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Abstract

The 16p11.2 BP4-BP5 deletion and duplication syndromes are associated with a complex spectrum of neurodevelopmental
phenotypes that includes developmental delay and autism spectrum disorder, with a reciprocal effect on head
circumference, brain structure and body mass index. Mouse models of the 16p11.2 copy number variant have recapitulated
some of the patient phenotypes, while studies in flies and zebrafish have uncovered several candidate contributory genes
within the region, as well as complex genetic interactions. We evaluated one of these loci, KCTD13, by modeling
haploinsufficiency and complete knockout in mice. In contrast to the zebrafish model, and in agreement with recent data,
we found normal brain structure in heterozygous and homozygous mutants. However, recapitulating previously observed
genetic interactions, we discovered sex-specific brain volumetric alterations in double heterozygous Kctd13xMup and
Kctd13xLat mice. Behavioral testing revealed a significant deficit in novel object recognition, novel location recognition and
social transmission of food preference in Kctd13 mutants. These phenotypes were concomitant with a reduction in density
of mature spines in the hippocampus, but potentially independent of RhoA abundance, which was unperturbed postnatally
in our mutants. Furthermore, transcriptome analyses from cortex and hippocampus highlighted the dysregulation of
pathways important in neurodevelopment, the most significant of which was synaptic formation. Together, these data
suggest that KCTD13 contributes to the neurocognitive aspects of patients with the BP4-BP5 deletion, likely through genetic
interactions with other loci.
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Introduction

During the past decade, several neurodevelopmental disorders
(NDDs) have been associated with copy number variants (CNVs)
(1,2). One of the most common of these lies on 16p11.2 and
comprises a ~600 kb genomic segment flanked by two low-copy
repeats that also define its most common breakpoints (BP4-
BP5) (3). The BP4-BPS deletion and duplication have a combined
population prevalence of ~1/1000 (4) and contribute to as much
as ~1% of the genetic burden of intellectual disability (1) and
autism spectrum disorder (ASD) (5-9). The 16p11.2 BP4-BP5
dosage imbalances have also been associated with epilepsy
(10-13), schizophrenia (SZ), bipolar disorder and depression
(14-16). Additionally, 16p11.2 CNVs have been reported to
produce reciprocal changes in body mass index (BMI) and head
size (4,11,12,17,18). Gray matter volume and specific cortico-
subcortical regions implicated in reward processes, language
and social cognition are similarly correlated with the number of
copies of the 600 kb region (19).

The BP4-BP5 region contains -32 known and predicted
protein-coding genes (20). The high gene density of the region
and the phenotypic heterogeneity of human patients (7,11,21)
have rendered the study of this CNV challenging. To study
the contribution of dosage-sensitive loci within the CNV and
to probe the mechanistic basis of the human genetic data,
animal models have been generated and characterized. In
mice, the BP4-BP5 syntenic region lies on chromosome 7F3
and contains 31 protein-coding genes (based on GRCm38.83). To
date, three 16p11.2 deletion (Del/+) and two duplication (Dup/+)
mouse models have been generated (22-24). Del/+ mice display
hyperactivity, repetitive behaviors and recognition memory
deficits, while Dup/+ mice show hypoactivity and superior short-
term memory. We showed previously a genetic background
effect on the social interaction phenotypes of the 16p11.2 CNV
mouse models, wherein on a C57BL/6NxC3B hybrid background,
both Del/+ and Dup/+ mice display social interaction deficits
(22), reminiscent of the ASD phenotypes of patients.

Using the zebrafish embryo, we have also reported that over-
expression of human KCTD13 (Potassium Channel Tetrameriza-
tion Domain containing 13) can induce microcephaly, whereas
suppression of the zebrafish ortholog yields a macrocephalic
phenotype, potentially mimicking the phenotypes seen in
16p11.2 CNV carriers (25). More recently, transcription-wide
association studies suggested that the expression quantitative
trait loci in MAPK3 might be a driver of that signal, in part
through the control of KCTD13 expression (26). KCTD13 encodes
a protein that act as an adaptor for interactions between the
Cul3 ubiquitin ligase and its substrates (27,28). KCTD13 has been
shown to regulate ubiquitination and degradation of the Ras
homolog gene family member A (RhoA) which may, in turn,
lead to disrupted cell migration and influence brain size during
prenatal development (29). Recently, Escamilla et al. (30) reported
that gene editing of Kctd13 does not increase brain size or
neurogenesis in mice or zebrafish, respectively. However, Kctd13
deletion in the mouse induced an increased RhoA levels, deficits
in spine densities on CA1l pyramidal neurons and reduced
synaptic transmission in the hippocampus (30).

To evaluate further the potential contributory role of KCTD13
in the 16p11.2 CNV syndromes, we generated a global deletion of
murine Kctd13. In agreement with published results, we did not
observe brain structure anomalies in Kctd13 mutants. However,
testing for epistasis with two previously proposed interaction
candidates, Mup and Lat, showed double mutants to exhibit sex-
dependent volumetric brain changes that might be relevant to
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the gender bias observed in the phenotype of the human lesion
(31,32). Moreover, we found a deficiency of spine maturation in
the dendrites of pyramidal neurons of the CA1 hippocampus in
both Kctd13 heterozygous (Het) and homozygous (Hom) mutants,
as well as an impairment in short-term memory, a phenotype
that was not seen in the Escamilla et al (30) mutant but was
reported in mouse models for the 16p11.2 BP4-BP5 deletion
(22). To probe the possible mechanisms underscoring these
phenotypes, we performed transcriptome profiling using RNA
sequencing (RNAseq). We found that loss of Kctd13 induced
significant expression changes of genes involved in synaptic
transmission. Finally, we evaluated RhoA protein levels in cortex
and hippocampus. We found no evidence for dysregulation at
3 or 15 weeks of age, which suggests that the spine maturation
deficit in Kctd13 mutants might be independent of RhoA/ROCK
signaling. Together, our observations suggest that KCTD13 is
a potential contributor to the complex neurodevelopmental
phenotypes associated with 16p11.2 BP4-BP5 deletion, likely
through genetic interaction with other transcripts both within
and outside the BP4-BP5 region.

Results
Generation of Kctd13 Het and Hom mice

To generate Kctd13-deficient mice, we introduced LoxP sites
flanking exon 2 (Fig. 1A), predicted to induce a frameshift
and a premature stop codon in exon 4. We crossed Kctd13-
floxed mice with mice expressing Cre recombinase under the
cytomegalovirus (CMV) ubiquitous promoter. Compared to wild-
type (wt) littermates, the segregation of the Kctd13 mutant
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Figure 1. Kctd13 deficiency does not affect postnatal growth and viability.
(A) Kctd13 deletion targeting strategy. We introduced LoxP sites flanking exon
2 of Kctd13 gene. Animals haploinsufficient for Kctd13 (Het) were obtained by
crossing floxed mice with animals expressing the Cre under the CMV promoter,
allowing the deletion of targeted exon in all tissues. (B) Mouse mating strategy
used to generate mouse cohorts and ratios per genotype observed. (C) Molecular
validation by PCR. (D) Western blots against Kctd13 and p-actin. Whole brains
from P1 mice were used as samples. (E) Evolution of the body weight (g). Data are
represented as the mean + s.e.m., ****P < 0.0001 versus wt. Tukey’s test applied
following a significant one-way ANOVA.
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allele was not distorted, suggesting no prenatal lethality (Fig. 1B;
Supplementary Material, Table S1). We confirmed the excision of
exon 2 by polymerase chain reaction (PCR) (Fig. 1C) and we also
examined Kctd13 protein levels by western blot at postnatal day
1 (P1; Fig. 1D). Compared to wt littermates, Kctd13 protein levels
were decreased approximately by 40% in Het and by 95% in Hom
animals, indicative of efficient excision and loss of functional
transcript. We also recorded body weights of mice between
weeks 5-14; Het and Hom animals did not show any alterations
compared to wt (Fig. 1E), suggesting that Kctd13 deficiency does
not affect gross postnatal growth and viability.

Kctd13 mutant mice are deficient in short-term
recognition memory

As a first analysis for possible consequences of Kctd13 loss in
neuronal function, we performed a battery of behavioral studies.
In a first cohort of wt, Het and Hom male mice (9-10 mice
per genotype), all three genotypes engaged in similar levels of
exploratory activity, circadian activity, anxiety- and repetitive-
like responses, locomotor coordination, social behaviors and
long-term learning and memory (Supplementary Material,
Table S2). In contrast, we found significant short-term memory
deficits in both Het and Hom animals in the novel object
recognition memory task (one-way ANOVA for genotype: F(; 2 =
9.37, P = 0.0009; Tukey’s post hoc tests: Het versus wt: P = 0.006,
Hom versus wt: P = 0.001) and in Hom animals in the novel
location recognition memory task (F20 = 4.55, P = 0.02; Het
versus wt: P = 0.1, Hom versus wt: P = 0.03) with a 1 h delay.
The specificity of these memory deficits was confirmed, as
no genotype distinctions could be detected in the total times
the three genotypes mice spent interacting with objects during
training or test sessions (Supplementary Material, Table S2).

To replicate our observations, we tested a second cohort,
while at the same time increasing the numbers of male and
female mice (n = 20-24 animals per genotype, 50:50 sex ratio).
We first evaluated the performances of males and females sepa-
rately. As no significant sex differences were noted, we collapsed
these data across both sexes. In the open field test, we once
again observed no significant differences between genotypes in
locomotor activity; rearing behavior or time spent in the center
of the arena were observed (Supplementary Material, Table S3).
To test whether social behavior was perturbated, we evaluated
responses in the social affiliation (33) and social preference tests
(22). All three genotypes responded similarly in the social tests
where they preferred the social over the non-social stimulus in
the social affiliation and the novel social over the familiar social
stimulus in the social preference test (Supplementary Material,
Table S3). Aside from the social affiliation test, we also examined
social behaviors by placing two unfamiliar animals of similar
genotypes into the open field and did not observe a difference
ininteraction time between genotypes (Supplementary Material,
Table S3).

Next, we evaluated mice in the novel object recognition mem-
ory test, a common assay for assessing short-term memory of
rodents (34). We first investigated whether Het and Hom mice
could discriminate a novel object from a previously explored
object after a retention delay of 1 h (Fig. 2A). During both acquisi-
tion session or session 1, and test session or session 2, mice of all
genotypes spent an equal amount of time exploring the sample
object (Fig. 2B). In the test session, Het and Hom mice displayed
a significant memory impairment compared with wt (Fiz 59 =
14.35, P < 0.0001; Het versus wt: P < 0.0001, Hom versus wt:
P < 0.0001; Fig. 2C). We also compared the discrimination index
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Figure 2. Kctd13 mutant mice show deficiency in short-term memory.
(A) Experiment design of novel object recognition test consisting in two 10 min
sessions with a delay of 1 h between sessions 1 and 2. (B) Exploration time (s)
of the two familiar objects in session 1 and the familiar and novel objects in
session 2. (C) Discrimination index (%) reflects the ability of mice to distinguish
the novel object from the familiar object after a 1 h retention delay. The dashed
line denotes a chance level of 50%. (D) Experiment design of novel location
recognition test. (E) Exploration time (s) of the two familiar objects in session
1 and the unmoved and moved objects in session 2. (F) Discrimination index
(%). (G) Experiment design of social transmission of food preference test. Mouse
a: demonstrator; mice b, ¢, d: observers. (H) Quantity of food eaten (g) by the
observer mice for the familiar and novel flavored pellets. (I) Discrimination index
(%) reflects the ability of the observer mice to distinguish the familiar flavored
food from the novel flavored food after a 1 h retention delay. Data are represented
as the mean + s.e.m., # not significant compared to 50%, *P < 0.05 versus wt,
*HREP < 0.0001 versus wt. Tukey’s test applied following a significant one-way
ANOVA.

of animals with the level of chance (50%), whereas wt animals
differentiated objects (one-sample t-test: t(; 15 = 8.29, P < 0.0001),
Het (t(1,21) = 0.69, P = 0.5) and Hom (t( 23) = 0.45, P = 0.6) mice were
not able to discriminate the novel and the familiar objects.
Given these observations, we next evaluated the memory of
animals in the novel location recognition test, in which animals
are challenged to discriminate a moved object from an unmoved
object (Fig. 2D). All mice spent an equal amount of time exploring
the sample object (Fig. 2E). After a retention delay of 1 h, we
found that Het and Hom mice displayed a significant memory
impairment compared with wt (F;s9 = 19.07, P < 0.0001; Het
versus wt: P < 0.0001, Hom versus wt: P < 0.0001; Fig. 2F). Again,
although wt differentiated objects (t(1 = 5.97, P < 0.0001), Het
(t,20 = 1.29, P = 0.2) and Hom (t(,,1) = 0.58, P = 0.6) mice were
not able to discriminate the moved and the unmoved objects.
Finally, we evaluated the memory of animals with the social
transmission of food preference test (Fig. 2G). In this test, used
to assess olfactory memory, the observer mice interact with a
demonstrator that has eaten a flavored food. When the observer
mice have a choice between the food eaten by the demonstrator
and a novel flavored food, they prefer the food eaten by the
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demonstrator (35). After a delay of 1 h, we observed that Hom
animals ate significantly more novel flavored flood than wt
animals (F(y 42 =4.59,P = 0.016; Hom versus wt: P = 0.013; Fig. 2H).
The ratio of familiar versus novel flavored food eaten by Het and
Hom was significantly lower compared with wt (F4z = 5.28,
P = 0.009; Het versus wt: P = 0.02, Hom versus wt: P = 0.02;
Fig. 2I). Whereas wt animals showed a significant preference for
the familiar flavored food (t(;,14y = 5.71, P < 0.0001), Het (1,14 =
0.40, P = 0.69) and Hom (t,14 = 0.58, P = 0.57) mice displayed
a memory deficit as they were not able to discriminate the
familiar and the novel flavored foods. The phenotype was not
likely to be driven by an olfactory deficit; we verified the olfac-
tory discrimination of animals after the exposure of non-social
odors and found no effect in mutants (Supplementary Material,
Fig. S1).

Kctd13 deficit is associated with spine maturation
deficit in the hippocampal CA1 region

The hippocampus is a brain structure essential for memory
formation. We focused on the dorsal CA1 region of the hip-
pocampus, in which neuronal density renders the assessment
of synaptic connectivity experimentally tractable (Fig. 3A). We
asked whether there were any genotype-driven changes in
spine density and maturation (Fig. 3B) in the basal dendrites of
pyramidal neurons using Golgi-Cox stained brain sections (n = 6
animals per genotype, 50:50 sex ratio). We found a significant
reduction in the density of dendritic spines in Het and Hom
animals compared with wt (F207) = 6.47, P = 0.002; Het versus
wt: P =0.009, Hom versus wt: P = 0.004; Fig. 3C). This reduction in
spine density was driven exclusively by a loss of mature mush-
room and branched spines (F( 27 = 29.56, P < 0.0001; Het versus
wt: P < 0.0001, Hom versus wt: P < 0.0001; Fig. 3D). In the same
coronal sections used to perform hippocampal analysis, we also
evaluated spine density and maturation in the retrosplenial
cortex (Supplementary Material, Fig. S2A), implicated in visu-
ospatial integration and spatial learning (36). We did not observe
aberrant spine density (Supplementary Material, Fig. S2B)
or morphology (Supplementary Material, Fig. S2C) in our
mutants, indicating that the hippocampal phenotype is region
specific; although, this does not preclude potential spine
maturation alterations in other brain regions.

Previous studies have intimated a role for RhoA dysregulation
to the observed spine density/morphology phenotype (29). We
therefore evaluated the level of RhoA at three different ages:
day 1 or P1 (whole brain), 3 weeks (hippocampus) and 15 weeks
(hippocampus and cortex). Consistent with prior observations
(30), we observed a significant increase of the total RhoA levels
at P1, but only in Hom animals (F,,7 = 4.55, P = 0.02; Het versus
wt: P = 0.3, Hom versus wt: P = 0.015; Supplementary Material,
Fig. S2D). However, we did not find any differences in RhoA
levels during the synaptogenic period at 3 weeks of age in the
hippocampus (Fig. 3E) or at 15 weeks of age in either hippocam-
pus (Fig. 3F) or cortex (Supplementary Material, Fig. S2E). These
data raise the possibility that spine maturation deficits in Het
and Hom animals is independent of RhoA/ROCK. We also tested
RhoA protein levels at 15 weeks of age in both the hippocampus
and the cortex of mouse models of the 16p11.2 deletion and
duplication (23). After confirming a Kctd13 gene dosage in both
brain regions (Supplementary Material, Fig. S3A and C), we found
that RhoA levels were not perturbed in either region of 16p11.2
deletion models, but were decreased in both regions of 16p11.2
duplication models (Supplementary Material, Fig. S3B and D).
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Figure 3. Kctd13 deficiency induce spine maturation deficit in the CA1 region
of the hippocampus. (A) Coronal brain diagram indicating the region of interest.
(B) Categorization of Golgi-Cox-stained dendritic spine types. Ten micrometer
stretches of dendrites were analyzed. (C) Quantification of dendritic spine den-
sity of CA1 pyramidal neurons. (D) Representative dendrite stretches (scale bar:
2 pm) and spine morphology of dendritic stretches analyzed. (E and F) Western
blots against RhoA and p-actin. Hippocampi from 3- and 15-week-old mice were
used as samples. Data are represented as the mean =+ s.e.m.; ns, not significant;
*HEXEP < 0.0001 versus wt. Tukey’s test applied following a significant one-way
ANOVA.

Transcriptome analyses of Kctd13 mutant mice reveals
dysregulation of Dctn5, Mapk3 and genes associated
with NDDs

Next, to gain insight into some of the pathways that might
underscore the behavioral and neuroanatomical deficits of our
mutants, we performed transcriptome analyses. We compared
Kctd13 Het and Hom mice to matching wt littermates for both
cortex and hippocampus brain samples. We first confirmed
the ~50% reduction in Kctd13 expression for Het mice and
near complete loss of Kctd13 in Hom mice in both tissues
(Supplementary Material, Fig. S4). We then performed analyses
using DESeq2 (Wald test) with surrogate variables (~SVs) to
account for unknown factors. These models fit the expected
distribution for Hom mice in cortex and both genotypes in
hippocampus. We found significant inflation in Het mice in
the cortex data set, and we thus restricted all interpretations
of differentially expressed genes (DEGs) to Benjamini Hochberg
(BH) adjusted thresholds or DEGs that overlapped between Het
and Hom mice.

In cortex, we detected 419 DEGs (adjusted P < 0.05) in Het
mice and 116 DEGs in Hom mice, with significant overlap
between genotypes (59% of Hom DEGs, Fig. 4A, Supplementary
Material, Table S4 and Fig. S5). In the hippocampus, 587 Het
DEGs and 113 Hom DEGs were significant (adj. P < 0.05), with
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blue for upregulated terms. GO term categories are given outside of brackets.

24% overlap between Homs and Hets (Fig. 4B, Supplementary
Material, Table S4 and Fig. S6). Further analyses revealed that
differences in the number of Het and Hom DEGs became com-
parable in both tissues at larger fold changes (Supplementary
Material, Fig. 7).

As shown in Figure 4, the most significant DEG across
tissues and genotypes was Kctd13, while the Gdpd3 alterations
are a known consequence of the parental strain background
(23,37). Two additional genes in the 16p11.2 CNV region were
also significant in cortex of Het mice, upregulation of Fam57b
(adj. P = 0.027) and downregulation of Mapk3 (adj. P = 0.019),
indicating a potential feedback relationship between the two
loci (26). Among the remaining DEGs, the most significant was a
downregulation of Dctn5 in both Hom (cortex adj. P = 2.75E~%;
hippocampus adj. P = 1.94E~%%) and Het mice (cortex adj.
P = 1.11E7%; hippocampus adj. P = 1.09E~%). Dctn5 (p25) encodes
a subunit of the dynactin/dynein motor complex important for
retrograde dendritic transport in neurons and has been
associated with bipolar disorder (38-41). Notably, Kctd13 DEGs
were also enriched for gene-sets previously associated with

ASD and other NDDs such as the Deciphering Developmental
Disorders (DDD) study (42) (e.g. DDD gene enrichment cortex Het
adj. P = 4.58E%, nominal P = 5.81E~%, Supplementary Material,
Table S5).

Gene ontology (GO) analysis from the restricted set of genes
that achieved nominal significance in cortex of both Het and
Hom animals (n = 789 genes) showed enrichment for terms
corresponding to postsynaptic density, neuronal cell body and
projection and calmodulin binding (Supplementary Material,
Table S6; Fig. 4C). Overlapping hippocampus Het and Hom DEGs
(n = 299 genes) showed enrichment for neuron projection and
plasma membrane (Supplementary Material, Table S6; Fig. 4C).
When we assessed GO enrichments for each genotype compar-
ison individually (Supplementary Material, Tables S7 and S8),
as well as enrichments that were shared across genotypes
(Supplementary Material, Tables S9 and S10), we observed a
greater number of enriched terms associated with
neurodevelopment for hippocampus than cortex. These included
myelin sheath, neuronal cell body, axon, dendrite, postsynaptic
and presynaptic membrane [e.g. myelin sheath (GO:0043209):
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hippocampus adj. P = 8.52E7Y; cortex adj. P = 5.82E7%;
Supplementary Material, Fig. S8].

Finally, we sought evidence for overlap between proximal
expression changes associated with reduction of Kctd13 and
those altered by deletion of the full 16p11.2 segment. To
accomplish this, we compared previously published RNAseq
from a 16p11.2 Het deletion cortex mouse model (43), which was
re-analyzed here using methods identical to those for the data
Kctd13 Het deletion analyses (Methods, Wald Test under design
~SVs + genotype). DEGs identified for 16p11.2 genetic lesion
mice (adj. P < 0.05: 629, P < 0.05: 2628 DEGs), overlapped with
54 Kctd13 human ortholog DEGs at adjusted thresholds (15.3%)
and 527 genes at nominal levels (25.6%), with a Spearman rank
correlation of 0.101 for common DEGs (P < 2.2e-16). We looked
for evidence of enrichment over expectations between the two
data sets using Fisher’s exact test and calculating Cohen’s kappa
coefficient but found no significant differences (overlapping
directional DEGs at adjusted P, Cohen’s kappa = 0.077; at
nominal P, Cohen’s kappa = 0.14; Supplementary Material,
Table S11). Nominal DEGs common to both data sets (P < 0.05)
were enriched for GO terms corresponding to the nucleus
synaptobrevin 2-SNAP-25-syntaxin-la complex and axonal
growth cone (adj. P < 0.05) with nervous system-specific genes
contributing significantly to the latter two neurodevelopment
terms (Supplementary Material, Tables S12 and S13). Phenotypes
associated with these common DEGs included long term
potentiation (adj. P = 1.8E7%), abnormal nervous system
physiology (2.85E~%), abnormal cognition (1.19E~%), abnormal
learning, memory and conditioning (1.19E~%) and abnormal
CNS synaptic transmission (5.27E~%; Supplementary Material,
Table S14).

Double heterozygous Kctd13xMvup and Kctd13xLat
mutant mice show sex-specific brain structure
alterations

To evaluate the candidacy of KCTD13 in the gross neuroanatom-
ical phenotypes in patients carrying the 16p11.2 BP4-BP5 CNVs,
we analyzed brain structures of Kctd13 mutants using magnetic
resonance imaging (MRI). Compared with wt littermates, we did
not observe any changes in total brain volume or in any of 182
brain regions in Kctd13 Het and Hom animals (Supplementary
Material, Table S15 and Fig. S9A). In previous work in zebrafish,
we reported a genetic interaction between KCTD13 and MVP (25),
and KCTD13 and LAT (44). We wondered whether, in the mouse,
such interactions might underscore brain volume regulation that
are either too subtle to be recorded in single mutants or require
the perturbation of more than one gene. To test this idea, we gen-
erated double heterozygous (DblHet) Kctd13xMvup and Kctd13xLat
mice. Given the known differences reported in the hippocampus
(45) and striatum (24) in 16p11.2 deletion mice, we focused on
these two regions. Our high-resolution analysis revealed sex-
specific brain structure anomalies in both strains. Specifically,
we found smaller hippocampus (4.65% Diff, P = 0.03) and stria-
tum (4.88% Diff, P = 0.02) in DblHet Kctd13xMvp males (Fig. 5A;
Supplementary Material, Table S16). Strikingly, the volumes of
these regions in mutant females were normal. For the second
genetic interaction experiment, we observed the opposite sex-
dependent effect: when we evaluated DblHet Kctd13xLat ani-
mals, we found a reduction in whole brain and striatum volumes
of similar magnitude in females (whole brain: 4.04% Diff, P = 0.02;
striatum: 3.50% Diff, P = 0.03; Fig. 5B; Supplementary Material,
Table S17 and Fig. S10), while males were normal. Importantly
neither Mup nor Lat single mutants had appreciable brain vol-
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Figure 5. Kctd13xMup and Kctd13xLat DblHet mutant mice show sex-specific
brain structure alterations. (A) Kctd13xMvp Het mice. (B) Kctd13xLat mice. High-
lighted are the trends, shown with effect size differences, in absolute volume
throughout the brain on six different coronal sections. Bar graphs represent
absolute volume on the total brain size, hippocampus and striatum. DblHet,
double heterozygous. Data are represented as the mean =+ s.e.m., *P < 0.05 versus
wt. Student’s t-test.

umetric changes (Supplementary Material, Fig. S9B and C and
Tables S18 and S19). These data support previously observed
genetic interactions between Kctd13 and Mup, and Kctd13 and
Lat during zebrafish development (25,44) and intimate possible
sex-specific neuroanatomical phenotypes associated with the
16p11.2 BP4-BP5 CNVs.

Discussion

The 16p11.2 BP4-BP5 CNVs are associated with reciprocal effects
on head circumference, brain structure and BMI phenotypes.
In 2012, we proposed KCTD13 as a significant contributor to
mirrored neuroanatomical phenotypes observed in zebrafish for
16p11.2 BP4-BP5 CNVs (25). The injection of human KCTD13 RNA
was associated with a 20% decrease of the interocular distance
of 4.5 day post fertilization zebrafish larvae whereas the injec-
tion of morpholino against the kctd13 zebrafish ortholog was
associated with a 20% increase of the same distance. In 2015,
similar injections induced a 10% change, showing variability in
the phenotypes (20). More recently, Escamilla et al. (30) found
that gene editing of kctd13 does not lead to head size alterations
in zebrafish. Those discordant observations prompted us to
generate and characterize Kctd13 mutant mice. Kctd13 deficiency
did not have an impact on postnatal development and weight
gain of animals. We also found no detectable brain volume or
brain structure anomalies in 10-week-old mutants suggesting
that, at least in this model, Kctd13 deficiency is not sufficient
to induce appreciable gross neuroanatomical pathologies. This
is consistent with human genetic studies, in which KCTD13
has not emerged as significant in cohorts with NDDs. How-
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ever, studies in zebrafish and Drosophila suggested that genetic
interactions between dosage-sensitive genes within the 16p11.2
BP4-BP5 region (25,46-48) might underscore some of the anatom-
ical and behavioral defects of patients and also help explain
discordant data. To test this idea, we crossed Kctd13 mutants
with genetic interactors established in zebrafish that lie both
within the BP4-BP5 region (Mup) (25) and in the neighboring
BP2-BP3 region (Lat) (44). Neither of these mutants, when exam-
ined on their own, showed any brain phenotypes at 10 weeks.
However, DblHet for either Kctd13 and Mup, or Kctd13 and Lat,
exhibited significant changes that were only detectable when
considering sex as a covariate. Specifically, we found bilater-
ally smaller hippocampus and striatum in Kctd13xMvp DblHet
males and a reduction of the total brain volume and bilaterally
smaller striatum in Kctd13xLat DblHet females. Future studies
will be necessary to dissect the behavioral consequences of
these phenotypes. Importantly, male-specific behavioral pheno-
types (50,51) and brain structure alterations (52) have also been
described in mice carrying a deletion for the whole 16p11.2 BP4-
BPS5 synthetic region. These data suggest that some of these
murine models might represent useful proxies to understand
the sex bias reported in patients carrying 16p11.2 BP4-BP5 CNVs
(31,32), as well as, more broadly, in NDDs (53-55). We also note
that work in human genetics identified in a three-generation
pedigree an atypical ~118 kb 16p11.2 deletion encompassing five
genes, MVP, CDIPT1, SEZ6L2, ASPHD1 and KCTD13, segregating
with ASD (49). We do not know whether patients with the atyp-
ical deletion exhibit volumetric brain defects and the family is
too small to investigate any sex bias. Nonetheless, based on our
present data, as well as prior evidence for interaction between
ketd13 and mup in zebrafish, it will be interesting to evaluate
social behaviors of Kctd13xMvup DblHet animals, especially males.
Our studies showed a robust recognition memory deficit phe-
notype in both Het and Hom mice that we reported previously in
mice carrying a deletion for the 16p11.2 BP4-BP5 syntenic region
(22) (Supplementary Material, Table S20). Of note, this pheno-
type was not observed in the recently reported Kctd13 mutant
mouse model (30). As the genetic background is similar in both
models, we speculate that the different protocols used to assess
recognition memory might be responsible for this discrepancy,
or that genetic drift has introduced additional variation between
the strains. In that regard, it would be useful to understand
whether such differences are genetic, as they might illuminate
genomic sites that also contribute to phenotypic variability in
humans. Finally, given that Escamilla et al. deleted the entire
Kctd13 locus whereas we only excised exon 2, it is possible that
their larger genetic lesion affects regulatory elements that might
be responsible for some of the divergent phenotypes.
Recognition memory is the capacity to judge a previously
encountered item as familiar and depends on the integrity of
the hippocampus, the adjacent perirhinal cortex and the medial
temporal lobe structures (56). We examined basal dendrites in
the CA1 where the CA3 Schaeffer collateral axons establish
excitatory synaptic connections that are required for learning
and memory (57). We found a significant reduction in the density
of dendritic spines in the Het and Hom animals driven by a
loss of mature mushroom and branched spines. Those data
suggest that there are fewer synaptic connections and that the
synaptic connections that exist are less mature and weaker,
potentially explaining the recognition memory deficit of Kctd13
mutants. Dendritic spine maturation is a dynamic process that
requires feedback between the presynaptic and postsynaptic
terminals. Given the enrichment of genes associated with axons
and presynaptic function emergent from the GO analysis of the

hippocampal transcriptome, it is possible that the postsynaptic
changes of CA1 dendrites may derive from dysfunction in the
CA3 Schaffer collateral axons.

The RhoA/ROCK pathway regulates cytoskeletal reorganiza-
tion and is associated with various neuronal functions such as
migration and neurite development (58). A protein-protein inter-
action study implicated the physical KCTD13-Cul3 interaction
within the inner cortical plate layer in regulating RhoA levels by
ubiquitination and potentially influencing brain size and con-
nectivity (29). Consequently, a KCTD13 deficiency should induce
an increase of RhoA levels, leading to disrupted cell migration,
neurite retraction and spine shrinkage. Escamilla et al. found an
1.5-2-fold upregulation of RhoA in cortex and hippocampus of
P18 and 5-week-old Kctd13 Het and Hom mice. We evaluated the
level of RhoA at three different ages: P1 (whole brain), during
synaptogenesis at 3 weeks (hippocampus) and at 15 weeks of age
(hippocampus and cortex). We found a 1.17-fold upregulation of
RhoA protein level in the whole brain of Hom mice only at P1 but
no dysregulation at 3 and 15 weeks of age in the hippocampus
and cortex of Het and Hom animals. As Het and Hom mice show
similar behavioral and spine phenotypes, our results suggest
that the spine maturation deficit of Kctd13 mutants may be inde-
pendent of RhoA/ROCK. Although less likely, it does not preclude
the possibility that a RhoA dysregulation at an earlier age might
introduce developmental defects that persist. We corroborated
these findings in a mouse model of the 16p11.2 BP4-BP5 deletion
in which we found that the level of RhoA was not affected in the
hippocampus and in the cortex. Interestingly, however, we did
see a decrease of RhoA protein levels in both hippocampus and
cortex of the 16p11.2 duplication mouse model, suggesting that
the brain structure and behavioral phenotypes of those mice (23)
might be related to the RhoA/ROCK pathway.

Finally, to glean insight into the mechanisms by which Kctd13
haploinsufficiency might contribute to observed pathologies,
we performed transcriptional profiling of mutants. We found
significant enrichment for altered expression of genes that map
to pathways involved in cognitive development. Consistent with
this observation, we also found enrichment for genes associated
with NDDs, as well as for genes whose products map to GO
terms relating to postsynaptic density, neuronal cell body and
projection and calmodulin binding in the cortex, as well as
neuron projection in the hippocampus. Critically, when evalu-
ating DEGs that are dysregulated in both our deletion models
and the cortex of 16p11.2 BP4-BP5 deletion mice, we found
significant enrichment for transcripts associated with abnor-
mal cognition, abnormal learning, memory and conditioning, as
well as abnormal synaptic transmission. Taken together, these
data support a contributory role of this locus to the neuro-
developmental phenotypes of patients carrying 16p11.2 BP4-BP5
CNVs, and begin to dissect its most potent contributions to the
network. There are additional analyses that could be performed
in larger cohorts and that may yield intriguing insights, such as
allele-specific expression patterns and extensive tissue-specific
expression studies between KCTD13 and 16p11.2 BP4-BP CNVs.
It will be interesting to assemble transcriptomic data from other
loci, as well as from Kctd13-interactor double mutants to ask
how such data sets overlap with the overall deletion. This may
illuminate some of the genome-wide expression differences
and mechanisms that underlie the dosage-specific phenotypic
effects observed.

16p11.2 BP4-BP5 CNVs are associated with phenotypic het-
erogeneity and incomplete penetrance of phenotypes (7,11,21).
Furthermore, cellular studies and animal modeling in mouse,
zebrafish and Drosophila have implicated several genes from
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the 16p11.2 BP4-BP5 region as contributing to head size, brain
structure and neuropsychiatric phenotypes (25,30,46-48,59-62).
A recent study in Drosophila showed that cellular and develop-
mental phenotypes are modulated by pervasive genetic inter-
actions between 16p11.2 BP4-BP5 orthologs and neurodevelop-
mental genes (48). Our findings support this model and are also
consistent with the fact that no single gene has been found
to bear excessive mutations in AS/ASD or SZ patient cohorts.
As such, the 16p11.2 CNVs syndromes are likely a contiguous
syndrome not only architecturally but also functionally, in which
genes inside (but also outside the BP4-BP5 region) interact to
modulate phenotypic expression.

Materials and Methods
Mouse lines, genotyping and ethical statement

To generate a global deletion of Kctd13 in the mouse, we
introduced LoxP sites flanking exon 2 of the gene. The targeting
vector was generated using BAC Recombineering (63). BAC
clone bmq384b14 was used as template. A LoxP site was placed
upstream of exon2 while a Frt-flanked Neo cassette and LoxP
site were placed downstream of exon2. The final targeting vector
contained 8 kb of 5 homology sequence and 2 kb of 3’ homology
sequence. The HSV-TK cassette at the 3’ end of the targeting
vector was used for negative selection in ES cell targeting. G4
ES cells (64) (from male blastocyst derived from the natural
mating of 129S6/SvEvTac female with C57BL/6Ncr male) were
injected into C57BL/6 N blastocysts. Animals haploinsufficient
for Kctd13 (Het) were obtained by crossing floxed mice with
B6.C-Tg(CMV-cre)1Cgn/] strain (Jackson Laboratory, Bar Harbor,
ME, allowing the deletion of targeted exon in all tissues. After
segregation of the Cre, Kctd13 Het mice were crossed together
in order to generate wt, Het and mice deficient for Kctd13
(Hom). In total, six backcrosses on a C57BL/6 ] background
were done from the initial floxed mice. The wt allele and
the deletion of the exon 2 of Kctd13 gene were identified
by using primers Kctd13F (5'-GGGGAAGGGCTTAACATAGA-3),
Kctd13wtR (5'-AGATCCCTCCCAAATCTGCT-3') and Kctd13koR
(5-GGCCAAACTTGATGACCAGT-3). PCR reactions amplified
specific products from deletion, and wt alleles of 521 and 414 bp,
respectively, by using the following program: 95°C /5 min; 35x
(94°C/30 s, 60°C/40 s, 72°C/30 s), 72°C/5 min. Colony founders
from the 16p11.2 deletion and duplication line generated by
the laboratory of Dr Alea Mills on a C57BL/6 N and 129Sv F1
background were obtained from Jackson Laboratories. Animals
were backcrossed at least 10 times on a C57BL/6 ] background.
All experiments were conducted in accordance with National
Institutes of Health guidelines for the care and use of laboratory
animals and with an approved protocol from the Duke University
Institutional Animal Care and Use Committee.

Behavioral analysis

Behavioral studies were conducted in 12-20-week-old animals.
All assessments were scored blind to the genotype as recom-
mended by the ARRIVE guidelines (65,66). After weaning, ani-
mals were sorted by genotype and sex where they had free
access to water and food (Richmond Diet 5001, Lab Diet Inc.,
Richmond, VA). Animals were housed at 4-5 animals per cage
in a humidity- (45%) and temperature-controlled (22°C) room.
A 14:10 h light:dark cycle (lights on at 08:00 h) was used, and
all behavioral testing was conducted between 08:00 and 15:00 h.
Mice were transferred from the animal housing facility to the
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phenotyping area at the age of 9 weeks. Animals were trans-
ferred to the experimental room 1 day before the testing day.
A resting period of 2 days to 1 week was used between two
consecutive tests.

To study the behavioral of Kctd13 mutant mice, two cohorts
were generated. The first cohort comprised 10 wt, 9 Het and 10
Hom male animals. Tests were administered in the following
order: elevated zero maze (12 weeks), open field (12 weeks),
novel object recognition (13 weeks), hole board (13 weeks),
social affiliation (14 weeks), spray test (15 weeks), novel location
recognition (15 weeks), rotarod (16 weeks), Morris water maze
(17-18 weeks) and circadian activity (19 weeks). To confirm
behavior phenotypes observed and to study potential differences
related to the gender, we generated a second cohort including
males (10 wt, 11 Het and 11 Hom) and females (10 wt, 12 Het
and 13 Hom). Tests were administered in the following order:
open field (12 weeks), novel object recognition (13 weeks),
social affiliation (14 weeks), social interaction (15 weeks), novel
location recognition (16 weeks), social transmission of food
preference (16 weeks) non-social odor test (17 weeks) and fear
conditioning (17 weeks). Experimental procedures for behavioral
assessments other than those described below are detailed in
the supplementary information.

Novel object recognition memory test. The test was carried outin
the open field arenas. On the first day, mice were habituated to
the arena for 30 min at 60 lux. On the following day, animals were
submitted to the first 10 min acquisition trial during which they
were individually placed in the presence of two similar objects
(green Lego® or white dice) placed 10 cm away from one of the
box corners (the distance between the two objects was ~20 cm).
The exploration time of familiar objects (when the animal’s
snout was directed toward the object at a distance <1 cm) was
recorded. A 10 min retention trial was conducted 1 h later. One
of the familiar objects was randomly replaced by a novel object
(white dice or green Lego®) and the exploration time of these two
objects was recorded. Object explorations were hand scored by
visualizing videos with a stopwatch. A discrimination index was
defined as (t novel object /(t novel object + t familiar object)) x
100. All mice that did not explore each object for more than 2 s
during the acquisition trial were excluded from the analysis.

Novel location recognition memory test. In the first 10 min acqui-
sition trial, animals were exposed to two similar objects consist-
ing in blue marbles. One h later, one of the familiar objects was
displaced to a novel location and the exploration time of the two
objects was recorded for 10 min. Tests were recorded and scored
as for the novel object recognition test.

Social transmission of food preference test. 48h prior to testing,
group-housed mice were placed into clean cages with full access
to food and water. On the day prior to the start of testing, the
food was removed from the cage ~3-4 h before the onset of
the dark cycle. The following morning, a mouse in each cage
was designated as the ‘demonstrator’ test animal. Importantly,
mice were housed per genotype. Mouse chow was ground to
a fine consistency and mixed with equal parts water in order
to create a mouse mash. The mash was divided into two
equal portions. One portion was flavored with maple extract
and the remaining portion with banana extract (J.R. Watkins,
Winona, MN). Both flavors were added so the final concen-
tration was 1% of the mash weight. Demonstrator mice were
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randomized into two groups equally distributed across geno-
types, one group which received the maple-demonstrator diet
and the other group which received the banana-flavored diet.
The demonstrator animal was removed from the cage and
placed in a clean empty mouse cage with a single bowl that
contained ~10 g of flavored diet. Mice were allowed to freely
eat for 40 min, after which the mouse was removed from
the cage and the bowl weighed to determine the amount of
diet the demonstrator mouse consumed. Demonstrator mice
were immediately returned to the home cages and allowed
to interact freely with their cage mates for 20 min, at which
time the demonstrator mice were removed from the home cage
and individually housed for the rest of testing. After removal
of the demonstrating, the remaining cage mates, or observer
animals, were left alone for 1 h, at which time the short-term
recall of the demonstrator diet was examined. Preference for
the demonstrator diet versus an unfamiliar diet was assessed
by placing an observer mouse into an empty clean mouse cage
that had two small bowls, one which contained the familiar
demonstrator diet and the other which contained the novel diet.
For mice that received the maple demonstrator diet, banana
was the novel diet, and for those which received the banana
demonstrator diet, maple was the novel diet. The observer mice
were allowed to freely eat from the bowls and explore the cage.
After 40 min the mice were removed from the test cage and
the bowls weighed to determine how much of each flavored
diet each tester mouse consumed. A discrimination index was
defined as (g familiar food /(g familiar food + g novel food)) x
100. A score above 50% indicated a preference for the familiar
demonstrator diet, whereas a score approaching 50% indicates
no preference for either diet.

Non-social odor discrimination test. Animals were first habit-
uated to the clean cage for 3 min without bedding. For odor
discrimination, scents were presented on a piece of Whatman
paper placed in a perforated tube (5 x 3 x 3 cm). Mice were
given five consecutive 2 min test sessions, with an 8 min ITL
For the test sessions 1-4, the scent was orange flower water. On
the last session, orange flower scent was replaced with a new
paper soaked with vanilla extract. Tests were recorded and odor-
sniffing duration (when the animal’s snout was directed toward
the perforated tube at a distance <1 cm) were hand scored by
visualizing videos with a stopwatch.

Golgi-Cox staining and dendritic spine analysis

Golgi-Cox staining was performed on Kctd13 Het, Hom and
wt gender-matched littermates (n = 6 animals per geno-
type, 50:50 sex ratio) using the FD Rapid GolgiStain Kit
(FD NeuroTechnologies, Columbia, MD). Dye-impregnated
brains were embedded in Tissue Freezing Medium (TBS)
and were rapidly frozen on ethanol pre-chilled with dry ice.
Brains were cryosectioned coronally at 100 pum thickness
and were mounted on gelatin-coated microscope slides (FD
NeuroTechnologies). Sections were stained according to the
directions provided by the manufacturer. Sections that contain
the CA1 region of the hippocampus were imaged at 60x
magnification on a Nikon Eclipse 90i. To analyze spine density,
we chose 10 pm length of secondary basal dendrites. A
total of 10-12 secondary basal dendrites were analyzed per
animal. Spines were measured and categorized as previously
described (67).

Western blot

Whole brain (P1) and fresh hippocampal and cortex tissue
(3 weeks and 15 weeks of age) were isolated by decapita-
tion/dissection of males and females and lysed in ice-cold
RIPA buffer (50 mm NaCl, 1% NP40, 50 mm Tris-HCl pH 7.5,
0.1% SDS, 0.5% Na deoxycholate, 1 mm Na;VO, and 1 mM NaF).
Total protein concentration was determined using the BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA) and
50 pg lysate per condition was subjected to 4-15% SDS-PAGE
(Bio-Rad, Hercules, CA) and transferred to a PVDF membrane.
Immunoblots were blocked in 3% BSA in PBS containing 0.1%
Tween20 and probed with KCTD13 (1:250, HPA043524, Atlas
Antibodies, Bromma, Sweden), RhoA (1:1000, 2117, Cell Signaling
Technology, Danvers, MA) and Actin (1:2000, #MABT825, Sigma-
Aldrich, Saint-Louis, MO). Blots were developed using an
enhanced chemiluminescence system, Super Signal West
Pico Chemiluminescent Substrate (Thermo Fisher Scientific),
visualized on a ChemiDoc (Bio-Rad) and quantified with Image].

RNA sequencing

A total of 50 RNA sequencing libraries were generated for
cortex and hippocampus tissues extracted from 8 Kctd13 Hom,
8 Kctd13 Het and 9 control mice, using Illumina’s TruSeq
stranded mRNA protocol. One microliter of a 1:10 dilution of
External RNA Controls Consortium spike-ins (Thermo Fisher
Scientific, Waltham, MA) containing 92 synthetic RNA standards
of known concentrations and sequence was added to each
RNA-sequencing library to assess library quality. Libraries were
multiplexed, pooled and sequenced on Illumina HiSeq 2500,
generating an average of 43.7 million paired-end reads of 75 bp.

RNA sequencing analysis

Quality of sequence reads was assessed by fastQC (version
0.10.1) (Andrews, S. FastQC A Quality Control tool for High
Throughput Sequence Data. http://www.bioinformatics.babra
ham.ac.uk/ projects/fastqc/, doi: citeulike-article-id:11583827).
Gene-based counts for all libraries were generated relying on
the Ensembl mouse gene annotation, GRCm38 (v83), while
sequence reads were aligned to the mouse reference genome
GRCm38 (v83) using STAR (version 2.4.2a; 68) with param-
eters ‘-outSAMunmapped Within -outFilterMultimapNmax
1 -outFilterMismatchNoverLmax 0.1 -alignIntronMin 21 -
alignintronMax 0 -alignEndsType Local -quantMode GeneCounts
—-twopassMode Basic’. Quality of alignments was assessed by
custom scripts utilizing Picard Tools and SamTools. Further
differential expression (DE) and exploratory analyses were
implemented in R (version 3.4). Previous QC analyses and
exploratory analyses performed using a DE analysis package
in R/Bioconductor, DESeq2 (69; version 1.18.1) and custom
scripts identified one control mouse library (2_11_1) and one
Hom mouse (5_1_5) from cortex tissue, and one control mouse
library (2_11_1) from hippocampus tissue as outliers, which were
excluded from further analyses. DE analyses of genes in Het
versus wt and Hom versus wt sample comparisons separately
for both hippocampus and cortex tissues were performed
using DESeq2 with surrogate variable analysis package in
R/Bioconductor, sva (70; version 3.26.0) to account for unknown
factors. DEGs were identified at the nominal level (P < 0.05) or ata
more stringent BH adjusted P < 0.05 level, using Wald Test under
design ~SVs + genotype. In these analyses, genes with less than
or equal to four counts in at least Nig samples, where Ny is the
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number of samples in the largest group from the comparison,
were filtered out, while DESeq2’s independent filtering and
cooksCutoff options were turned off. For GO enrichment
analyses, DEGs were grouped based on direction of fold change
with respect to wt, ‘up-regulated’, ‘down regulated’ or ‘all’, the
latter of which no direction criterion was applied. Enriched DEG
GO categories were identified using an enrichment analysis
package in R/Bioconductor for GO, topGO (version 2.28.0) with
nodeSize =5 option and significant terms at BH P-adjusted < 0.05
reported. To assess enrichment of NDD-associated and other
enrichment lists of interest (Supplementary Material, Table S7),
as well as Kctd13 and 16p11.2 DEG overlap, we applied one-tailed
Fisher’s exact test to the resultant overlap contingency tables.
Our analyses were restricted to mouse genes with single human
orthologs, which were obtained from the Mouse Genomics
Informatics database (04/2018, http://www.informatics.jax.org/
homology.shtml).

Data repository

The RNAseq raw data are available under ArrayExpress acces-
sion number E-MTAB-7398.

MRI and anatomical scan

MRI was used to study brain region structures in 10-week-old
Kctd13 mutant mice (males: 11 wt, 11 Het, 10 Hom; females: 8 wt,
10 Het, 9 Hom), Lat mutant mice (females: 10 wt, 11 Het, 9 Hom),
Mvp mutant mice (males: 8 wt, 11 Het; females: 10 wt, 12Het),
Kctd13xLat mutant mice (males: 10 wt, 13 Het/Het; females: 9 wt,
9 Het/Het) and Kctd13xMvp mutant mice (males: 8 wt, 9 Het/Het;
females: 10 wt, 13 Het/Het). A multichannel 7.0 Tesla MRI scanner
(Agilent Inc., Palo Alto, CA) was used to image the brains within
their skulls. Sixteen custom-built solenoid coils were used to
image the brains in parallel (71,72). In order to detect volumetric
changes, we used the following parameters for the MRI scan:
T2- weighted, 3-D fast spin-echo sequence, with a cylindrical
acquisition of k-space, a TR of 350 ms and TEs of 12 ms per echo
for six echoes, field-of-view equaled to 20 x 20 x 25 mm3 and
matrix size equaled to 504 x 504 x 630. Our parameters output
an image with 0.040 mm isotropic voxels. The total imaging time
was 14 h (73).

MRI registration and analysis

To visualize and compare any changes in the mouse brains
the images are linearly (6 followed by 12 parameter) and non-
linearly registered together. Registrations were performed with
a combination of mni_autoreg tools (74) and ANTS (advanced
normalization tools) (75,76). All scans are then resampled with
the appropriate transform and averaged to create a population
atlas representing the average anatomy of the study sample.
The result of the registration is to have all images deformed
into alignment with each other in an unbiased fashion. For the
volume measurements, this allows for the analysis of the defor-
mations needed to take each individual mouse’s anatomy into
this final atlas space, the goal being to model how the deforma-
tion fields relate to genotype (77,78). The jacobian determinants
of the deformation fields are then calculated as measures of
volume at each voxel. Significant volume differences can then
be calculated by warping a pre-existing classified MRI atlas onto
the population atlas, which allows for the volume of 182 different
segmented structures encompassing cortical lobes, large white
matter structures (i.e. corpus callosum), ventricles, cerebellum,
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brain stem and olfactory bulbs (79-82) to be assessed in all brains.
Further, these measurements can be examined on a voxel-wise
basis in order to localize the differences found within regions
or across the brain. Multiple comparisons in this study were
controlled for using the False Discovery Rate (83).

Statistical analyses

Results were processed for statistical analysis using the Graph-
Pad Prism 7 software. All acquired behavioral data were analyzed
using a one-way ANOVA analysis with a post hoc Tukey’s test. The
Pearson’s chi-squared test was used to evaluate mutant allele
transmission. Data are represented as the mean + standard
error of the mean (s.e.m.) and difference were considered to be
significant if P < 0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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