai J, Tamura M, Fénelon K, Rosen AM, Spellman TJ, Kang R, et al. Molecular
substrates of altered axonal growth and brain connectivity in a mouse model of
schizophrenia. Neuron. 2015;86:680.

42. Toyoshima M, Akamatsu W, Okada Y, Ohnishi T, Balan S, Hisano Y, et al. Analysis
of induced pluripotent stem cells carrying 22q11.2 deletion. Transl Psychiatry.
2016;6:e934–e934.

43. Sun D, Ching CRK, Lin A, Forsyth JK, Kushan L, Vajdi A, et al. Large-scale mapping
of cortical alterations in 22q11.2 deletion syndrome: Convergence with idiopathic
psychosis and effects of deletion size. Mol Psychiatry. 2020:8:1822–34.

44. Gokhale A, Lee CE, Zlatic SA, Freeman AAH, Shearing N, Hartwig C, et al. Mito-
chondrial proteostasis requires genes encoded in a neurodevelopmental syn-
drome locus. J Neurosci. 2021;41:6596–616.

45. Khacho M, Harris R, Slack RS. Mitochondria as central regulators of neural stem
cell fate and cognitive function. Nat Rev Neurosci. 2018;201:34–48. 2018;20

46. Bü P, Patgiri A, Faundez V iScience Perspective Mitochondrial protein synthesis and
the bioenergetic cost of neurodevelopment. 2022. https://doi.org/10.1016/j.isci.

47. Devaraju P, Yu J, Eddins D, Mellado-Lagarde MM, Earls LR, Westmoreland JJ, et al.
Haploinsufficiency of the 22q11.2 microdeletion gene Mrpl40 disrupts short-term
synaptic plasticity and working memory through dysregulation of mitochondrial
calcium. Mol Psychiatry. 2017;22:1313–26.

48. van den Ameele J, Brand, AH. Neural stem cell temporal patterning and brain
tumour growth rely on oxidative phosphorylation. Elife. 2019;8:e47887.

49. Cabello-Rivera D, Sarmiento-Soto H, López-Barneo J, Muñoz-Cabello AM. Mito-
chondrial complex I function is essential for neural stem/progenitor cells pro-
liferation and differentiation. Front Neurosci. 2019;13:664.

50. Khacho M, Clark A, Svoboda DS, MacLaurin JG, Lagace DC, Park DS, et al. Mito-
chondrial dysfunction underlies cognitive defects as a result of neural stem cell
depletion and impaired neurogenesis. Hum Mol Genet. 2017;26:3327.

51. Beckervordersandforth R, Ebert B, Schäffner I, Moss J, Fiebig C, Shin J, et al. Role of
mitochondrial metabolism in the control of early lineage progression and aging
phenotypes in adult hippocampal neurogenesis. Neuron. 2017;93:560–573.e6.

52. Khacho M, Clark A, Svoboda DS, Azzi J, MacLaurin JG, Meghaizel C, et al. Mito-
chondrial dynamics impacts stem cell identity and fate decisions by regulating a
nuclear transcriptional program. Cell Stem Cell. 2016;19:232–47.

53. Homem CCF, Steinmann V, Burkard TR, Jais A, Esterbauer H, Knoblich JA. Ecdy-
sone and mediator change energy metabolism to terminate proliferation in
drosophila neural stem cells. Cell. 2014;158:874–88.

54. Namavar Y, Duineveld DJ, Both GIA, Fiksinski AM, Vorstman JAS, Verhoeven-Duif
NM, et al. Psychiatric phenotypes associated with hyperprolinemia: a systematic
review. Am J Med Genet B Neuropsychiatr Genet. 2021;186:289–317.

55. Geng P, Qin W, Xu G. Proline metabolism in cancer. Amino Acids.
2021;53:1769–77.

56. Goncalves RLS, Rothschild DE, Quinlan CL, Scott GK, Benz CC, Brand MD. Sources of
superoxide/H2O2 during mitochondrial proline oxidation. Redox Biol. 2014;2:901–9.

57. Nagano T, Nakashima A, Onishi K, Kawai K, Awai Y, Kinugasa M, et al. Proline
dehydrogenase promotes senescence through the generation of reactive oxygen
species. J Cell Sci. 2017;130:1413–20.

58. Tang H, Pang S. Proline catabolism modulates innate immunity in Caenorhabditis
elegans. CellReports. 2016;17:2837–44.

59. Le Belle JE, Orozco NM, Paucar AA, Saxe JP, Mottahedeh J, Pyle AD, et al. Pro-
liferative neural stem cells have high endogenous ROS levels that regulate self-
renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem Cell.
2011;8:59–71.

60. Kang X, Wei X, Jiang L, Niu C, Zhang J, Chen S, et al. Nox2 and Nox4 regulate self-
renewal of murine induced-pluripotent stem cells. IUBMB Life. 2016;68:963–70.

61. Arnold PK, Jackson BT, Paras KI, Brunner JS, Hart ML, Newsom OJ, et al. A non-
canonical tricarboxylic acid cycle underlies cellular identity. Nature.
2022;603:477–81.

62. Weinschutz Mendes H, Neelakantan U, Liu Y, Fitzpatrick SE, Chen T, Wu W, et al.
High-throughput functional analysis of autism genes in zebrafish identifies
convergence in dopaminergic and neuroimmune pathways. Cell Rep.
2023;42:112243.

63. Campbell PD, Shen K, Sapio MR, Glenn TD, Talbot WS, Marlow FL. Unique function
of Kinesin Kif5A in localization of mitochondria in axons. J Neurosci.
2014;34:14717–32.

64. Hoffmann N, Weise SC, Marinaro F, Vogel T, De Pietri Tonelli D. DGCR8 promotes
neural progenitor expansion and represses neurogenesis in the mouse
embryonic neocortex. Front Neurosci. 2018;12:281.

65. Marinaro F, Marzi MJ, Hoffmann N, Amin H, Pelizzoli R, Niola F, et al. MicroRNA‐
independent functions of DGCR8 are essential for neocortical development and
TBR1 expression. EMBO Rep. 2017;18:603.

66. Paronett EM, Meechan DW, Karpinski BA, LaMantia AS, Maynard TM. Ranbp1,
deleted in DiGeorge/22q11.2 Deletion Syndrome, is a microcephaly gene that
selectively disrupts layer 2/3 cortical projection neuron generation. Cereb Cortex.
2015;25:3977.

67. Shin J, Chen J, Solnica-Krezel L. Efficient homologous recombination-mediated gen-
ome engineering in zebrafish using TALE nucleases. Development. 2014;141:3807–18.

68. Peri F, Nüsslein-Volhard C. Live imaging of neuronal degradation by microglia
reveals a role for v0-ATPase a1 in phagosomal fusion in vivo. Cell. 2008;133:916–27.

69. Randlett O, Haesemeyer M, Forkin G, Shoenhard H, Schier AF, Engert F, et al.
Distributed plasticity drives visual habituation learning in larval zebrafish. Curr
Biol. 2019;29:1337–1345.e4.

ACKNOWLEDGEMENTS
The authors would like to acknowledge the University of Pennsylvania Cell and
Developmental Biology Microscopy Core and the Genomic Analysis Core DNA
Sequencing Facility and the University of Alabama at Birmingham Research
Computing team. Thank you to the Monk and Martin labs for generously providing
transgenic lines. We also thank the Granato lab members for feedback on
experimental design and the manuscript. This work was supported by grants to
MG (NIH R01 NS118921). PDC was supported by T32MH019112 and R25MH119043.
ST was supported by R00MH110603.

AUTHOR CONTRIBUTIONS
Conceptualization, PDC and MG; Investigation, PDC and IL; Formal Analysis, PDC and
ST; Resources and Supervision, MG; Funding Acquisition, PDC and MG; Writing –
Original Draft, PDC.; Writing – Review and Editing, PDC, ST and MG.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-023-02272-z.

Correspondence and requests for materials should be addressed to Michael Granato.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

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

© The Author(s) 2023

P.D. Campbell et al.

13

Molecular Psychiatry

https://doi.org/10.1016/j.isci
https://doi.org/10.1038/s41380-023-02272-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mitochondrial proteins encoded by the 22q11.2 neurodevelopmental locus regulate neural stem and progenitor�cell proliferation
	Introduction
	Results
	Generation of zebrafish 22q11.2DS orthologous gene mutants
	Mutants in five genes including two encoding mitochondrial proteins, display partially overlapping behavioral phenotypes
	Pharmacologic inhibition of mitochondrial function phenocopies the mrpl40 mutant phenotype
	Mitochondrial disruption leads to alterations in brain volume
	mrpl40 and prodha play distinct roles in NSPC proliferation
	mrpl40 and prodha function independently from each other to regulate behavior and NSPC proliferation

	Discussion
	Materials and methods
	Experimental model details
	Behavior recording
	Larval tracking
	Behavioral metrics
	VMR (60)
	LF (9)
	DF (11)
	ASR (14)

	Chloramphenicol treatment
	Deformation-based morphometry
	Immunohistochemistry
	HCR fluorescent in�situ hybridization
	Quantification and statistical analysis
	Behavioral quantification

	Deformation-based morphometry
	Immunohistochemistry quantification

	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




