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14-3-3y plays diverse roles in different aspects of cellular processes. Especially in the brain where 14-3-3y is enriched, it has been re-

ported to be involved in neurological and psychiatric diseases (e.g. Williams-Beuren syndrome and Creutzfeldt-Jakob disease). How-

ever, behavioral abnormalities related to 14-3-3y deficiency are largely unknown. Here, by using 14-3-3y deficient mice, we found

that homozygous knockout mice were prenatally lethal, and heterozygous mice showed developmental delay relative to wild-type

littermate mice. In addition, in behavioral analyses, we found that 14-3-3y heterozygote mice display hyperactive and depressive-like

behavior along with more sensitive responses to acute stress than littermate control mice. These results suggest that 14-3-3y levels

may be involved in the developmental manifestation of related neuropsychiatric diseases. In addition, 14-3-3y heterozygote mice

may be a potential model to study the molecular pathophysiology of neuropsychiatric symptoms.
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INTRODUCTION

14-3-3 proteins are a family of ubiquitously expressed adaptor
proteins that are involved in diverse cellular processes, such as
intracellular signaling, cell-cycle control, apoptosis, neuronal mi-
gration, and protein trafficking by regulating hundreds of different
‘client” proteins [1-3]. 14-3-3 proteins act as a dimer by binding to
phosphorylated target proteins at specific site(s), causing a con-
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formational change [4]. The interaction of 14-3-3 proteins with
specific partners affects their stability, localization, and activities
within the cell [2-4].

Since 14-3-3 proteins are enriched in the brain, they have been
reported to be involved in a broad range of brain functions, and
neurological and psychiatric diseases [2, 5]. 14-3-3 proteins have
also been shown to be involved in axon growth and pathfinding as
well as neuronal regeneration [6, 7]. In addition, transgenic mice
expressing difopein, a 14-3-3 peptide inhibitor, displayed impair-
ments of hippocampus-dependent learning and memory tasks,
and long-term synaptic plasticity of hippocampal synapses [8].
These mice also display schizophrenia-like behaviors [9].

The behavioral phenotypes of two 14-3-3 isoform-specific null
mice have been reported [10, 11]. In these studies, 14-3-3¢ knock-
out (KO) mice displayed enhanced anxiety-like behaviors and
memory deficits as well as morphological abnormalities in the
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hippocampus [11]. 14-3-3{ KO mice displayed hyperactive behav-
iors and cognitive deficits, as well as abnormal neuronal migration
in the hippocampus during development [10].

14-3-3y, encoded by ywhag gene, is one of seven isoforms (B, y,
e, 6,(, 1,and ) and its increased expression has been reported in
Creutzfeldt-Jakob disease and ischemia [12-14]. In addition, by
directly interacting with ataxin-1 (spinocerebellar ataxia type 1),
a-synuclein (Parkinsons disease), and TSC2 (tuberous sclerosis
complex 2), 14-3-3y is deeply involved in these neuropsychiatric
diseases [15-17]. In particular, examining the behavioral phe-
notypes of 14-3-3y null mice is clinically important because 1)
genetic mutations of ywhag gene have been recently associated in
neurodevelopmental disorders and 2) the ywhag gene is located at
7q11.23; chromosomal abnormalities (deletion or duplication) at
this locus are strongly linked to Williams-Beuren syndrome (WBS),
which is presented with developmental delay, intellectual disabili-
ties,and epilepsy [18-21].

14-3-3y is broadly expressed in various tissues including brain,
liver, heart, ovary, thymus, spleen, and placenta, and it is consid-
ered mainly as a cytosolic protein to interact with diverse “client”
proteins [1,22]. According to the Allen brain atlas database (http://
mouse.brain-map.org), 14-3-3y is broadly expressed throughout
the whole brain including cerebral cortex and hippocampus as
previously shown [23, 24]. Although 14-3-3y has been previously
shown to be expressed in neurons and astrocytes in the brain, cell-
type specific expression pattern of 14-3-3y is largely unknown [13,
24,25].

Previously, we have shown that 14-3-3y regulates neuronal
differentiation and surface expression of TRPM4b, ANO1 and
BEST1 [26-28]. In addition, previous studies also showed that
both overexpression and shRNA-mediated silencing of 14-3-3y in
the embryonic mouse brain resulted in neuronal migration delay
and morphological defects in the developing cerebral cortex [23,
24]. Thus, the expression of 14-3-3y in the brain may be critical
for proper brain function. Although a previous report showed that
there was no apparent phenotype in 14-3-3y null mice [29], here,
we examined a new 14-3-3y null mouse generated using a gene-
trap strategy [30].

MATERIALS AND METHODS

Animals

Transgenic ywhag mouse (CARD ID 1461) were generated by a
group at Kumamoto University. In brief, exchangeable gene trap
pU-21W vector was used for random gene trap mutagenesis. pU-
21W is a promoter trap vector with three stop codons which were
arranged in upstream of the ATG of the B-galactosidase (3-geo)
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in all three frames [30]. The strain name is depicted as B6;CB-
YwhagGt (pU-21W)266Card, and the website address of the Data-
base for the Exchange of Gene Trap Clones is http://egtc.jp/action/
access/clone_detail?id=21-W266. Littermates including ywhag
wild-type (WT), heterozygote knockout (Het), and homozygote
knockout (KO) mice were used for this study. Mice were housed
and maintained in standard laboratory conditions of 12:12 h
light:dark cycle. Regular chow and water were provided ad libitum.
All animal experiments were performed in accordance with the
guidelines of Sejong University and Korea University Institutional
Animal Care and Use Committee. Male mice were used for behav-

ioral experiments.

Genotyping

ywhag KO (-/+ and -/-) mice were genotyped using polymerase
chain reaction (PCR), and littermate ywhag (+/+) mice were used
as a control. The following primers were used: ywhag common for-
ward primer - 5-TCATCAGCAGCATCGAGCAG-3"; ywhag WT
reverse primer - 5- ATGGCGTCGTCGAAGGC-3’ and ywhag
KO reverse primer - 5-AGGGGTCTCTTTGTCAGGGT-3. The
PCR protocol was 95°C (10 min), then 35 cycles of 95°C (30 s),
58°C (30's) 72°C (30 s), and 72°C (5 min). PCR products were ex-

amined using 1% agarose gel electrophoresis in TAE buffer.

Western blotting

The whole brain tissues obtained were lysed using RIPA buffer
containing a protease inhibitor cocktail (Roche) and processed for
western blotting using anti-14-3-3y antibody (sc-398423, 1:1000,
Santa Cruz Biotechnology) and mouse anti-actin (1:2000; Sigma-
Aldrich). Signals were detected using enhanced chemilumines-
cence (GE Healthcare, Chicago, IL, USA) following probing with
the appropriate horseradish peroxidase-conjugated secondary
antibodies (1:3000, Jackson ImmunoResearch). Each experiment
was performed with samples from three independent groups.

Behavioral tests

Animals were acclimatized to the behavior test room for a week
before testing. Behavioral assays were commenced when the mice
were aged 10 weeks. One cohort of mice were used for all behav-
ioral assays (n=8 per genotype). The order of behavioral tests pro-
gresses from less stressful one (e.g. open field test) to more stressful
one (e.g. forced swim test) and there were two or three day’s inter-
val between assays.

Open field test
The open field test (OFT) was performed as described to mea-

sure locomotor activity [31]. The open field apparatus consisted of
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a square arena (40x40 cm) with 30 cm high walls that was illumi-
nated using an electric bulb hanging 2.5 m above the floor. Open
field behaviors of the mice were recorded and analyzed using the
ANY-maze system (Stoelting, Wood Dale, IL). Animals were ex-
posed to the open field for 10 minutes. Between subjects, the box
was thoroughly cleaned with 70% ethanol and the ethanol was al-
lowed to evaporate completely prior to testing mice.

Elevated plus maze test

The elevated plus maze (EPM) test was performed as described
[32]. The apparatus consisted of two open arms and two enclosed
arms arranged in a plus-sign orientation. The arms were elevated
50 cm above the floor with each 5-cm wide arm projecting 30 cm
from the center. At the start of the test, each subject was placed
in the center of the EPM facing a closed arm. Mice explored the
maze for 5 minutes and exploratory activities in both the open
and closed arms were recorded and analyzed using the ANY-maze
system (Stoelting, Wood Dale, IL). Between subjects, the maze was
thoroughly cleaned with 70% ethanol and the ethanol was allowed

to evaporate completely prior to testing mice.

Light and dark box test

This test was performed as described [33]. The apparatus con-
sisted of two (light and dark) chambers (34x24x24 cm) joined to-
gether. There was an aperture (8x8 cm) between the two chambers
that the mice could use to move between chambers. The chambers
were made of white and black opaque Plexiglas. The black cham-
ber was covered with a black lid (the dark box), while the white
chamber was covered with a transparent lid and illuminated using
ambient room lighting to ~450 lux (the light box). During the test,
a subject was placed in the center of the light box facing away from
the aperture connecting the two chambers and allowed to freely
explore both chambers for 5 minutes. Between animals, the box
was cleaned with 70% ethanol and allowed to completely dry. All
sessions were recorded and analyzed using the ANY-maze system
(Stoelting, Wood Dale, IL).

Social interaction test

Mice were tested in a Plexiglas cage divided into three chambers
comprising two equal-sized end areas (31.5x25.5 cm each) and a
smaller neutral section between them (10.5x25.5 cm). During the
habituation phase, the end areas contained an empty “holding cell”
(10.16 cm in diameter and 13.97 cm tall). Each mouse was placed
in the center of the box and allowed to explore the entire box for 5
minutes. The subject was then returned to the cage while another
adult male (C57BL/6 W'T mice) was placed under the holding cell

(on one randomly selected side) and the empty cell was placed on
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the opposite side. During the test phase, the subjects were placed
in the center and allowed to investigate the entire box for 5 min-
utes. The ANY-maze system recorded and scored the number of
entrances into each side and the time spent investigating the novel
mouse. Investigation was defined as the test mouses nose touching
the novel mouse through the bars or sniffing within 1 cm. The test
arena was carefully cleaned with 70% ethanol between subjects
and allowed to completely dry.

Rotarod test

The rotarod test was performed to evaluate the basic mobility of
animals in each group as described [31]. Mice were placed on the
stationary cylinder of the rotarod apparatus and trained on the
apparatus for at least four consecutive trials in which the rod was
kept at a constant speed (4 rpm) and returned to their cages for 1
min between trials. Once the animals were able to stay on the rod
rotating at 4 rpm for at least 60 s, they were subjected to the ro-
tarod test. Mice were placed on the rod rotating at an accelerating
speed from 4 to 40 rpm over 300 s. The time before animals fell oft
the rod was recorded with a maximum cut-off of 300 s. Mice were
tested for eight consecutive trials with at least 5-min intervals. The
data from the last four trials were averaged as the latency to fall.
Each mouse was returned to its home cage and remained there for
5 min before the next trial. If the mouse remained on the rod in 5
minutes, latency to fall was recorded as 300 s. Between subjects, the
rotarod apparatus was thoroughly cleaned with 70% ethanol and
allowed to completely dry.

Acute stress (restraint stress)

Mice were subjected to a schedule of restraint stress before each
behavior test to induce behavioral and physiological phenotypes.
Each mouse was restrained using a 50 ml conical tube with an
open end, exposing the nose for breathing. Acute stress was ap-
plied for one hour and each mouse was returned to its home cage

immediately after restraining stress.

Statistical analysis

All statistical analyses were carried out using GraphPad Prism
version 5.00 for Windows. Numerical data are presented as
means+standard error of the mean (SEM). The error bars in
graphs denote the SEM. The statistical significance of the data was
assessed using unpaired or paired Students (-tests, with the signifi-
cance level denoted by asterisks (*p<0.05, *p<0.01, or **p<0.001).
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RESULTS

Generation and validation of the 14-3-3y KO mice

The genomic organization of the mouse 14-3-3y gene (ywhag)
and KO strategy using the gene trap system are illustrated (Fig. 1A
and Fig. 2A) [30]. The sequence analysis of mRNA from 14-3-3y
homozygote pups showed that the exon 1, the partial exon 2 and

the inserted sequence from the gene-trap pU-21W vector were ex-

A

pressed (Fig. 1B). This genetic insertion of foreign sequence results
in truncated N-terminal 14-3-3y peptide (71 amino acids of 14-
3-3y and 13 amino acid long peptide of gene-trap vector). This N-
terminal fragment covers three initial domains (A~C) of 14-3-3
proteins (Fig. 1C).

To verify the genetic deletion of ywhag in mice, we performed
PCR-based genotyping of tail samples of pups born from 14-3-3y
Het breeding pairs at PO (Fig. 2B). We also examined the expres-
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Fig. 2. Validation of 14-3-3y KO mice. (A) A genomic illustration of 14-3-3y KO mice. The trap vector, pU-21W, was inserted into the exon 2 of ywhag.
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level of 14-3-3y in the brain. (D) p-gal staining of 14-3-3y Het and W'T mice. Scale bar: 1 mm.

sion level of 14-3-3y using a specific anti-14-3-3y antibody with
brain homogenates prepared from pups at PO (Fig. 2C). It is noted
that the 14-3-3y signal from homozygote KO mice was absent,
and the level of 14-3-3y from heterozygote (Het) mice was signifi-
cantly reduced compared to that in littermate control mice. These
data indicate that ywhag gene was successfully disrupted in these
14-3-3y KO mice. Beta-gal staining of adult Het mice showed the
broad expression of 14-3-3y in the brain (Fig. 2D). Since B-geo
expression in 14-3-3y Het mice is controlled by the endogenous
promoter of the ywhag gene [30], 3-geo expression in our 14-3-3y

https://doi.org/10.5607/en.2019.28.1.43

Het mice represents the endogenous expression pattern of 14-3-
3y. The B-geo expression clearly showed in the pyramidal layer of
the hippocampus, and its expression pattern is consistent with the
mRNA expression pattern of 14-3-3y in the Allen brain atlas data-
base (http://mouse.brain-map.org/experiment/show?id=1124).
Interestingly, at weaning (P21), we found that there were no sur-
viving homozygote KO mice among the 242 mice born from 15
breeding pairs (36 litters of pups) (Fig. 3A). This is clearly distinct
from the other two homozygote KO mice of 14-3-3 isoform genes
(ywhae and ywhaz) that survive long enough for behavioral ex-
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WT and Het mice used in behavioral experiments.

periments [10, 11]. In addition, we also noticed that the body size
and weight of 14-3-3y Het mice was significantly less than those of
littermate controls (Fig. 3B and 3C). Based on these data, we con-
cluded that 14-3-3y is critically important for the maturation and
survival of mice in contrast to a previous report [29]. We also ex-
amined the expression level of 14-3-3y using brain homogenates
prepared from adult 14-3-3y WT and Het mice and found that the
reduced expression of 14-3-3y in Het mice was maintained (Fig.
3D). For behavioral experiments, we selected Het mice as similar
as possible in size and body weight to WT littermate controls to
see whether differences in behavioral phenotypes were directly
related to the genetic disruption of 14-3-3y. We also measured the
body weights of the two genotypes throughout adulthood until we
finished the behavioral experiments (Fig. 3E).

14-3-3y Het mice are hyperactive

Since 14-3-3y is abundantly expressed in the brain, to investigate
its role in the expression of behavioral characteristics, we per-
formed an OFT to assess basal locomotor activity. Intriguingly, 14-
3-3y Het mice traveled significantly more distance in the center
zone than WT mice (Fig. 4A), which may be due to hyperactivity
and not related to less anxiety, because the total distance traveled
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and mean speed of 14-3-3y Het mice were significantly longer
and faster than those in WT mice, respectively (Fig. 4B and 4C). In
addition, the Het mice also showed significant longer margin dis-
tance compared to WT mice (data not shown). Because there was
no significant difference between WT and Het mice in the rotarod
test, any change in muscle strength or coordination of Het mice
was not related (Fig. 4D).

14-3-3y Het mice show depressive-like behavior

Since the OFT suggested that the reduced level of 14-3-3y in Het
mice results in hyperactive behavior, to determine whether the 14-
3-3y haploinsufficiency may affect mood-related behaviors, we
conducted the forced swim test (FST) and three-chamber social
interaction test (3CT). Interestingly, Het mice displayed signifi-
cantly longer immobile time in the FST than WT mice (Fig. 5A),
which suggests that their depressive-like phenotype was induced
by 14-3-3y haploinsufficiency, while there was no deficit in the
social interaction of Het mice in the 3CT (Fig. 5B).

14-3-3y Het mice show more sensitive responses to acute

stress

Hyperactive and depressive symptoms are common in patients

https://doi.org/10.5607/en.2019.28.1.43
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with several neuropsychiatric diseases. Since these patients often
have a deficit in the appropriate response to acute stress [34], we
subjected Het mice to restraint stress and performed several be-
havioral tests including the OFT, light and dark box (LDB) test,and
EPM test. In the OFT, the hyperactivity of Het mice was signifi-
cantly decreased, as seen in the total distance traveled and mean
speed (Fig. 6A and 6B), while W' littermate control mice did not
show any significant change. In the LDB test, total distance trav-
eled in the light zone and number of transitions were significantly
increased in Het mice in response to acute stress (Fig. 6C and 6D).
Similarly, Het mice showed significantly increased time spent in
open ends and total distance traveled in open arms in response to
acute stress in the EPM test (Fig. 6E and 6F).

DISCUSSION

14-3-3y proteins play diverse roles in many different cellular
processes [1, 3,23, 24]. In addition to the role as an adaptor pro-
tein facilitating protein-protein interactions in diverse cellular
signaling processes, 14-3-3y has been shown to be involved in
transporting ion channels, transporters, and transmembrane re-
ceptors to the plasma membrane such as BK channels, TRPM4,
ANOI, and BEST-1 in excitable and non-excitable cells [26-28,
36]. Furthermore, 14-3-3y has been implicated in several neuro-
logical and psychiatric diseases such as spinocerebellar ataxia type

1, Parkinsons disease, and tuberous sclerosis [15-17]. Especially,
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in an EPM test, quantified as time in the open ends (E) and total distance
traveled in the open arms (F). (n=8 mice/genotype, *p<0.05, **p<0.01).

recent studies showed that de novo mutations of the ywhag gene
or duplication/deletion of chromosomal regions including ywhag
cause neurodevelopmental disorders in human [18-21,37,38].
Unlike the potential significance of 14-3-3y in brain develop-
ment from these studies, a previous study showed that 14-3-3y
null mice display no apparent behavioral abnormalities [29]. These
14-3-3y KO mice were generated by the genomic replacement of
exon 2 with neomycin resistance cassette to delete exon 2 of 14-3-
3y [29]. Authors of this study suggested that other endogenous 14-
3-3 isoforms may compensate for the loss of 14-3-3y. In contrast,
we found that 14-3-3y homozygous KO mice were prenatally le-
thal, and heterozygous mice showed developmental delay relative
to littermate wild-type mice (Fig. 2 and 3). In our mice, the ywhag
gene was disrupted by inserting a gene-trap vector in the middle
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of exon 2. Our 14-3-3y KO mice express truncated 84-amino acid
fragment containing the partial exon 2 and foreign gene from gene
trap vector (Fig. 1). Since the N-terminal part of 14-3-3y has been
shown to be important in dimerization of 14-3-3y, it is possible
that this extra sequence may interfere in the function of 14-3-3y in
its expressing cells [39].

In behavioral experiments, we found that 14-3-3y Het mice dis-
play hyperactive locomotor activity, and more sensitive responses
to acute stress than WT mice. Hyperactive locomotor activity, ob-
served in the OFT, was not due to any alteration in muscle strength
or endurance since there was no significant difference in latency
to fall in the rotarod test between WT and Het mice. 14-3-3y Het
mice showed significantly increased depressive-like behavior in
the FST relative to WT mice. After exposure to acute stress, we
observed that the hyperactivity feature of Het mice was signifi-
cantly reduced in the OFT. On the other hand, Het mice showed
increased travel distance in the light zone and number of transi-
tions in the LDB test, as well as increased distance and time spent
in the open arms in the EPM test. Based on these stress-response
behaviors, reduced level of 14-3-3y in Het mice may increase
the sensitivity to exogenous stimuli relative to WT. Although this
study clearly showed the significant relevance of 14-3-3y in mouse
behaviors, the correlation between cell-type specific expressions of
14-3-3y in the brain and its related behavioral phenotypes need to
be examined in detail.

Hyperactivity and hypersensitivity are frequently observed as co-
morbid symptoms in many neuropsychiatric diseases, such as at-
tention deficit hyperactivity disorder (ADHD). Hyperactivity has
multiple manifestations, including continuous movement, being
distracted, and impulsive behaviors. ADHD patients with hyper-
sensitivity are highly agitated when faced with various challenges
including sensory stimuli and psychological stress. This condi-
tion makes individuals overactive and inattentive from unknown
causes, which often prohibits individuals from living normal lives
[40]. Interestingly, the behavioral phenotypes of our 14-3-3y Het
mice display two characteristics of ADHD (Fig. 4~6). Recently,
WBS, a 14-3-3y-related neurodevelopmental disease, has been
shown to be strongly associated with ADHD with hyperactivity
and hypersensitivity [41, 42]. Since 14-3-3y Het mice displayed
neurodevelopmental delay, hypersensitivity and hyperactivity, we
believe that our 14-3-3y Het mice can be a good mouse model for
ADHD and WBS.

There are features of 14-3-3y distinct from the other 14-3-3 pro-
teins although functions of 14-3-3 isoforms seem to be redundant
and their expression patterns in organisms are vastly overlapping
(35,43, 44]. For example, the elevated level of 14-3-3y in the brain

has been considered a potential biomarker in Creutzfeldt-Jakob
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disease [44]. In an animal model of multiple sclerosis and isch-
emia, 14-3-3y has been reported to play significant roles [35, 43].
In addition, reduced expression of 14-3-3y in zebrafish caused
deficits in brain development and decreased brain size [38] and
altered expression of 14-3-3y in mice delayed neuronal migration
in the cerebral cortex [23, 24]. Therefore, our 14-3-3y Het mice
may also be valuable to study the pathophysiological mechanisms

of these diseases.
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