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ABSTRACT

Autism spectrum disorder (ASD) is an increasingly common condition for which there is
currently no effective treatment. In order to begin developing targeted therapies, it is important to
identify the causes and molecular mechanisms of autism. Previous studies have linked loss-offunction mutations of the CTNNB1 gene with the development of intellectual disability and ASD
in children. The CTNNB1 gene is a key regulator of the canonical Wnt pathway, which plays an
important role in neuronal and brain development. However, little is known about the function of
CTNNB1 in specific neuronal subtypes. We examined the link between gene mutation and
autism by generating a mouse model in which CTNNB1 was selectively knocked out in
inhibitory parvalbumin (PV) interneurons. Behavior tests revealed that knockout mice had
impaired social interaction and object recognition, increased repetitive behaviors, increased
anxiety, and enhanced spatial memory compared to control littermates with normal expression of
the gene. Knockout mice also showed decreased neuronal activity in the cortex as well as an
increase in the number of PV interneurons. This suggests that mutation of CTNNB1 in inhibitory
circuitry may directly cause several core symptoms of autism. We hope these findings can
contribute to our overall understanding of the Wnt pathway and inhibitory circuitry, and
ultimately be applied to the development of therapies for patients with autism.
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Chapter 1
Background
Autism spectrum disorder (ASD) is a life-changing diagnosis that is becoming more
common in the United States. Currently, one in every 68 children in the country has an autism
spectrum disorder, and the number of new diagnoses has increased almost exponentially in the
past three decades.1 The causes for this trend are not fully understood and still rather
controversial. As evidenced by a recent spate of measles outbreaks across the United States
affecting unvaccinated children,2 there can be serious consequences of misinformation regarding
this disorder. Further research into the development, pathogenesis, and treatment of autism is
necessary and urgent.
ASD includes a wide range of conditions characterized by difficulty communicating and
socializing with others, insistence on following consistent habits, and repetitive and restricted
behaviors like rocking or hand flapping.3 Symptoms can appear in children as young as six
months, and seriously impact individuals who have them; children with autism are more likely to
miss school and adults often have trouble navigating work and social situations.4 Autistic
children are also more likely to develop intellectual disability and mood disorders including
anxiety and depression.5 However, autism exists on a spectrum; high-functioning autistic
individuals can function normally and even work as scientists or mathematicians while severely
autistic people may be unable to live independently because of self-injurious behaviors and
difficulties with social interaction.6, 7
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Our aim is to better understand the pathogenesis of this complex disorder by examining
the link between the development of autism-associated symptoms and a key Wnt pathway gene
whose loss has been associated with ASD in humans. We hope that our findings could open new
possibilities for gene therapies or targeted treatments for individuals with autism.

Genetic Basis of Autism

The role of genetics in ASD was not widely recognized until the 1970’s. When this
condition was first clinically described in 1943, psychoanalysts mistakenly linked it to cold or
distant mothering – “refrigerator moms” – and believed it to be an early presentation of
childhood schizophrenia.8 Since then, this disorder has been more clearly defined and several
core symptoms have been identified. Although the exact causes are still unclear, the genetic
contribution to autism is now more fully appreciated. The genetic component was first noted
when ASD’s were found to co-occur with chromosomal disorders,9 and subsequent twin and
family studies strengthened this genetic link: if one identical twin is diagnosed with autism, the
other twin has an 64% chance of also being diagnosed, while this rate is only 9% between
fraternal twins. Children with at least one autistic sibling are significantly more likely than the
general population to also develop autism. Additionally, 10-20% of individuals with autism also
have another identifiable genetic disorder.10, 11
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Recent advances in sequencing technology have revealed a complex network of gene and
protein interactions involving hundreds of loci that are associated with ASD and intellectual
disability (ID). Exome sequencing studies have identified several genes whose mutations seem to
consistently contribute to ASD. Krumm, et al. classified by function the genes known to be
associated with autism; most of the genes are responsible for synaptic function, Wnt signaling, or
chromatin remodeling (Figure 1). In families where some members are diagnosed with ASD
while others are not, the affected individuals have significantly more de novo mutations, and
loss-of-function mutations typically have the strongest effects. Many of the genes implicated in
these studies are connected and interact with one another, suggesting that a select number of
networks may play key roles in ASD. For example, disruptive mutations in both CHD8 and
CTNNB1 have both been linked with autism— CHD8 is a helicase that regulates CTNNB1.12 In
this study, we focus on the loss of function of the CTNNB1 gene.

Figure 1. Grouping of autism-associated genes by function (Krumm, et al. 2014)
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CTNNB1 and the Wnt Pathway

The Wnt family of secreted glycoproteins directs a wide range of cellular activities,
especially during embryonic development. In the brain, it plays an important role in developing
neural circuits in children and brain function in adults. Because of this, defects in the Wnt
pathway have been associated with cancer, birth defects, and other disorders including autism.13,
14

There are several different Wnt pathways, the most studied of which is canonical Wnt

signaling. It directs cell division, fate determination, and polarity by regulating the concentration
of β-catenin (encoded by CTNNB1), a transcriptional co-activator that controls gene expression.
β-catenin protein is constitutively translated in the cytoplasm and transported toward the
nucleus; however, in the absence of Wnt ligands, this protein is constantly ubiquitinated and
degraded by the Axin protein complex before it can reach the nucleus and activate genes. Wnt
target genes are therefore repressed by this elimination of β-catenin. When the Wnt ligand binds
to the Frizzled receptor and its co-receptor on the cell surface, they form a complex with Axin,
which inhibits degradation of β-catenin. This protein is then stabilized and can travel to the
nucleus to activate Wnt target gene transcription.15
Because the Wnt pathway is important in cell division and development, defects in the
Axin complex or other components that result in an increase in β-catenin has been associated
with certain types of cancer (Axin is a tumor suppressor gene) while defects in β-catenin can
hinder neuronal development and maturation,16 resulting in neurodevelopmental disorders. Lossof-function mutations in CTNNB1, which codes for β-catenin, have been described in multiple
individuals with intellectual disability and motor and speech impairment,16 and a de novo
nonsense mutation in CTNNB1 has been associated with microcephaly and hyperekplexia.17
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Loss of CTNNB1 function has also been shown to affect neuronal development in mice.
Interestingly, autism has actually been associated with lower rates of cancer but increased
oncogene mutations; although not explicitly examined, this may further implicate the role of the
Wnt pathway in the development of autism.18 However, many of these findings come from
exome sequencing and case studies; a causal relationship between loss of CTNNB1 function and
ASD has not yet been established experimentally.
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Chapter 2
Establishing a Novel ASD Mouse Model Using Gene Knockout

INTRODUCTION
The Cre Recombinase System
The Cre recombinase system is an efficient gene editing tool that excises or inverts genes
flanked by a specific sequence. Cre is a site-specific recombinase from the P1 bacteriophage that
localizes to the loxP sequence and catalyzes recombination between two sites that contain this
DNA sequence (Figure 2). This is a highly precise method because loxP contains 34 base pairs
and is too long to occur randomly in the mammalian genome, and its asymmetric sequence
defines an orientation to the site. Gene segments flanked by two loxP sequences will be excised
and therefore knocked out, and the DNA ends on either side will be rejoined.19 In our
experimental mice, Cre recombinase was expressed only in PV inhibitory interneurons and the
CTNNB1 segment was flanked by loxP; CTNNB1 was therefore excised and inactivated only in
a specific neuron type. These CTNNB1 conditional knockout (cKO) mice comprised our
experimental group.

Figure 2. Cre-mediated CTNNB1 deletion
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Inhibitory Circuitry and Parvalbumin Interneurons
Previous studies have linked autism with increased amygdala and hippocampus size and
more densely packed neurons in both regions as well as the frontal cortex.20, 21 The amygdala is
enlarged in children with autism while the hippocampus remains large in autistic individuals of
all ages. The increase in neuron density could be caused by defects in apoptosis and synaptic
pruning during early childhood; a normal brain undergoes significant pruning before puberty,
and failure to complete this process could result in a more “immature” brain.
Faulty inhibitory circuitry may play a role in these deficits. Inhibitory GABA signaling is
important in synapse elimination and axon pruning in developing neurons, and densities of
GABAergic interneurons are altered in the brains of autistic individuals.22 Parvalbumin-positive
(PV) interneurons are a major subtype of GABAergic interneurons. The link between PV
interneurons and ASD has been experimentally established: defects in the function of these
neurons have been identified in mouse models of autism, and PV knockout mice also display
abnormal social interaction, impaired communication, and repetitive behaviors – the three core
symptoms of autism. 23, 24 In this study, we establish a novel mouse model of ASD by knocking
out CTNNB1 specifically in PV interneurons. We hope to gain a better understanding the role of
both the Wnt pathway and inhibitory circuitry in autism.

METHODS
Knockout Mice
In total, eighteen control mice and ten knockout mice were used for behavior tests and
immunohistochemistry. They were generated from mice ordered from the Jackson Laboratory
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(Bar Harbor, ME). CTNNB1 flox/flox mice (B6; 129-CTNNB1tm2Kem/KnwJ) were crossed with PVCre mice (B6; 129P2-Pvalbtm1(cre)Arbor/J) to produce heterozygous offspring (PV-Cre/
CTNNB1flox/flox) in which CTNNB1 was knocked out. The CTNNB1 flox/flox littermates (12
males, 6 females) did not express Cre and were used as the control group while PV-Cre;
CTNNB1 flox/flox (7 males, 3 females) mice, in whom CTNNB1 was knockout out, comprised the
experimental group. Two to four mice were housed together in each cage and kept at ambient
room temperature with a 12-hour light/ 12-hour dark cycle and with free access to food and
water.
Using behavior tests, we screened for core symptoms of autism (social interaction deficits
and repetitive behaviors), traits of conditions often associated with autism (anxiety and
depression), and various types of memory (fear and spatial memory). The mice were transferred
to the testing room for one hour before each test to acclimate to the new environment. When
necessary, the trials were recorded with the EthoVision XT video tracking system and analyzed
either manually or with Noldus software.

Genotyping
Gel electrophoresis was used to identify the presence of Cre and loxP-flanked CTNNB1
in mouse tissue. Tail cuttings were taken from pups on postnatal day 21-28, incubated at 37 °C
overnight in lysis buffer, and centrifuged for 15 minutes to extract DNA. PCR’s were performed,
after which 4 µL of each sample was run for 30 minutes in 1.5% agarose gel. Bands were
visualized under a UV light.

Immunohistochemistry
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After behavior tests were completed, the mouse brains were prepared for staining. Each
mouse was anesthetized with an intraperitoneal injection of Avertin (200 mg per kg of body
weight) and perfused for 15 minutes with artificial cerebrospinal fluid (ACSF) until the fluid was
clear. They were then perfused with 4% PFA for 10 minutes. Brains were dissected and fixed in
4% PFA for at least 24 hours before being sliced along the coronal plane with a vibratome to a
thickness of 50 μm. The slices were stored at 4 °C in phosphate-buffered saline (PBS) until
immunostaining.
To start the staining process, slices were selected that included the hippocampus, cortex,
and amygdala. They were blocked with 5% donkey serum and 0.2% Triton X-100 in PBS for one
hour, with gentle shaking, at room temperature. Primary antibodies (rabbit anti-c-Fos antibody
from Sigma, rabbit anti-PV antibody from Synaptic Systems, and mouse anti-CTNNB1 antibody
from BC Transduction Laboratories) were dissolved in fresh blocking solution at appropriate
concentrations and slices were incubated overnight at 4 °C. Slices were then washed in PBS with
0.1% Triton X-100 (PBST) three times, for five minutes per wash, and incubated with secondary
antibodies conjugated with fluorescent groups diluted in PBST. They were mounted on glass
slides with Gold Anti-Fade and photographed by a confocal microscope. Analysis of images was
conducted using Image J.

c-Fos Staining
C-Fos is a proto-oncogene that can be activated by stimuli like growth factors and tumor
promotors; high c-Fos expression indicates increased cell activity. The mice were stimulated
with three two-second, 0.55-mA shocks to the foot over 250 seconds and placed back in their
home cages for one hour prior to sacrifice and perfusion. The same protocol was used for brain
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slicing, fixation, and staining with anti-c-Fos primary antibody and fluorescent secondary
antibody.

RESULTS
2.1 CTNNB1 was successfully knocked out in PV interneurons using the Cre-recombinase
system.
We used gel electrophoresis and fluorescent microscopy to confirm successful Cremediated knockout of CTNNB1 in mouse tissue. CTNNB1loxP/loxP bands are heavier than
CTNNB1WT/WT bands because of the additional flanking sequence; when coexpressed with Cre,
CTNNB1 becomes inverted and inactivated in the mouse genome. Animals with genotyping
results matching the third and fifth columns comprised the control and knockout groups,
respectively, in our behavior analyses (Figure 3).

Figure 3. Relative locations of gene segments on an electrophoresis gel
After sacrifice, brain slices were stained for CTNNB1 and parvalbumin to confirm that
CTNNB1 was functionally knocked out, and that the absence of CTNNB1 is specific to PV
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interneurons in knockout mice. We focused on protein expression in the cortex because
parvalbumin is predominantly expressed in the cortex (Figure 4).

Figure 4. PV- expressing neurons (green) also express CTNNB1 in control mice, but do not
express CTNNB1 in knockout littermates. (Microscopy done by Fengping Dong; Dong et al.,
2016).
We used DAPI staining (blue) for nuclei and fluorescent antibody staining for CTNNB1
(red) and PV (green). Confocal microscopy demonstrated that the majority of neurons in
knockout mice that heavily express parvalbumin do not express CTNNB1 protein, while such PV
interneurons in CTNNB1loxP/loxP mice express CTNNB1 normally. However, some PV+ neurons
still expressed CTNNB1, possibly because of incomplete recombination of Cre recombinase and
the loxP sequences.

2.2 Neuronal activity was reduced in the cortex, but no significant changes were found in
the dentate gyrus and amygdala.
We stained for c-Fos in the cortex, dentate gyrus of the hippocampus, and the amygdala
to measure overall neuronal activity in several key areas where changes have been observed in
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patients with autism. C-Fos expressing cells were counted using fluorescence microscopy images
Cortex layers were analyzed separately because of the sheer number of neurons. Each of the six
layers is characterized by unique cell types and connections with various subcortical and cortical
structures. Interestingly, CTNNB1 knockout in inhibitory circuitry actually decreased c-Fos
activation (Figure 5). Conditional knockout mice showed significantly lower c-Fos activation
than control animals in layers II and V (the second and fifth outermost layers), and the same
trend was observed in the amygdala, although it was not significant.
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Figure 5. c-Fos activation in relevant brain areas. Scale bar = 10 µm. (A) Confocal microscopy
for cortex layers II and V. (B) c-Fos positive cell density in the cortex and amygdala. Control
mice (n = 6) showed more neuronal activation than cKO mice (n = 4). *p < .05, **p < .01;
(Quantification and Student’s T-test done by Fengping Dong; Dong et al., 2016).

2.3 PV interneuron density was significantly increased in the cortex of CTNNB1 cKO mice
but no consistent difference was seen in other regions.
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We stained for the parvalbumin protein in brain slices using rabbit anti-PV antibody, and
then counted the number of PV+ neurons in comparable segments of the cortex in four knockout
mice and six control mice. We found a higher density of PV neurons in knockout subjects
compared with wild-type littermates (Figure 6).

Figure 6. PV staining in the cortex. (A) Confocal microscopy. Scale bar = 100 µm. (B) cKO
mice (n = 4) had increased density of PV neurons compared with control (n = 6). **p < .01;
(Quantification and Student’s T-test done by Fengping Dong; Dong et al., 2016).

CONCLUSIONS

Using the Cre Recombinase system, we knocked out CTNNB1 in inhibitory parvalbumin
interneurons. We crossed mice expressing Cre with mice expressing loxP-flanked CTNNB1,
genotyped F2 offspring using tail cuttings, and collected homozygous knockout mice.
Littermates that did not express Cre (and thus still expressed CTNNB1) were used as the control
group. The absence of CTNNB1 in PV neurons was confirmed with fluorescence microscopy,
although some PV neurons still expressed CTNNB1. We found some changes in neuron function
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and distribution in the knockout mice, most notably decreased neuronal activity and increased
PV interneuron density in the cortex. However, these changes were not seen in other brain
regions. This is partially consistent with current literature that links inhibitory circuitry deficits
with increased neuronal density in multiple parts of the brain.
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Chapter 3
Investigating Behavioral Phenotypes in the ASD Mouse Model

INTRODUCTION

Phenotyping mouse models for autism can be more difficult than studying models for
other disorders because current diagnostic criteria are almost entirely behavioral. Precise and
comprehensive assays are needed to test three behavioral criteria: social interaction, repetitive
behaviors, and communication.18 We examined two of these criteria by using a three-chamber
test to identify deficits in social interaction and social approach, and using the grooming and
marble burying tests to measure repetitive behavior. Ultrasonic vocalization is typically used to
measure communication ability because studies have found that “autistic” mice produce
ultrasonic sounds of a different frequency than wild-type mice. However, we did not conduct this
assay because of limitations in time and equipment. In addition to ASD diagnostic criteria, we
also screened for mood disorders (anxiety and depression) that are often comorbid with autism,
and three types of memory: spatial memory, fear memory, and object recognition.

METHODS

Rota-Rod Test
The Rota-Rod test was performed first to exclude the possibility of motor deficits as a
confounding variable in other behavior analyses. The apparatus includes a rotating cylinder that
accelerates from four to 40 revolutions per minute over the course of five minutes and maintains
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its maximum speed for five more minutes. We placed each mouse on the cylinder at 4 RPM and
measured the length of time the animal remained on the apparatus; the timer was stopped when
the mouse fell or clung to the rotating cylinder rather than balancing on the top. Any feces or
urine was removed and the device was cleaned with 70% ethanol between each trial to eliminate
olfactory cues from previous mice. The procedure was repeated three times per day for three
days, and eight days after the first trial, the mice were tested again with the same protocol.

Social Interaction Test
This test is used to measure social memory and interest in socialization. It involves a
transparent acrylic box divided into three chambers (each 20 x 40 x 20 (h) cm); the center
chamber is empty while both adjacent chambers contain a cylindrical steel wire cage (height 10
cm, diameter 7 cm). Each mouse is placed in the center and can access both chambers through an
opening in each dividing wall (Figure 7).
Mice were single housed for the week
preceding the test, and given a 10-minute habituation
period to explore the three chambers on the day of the
test. After habituation, a gender-matched wild-type
Figure 7. Social interaction test setup
mouse (to whom the test subject had never been
exposed) was moved into a cage in one chamber. The subject was placed in the center and its
movements were recorded by a camera suspended over the box for 10 minutes as it interacted
with either the unfamiliar mouse or the empty cage. Next, another gender-matched unfamiliar
mouse was placed into the other cage and the subject was once again allowed to interact with the
familiar or unfamiliar animal for ten minutes. The cages and box were cleaned with 70% ethanol
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between each trial. Parameters including frequency and duration of interaction with occupants of
each cage were measured manually from the videos. Climbing over or resting on the top of the
cages were not recorded as interactions.
After recording the trials, we discovered that the tracking software was extremely
inconsistent because of the presence of multiple mice in the testing arena and the animals’
tendency to rest on the cages, so a simpler setup was used to generate figures. Two cages were
placed on opposite corners of a square acrylic box and the test subject was allowed to interact
with either cage.

Grooming Test
This test measures repetitive behaviors in mice. Each mouse was lightly misted with a
spray of distilled water before being placed into an empty cage without bedding and recorded for
25 minutes. Total grooming time, in which the mouse licked its paws, made washing movements
over the head, or licked its body or tail, was measured manually from the video. Measurements
from the first five minutes were excluded because the duration of grooming seemed to correlate
largely with the amount of water with which each mouse had been misted.

Marble Burying Test
The marble burying test is another method of measuring
repetitive behaviors as well as anxiety. A test cage was set up that
included twenty marbles arranged in a 4 x 5 grid on a 3cm deep
layer of bedding (Figure 8). Each mouse was left in the cage for ten
Figure 8. Marble burying
test setup

minutes; mice naturally bury hard or unfamiliar objects like
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marbles under their bedding. The number of marbles that were at least 75% covered by bedding
were recorded as “buried” and time elapsed before the first marble buried (latency) was counted.
More marbles buried indicate increased repetitive, compulsive-like behaviors.

Elevated Plus Maze
The plus maze tests for anxiety in mice. This maze consists of an elevated four-armed
acrylic structure in the shape of a “plus” sign— two arms are open
while the other two are enclosed by black acrylic walls (Figure 9).
The maze is suspended 50 cm above the ground, the arm dimensions
are 5 x 25 cm, and the center region at the intersection of the four
arms is 5 x 5 cm. Each mouse was placed in the center and its
movements were tracked with EthoVision software for five minutes.
Figure 9. Plus maze setup
The maze was cleaned with 70% ethanol after each trial.
Afterwards, parameters including frequency of entry, time elapsed until entry, time spent in the
arms, frequency of head dipping (a compulsive behavior that indicates increased anxiety) and
distance traveled were measured for both the open and closed arms, and statistically analyzed
using Student’s T-test.

Open Field Test
This is a novelty-based anxiety test. Each mouse was placed into one corner of a white
acrylic box (40 x 40 x 40 cm) in a brightly lit room, and its movements were recorded and
tracked for five minutes. The box was cleaned with 70% ethanol after each trial. A circular
center zone (diameter 13.3 cm) was marked in the EthoVision software. The time spent in the
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center zone, time elapsed until entry, frequency of entry, as well as total distance traveled, were
measured.

Tail Suspension Test
This test screens for depression. Each mouse is suspended from a horizontal bar 60 cm
from the ground by a strip of adhesive tape attached to the end of its tail. It was recorded for five
minutes, and total immobile time was measured manually from the video using a stopwatch.
Immobility was defined as lack of escape-directed behaviors such as curling, moving its paws, or
swinging across its vertical axis in any direction.

Morris Water Maze
This test is designed to measure spatial memory, the ability to remember one’s location
and spatial orientation relative to visual cues. First, an acrylic pool (diameter 150 cm) was filled
with water and a circular platform (diameter 10 cm) was placed in the center of one quadrant of
the pool, 2 cm below the water surface. Nontoxic white watercolor paint was mixed into the
water until the platform was no longer visible. Each of four quadrants was labeled with a shape
(square, triangle, etc.) formed using colored tape on the side of the pool above the water.
The water maze test includes four training days and one testing day. Three times per day
on each training day, each mouse was placed into the water in a randomly selected quadrant (NE,
NW, SE, and SW) and given 60 seconds to swim toward the platform. If the mouse was unable
to find it, it was guided there by hand and allowed to remain on the platform for 15 seconds. On
testing day, the platform was removed from the maze, and a circular “platform zone” slightly
larger than the original platform was marked using EthoVision software. A video camera was
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suspended above the pool to track each mouse’s movements; parameters such as time spent in
the platform zone, frequency of entrance into the region, latency to entry, as well as total
distance traveled, were measured. These parameters were analyzed for each quadrant, as well as
three concentric areas around the platform zone, and statistically analyzed by unpaired, twotailed T-test.

Fear Conditioning Test
This test takes place over three training days and three test days and measures the ability
to inhibit learned fear responses with new memories (“conditioned inhibition” or “learned
safety”), which holds implications for learning and regulating emotion. The fear conditioning
apparatus is a square box with a steel grid floor that can be electrified. Vanilla extract rubbed
inside the box provides an olfactory cue for mice to associate with the testing chamber.
Each mouse was placed into the apparatus for five minutes to habituate, after which it
received a two-second, 0.55 mA shock delivered through the grid floor every 80 seconds. The
mouse was removed immediately after the third shock. After learning to associate the testing
environment and the olfactory cue with a foot shock in this way, the mouse was placed into the
apparatus and its freezing behavior was measured on subsequent testing days; decreased duration
of freezing over time indicated a decrease in contextual fear. Testing was done every 24 hours
for three days.

Novel Object Recognition Test
This test provides information about both short-term and long-term object memory in
mice. Each mouse was allowed to acclimate to the open field arena for five minutes, after which
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it was presented with two randomly selected identical objects at opposite diagonal corners of the
box for another five minutes. Objects in this test included a ball of colored tape, a centrifuge tube
filled with water, and a large plastic Lego piece. One hour after habituation to the “familiar”
object, one of the objects was replaced with a randomly selected novel object and the mouse was
allowed to interact with either item for five minutes. After 24 hours, the third unknown item
replaced the other familiar object and the mouse was recorded for another five minutes to test
long-term object memory. The arena and objects were cleaned with 70% ethanol between trials.
The mice were recorded and the duration of interaction with the familiar object and novel objects
I and II was measured by EthoVision XT software.

Statistical Analysis
Data were analyzed using Excel and values are expressed as mean + standard error.
Significances between the knockout and control group are expressed in P-values that were
calculated by student’s t-test in Excel.

RESULTS

3.1 CTNNB1 cKO mice do not have motor deficits that may interfere with behavior test
measurements.
Before proceeding with behavior assays, the Rota-Rod test was used to identify potential
problems with mobility or coordination (Figure 10). Mice with such deficits would have
difficulty staying on the rotating cylinder. Time elapsed until fall increased steadily for both
groups, from approximately two minutes on Day 1 to over four minutes on Day 12, and no
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significant differences were found between cKO (n = 10) and control mice (n = 18) on any of the
twelve days (p >> .05).

Figure 10. Time elapsed before fall from Rota-Rod apparatus was similar between cKO (n = 10)
and control mice (n = 18).
3.2 CTNNB1 cKO mice show significant deficits in social behavior compared with control
mice.
For both versions of the social interaction test, test subjects consistently preferred to
interact with a cage containing a mouse over an empty cage. Conditional knockout mice (n = 10)
interacted with the empty cage an average of 19.4 times in ten minutes, and the cage with a
mouse 31.8 times (SE ± 1.7, 3.9; p = .016). Duration of interaction averaged 43.4 seconds and
99.2 seconds for the empty and occupied cages, respectively (SE ± 6.5, 15.2; p = .0063). Control
mice (n = 18) also interacted with the occupied cage more frequently (p = 7.16E-8) and for a
longer duration (p = 1.6E-7); the difference between these parameters was more significant than
for knockout mice. In the second round of the test, control mice were significantly more likely to
interact with a novel mouse than a familiar mouse (p = .015). While this trend also held for the
CTNNB1 cKO mice, a significant difference was not found in the duration or frequency of
interaction with novel and familiar mice for the knockout group (p > .05). This suggests that
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although CTNNB1 knockout do not have deficits in social approach, they fail to show a
preference for social novelty.

***

*

***

**
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Figure 11. Social interaction test results. (A) Tracks of mouse movement in the testing arena. (B,
C) Both groups preferred interacting with an occupied cage over an empty cage. (D) Control
mice (n = 18) interacted significantly more frequently with a novel mouse than with a familiar
mouse, while cKO mice (n = 10) did not. *p < .05, **p < .01, ***p < .001; Student’s T-test.
3.3 CTNNB1 cKO mice display an increase in repetitive behaviors.
The grooming test and marble burying test were used to screen for repetitive behaviors
(Figure 12). Video recordings were analyzed; over a course of 30 minutes, knockout mice spent
an average of 6.93 minutes grooming while control mice groomed for 5.57 minutes (p = .070).
However, it became clear that much of the grooming occurred in the first five minutes and
variations during this time were mostly due to the amount of water sprayed on the mice. Both
groups spent almost the same amount of time grooming in the first five minutes (p = .97), but
when this time was excluded from the final analysis, grooming time was significantly longer for
knockout mice than control littermates (6.93 and 5.57 minutes, SE ± .43, .31, respectively; p =
.019). This suggests that CTNNB1 knockout increases repetitive behavior.

*

Figure 12. Total grooming time with first five minutes excluded. cKO mice (n = 10) spent more
time grooming than control littermates (n = 18). *p < .05; Student’s T-test.
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The marble burying test was used as a second measure of repetitive behaviors (Figure
13). Although the difference in total number of marbles buried in ten minutes was not significant
between the two groups, the knockout mice showed increased latency to first bury (first marble
buried) compared with control mice (90.9 ± 30.2, 140.4 ± 17.8, respectively; p = .046). While
this does not indicate increased repetitive behavior, it may suggest that cKO mice have higher
anxiety.

Figure 13. Marble burying latency. Control mice (n = 18) buried the first marble sooner than
cKO mice (n = 10). *p < .05; Student’s T-test.
Knockout mice performed worse on the nest building test than control mice at 1, 3, and
24 hours after the nestlet was placed into the home cage (Figure 14). This difference is most
significant at one hour (p = .032, .263, .066 for each reported time point). Lower nesting ability
has been associated with defects in the hippocampus or septum in previous studies.25, 26
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Figure 14. Nest building test results. (A) cKO mice (n = 10) received significantly lower nest
grades than control mice (n = 18). (B) Nests at 1 and 24 hours. *p < .05; Student’s T-test.
3.4 CTNNB1 cKO mice show enhanced spatial memory but slight deficits in long-term
memory and in the ability to overwrite fear memories.
For the water maze test, each mouse was trained to find the location of a submerged
platform based on four spatial cues, each located on the wall of four quadrants of the maze
(Figure 15). The quadrants are labeled northeast (NE), northwest (NW), southeast (SE), and
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southwest (SW). The mice were then recorded on test day and several parameters were measured
for both the quadrants and three different “platform zones.” Each zone was one of three
concentric circles that included an increasingly large area around the former location of the
platform. Latency to entry, duration in zone, and frequency of entry was calculated for each area.
Knockout mice consistently took less time than control mice to enter each circle,
although this difference was not statistically significant for the large zone (p = .024, .037, .19 for
small, medium, and large zones). They also spent more time in each platform zone; this was
most significant for the medium and large zones (p = .11, .027, .03). Finally, they entered each
zone significantly more frequently than control littermates (p = .012, .005, .003).
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Figure 15. Water maze results. (A) Mouse tracks on test day. (B) cKO mice (n = 10) showed
lower latency to entry into platform zones than control (n = 18). (C) cKO mice spent more time
in each zone. (D) cKO mice entered each platform zone more frequently. (E) cKO mice spent
more time in the correct quadrant than control mice did. (D) They entered the correct quadrant
more often. *p < .05, **p < .01; Student’s T-test. (Quadrant analyses done by Fengping Dong;
Dong et al., 2016).
The novel object recognition test was used to measure long-term and short-term object
memory (Figure 16). In the first round, mice were allowed to interact with either a familiar or a
novel object one hour after being introduced to the familiar one. Both control and cKO mice
showed a preference for the novel object; duration and frequency of interaction was higher for
N1 than for F (p < .05). At 24 hours after acclimation, control mice interacted more frequently
with a second novel object N2 than with N1 (p = .028), but cKO mice did not show a significant
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preference for N2 (p > .05). We concluded that while CTNNB1 knockout mice maintained
normal short-term memory, they had deficits in long-term memory.

*
*
*
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Figure 16. Novel object test results. (A) Mouse tracks. (B) cKO (n = 10) and control mice (n =
18) both preferred interacting with the novel object. (B) cKO mice did not show a significant
perference for another novel object at 24 hours. *p < .05, **p < .01; (Student’s T-test done by
Fengping Dong; Dong et al., 2016).
For the fear conditioning test (Figure 17), mice were conditioned to associate the testing
chamber (a dark box with a metal grill floor) with an electric shock. Over the following three
days, freezing time in the chamber decreased for both control and knockout mice; however, this
trend is more apparent in control mice. Overall, the knockout group had higher freezing time
than the control for all three days, although this difference was not statistically significant (p =
.39, .37, .10, respectively). The difference in freezing time between the two groups increased as
the days progressed. This suggests that cKO mice may have deficits in overwriting fear memory.

Figure 17. cKO mice (n = 18) had higher freezing times than control littermates (n = 10) in the
fear conditioning test, although this difference was not significant.
3.5 CTNNB1 cKO mice display changes in mood that accompany disorders that are often
comorbid with autism.
In the tail suspension test, immobility time (during which the mouse did not twist, curl, or
swing its paws across its midline) was measured while the animal was suspended from the
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apparatus (Figure 18). CTNNB1 knockout mice had lower immobility time (104.41 seconds)
compared to control mice (104.41 seconds), although the difference was not significant (p = .12).
We concluded that they demonstrate neither increased nor significantly decreased depressive
behaviors.

Figure 18. cKO mice (n = 10) had slightly lower immobility time than control (n = 18) in the tail
suspension test.
In order to determine anxiety, three parameters were measured for the plus maze test:
total time spent in open and closed arms, latency to entry, and frequency of entry into the arms
(Figure 19). Compared to control subjects, knockout mice entered open arms later (p = .048) and
closed arms sooner (p = .002). Both cKO and control mice spent significantly more time in
closed arms than open arms (p = 5.14E-06, 5.1-E-09 for each group, respectively); however,
there was no significant difference when duration was compared between the two groups. Both
groups also entered closed arms more frequently than open arms, but a more significant
difference between open and closed entry frequencies was seen in knockout mice (p = 5.6E-06,
.00026 for cKO and control groups, respectively). While there was no significant difference
between the two groups in open arm entry frequency (p = .74), cKO mice entered closed arms
significantly more often than control mice (p = .0093). We concluded that knockout mice
showed a greater preference for closed arms, suggesting that they have increased anxiety.
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Figure 19. Elevated plus maze results. (A) Mouse tracks. (B) Knockout mice (n = 10) entered
closed arms sooner and open arms later than control mice (n = 18). (C) Both groups entered
closed arms more frequently than open arms. (D) Both groups spent more time in closed arms.
*p < .05, **p < .01, ***p < .001; Student’s T-test.
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We focused on three parameters for the open field test to determine relative anxiety: time
spent in the center zone, time elapsed until center entry, and frequency of center entry. A lower
tendency to enter the center zone suggests increased anxiety. Knockout mice spent significantly
less time in the center compared with control littermates (p = .015), entered the center zone less
frequently (p = .048), and took somewhat longer to enter the zone for the first time (p = .18)
(Figure 20). We concluded that cKO mice exhibited more anxiety than their wild-type peers.

Figure 20. Open field test results. (A) Knockout mice (n = 10) spent less time than control (n =
18) in the center region. (B) Knockout mice showed increased latency to center zone. (C)
Knockout mice entered the center region less frequently, although this difference was not
significant. (D) Mouse tracks. *p < .05; Student’s T-test.
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CONCLUSIONS
Our behavior test findings suggest a link between CTNNB1 knockout in PV+
interneurons and the development of autism-associated phenotypes. The Rota-Rod test excluded
motor deficits as a confounding factor. Several groups of tests were conducted to screen for
social approach and novelty, repetitive behaviors, memory deficits, and changes in mood.
CTNNB1 cKO mice showed decreased social novelty behavior and somewhat increased
repetitive or stereotyped behaviors, which are two of the three core symptoms of ASD. Knockout
mice also displayed increased anxiety, which is often comorbid with autism in humans, but did
not show signs of depression in the tail suspension test. We also identified deficits in long-term
object memory and in overcoming fear memory in cKO mice; however, they demonstrated
heightened spatial memory compared to control littermates. It seems that while our mouse model
shows clear behavioral signs of ASD as well as significant changes in mood and memory, these
symptoms do not align perfectly with the current diagnosis of autism.
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Chapter 4
Discussion

Our findings demonstrate that selectively knocking out CTNNB1 in PV interneurons
results in phenotypic changes associated with autism in mice. Knockout mice show neurological
changes such as decreased neuronal activity and increased PV interneuron density in the
prefrontal cortex. It is possible that the increased number of inhibitory interneurons could
contribute to the lower neuronal activity, but this link can only be established with
electrophysiology and histology analysis. The density increase is also consistent with previous
studies that found more densely packed neurons in the postmortem brains of autistic patients.
Several core symptoms of autism were also observed, including decreased willingness to
interact with novel peers and increased repetitive behaviors, as well as heightened anxiety,
decreased ability to retain object memory and overwrite fear memories, and enhanced spatial
memory. Significant changes in depressive behaviors or motor function were not noted. We
concluded that our mouse model successfully exhibited symptoms of autism.

Limitations
Our study has an important limitation in that conditional CTNNB1 knockout mice were
not found to exhibit all the symptoms of autism. Abnormal ultrasonic vocalization, one of the
three key diagnostic criteria for mouse models of autism, was not measured for this experiment.
Additionally, the marble burying test did not corroborate the results of the grooming test in
detecting repetitive behavior; both groups buried almost the same number of marbles. We also
stained for GAD67, a GABA synthesis enzyme that has been linked to ASD and would have
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served as an important marker,27 but the antibodies were ineffective and there were no
conclusive results.
In addition, PV and CTNNB1 staining showed that CTNNB1 was not knocked out in all
PV+ interneurons, most likely because of incomplete assembly of the Cre recombinase system in
those cells. This may have influenced the results of our behavior tests and other histology
analyses. More effective gene editing (possibly using CRISPR/Cas9 instead) may have given us
an even more faithful model of CTNNB1 conditional knockout.
It is also important to note the heterogeneity of disorders like autism that involve
complex behaviors. In the first paper to describe children with autism, Leo Kanner stated that
“the eleven children whose histories have been briefly presented offer, as is to be expected,
individual differences in the degree of their disturbances, the manifestation of specific features,
the family constellation, and the step-by-step development in the course of years.”28 The same
disorder manifests differently in each individual because of differences in genetics, environment,
family history, and interactions between these factors. It may be difficult to isolate the effects of
one gene mutation, independent of other factors.

Future Directions
Despite the limitations, two core symptoms of autism and one mood disorder were
successfully detected in knockout mice. It is possible that CTNNB1 loss-of-function mutations
may account for a certain subset of autism symptoms, and that other genetic and environmental
factors are required for other symptoms to develop. Unlike diseases like schizophrenia which are
primarily genetic, ASD is known to be associated with a wide range of factors. Investigating why
some diagnostic criteria were detected while others were not, may help us understand the precise
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molecular mechanisms of CTNNB1 in inhibitory circuitry and its link to autism. In this mouse
model, testing ultrasonic vocalization and staining for a wider range of molecular markers would
allow us to better evaluate the mice for ASD.
It is also important to investigate the interaction between neurological and behavioral
changes— does CTNNB1 knockout result in increased PV interneuron density and decreased
neuronal activity, which in turn alters behavior? Or, are the neuronal and behavioral changes
independent consequences of CTNNB1 knockout?
In addition, the Wnt pathway and PV interneurons may play different roles at various
stages of neurological development. We know from current literature that synaptic pruning takes
place during early development; it would be interesting to examine the effects at different time
points after birth, of conditional CTNNB1 knockout. We could screen for ASD-associated
behaviors and increased neuronal density to identify the time at which changes start to occur.
Currently, no effective therapy or cure exists for autism. The next step for our study
would be to attempt to correct the neurological and behavioral deficits in the knockout mice
using pharmacological compounds or by administering functional copies of the gene via
lentiviruses. Experimentally establishing a link between CTNNB1 knockout and autism opens
exciting new possibilities for targeted treatments or gene therapies for patients with the disorder.
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Appendix

Supplemental Figures and Tables

Figure 1: Setup for the grooming test. Mice were sprayed with water and allowed to groom
themselves in empty cages for thirty minutes.

Figure 2: Control mice and CTNNB1 knockout mice buried approximately the same number of
marbles in the marble burying test.
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Figure 3: Grooming time during the first five minutes of the grooming test was largely
dependent on the amount of water with which the mice were misted. When the first five minutes
are analyzed separately, there is no difference between the groups. Knockout mice show
significantly higher grooming time when the first five minutes are excluded. This also helps
confirm that the difference in grooming time between the groups are not due to variations in the
amount of water sprayed.
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