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ABSTRACT OF THESIS

Evaluating Behavioral Phenotypes and FMRP Expression
in a Developmental Astrocyte-Specific Mouse Model
of Fragile X Syndrome

by
Alexandra Varallo

Master of Science, Graduate Program in Biomedical Sciences
University of California, Riverside, June 2024
Dr. Iryna Ethell, Chairperson

Fragile X Syndrome (FXS) is an inherited X-linked neurodevelopmental disorder
associated with intellectual disability, sensory processing abnormalities and is one of the
leading genetic causes of autism. FXS is a monogenic disorder caused by expansion of
CGAQG repeats in the 5'-untranslated area of the Fragile X Messenger Ribonucleoprotein 1
(FMRI) gene, leading to a loss of its product, Fragile X Messenger Ribonucleoprotein
(FMRP). Therefore, FMRI knock-out mice are utilized as mouse models of FXS that
demonstrate similar FXS-related behavioral phenotypes, including hyperactivity and
anxiety. While cell-specific mechanisms implicated in the abnormal behaviors are still
under investigation, a previous study suggested that astrocytes may contribute to these
deficits. In this study we tested the effects of astrocyte-specific deletion of FMRI gene

during postnatal day (P)14-P28 developmental period on mouse behaviors. For this, we



crossed floxed FMRI mice with GFAP-ERT2-Cre mouse line. Astrocyte-specific FMR1
deletion was induced in astrocytes with tamoxifen at P14 and behaviors were tested at
P28. We used an open field test and elevated plus maze test to measure hyperactivity and
anxiety-like behaviors. Social preference and sociability were tested using a three-
chamber test. We found that these mice exhibited FXS-associated behaviors such as
hyperactivity and anxiety-like behaviors in the open field with no sex differences. We
also observed some differences in social preference and sociability between WT and cKO
mice. Our findings suggest that timing of MR deletion from astrocytes may
differentially affect neuronal activity in different brain areas, which could explain the

difference in behavioral phenotypes.
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INTRODUCTION

Fragile X Syndrome

Fragile X Syndrome (FXS) is an inherited X-linked neurodevelopmental disorder
associated with intellectual disability, sensory processing abnormalities and is one of the
leading genetic causes of autism (Crawford, 2001). FXS is a monogenic disorder caused
by expansion of CGG repeats in the 5'-untranslated area of the Fragile X Messenger
Ribonucleoprotein 1 (FMRI) gene (Protic, 2022). Typically, healthy individuals will have
5 to 44 repeats, but individuals with FXS will have over 200 repeats (Nolin, 2006).
Categories of alleles have been established: stable normal alleles have 5-44 repeats, the
Gray Zone (intermediate) alleles have 45-54 repeats, Premutation alleles have 55-200
repeats with a ceiling of ~230, and the full mutations have over 230 repeats (Maddalena,
2001). The resulting CGG expansion causes an increase in methylation of the FMRI 5°
untranslated region (Stone, 2023). The increased methylation results in silencing of the
FMRI gene, leading to a loss of its protein product, Fragile X Messenger

Ribonucleoprotein (FMRP) (Sutcliffe, 1992).

The behavioral phenotype of Fragile X Syndrome is characterized by repetitive
behaviors, intellectual disability, hyperactivity, and increased anxiety (Penagarikano,
2007). Sensory processing abnormalities are also observed in FXS patients with
symptoms including increased seizure susceptibility, decreased habituation to repeated
auditory stimuli, and abnormal processing (Rais, 2018). In children with FXS, it is

estimated that 30% of these patients also have autism (Hagerman, 2005). The estimated



prevalence of FXS varies among sexes, affecting more males than females due to being
an X-linked disorder. FXS affects all major ethnic groups and is believed to affect an
approximate 1:4000 males and 1:8000 females in the population (Turner, 1996). Female
patients experience milder symptoms due to a compensatory mechanism by the
unaffected X chromosome, and males typically exhibit stronger phenotypes compared to
the females (Stone, 2023). A large proportion of female FXS patients have a healthy
intellect quotient; however, approximately 60% of women with FXS have mild
intellectual disability (Martorell, 2010). In a quantitative real-time polymerase chain
reaction (QRT-PCR) study on human FXS patients to detect blood FMRI levels, male
FXS patients were found to have reduced FMRI mRNA concentration compared to
females. Additionally, when correlating FMRP concentration and FMRI concentration,
while FMRI concentration and FMRP concentration were positively correlated in fully
methylated DNA from FMRI patients, some individuals still had small amounts of FMRP
despite having an FMR] expression that was outside the detectable amount during the
assay. When correlating behaviors to FMR1, they observed that increased levels of FMR]
concentration related to a higher 1Q score in females, indicating that FXS patient
behavior correlates with FMR1 (Straub, 2023). In males with FXS, there are also distinct
groups that express trace levels of FMRP and those completely lacking FMRP
expression. In fully methylated males with FXS, they found that there is no longer a
positive correlation between 1Q and FMRP. Together, these findings imply that FMRP
below a particular may not contribute to intellectual capacity (Boggs, 2022). Other

behaviors observed in male individuals with both FXS and autism include social



avoidance, lower IQ, and lower scoring of adaptive behaviors when compared to the rest
of their FXS group (Kau, 2004). By identifying the lack of FMRI expression from
inactive X chromosomes, the findings determined that FMR1 is a gene that is subject to X

chromosome inactivation (Kirchgessner, 1995).

Fragile X Syndrome Pathology

FMRP plays a critical role in neurodevelopment and regulates messenger RNA (mRNA)
transcription involves in synapse development (Protic, 2022). FXS is also characterized
by hyperexcitability resulting from the loss of FMRP inducing channelopathies.
Abnormalities associated with FMRP loss include changes in action potential firing
through dysfunctional cation channel regulation, AMPA/NMDA receptors, and
neurotransmitter release (Deng, 2021). FMRP loss leads to an imbalance of long term-
depression (LTD) and long-term potentiation (LTP), resulting in deficits in synaptic
plasticity (Pfeiffer, 2009). A reduction in FMRP disrupts excitation and inhibition balance
in the brain through an increase in glutamate receptor expression (Protic, 2022). The
absence of FMRP also results in dysregulated glutamate receptor function by
upregulating mGluR-mediated long-term depression (LTD) (Ligsay, 2016). Along with a
disruption in glutamate receptor activity, there is implicated dysregulation in GABAergic
function and reduced inhibition in patients with FXS (D’Hulst and Kooy, 2009).
GABAA-receptors play a role in regulating excitation, resulting in the modulation of
behaviors that are disrupted in FXS such as anxiety, cognition, and learning (Sieghart,
1999). The loss of FMRP disrupts GABAA-receptor activity, resulting in a decrease in

GABAA-receptor-mediated tonic inhibition (Deng, 2022). Another consequence of FMRP
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loss is reduced expression of GABA receptor subunits. These findings imply that FMRP
potentially plays a role in the localization of GABA subunits, and decreased expression
could perturb the regulation of inhibition resulting in an abnormal behavioral phenotype
(D’Hulst, 2006). In a study evaluating women who are FXS premutation carriers, there
are alterations in GABAA-receptor activity resulting in reduced cortical and afferent
inhibition (Conde, 2013). FMRP is also known to regulate synaptic transmission, and the
loss of FMRP leads to structural abnormalities such as decreased dendrites and abnormal

dendritic spines which could alter synaptic transmission (Salcedo-Arellano, 2020).

Frontal Cortex, Hippocampus, and Auditory Cortex in Fragile X Syndrome

The reduction in FMRP levels results in abnormal neuroanatomy in developing
adolescents with FXS compared to their healthy counterparts (Sandoval, 2018). The loss
of FMRP contributes to the dysfunction of the hippocampus (Bostrom, 2016). The human
hippocampus is associated with complex cognitive functions such as memory formation,
learning, and emotional behaviors (Deng, 2010). In the hippocampus of FMRI KO mice,
there was an observed increase in metabotropic glutamate receptor-mediated LTD,
suggesting these protein-regulated synaptic plasticity processes are disrupted (Huber,
2002). In the dentate gyrus (DG), FMRI KO mice exhibited increased spine density
throughout development and an abundance of thin, immature spines (Grossman, 2010).
Induced abnormalities of spine density in the hippocampus may also contribute to these
behavioral and cognition deficits observed in FXS patients (Bostrom, 2016). The
prefrontal cortex (PFC) is a brain area that processes executive function and inputs from

multiple brain regions (Hathaway, 2023). In FXS, we see abnormal behavior such as
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social phobia and attention deficits which are commonly associated with dysfunctions in
the prefrontal cortex (Reiss, 2007). Frontal cortex morphological abnormalities
associated with FXS include an increase in medial prefrontal cortex (mPFC) spine
density and abnormal spine length in the FMRI KO compared to the WT (Liu, 2011).
Similarly, in autism spectrum disorder (ASD), cortical projection neurons were found to
have an abundance of dendritic spines, and this morphological change is believed to
impact cortical connection (Hustler, 2010). Another symptom observed in FXS patients is
enhanced cortical excitability. In EEG studies conducted on FXS patients, some
abnormalities in cortical connectivity include increased gamma power and 50% of the
FXS patients having gamma power levels that were significantly increased above healthy
individuals. These EEG studies demonstrate that in the alpha and beta bands, there is
decreased long-range functional connectivity. In contrast, in the gamma band, there is
enhanced short-range connectivity (Wang, 2017). FXS patients also face difficulties
habituating to repeated stimuli, and in an EEG study, these patients exhibited decreased
N1 suppression when presented with repeated stimuli. This includes a reduced ERP
amplitude and low-frequency phase-locking. Along with the decreased N1 response, the
patients demonstrated increased gamma power along with reduced gamma phase locking,
which could contribute to sensory processing abnormalities (Ethridge, 2016). These
findings together verify that in FXS patients, there is increased cortical excitability and

hypersensitivity.



Mouse Models of Fragile X Syndrome and Behavior Testing

The Dutch-Belgian Fragile X Consortium first introduced the FMRI knock-out mouse
model in 1994. This mouse model is a global knock-out of FMRI and lacks FMRP.
FMRI knock-out mice are utilized as mouse models of FXS that demonstrate similar
FXS-related behavioral phenotypes, including hyperactivity and other neuronal

alterations (THE DUTCH-BELGIAN FRAGILE X CONSORTHIUM, 1994).

Due to the aberrant behavior of the Fragile X mouse model, multiple behavior tests are
used to assess anxiety-like behaviors, hyperactivity, and social impairment, which are
characteristics also observed in the human model. The Open Field Test is a behavioral
assessment that measures locomotor activity to verify hyperactive behaviors as well as
anxiety-like behaviors. Thigmotaxis is the peripheral area of the arena closest to the
surrounding walls. The Open Field is the inside of the arena that excludes thigmotaxis.
Variables measured in this test include velocity in the whole arena and thigmotaxis,
distance in the whole arena and thigmotaxis, and the percent time spent in the open field
compared to thigmotaxis (Seibenhener, 2015). Normally mice spend more time in the
thigmotaxis than in the center of the open field. Mice that show hyperactivity may run
more across the open field. Another behavioral assessment for autism-like behaviors is
the Elevated Plus Maze test. This test consists of a cross-shaped arena with two open
arms and two closed arms surrounded by walls. The entire arena is lifted 1 meter off the
ground. Variables measured in this test are the percent time spent in closed arms, % time
spent in open arms, and velocity in the whole arena (Kraeuter, 2018). Mice usually prefer

to spend more time in the closed arm. Another behavioral assessment to test impairments
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in sociability is the Social Novelty Test. During this test, the variables measured are time
spent with the stranger mouse versus the empty chamber to test for Sociability. Normally
mice spend more time with the stranger mouse over the empty cup, demonstrating social
motivation as indicated by Sociability. Another variable measured is the time spent with a
novel mouse over a now familiar mouse to test Social Novelty Preference. Normally mice
spend more time with the second stranger versus the now-familiar mouse. This behavior
in normal mice is explained by the experimental mouse’s social memory of the familiar
mouse then demonstrating a preference for interaction with the novel subject. The time
spent with Stranger 1 versus Stranger 2 provides a measurement of the preference for
novelty versus familiarity in a social scenario. Overall, this assessment tests for social
motivation, social memory, and preference for novelty (Kaidanovich-Beilin, 2011).
Together, these are some of the tests used to assess behavioral impairments in the Global

FMR ] Knock-Out mouse model.

Role of Astrocytes

Astrocytes are glial cells that play an important role in maintaining homeostasis and
regulating synaptic transmission and plasticity. Synaptic plasticity contributes to the
encoding of and response to stimuli and is mediated by long-term potentiation (LTP) and
long-term depression (LTD) (Yong, 2020). Glial cells are one of the major brain cell
groups, and astrocytes make up a significant portion of the glial cell population (von
Bartheld, 2016). Astrocytes form intercellular networks through their gap junctions,
contributing to cognition and synaptic transmission (Hosli, 2022). Astrocytic glutamate

transporter 1 (GLT1) is a plasma membrane transporter for glutamate, and GLT1 is

7



widely expressed in astrocytes to mediate glutamate homeostasis (Danbolt, 2001). GLT1
plays an important role in regulating glutamate, and a deficiency of GLT1 in astrocytes is

associated with excess extracellular glutamate, contributing to neurotoxicity (Tanaka,

1997).

Astrocytic Pathologies in Fragile X Syndrome

While previous research around FXS has been primarily neuronal-focused, glial cells
such as astrocytes are also an area of interest in Fragile X Syndrome. Abnormal astrocytic
function is implicated in the pathology of neurodevelopmental disorders such as Fragile
X Syndrome (Fernandez-Blanco, 2020). Astrocytes regulate the formation of inhibitory
synapse formation (Elmariah, 2005) and glutamate uptake to regulate homeostasis
(Verkhratsky, 2017). In addition to maintaining support and homeostasis, disruption of
astrocytes leads to dysregulation of synapse formation and transmission (Liu, 2021). The
loss of astrocytic FMRP results in disrupted GLT1 and reduced glutamate uptake, leading
to increased neuronal excitation observed in FXS symptomology (Higashimori, 2013).
Previous research shows that a conditional astrocyte-specific deletion of FMRI in vivo
disrupted excitatory transmission by dysregulating astrocytic GLT1 and glutamate
reuptake (Higashimori, 2016). The disruption of astrocytic glutamate transporter function
leads to a pathological excess of glutamate, resulting in the perturbation of excitation-
inhibition balance (Schousboe, 2005). The loss of astrocytic FMRP is found to induce

cortical hyperexcitability by enhancing NMDAR-mediated evoked mEPSCs (Jin, 2020).



A co-culture paradigm found that hippocampal neurons cultured with Fragile X mouse
astrocytes exhibited a reduction in both pre- and postsynaptic protein aggregates and
aberrant dendritic morphology compared to those cultured with wild-type astrocytes
(Jacobs & Doering, 2010). In astrocyte specific FMRI KO mice, after 1 month of
development, the mice were found to have elevated dendritic spine formation that is
believed to contribute to behavioral abnormalities (Hodges, 2017). A previous co-culture
study showed that WT hippocampal neurons in contact with FMRP deficient astrocytes
resulted in aberrant neuronal development with increased dendritic spine formation. The
same study also demonstrated that a separate culture of FXS neurons grown on WT
astrocytes resulted in a partial rescue of the abnormal morphology (Jacobs, 2010). In a
FMRI KO mouse model, there is an overabundance of long, thin dendritic spines,

suggesting dysregulation of the synaptic pruning and maturation processes (Irwin, 2000).



MATERIALS AND METHODS

Mice

This project utilizes astrocyte-specific deletion of FMR1 in mice. To achieve the
developmental cell-specific deletion, we used a model generated from floxed FMRI mice
crossed with GFAP-ERT2-Cre mice. This allows for the deletion of FMRI in astrocytes
under the Glial Fibrillary Acidic Protein (GFAP) promoter. In this project, Wild-Type
(WT) and Conditional Knock-Out (cKO) males and Heterozygous (HET) and
Conditional Knock-Out (cKO) females were evaluated to assess sex differences in FMRP
expression in the astrocyte specific FMR1 deletion model. Wild-Type (WT) mice were
used as a control while Heterozygous (HET) mice were used to assess the possible effects
of a single allele on the resulting phenotypes. The mice were bred with WT male and
cKO female or WT male and HET female pairs to achieve mixed HET, WT, and cKO
litters. Prior to testing, mice were housed in an [ACUC-compliant vivarium in the
Multidisciplinary Research Building of the University of California, Riverside. Mice
were housed with same sex littermates in up to five mice per cage. The room of the
vivarium was humidity and temperature controlled with a 12-hour light/dark cycle. The

mice had ad libitum access to food and water and were fed with standard mouse feed.

Postnatal Astrocyte-Specific Knock-Out of FMRP

From P14-P18, the mice received 0.1 mL injections of tamoxifen solution
intraperitoneally for 5 consecutive days at the same time each day. The tamoxifen

solution is made from 0.25 grams of tamoxifen powder in 1:9 ethanol/sunflower seed oil
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solution. At P21, after the tamoxifen had been metabolized from the mice’s system, the
pups were weaned from their parents and housed in new cages. Mice were housed with
their littermates of the same sex in up to five mice per cage. After weaning, mice were
anesthetized under an isoflurane and oxygen mixture and received numbered ear tags for
identification. While still under anesthesia, tail tissue was collected and immediately
placed on ice for genotyping through a third-party organization, Transnetyx, to confirm
the genetic knock-out. Following tail tissue collection, the mouse’s tail was coated in
veterinary-grade coagulant at the wound site to stop the bleeding. The mouse was

returned to the home cage and undisturbed to allow for recovery.

Behavior Testing and Tissue Collection

Prior to behavior testing, mice were housed in an TACUC-compliant vivarium with same
sex littermates up to 5 mice per cage. Behavior testing was performed at P27-P29, and
brains were collected the day of behavior testing. On testing days, mice would be tested
for behavior between 7 AM and 2 PM. Prior to testing, cages would be brought from the
vivarium to the behavior testing room, and the mice habituated in their home cage for 30
minutes in the behavior room prior to behavior testing. Mice were tested individually in
each arena then placed in a cage separate from mice that have not yet undergone testing
to prevent biasing results. Following behavior testing, mice were euthanized with
isoflurane and was confirmed by toe pinches with increased pressure. Female mice used
for tissue collection but not used for histochemical analysis and were euthanized with
isoflurane. Euthanasia was confirmed with cervical dislocation. Brains without td-Tomato

were collected after behavior for immunohistochemical analysis of FMRP levels, GS
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expression, and DAPI expression, and brains with td-Tomato were collected to assess

astrocytic expression.

Experimental Groups for Analysis

The experimental groups evaluated in this study were WT males, HET females, and
astrocyte-specific cKO males and females. When WT males and HET females were
observed to have similar behavioral phenotypes, these groups were combined for the
Two-Way ANOVA analysis of behavior testing. When assigning experimental groups, the
cKO were further divided into two groups for analysis based on level of Cre expression.
Cre expression was given as a numerical value through Transnetyx genotyping.
Astrocytic cKO mice with High Cre signal were designated as the cKO group, while cKO
mice with Low Cre signal were found to express WT-like behavioral phenotypes and
were categorized as a separate cKO group. The level of Cre expression was divided by
having a Cre signal of 1 — 5 be defined as the Low Cre cKO group and a Cre signal of 5 —
10 be defined as the High Cre cKO group. The Low Cre cKO group has 1 copy of Cre

while the High Cre cKO group has 2 copies of Cre.

Behavioral Testing

Open Field Test

Anxiety-related behavior and locomotive activity was measured using the Open Field
Test in the cKO mice. This test would serve as the first test in the behavioral test battery
for the cKO mice and the mice did behavior testing between 7 AM and 2 PM. Prior to
testing, the cages were moved to the experimental room for habituation 30 minutes before

12



the behavior testing began. The mice always performed the Open Field Test before
Elevated Plus Maze. The open field arena had a base made of a single opaque transparent
sheet, and the walls consisted of acrylic sheets completely covered in white paper. The
arena was a 72 x 72 cm size and stood at 50 cm tall. The arena is placed in a brightly lit
room. The mice were allowed to freely explore the open field arena for 10 minutes while
being digitally recorded from above the arena using the software iSpy. Before and after
testing and between each mouse, the floor of the maze was cleaned with 3% acetic acid,
70% ethanol, and water to eliminate odor trails and to clean urine and fecal matter. For
the analysis, the software TopScan Lite (Clever Sys., Inc., VA) was used

(RRID:SCR _014494). When defining the areas of the arena, the base of the arena was
divided into a 4x4 grid. The outer squares then had the outer 4 cm of the square sectioned
off to be defined as the area measuring thigmotaxis during the test. The center of the
middle 4 squares in this grid was defined to be the center of the arena. When creating the
arena for analysis in TopScan Lite (RRID:SCR_014494), the regions of the square were
defined by proximity to the center and analysis was done for each of these areas
individually and the whole arena. The mouse was recorded for 10 minutes uninterrupted,
and the analysis was done for the first 5-minute interval, the last 5-minute interval, and
the entire 10-minute period. During the testing and analysis, the experimenter was blind
to the condition of the test. The distance and velocity traveled in the entire arena was
analyzed as well as the tendency for the mouse to remain in thigmotaxis. These were
proxy measures for anxiety. The software GraphPad Prism 10 was used to perform

statistical analysis on the parameters of interest (RRID:SCR_002798).
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Elevated Plus Maze

The Elevated Plus Maze is an elevated arena with 4 arms forming a plus arrangement.
This test would serve as the second test in the behavioral test battery for the cKO mice
and the mice did behavior testing between 7 AM and 2 PM. This test was always
performed after the Open Field Test and before the Social Novelty Test. Each of the arms
was 10 cm wide x 30 cm long, and the entire arena was elevated 1 meter off the ground.
Two opposing arms do not have walls (defined as open arms) and the other two opposing
arms had 15 cm tall walls (defined as closed arms). During analysis, the very center of
the maze where the arms converged was defined in the closed arm segment. The mice
freely explored the arena for 10 minutes while being digitally recorded from above the
arena with the software iSpy. Before and after testing and between each experimental
mouse, the floor of the maze was cleaned with 3% acetic acid, 70% ethanol, and water to
eliminate odor trails and to clean urine and fecal matter. Throughout the duration of the
experiment, the experimenter was seated behind a black screen to prevent being seen by
the experimental mice. The analysis was performed using TopScan Lite (Clever Sys.,
Inc., VA) (RRID:SCR_014494). The mouse was recorded for 10 minutes, and analysis
was performed for the first 5-minute period, the second 5-minute period, and the entire
10-minute period. During the testing and analysis, the experimenter was blind to the
condition of the test. When creating the arena for analysis on TopScan Lite

(RRID:SCR _014494), the closed arms were defined as the parts of the arena enclosed by
the walls and the center of the arena where all 4 arms converge. The open arms were

defined only as the arms that didn’t have the wall. The distance and velocity traveled in
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the both the open and closed arms was analyzed as well as the numbers of bouts between
the open and closed arms. Locomotive activity was measured using the amount of
distance traveled in the entire arena, the velocity in the entire arena, and the number of
bouts between the open and closed arms. The amount of time spent in the open versus the
closed arms was used as a measure for anxiety in the test subjects. The software
GraphPad Prism 10 was used to perform statistical analysis of the data collected on the

parameters of interest (RRID:SCR_002798).

Social Novelty Test

The Social Novelty Test was used to assay sociability and social memory with novel
mice. This test would serve as the third test in the behavioral test battery for the cKO
mice and the mice did behavior testing between 7 AM and 2 PM. This test was always
performed last following the Elevated Plus Maze. The arena used for the test was a
rectangular box made of Plexiglas. The rectangular box contained three adjacent
chambers of the same size, 19 cm x 45 cm. The walls of the chambers are 30 cm in
height. The transparent outer walls of the Plexiglas were covered with white paper while
the bottom of the arena was transparent. The left and right chambers are separated from
the middle chamber by a removable divider wall. Removal of these divider walls would
allow the test subject to freely roam all three chambers. Inside both the left and right
chambers, there is a wire cup. At the beginning of the test, the experimental mouse is
placed in the middle chamber with the divider walls preventing access to the left and
right chambers. The mouse is allowed to habituate for 5 minutes in the middle chamber

before the start of the tests. In the first session, a second mouse (Stranger 1 (S1)) is
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placed into one of the wire cups in the left or right chamber. The chamber that would hold
S1 is randomly determined and changed between the trials of experimental mice. The
wire cup in the opposite chamber would remain empty for the first session. The divider
walls are removed, and the experimental mouse is allowed to explore the three chambers
for 10 minutes. During this time, the mouse is digitally recorded from above using the
software 1Spy. During the second session, a second new mouse (Stranger 2 (S2)) is placed
in the empty wire cup in the opposite side of the Stranger 1 chamber. For the second
session, Stranger 1 is defined as the familiar mouse and remains in its original chamber
while Stranger 2 is defined as the novel mouse. The experimental mouse is allowed to
freely explore the three chambers for 10 minutes. During this time, the mouse is digitally
recorded from above using the software iSpy. Before and after testing and between each
mouse, the floor of the maze was cleaned with 3% acetic acid, 70% ethanol, and water to
eliminate odor trails and to clean urine and fecal matter. The experimenter was seated
behind a black screen to prevent being seen by the experimental mice. For the analysis,
the software TopScan Lite (Clever Sys., Inc., VA) was used (RRID:SCR _014494). When
creating the digital arena to perform the analysis, the first and second 10-minute sessions
are analyzed separately. In the first session, the middle chamber is defined as the
Habituation Zone, the chamber containing Stranger 1 is defined as S1 Zone, and the
chamber with the empty wire cup is defined as the Empty Zone. The area surrounding the
wire cup on both the S1 chamber and the empty chamber is defined as “S1 Close” and
“Empty Close” to differentiate the area closest to the wire cups that would indicate

interaction. In the second session, the middle chamber is defined as the Habituation Zone,
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the chamber containing Stranger 1 is defined as S1 Zone, and the chamber containing
Stranger 2 is defined as the S2 zone. The area surrounding the wire cup on both the S1
chamber and the S2 chamber is defined as “S1 Close” and “S2 Close” to differentiate the
area closest to the wire cups that would indicate interaction. During the analysis, the
mouse was tracked by the position of its nose, and the time spent in Empty Close, S1
Close, and S2 Close was considered for the calculations made in the analysis. In the first
session, the parameters measured are the duration and percentage of time spent in the
Habituation Zone, S1 Zone, and Empty Zone. The sociability index is calculated by
(Time in S1 Chamber/ (Time in S1 Chamber + Time in Empty Chamber)). This is used to
determine the preference of the experimental mouse to be with the stranger mouse over
the habituation chamber and the empty chamber. If the value of the sociability index is >
0.5, this indicates that the experimental mouse spends more time in the S1 chamber
compared to the empty chamber. If the value of the sociability index is < 0.5, this
indicates that the experimental mouse spends more time in the empty chamber compared
to the S1 chamber. If the value of the sociability index is 0.5, this indicates that the
experimental mouse spends an equal amount of time in the S1 and empty chambers. A
social novelty preference index is calculated by (Time in S2 Chamber/ (Time in S1
Chamber + Time in S2 Chamber)). This is used to determine the preference of the
experimental mouse to be with the novel mouse over the now familiar mouse. If the value
of the social novelty preference index is > 0.5, this indicates that the experimental mouse
spends more time in the S2 chamber compared to the S1 chamber. If the value of the

social novelty preference index is < 0.5, this indicates that the experimental mouse
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spends more time in the S1 chamber compared to the S2 chamber. If the value of the
social novelty preference index is 0.5, this indicates the experimental mouse spends an
equal amount of time in the S2 and S1 chambers. The software GraphPad Prism 10 was
used to perform statistical analysis of the data collected on the parameters of interest

(RRID:SCR_002798).

Tissue Collection

Transcardial Perfusions

Tissue was collected from mice during P27 — P29 immediately following behavior
testing. Mice were euthanized using isoflurane administration in a glass jar. Three toe
pinches on each foot were used to confirm euthanasia. Transcardial perfusion was
performed with 30 mL of ice cold 1X Phosphate-buffered saline (PBS) to flush blood
from the circulatory system. This was followed by transcardial perfusion with 30 mL of
4% paraformaldehyde (PFA) to fix the brain. Following the perfusion, the brain was
dissected then fixed for an additional 2 hours in 5 mL of ice cold 4% PFA and stored in a
4-degree Fahrenheit refrigerator for the post-fixing process. After fixing with PFA, the
brain was stored in a foil-covered tube containing 1X PBS. The tissue was stored in PBS

in a 4-degree Fahrenheit refrigerator prior to immunostaining.

Brain Slicing

Prior to brain slicing, brains were stored at 4 degrees Celsius in 1x PBS and covered in
foil. For the FMRP and GS co-stained sample image, brains were sliced into 100 pm
slices using a vibratome. The brains were embedded in 8% agarose and left to harden
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before being mounted on the vibratome. Slicing took place in 1X PBS solution, and slices
were carefully handled with a thin paintbrush and stored in a well plate filled with PBS

before staining and mounting.

For FMRP staining alone protocol, brains were also sliced into 50 pum slices using a
cryostat. Prior to slicing, brains underwent a 1-hour post-fix in 4% PFA following
dissection. After the post-fix, the brains were transferred to a 30% sucrose solution and
given 24 hours for the brain to sink. After the brains sink, the brains were flash-frozen in
isopentane on dry ice then stores in -80-degree Celsius until slicing. Slices collected from
the cryostat were transferred to a well plate containing fresh PBS and then placed in a 4-

degree refrigerator for short-term storage until staining.

Immunohistochemistry

Immunohistochemistry was performed to stain for Fragile X Messenger
Ribonucleoprotein (FMRP). 50 and 100 pum slices containing frontal cortex (FC),
hippocampus (HPC), and auditory cortex (AuC) were used in the stain. Each wash would
be 200 pL per well for blocking buffer and antibodies, and washes with PBS, PFA, and
Phosphate-Buffered Saline with Triton-X (PBST) will be performed with 500 pL per
well. Immunohistochemistry was performed with free floating slices in a well plate at
room temperature in a dim room. Photo-sensitive steps of the stain would take place with
the well-plate covered in foil to protect the samples from exposure to ambient light in the
histology room. Antibodies used in the staining process will be diluted in PBST. Washes

and incubation with permeabilization buffer were performed with 1X PBST buffer made
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from 1X PBS with 0.5% Triton-X 100. The slices are first incubated with blocking buffer
made from 10% goat serum with 1 drop of Avidin per 2 mL in PBST for an hour.
Following this step, the slices would be incubated with a Biotin PBST block made from 1
drop Biotin per 4 mL of PBST for 15 minutes at room temperature. Following this step,
the slices were incubated with primary antibody (Mouse anti-FMRP) at a 1:1000 dilution
for 48 hours at 4 degrees Celsius. After the incubation, the slices would be washed with
PBST at room temperature then incubated with the secondary antibody (Goat anti-Mouse
Biotin) at a 1:1000 dilution overnight at 4 degrees Celsius while wrapped in aluminum
foil. After this incubation, the slices would be incubated with Streptavidin Cy5 at a
1:1000 dilution for 2 hours at room temperature. The slices are then washed with PBST
and PBS at room temperature. After the washes following secondary antibody incubation,
the slices are mounted onto charged slides with mounting media with DAPI. The stained
slides are stored in containers to prevent light exposure in a 4 degrees Celsius
refrigerator. Immunohistochemistry was always performed with fresh solutions made the

day of experimentation.

Immunohistochemistry was also used to perform a co-stain for glutamate synthase (GS)
and FMRP as seen in the sample image of a P28 KO mouse hippocampus. To achieve this
co-stain, the slices were post-fixed, stained for FMRP, post-fixed, stained for GS, then
mounted. Slices were sliced on the vibratome into 100 pum slices and washed in a well
plate with two slices per well. Each wash would be 200 puL per well for blocking buffer
and antibodies, and washes with PBS, PFA, and Phosphate-Buffered Saline with Triton-X

(PBST) will be performed with 500 pL per well. Immunohistochemistry was performed
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at room temperature in a dim room. Photo-sensitive steps of the stain would take place
with the well-plate covered in foil to protect the samples from exposure to ambient light
in the histology room. Antibodies used in the staining process will be diluted in PBST.
Prior to staining, slices were post-fixed on ice in 4% PFA for 30 minutes. Washes and
incubation with permeabilization buffer were performed with 1X PBST buffer made from
1X PBS with 0.5% Triton-X 100. The slices were incubated with Biotin PBST block.
Following the block, the slices were incubated with the primary antibody (Mouse anti-
FMRP) at a 1:200 dilution for 48 hours at 4 degrees Celsius. After primary antibody
incubation, the slices would undergo incubation with the secondary antibody (Goat anti-
FMRP) at a 1:200 dilution overnight, and the well-plate will be covered with aluminum
foil. The following day, the slices will be incubated with Streptavidin CyS5 at a 1:200
dilution for 2 hours. Following the washes after the Streptavidin incubation, the slices
would undergo a second post-fix in PFA on ice for 30 minutes to prepare for the GS stain.
During the second-post fix, the plate was covered in foil to protect the slices from
ambient light. The slices were incubated with permeabilization buffer for 30 minutes then
incubated with blocking buffer for 1 hour at room temperature in the dark. After the
blocking buffer, the slices are incubated with primary antibody (Anti-GS (Rabbit)) at a
1:500 dilution at 4 degrees Celsius overnight. The following day, the slices will be
incubated with secondary antibody (Donkey anti-Rabbit) at a 1:500 dilution at room
temperature for 2 hours. After the washes following secondary antibody incubation, the

slices are mounted onto charged slides with mounting media with DAPI. The stained
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slides are stored in containers to prevent light exposure in a 4 degrees Celsius

refrigerator. Immunohistochemistry was performed with fresh solutions.

Confocal Microscopy

Images of the brain slices were taken using a confocal Zeiss 880 Inverted Microscope.
Confocal images were taken with coronal slices from the frontal, middle, and caudal
sections of the brain. The frontal slices contained frontal cortex (FC), the middle slices
contained CA1 hippocampus (HPC), and auditory cortex (AuC). Images of td-Tomato
astrocytic expression and FMRP expression were captured with 5x objectives for tiled
slice images and 20x objectives for representation of specific brain areas. Tiles images
were taken at 5x and included stacks of 10 um thickness. These tiled images were taken
to give a representative image of the brain slices and areas we further examined. Images
taken at 20x were taken with z-stacks of 2 um intervals with a stack thickness of 10 pm.
Images were acquired under identical conditions, and each slide corresponding to an
animal contained 2 slices from each brain region. For the representative image taken with
the FMRP, GS, and DAPI stain, this image was acquired with 20x objectives. These
representative images were taken with a z-stack of 2 um intervals with a stack thickness
of 10 um. The image was saved as a .tif file, and I proceeded to compress the z-stack,
make a composite image, and brighten the colors. The program used to compress the

composite image and make adjustments was ImageJ (Schindelin, 2012).
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Statistical Analysis

Statistical analysis of behavior was conducted using GraphPad Prism 10

(RRID:SCR _002798). The first comparisons made were between the WT males and KO
males and then between the HET females and KO females. This data was analyzed with
an unpaired t-test, and the data represents the mean and standard error of the mean
(SEM). A Two-Way ANOVA followed by a Tukey multiple-comparison post-test was
performed to assess potential sex and genotype interactions in the Open Field Test,
Elevated Plus Maze Test, and Social Novelty Test. However, the Two-Way ANOVA
demonstrated there were significant interactions with genotype-based differences but not
for sex differences or sex x genotype interactions for the KO. For further analysis, a One-
Way ANOVA followed by a Tukey multiple-comparison post-test was performed to
compare genotype differences. Due to the lack of sex differences observed by the Two-
Way ANOVA followed by Tukey multiple-comparison post-test, the male and female
cKO groups were combined to create an overall cKO group to compensate for a smaller n
value in the individual groups. This would allow for a robust, comparable n value to the
WT and HET groups and more comparable numbers across the different genotype
groups. In the One-Way ANOVA, we compared WT males, HET females, the low Cre

cKO group and the combined High Cre cKO group in all 3 tests.
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RESULTS
Cre Signal Distribution in the cKO Groups

Cre signal is one of the variables used to determine the experimental groups. The Cre
signal was provided as a numerical value through Transnetyx and was measured in the
Conditional Knock-Out in both the Male and Female groups. The Knock-Out group for
both sexes was further divided into a High Cre ¢cKO and Low Cre cKO group. In both the
Male and Female group, there is a significant difference between the High Cre cKO
group and the Low Cre cKO group with the High Cre cKO group having a greater Cre

signal (Figure 1).

Male ¢KO Cre Signal Female cKO Cre Signal
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Figure 1. Graphs show Cre signal in the Low Cre cKO and the High Cre cKO for the
males and females. A substantial difference in Cre signal is observed between the Low
Cre cKO and the High Cre cKO group in both the Males and Females. (Male High Cre
cKO n =9, Male Low Cre cKO n = 11, Female High Cre cKO n = 10, Female Low Cre
cKOn=9; *P <0.05; **P <0.01; ***P <0.001; ****P <(.0001; t-test).
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Open Field Test

Measurements of hyperactivity were evaluated in the Open Field Test. One variable
considered is Distance in the Whole Arena. To evaluate potential sex differences, the
cKO was compared to the WT and HET groups in the males and females. In the Male
Group, during the 5 — 10 min time interval and whole 10 min intervals, the cKO group
traveled more distance compared to the WT group. However, this difference was not
observed in the 0 — 5 min interval (Figure 2A). In the Female Group, differences were
observed in the 0 — 5 min, 5 — 10 min, and the whole 10 min intervals. The ¢cKO group
traveled more distance compared to the HET group at all time points (Figure 2B).
Differences were also assessed across the different genotypes. During the 0 — 5 min
interval, the High Cre cKO traveled a more distance compared to the HET group. During
the 5 — 10 min interval, the High Cre cKO also traveled more distance compared to the
WT, HET, and Low Cre cKO group. However, there were no differences between the

WT, HET, and Low Cre cKO groups (Figure 3).
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Figure 2. (A-B) Graphs describe measurements of hyperactivity in the Open Field Test
(OFT). A. Distance in Whole Arena in the Open Field in Males. Observed differences
between WT and cKO (High Cre cKO) group in 5 — 10 min and full 10 min intervals.
cKO demonstrated increased hyperactivity compared to the WT. No differences were
observed in the 0 — 5 min interval. B. Distance in Thigmotaxis in the Open Field in
Females. Observed differences between HET and cKO at all time points. cKO
demonstrated increased distance traveled in the whole arena compared to WT (WT n =
29, HET n = 34, Male cKO n =9, Female cKO n = 11; *P < 0.05; t-test).

26



0-5min 5-10 min Full 10 min
Distance Whole Arena Distance Whole Arena Distance Whole Arena

10000
8000
6000

4000

Distance, mm

2000

Distance, mm

0-

Figure 3. Graphs describe measurements of hyperactivity in the Open Field Test (OFT).
Observed differences between the Heterozygous females and the High Cre cKO group in
0 — 5 min interval. The High Cre cKO group demonstrated increased hyperactivity
compared to the HET group. Observed differences between the WT and the High Cre
cKO, the HET and the High Cre cKO, and the Low Cre cKO and the High Cre cKO. The
High Cre cKO group demonstrated increased hyperactivity compared to all 3 other
groups in the 5 — 10 min interval of the test. Overall, in the full 10 min duration of the
task, there were differences between the HET and the High Cre cKO (WT n =29, HET n
= 34, Male High Cre cKO n =9, Female High Cre cKO n = 11; Male Low Cre cKO n =
9, Female Low Cre cKO n =9; *P <0.05; **P <0.01; One-Way ANOVA followed by
Tukey multiple-comparison post-test).
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Measurements of hyperactivity were evaluated in the Open Field Test. Another variable
considered is Distance in Thigmotaxis. To evaluate potential sex differences, the cKO
was compared to the WT and HET groups in the males and females. In the Male Group,
during the 0 — 5 min time interval and whole 10 min intervals, the cKO group traveled
more distance compared to the WT group. However, this difference was not observed in
the 5 — 10 min interval (Figure 4A). In the Female Group, differences were observed in
the 0 — 5 min interval. However, this difference was not observed in the 5 — 10 min or full
10 min interval. The cKO group traveled more distance in thigmotaxis compared to the
HET group in the 0 — 5 min interval (Figure 4B). Differences were also assessed across
the different genotypes. There were no differences observed between the WT, HET, Low
Cre cKO, and High Cre cKO at any of the time intervals. This indicates no significant

difference in this measure of hyperactivity across genotypes (Figure 5).
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Figure 4. (A-B) Graphs describe measurements of hyperactivity in the Open Field Test
(OFT). A. Distance in Thigmotaxis in Males. Observed differences between WT and cKO
(High Cre cKO) group in the 0 — 5 min and full 10 min intervals. cKO demonstrated
increased hyperactivity compared to the WT. No differences were observed in the 5 — 10
min interval. B. Distance in Thigmotaxis in Females. Observed differences between HET
and cKO in the 0 — 5 min interval but not the 5 — 10 or full 10 min intervals. The cKO
demonstrated increased distance traveled in the whole arena compared to HET (WT n =
29, HET n = 34, Male cKO n =9, Female cKO n = 11; *P < 0.05; t-test).
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Figure 5. Graphs describe measurements of hyperactivity in the Open Field Test (OFT).
A. Distance in Thigmotaxis in the Open Field in Males. Observed no differences between
groups in the 0 — 5 min, 5 — 10 min, and full 10 min intervals. Indicates no significant
differences in this measure of hyperactivity between the different genotypes (WT n = 29,
HET n = 34, Male High Cre cKO n =9, Female High Cre cKO n = 11; Male Low Cre
cKO n =9, Female Low Cre cKO n =9; One-Way ANOVA followed by Tukey multiple-
comparison post-test).
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Measurements of hyperactivity were evaluated in the Open Field Test. Another variable
considered is Velocity in the Whole Arena. To evaluate potential sex differences, the cKO
was compared to the WT and HET groups in the males and females. In the Male Group,
during the 5 — 10 min time and whole 10 min intervals, the cKO group traveled at a
higher velocity compared to the WT group. However, this difference was not observed in
the 0 — 5 min interval (Figure 6A). In the Female Group, differences were observed in the
0 — 5 min, 5 — 10 min, and the full 10 min intervals. The cKO group traveled at a higher
velocity compared to the HET group at all time points (Figure 6B). Differences were also
assessed across the different genotypes. During the 0 — 5 min interval, the High Cre cKO
traveled at a higher velocity compared to the HET group. During the 5 — 10 min interval,
the High Cre cKO traveled at a higher velocity compared to the WT, HET, and Low Cre
cKO group. However, there were no differences between the WT, HET, and Low Cre
cKO groups. In the full 10 min interval, the High Cre cKO travels at a higher velocity

than the HET group (Figure 7).
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Figure 6. (A-B) Graphs describe measurements of hyperactivity in the Open Field Test
(OFT). A. Velocity in the Open Field in Males. Observed differences between WT and
cKO group in the 5 — 10 min and full 10 min interval. The cKO demonstrated increased
hyperactivity compared to the WT. B. Velocity in the Open Field in Females. Observed
differences between HET and cKO at all time intervals. The cKO demonstrated increased
hyperactivity compared to the HET (WT n =29, HET n = 34, Male cKO n =9, Female

cKOn =11; *P < 0.05; t-test).
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Figure 7. Graphs describe measurements of hyperactivity in the Open Field Test (OFT).
Observed differences between the HET and High Cre cKO during the 0 — 5 min interval.
The High Cre cKO demonstrated increased hyperactivity compared to the HET. Observed
differences between the WT and the High Cre cKO, the HET and the High Cre cKO, and
the Low Cre cKO and the High Cre cKO. The High Cre cKO group demonstrated
increased hyperactivity compared to all 3 other groups in the 5 — 10 min interval. Overall,
in the full 10 min interval, there were differences between the HET and the High Cre
cKO. The High Cre cKO demonstrated increased hyperactivity compared to the HET
(WT n =29, HET n = 34, Male High Cre cKO n =9, Female High Cre cKO n = 11; Male
Low Cre cKO n =9, Female Low Cre cKO n =9; *P <0.05; **P <0.01; One-Way
ANOVA followed by Tukey multiple-comparison post-test).
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Measurements of hyperactivity were evaluated in the Open Field Test. Another variable
considered is Velocity in Thigmotaxis. To evaluate potential sex differences, the cKO was
compared to the WT and HET groups in the males and females. In the Male Group,
during the 5 — 10 min and full 10 min intervals, the cKO group traveled at a higher
velocity compared to the WT group. However, this difference was not observed in the 0 —
5 min interval (Figure 8A). In the Female Group, differences were observed in the 0 — 5
min, 5 — 10 min, and the full 10 min intervals. The cKO group traveled at a higher
velocity compared to the HET group at all time points (Figure 8B). Differences were also
assessed across the different genotypes. During the 0 — 5 min interval, the High Cre cKO
traveled at a higher velocity compared to both the HET and WT group. During the 5 — 10
min interval, the High Cre cKO traveled at a higher velocity compared to the WT, HET,
and Low Cre cKO group. However, there were no differences between the WT, HET, and
Low Cre cKO groups. In the full 10 min interval, the High Cre KO travels at a higher

velocity than the WT, HET, and Low Cre cKO group (Figure 9).
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Figure 8. (A-B) Graphs describe measurements of hyperactivity in Thigmotaxis. A.
Velocity in Thigmotaxis in Males. Observed differences between WT and cKO group in
the 5 — 10 min and full 10 min intervals. The cKO demonstrated increased hyperactivity
compared to the WT. B. Velocity in the Thigmotaxis in Females. Observed differences
between HET and cKO at all time intervals. The cKO demonstrated increased
hyperactivity compared to the HET (WT n =29, HET n = 34, Male cKO n =9, Female
cKOn =11; *P < 0.05; t-test).
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Figure 9. Graphs describe measurements of hyperactivity in Thigmotaxis. Observed
differences between WT and High Cre cKO groups in the 0 — 5 min, 5 — 10 min, and full
10 min intervals. The High Cre cKO demonstrated increased hyperactivity compared to
the WT. Observed differences between HET and High Cre cKO groups in the 0 — 5 min, 5
— 10 min, and the full 10 min intervals. The High Cre cKO demonstrated increased
hyperactivity compared to the HET. Observed differences between the Low Cre cKO and
the High Cre cKO groups in the 5 — 10 min and full 10 min intervals but not the 0 — 5 min
interval (WT n =29, HET n = 34, Male High Cre cKO n =9, Female High Cre cKO n =
11; Male Low Cre cKO n =9, Female Low Cre cKO n=9; *P <0.05; **P <0.01; One-
Way ANOVA followed by Tukey multiple-comparison post-test).
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Measurements of anxiety-like behaviors were evaluated in the Open Field Test. Another
variable considered is % Time Spent in the Open Field. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, during the 5 — 10 min time interval, the cKO group spent more time
in the Open Field compared to the WT group. However, this difference was not observed
in the 0 — 5 min or in the full 10 min intervals (Figure 10A). In the Female Group, no
differences were observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals
(Figure 10B). Differences were also assessed across the different genotypes. There were
no observed differences were observed in the 0 — 5 min, 5 — 10 min, or the full 10 min

intervals (Figure 11).
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Figure 10. (A-B) Graphs describe anxiety-like behaviors in the Open Field Test (OFT).
A. Percent time spent in Open Field in Males. Observed no differences between WT and
cKO group in the 0 — 5 min or the full 10 min intervals. Observed cKO spent more time
in Open Field in 5 — 10 min interval. B. Percent time spent in Open Field in Females.
Observed no differences within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals
(WT n =29, HET n = 34, Male cKO n =9, Female cKO n = 11; *P <0.05; t-test).
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Figure 11. Graphs describe anxiety-like behaviors in the Open Field Test (OFT).
Observed no differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10
min intervals. Indicates no significant differences in anxiety-like behaviors between the
different genotypes (WT n =29, HET n = 34, Male High Cre cKO n =9, Female High
Cre cKO n = 11; Male Low Cre cKO n =9, Female Low Cre cKO n =9; One-Way
ANOVA followed by Tukey multiple-comparison post-test).
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Measurements of anxiety-like behaviors were evaluated in the Open Field Test. Another
variable considered is % Time Spent in Thigmotaxis. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full
10 min intervals (Figure 12A). In the Female Group, no differences were observed in the
0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 12B). Differences were also
assessed across the different genotypes. There were no observed differences were

observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 13).

40



0 - 5 min
% in Thigmotaxis

100

0 o« WT
) s cKo
)
[=]
£
oy
S
'_
=
R
Males

% in Thigmotaxis

100+
1] o HET
t’t‘l 80 a cKO
]
[=]
£ 60
o
= 40
=
.E 20
ES

0_

Females

% in Thigmotaxis

% in Thigmotaxis

5-10 min
% in Thigmotaxis

100
80
60

40+ %

20

0- T
Males

% in Thigmotaxis

100
80
60

40

Females

o WT
a cKO

o HET
& cKO

% in Thigmotaxis

% in Thigmotaxis

Full 10 min
% in Thigmotaxis

100+
80
60 o A4
—-u
404

20

0- T
Males

% in Thigmotaxis

100
80
60 P

40

Females

s WT
a cKO

o HET
4 cKO

Figure 12. (A-B) Graphs describe anxiety-like behaviors observed in Thigmotaxis in the
Open Field Test (OFT). A. Percent time spent in Thigmotaxis in Males. Observed no
differences between WT and cKO group in the 0 — 5 min, 5 — 10 min, or the full 10 min
intervals. B. Percent time spent in Open Field in Females. Observed no differences within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (WT n =29, HET n = 34, Male

cKOn =9, Female cKO n=11; *P <0.05; **P <0.01; t-test).
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Figure 13. Graphs describe anxiety-like behaviors observed in Thigmotaxis in the Open
Field Test (OFT). Observed no differences between groups within the 0 — 5 min, 5 — 10
min, or the full 10 min intervals. Indicates no significant differences in anxiety-like
behaviors between the different genotypes (WT n =29, HET n = 34, Male High Cre cKO
n =9, Female High Cre cKO n = 11; Male Low Cre cKO n =9, Female Low Cre cKO n
=9; One-Way ANOVA followed by Tukey multiple-comparison post-test).
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Elevated Plus Maze

Measurements of anxiety-like behaviors were evaluated in the Elevated Plus Maze test
(EPM). One variable considered is % Time Spent in the Closed Arms. To evaluate
potential sex differences, the cKO was compared to the WT and HET groups in the males
and females. In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10
min, or the full 10 min intervals (Figure 14A). In the Female Group, no differences were
observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 14B).
Differences were also assessed across the different genotypes. There were no observed
differences were observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals

(Figure 15).
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Figure 14. (A-B) Graphs describe anxiety-like behaviors observed in Closed Arms in the
Elevated Plus Maze Test (EPM). A. % Time in Closed Arms in Males. Observed no
differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals.
Indicates no significant differences in anxiety-like behaviors between the WT and cKO.
B. % Time in the Closed Arms in Females. Observed no differences between groups
within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant
differences in anxiety-like behaviors between the WT and cKO (WT n =29, HET n = 34,
Male cKO n =9, Female cKO n = 10; t-test).
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Figure 15. Graphs describe anxiety-like behaviors observed in the Closed Arms in the
Elevated Plus Maze Test (EPM). Observed no differences between groups within the 0 —
5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences in
anxiety-like behaviors between the different genotypes (WT n =29, HET n = 34, Male
High Cre cKO n =9, Female High Cre cKO n = 10, Male Low Cre cKO n =9, Female
Low Cre cKO n =9; One-Way ANOVA followed by Tukey multiple-comparison post-
test).
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Measurements of anxiety-like behaviors were evaluated in the Elevated Plus Maze test
(EPM). One variable considered is % Time Spent in the Open Arms. To evaluate potential
sex differences, the cKO was compared to the WT and HET groups in the males and
females. In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or
the full 10 min intervals (Figure 16A). In the Female Group, no differences were
observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 16B).
Differences were also assessed across the different genotypes. There were no observed
differences were observed in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals

(Figure 17).
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Figure 16. (A-B) Graphs describe anxiety-like behaviors observed in the Open Arms in
the Elevated Plus Maze Test (EPM). A. % Time in Open Arms in Males. Observed no
differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals.
Indicates no significant differences in anxiety-like behaviors between the WT and cKO.
B. % Time in the Open Arms in Females. Observed no differences between groups within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences
in hyperactivity between the WT and cKO (WT n =29, HET n = 34, Male cKOn =9,
Female cKO n = 10; t-test).
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Figure 17. Graphs describe anxiety-like behaviors observed in the Open Arms in the
Elevated Plus Maze Test (EPM). Observed no differences between groups within the 0 —
5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences in
anxiety-like behaviors between the different genotypes (WT n =29, HET n = 34, Male
High Cre cKO n =9, Female High Cre cKO n = 10, Male Low Cre cKO n =9, Female
Low Cre cKO n =9; One-Way ANOVA followed by Tukey multiple-comparison post-
test).
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Measurements of hyperactivity were evaluated in the Elevated Plus Maze test (EPM).
Another variable considered is Velocity in the Whole Arena. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full
10 min intervals (Figure 18A). In the Female Group, no differences were observed in the
0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 18B). Differences were also
assessed across the different genotypes. Across genotypes, no differences were observed

in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 19).
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Figure 18. (A-B) Graphs describe hyperactivity observed in the Whole Arena in the
Elevated Plus Maze Test (EPM). A. Velocity in the Whole Arena in Males. Observed no
differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals.
Indicates no significant differences in hyperactivity between the WT and cKO. B.
Velocity in the Whole Arena in Females. Observed no differences between groups within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences
in hyperactivity between the HET and cKO (WT n =29, HET n =34, Male cKOn =9,
Female cKO n = 10; t-test).
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Figure 19. Graphs describe measurements of hyperactivity in the Elevated Plus Maze
Test (EPM). Observed differences between the HET and High Cre cKO during the 0 — 5
min intervals. Observed no differences between groups within the 0 — 5 min, 5 — 10 min,
or the full 10 min intervals. Indicates no significant differences in hyperactivity between
the different genotypes (WT n =29, HET n = 34, Male High Cre cKO n =9, Female
High Cre cKO n =10, Male Low Cre cKO n =9, Female Low Cre cKO n = 9; One-Way

ANOVA followed by Tukey multiple-comparison post-test).
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Measurements of hyperactivity were evaluated in the Elevated Plus Maze test (EPM).
Another variable considered is Velocity in the Open Arms. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full
10 min intervals (Figure 20A). In the Female Group, no differences were observed in the
0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 20B). Differences were also
assessed across the different genotypes. Across genotypes, no differences were observed

in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 21).
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Figure 20. (A-B) Graphs describe hyperactivity observed in the Open Arms in the
Elevated Plus Maze Test (EPM). A. Velocity in the Open Arms in Males. Observed no
differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals.
Indicates no significant differences in hyperactivity between the WT and cKO. B.
Velocity in the Open Arms in Females. Observed no differences between groups within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences
in hyperactivity between the HET and cKO (WT n =29, HET n =34, Male cKOn =9,
Female cKO n = 10; t-test).
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Figure 21. Graphs describe measurements of hyperactivity in the Open Arms in the
Elevated Plus Maze Test (EPM). Observed differences between the HET and High Cre
cKO during the 0 — 5 min intervals. Observed no differences between groups within the 0
— 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences in
hyperactivity between the different genotypes (WT n =29, HET n = 34, Male High Cre
cKO n =9, Female High Cre cKO n =10, Male Low Cre cKO n =9, Female Low Cre
cKO n =9; One-Way ANOVA followed by Tukey multiple-comparison post-test).
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Measurements of hyperactivity were evaluated in the Elevated Plus Maze test (EPM).
Another variable considered is Velocity in the Closed Arms. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full
10 min intervals (Figure 22A). In the Female Group, no differences were observed in the
0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 22B). Differences were also
assessed across the different genotypes. Across genotypes, no differences were observed

in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 23).
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Figure 22. (A-B) Graphs describe hyperactivity observed in the Closed Arms in the
Elevated Plus Maze Test (EPM). A. Velocity in the Closed Arms in Males. Observed no
differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals.
Indicates no significant differences in hyperactivity between the WT and cKO. B.
Velocity in the Closed Arms in Females. Observed no differences between groups within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences
in hyperactivity between the HET and cKO (WT n =29, HET n =34, Male cKOn =9,

Female cKO n = 10; t-test).
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Figure 23. Graphs describe measurements of hyperactivity in the Closed Arms in the
Elevated Plus Maze Test (EPM). Observed no differences between groups within the 0 —
5 min, 5 — 10 min, or the full 10 min intervals. Indicates no significant differences in
hyperactivity between the different genotypes (WT n =29, HET n = 34, Male High Cre
cKO n =9, Female High Cre cKO n =10, Male Low Cre cKO n =9, Female Low Cre
cKO n =9; One-Way ANOVA followed by Tukey multiple-comparison post-test).
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Social Novelty Test

Measurements of Sociability were evaluated in the Social Novelty Test (SNT). In the first
part of the Social Novelty Test, Sociability Index is calculated. To evaluate potential sex
differences, the cKO was compared to the WT and HET groups in the males and females.
In the Male Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full
10 min intervals (Figure 24A). In the Female Group, no differences were observed in the
0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 24B). Differences were also
assessed across the different genotypes. Across genotypes, no differences were observed

in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 25).
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Figure 24. (A-B) Graphs describe Sociability observed in the Stranger 1 Assessment in
the Social Novelty Test (SNT). A. Sociability Index for Males. Observed no differences
between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min intervals between the
WT and cKO. This indicates no significant difference in Sociability between the WT and
cKO. B. Sociability Index for Females. Observed no differences between groups within
the 0 — 5 min, 5 — 10 min, or the full 10 min intervals between HET and cKO. This
indicates no significant difference in Sociability between the HET and cKO (WT n = 28,
HET n =34, Male cKO n =9, Female cKO n = 11; t-test).
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Figure 25. Graphs describe Sociability observed in the Stranger 1 Assessment in the
Social Novelty Test (SNT). Observed no differences between genotype groups within the
0 — 5 min, 5 — 10 min, or the full 10 min intervals between WT, HET, Low Cre cKO, and
High Cre cKO (WT n =29, HET n = 34, Male High Cre cKO n =9, Female High Cre
cKO n =11, Male Low Cre cKO n = 12, Female Low Cre cKO n = 9; One-Way ANOVA
followed by Tukey multiple-comparison post-test).
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Measurements of Social Novelty Preference were evaluated in the Social Novelty Test
(SNT). In the second part of the Social Novelty Test, the Social Novelty Preference index
is calculated. To evaluate potential sex differences, the cKO was compared to the WT and
HET groups in the males and females. In the Male Group, no differences were observed
in the 0 — 5 min, 5 — 10 min, or the full 10 min intervals (Figure 26A). In the Female
Group, no differences were observed in the 0 — 5 min, 5 — 10 min, or the full 10 min
intervals (Figure 26B). Differences were also assessed across the different genotypes.
Across genotypes, no differences were observed in the 0 — 5 min or the full 10 min
intervals. During the 5 — 10 min interval, the Low Cre cKO group showed differences
compared to the WT group with the Low Cre cKO group showing a higher preference for

the novel mouse compared to the WT (Figure 27).
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Figure 26. (A-B) Graphs describe Social Novelty Preference observed in the Stranger 2
Assessment in the Social Novelty Test (SNT). A. Social Novelty Preference for Males.
Observed no differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10
min intervals between WT and cKO. B. Social Novelty Preference for Females. Observed
no differences between groups within the 0 — 5 min, 5 — 10 min, or the full 10 min
intervals between HET and cKO (WT n =28, HET n = 34, Male cKO n =9, Female cKO
n = 11; t-test).
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Figure 27. Graphs describe Social Novelty Preference observed in the Stranger 2
Assessment in the Social Novelty Test (SNT). Observed no differences between genotype
groups within the 0 — 5 min or full 10 min intervals between WT, HET, Low Cre cKO,
and High Cre cKO. Observed differences between the Low Cre KO and WT in the 5 — 10
min interval (WT n =29, HET n = 34, Male High Cre cKO n =9, Female High Cre cKO
n =11, Male Low Cre cKO n = 12, Female Low Cre cKO n =9; *P < 0.05; One-Way
ANOVA followed by Tukey multiple-comparison post-test).
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In the Social Novelty Test (SNT), we evaluated the Percent Time Spent with Stranger in
both parts of the Social Novelty Test. An index was calculated by determining the Time
(Minutes) Spent with Stranger 1 in the Sociability Assessment in the 1% 5 Minutes
compared to the total time spent with Stranger 1 and converting this number to a percent.
The same index was also calculated to determine the % Time Spent with Stranger 2 in the
Social Novelty Preference Assessment. Differences were also assessed across the
different genotypes. Across genotypes, no differences in % Time Spent with Stranger 1
were observed between the WT, HET, Low Cre cKO, and High Cre cKO (Figure 28A).
Across genotypes, differences in % Time Spent with Stranger 2 were observed between
the WT when compared to the HET, Low Cre cKO, and High Cre cKO groups. The WT
spent a greater percentage of time with Stranger 2 during the 0 — 5 min interval of the
test, then lost preference for the novel mouse. However, the HET, Low Cre cKO, and the
High Cre cKO groups did not show an interest in Stranger 2 during any of the time

intervals (Figure 28B).
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Figure 28. (A-B) Graphs describe the Percent Time Spent with Stranger 1 and 2 During
the First 5 Minutes of the Social Novelty Test (SNT). A. % Time Spent with Stranger 1
During First 5 Minutes. Observed no differences in time spent with Stranger 1 between
the WT, HET, Low Cre cKO, and High Cre cKO in the 0 — 5 min interval. B. % Time
Spent with Stranger 2 During First 5 Minutes. Observed differences in % time spent with
stranger 2 between the WT and HET, the WT and Low Cre cKO, and the WT and High
Cre cKO in the 0 — 5 min interval. The WT group spends a larger percentage of time with
Stranger 1 in the 0 — 5 min interval of the test compared to the HET, Low Cre cKO, and
the High Cre cKO (WT n =29, HET n = 34, Male High Cre cKO n =9, Female High Cre
cKOn =11, Male Low Cre cKO n =12, Female Low Cre cKO n=9; *P <0.05; **P <
0.01; One-Way ANOVA followed by Tukey multiple-comparison post-test).
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Confocal Microscopy

A representative image was taken of the Hippocampus in a P28 mouse. A co-stain for
FMRP, Glutamine Synthetase (GS), and DAPI was performed. This confocal image
consists of a z-stack 10 um thick with image increments of 2 um. The white arrow points
toward FMRP-stained cells, and the orange arrow points toward GS-stained astrocytes. In
this representative image, the cell-specific knock-out is confirmed by the lack of overlap

between the FMRP stain and the astrocytic stain.

FMRP GS DAPI P28 KO Mouse Hippocampus

Figure 29. Representative Confocal Images showing FMRP (green), GS (red), and DAPI
(blue) in the hippocampus of a P28 Astrocyte-Specific KO Mouse. Confocal images were
taken to form a Z-stack with 20X objectives.
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Tiled images were taken of frontal and middle coronal slices collected from P28 WT and
cKO mice expressing the red fluorescent protein reporter tdTomato. The tiled image
consists of a z-stack 80 um thick with image increments of 10 um. These images were
acquired with 5X objectives. In these tiled images, the fluorescent reporter labels
astrocytes. The fluorescence from tdTomato verifies the inducible genetic recombination

model.

Figure 30. Tiled images of a Frontal Coronal Slice from a P28 mouse containing frontal
cortex. Confocal images were taken to form a Z-stack with 5X objectives. A. Confocal
image of a P28 cKO mouse expressing fluorescent reporter tdTomato in frontal
astrocytes. B. Confocal image of a P28 WT mouse expressing fluorescent reporter
tdTomato in frontal astrocytes.
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Figure 31. Tiled images of Middle Coronal Slices of a P28 Mice containing
hippocampus. Confocal images were taken to form a Z-stack with 5X objectives. A.
Confocal image of a P28 WT mouse expressing fluorescent reporter tdTomato in mid-
brain astrocytes. B. Confocal image of a P28 cKO mouse expressing fluorescent reporter
tdTomato in mid-brain astrocytes.
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Confocal images were taken of frontal cortex. Frontal coronal slices were collected from
P28 WT and cKO mice expressing the red fluorescent protein reporter tdTomato. The
high magnification images consisted of a compressed z-stack of 2 um intervals with a
stack thickness of 10 pum. Images were acquired with 20X magnification objectives. In
these high magnification images, the fluorescent reporter labels astrocytes and nuclear
DNA was stained with 4',6-diamidino-2-phenylindole (DAPI). The fluorescence from

tdTomato verifies the inducible genetic recombination model.

A B

Figure 32. High Magnification images of Frontal Cortex of P28 Mice. Confocal images
were taken to form a Z-stack with 20X objectives. Imaged tdTomato (red) and DAPI
(blue). A. Confocal image of a P28 WT mouse expressing fluorescent reporter tdTomato
in frontal cortex astrocytes. B. Confocal image of a P28 cKO mouse expressing
fluorescent reporter tdTomato in frontal cortex astrocytes.
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Confocal images were taken of hippocampus. Mid-brain coronal slices were collected
from P28 WT and cKO mice expressing the red fluorescent protein reporter tdTomato.
The high magnification images consisted of a compressed z-stack of 2 um intervals with
a stack thickness of 10 pm. Images were acquired with 20X magnification objectives. In
these high magnification images, the fluorescent reporter labels astrocytes and nuclear
DNA was stained with DAPI. The fluorescence from tdTomato verifies the inducible

genetic recombination model.

A B

Figure 33. High Magnification images of Hippocampus of P28 Mice. Confocal images
were taken to form a Z-stack with 20X objectives. Imaged tdTomato (red) and DAPI
(blue). A. Confocal image of a P28 WT mouse expressing fluorescent reporter tdTomato
in hippocampal astrocytes. B. Confocal image of a P28 cKO mouse expressing
fluorescent reporter tdTomato in hippocampal astrocytes.
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Confocal images were taken of auditory cortex. Mid-brain coronal slices were collected
from P28 WT and cKO mice expressing the red fluorescent protein reporter tdTomato.
The high magnification images consisted of a compressed z-stack of 2 um intervals with
a stack thickness of 10 pm. Images were acquired with 20X magnification objectives. In
these high magnification images, the fluorescent reporter labels astrocytes and nuclear
DNA was stained with DAPI. The fluorescence from tdTomato verifies the inducible

genetic recombination model.

A B

Figure 34. High Magnification images of Auditory Cortex of P28 Mice. Confocal images
were taken to form a Z-stack with 20X objectives. Imaged tdTomato (red) and DAPI
(blue). A. Confocal image of a P28 WT mouse expressing fluorescent reporter tdTomato
in auditory cortex astrocytes. B. Confocal image of a P28 cKO mouse expressing
fluorescent reporter tdTomato in auditory cortex astrocytes.
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DISCUSSION

Previous observations in mouse models of Fragile X Syndrome have demonstrated the
influence of the FMRI deletion and absence of FMRP on behavior abnormalities.
Furthermore, increasing research is demonstrating the importance of astrocytes in
modulating synaptic connections in development. Dysfunction of these glial cells
contributes to behavioral deficits associated with Fragile X Syndrome. This thesis project
delineates the role of developmental astrocyte-specific deletions of FMRP and its
consequences on altering behavior. The primary findings support that a developmental
astrocyte-specific deletion of FMRI induces similar behavioral abnormalities in the cKO
as observed in the global KO. The deletion of the FMR1 gene from astrocytes during a
developmental time point crucial for inhibitory circuit development contributes to
increased locomotive activity without showing differences in anxiety-like behaviors.
Furthermore, the HET observed in this model is an intermediate phenotype that behaves
similarly to the WT in the context of hyperactivity and similarly to the cKO during social

memory tasks.

Behavioral Differences Observed in the Conditional Knock-Out

First, our findings demonstrate increased hyperactivity and distance traveled by the cKO
mice during the Open Field Test. However, these observations are absent in the Elevated
Plus Maze test. The increase in locomotor activity could be explained by astrocytic
involvement in modulating behavior. Astrocytes play a role in cognition, motor activity,

emotion, and sensory processing (Oliveira, 2015). Our results suggest that the timing of
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FMR]1 deletion from astrocytes may differentially affect neuronal activity in different

brain areas which could explain differences in behavioral phenotypes.

Secondly, our findings also suggest that contextual factors play a role in locomotion.
Although the hyperactive behavior manifested during the Open Field Test, this was not
observed in the following Elevated Plus Maze test. In the Elevated Plus Maze, our data
demonstrates that there are no differences in locomotor activity between the WT, HET,
Low Cre cKO, and High Cre cKO. This suggests that in this assessment, there is no
significant difference in hyperactivity in the cKO compared to the WT and HET.
However, consistent with our findings in the Open Field Test, there are no differences in
anxiety-like behaviors between the WT and HET when compared to the cKO. This

suggests that the cKO does not display anxiety-like behaviors like the Global KO.

Our findings also indicate that there i1s abnormal socialization in the cKO compared to the
WT and HET groups. This abnormality is time-dependent, with WT mice initially having
preference towards a novel mouse compared to a familiar mouse then losing preference.
In contrast, the KO mouse lacks preference towards the novel mouse at any of the time
points during the test. This could be the result of habituation or impaired social memory

or preference for the KO group.

The hippocampus is an important area for social memory processing, and disruption of
the hippocampus contributes to impairments in social recognition (Maaswinkel, 1996).
The promoter used for the transgenic mice in this study was the GFAP promoter, so

astrocytes expressing GFAP would express the genetic manipulation. There is a high
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concentration of GFAP-positive astrocytes in the hippocamps, making it an effective
astrocytic marker (Zhang, 2019). The differences we observe in the cKO could
potentially be explained by the greater expression of GFAP in the hippocampus. Using a
mouse model where genetic recombination is driven by the GFAP promoter, there could
be greater genetic recombination occurring during the developmental deletion; thus,
affecting behavior associated with this brain area. This could potentially explain the
differences we observe in the Social Novelty Test where the Heterozygous, Low Cre
cKO, and High Cre cKO lack interest in the novel mouse during the first 5 minutes of the

assessment unlike the Wild-Type.

Heterozygous Astrocyte-Specific Model Behavioral Alterations

Our findings indicate that the behaviors of the heterozygous model are also dependent on
the behavioral context. In the Open Field Test, the Heterozygous group was found to have
similarities to the Wild-Type male group. In both the whole arena and in thigmotaxis, the
heterozygous females traveled less distance compared to the Conditional Knock-Out
females. In the One-Way ANOVA analysis, the Heterozygous females were found to have
no significant differences when compared to the male Wild-Type mice. However,
differences were observed between the Heterozygous group and both the male and female
Conditional Knock-Out groups. The Conditional Knock-Out mice traveled more distance

and moved at a higher velocity compared to the Heterozygous females.

One other notable difference observed in the Heterozygous group is the similarities to the

Conditional Knock-Out group during the Social Novelty Test. During the first 5 minutes
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of the Social Novelty Test, the Wild-Type mice spent more time with Stranger 2. After the
first 5 minutes, the Wild-Type mice would no longer show this preference. However, the
Heterozygous females behaved similarly to both the Conditional Knock-Out males and
females, and the Heterozygous mice did not show preference towards Stranger 2 at any of
the time points. The observed differences between the Wild-Type and the Heterozygous
suggests that the Heterozygous mice behave similarly to the Conditional Knock-Out mice

while showing abnormal social preference.

Together, these findings suggest that the Heterozygous mice are an intermediate group
that demonstrates similarities to both the Wild-Type or the Conditional Knock-Out
groups depending on the behavioral assessment. However, limited data exists for the
heterozygous mouse models and there are fewer studies conducted on heterozygous mice
under the conditional astrocyte-specific KO when compared to the male Global WT/KO

models.

Global FMRI1 KO Behavioral Phenotypes

However, despite Fragile X Syndrome-like behavioral abnormalities observed in the
model, previous findings have remained inconsistent. Previous studies evaluating
behavioral phenotypes in the global knock-out show varying results. One study using the
Elevated Plus Maze test (EPM) found P21 FMR1 KO mice spent significantly less time
in the open arms compared to WT, demonstrating increased anxiety (Bilousova, 2008).
Another study using FMR1 KO mice aged 3 months found similar results with increased

hyperactive behavior and time spent in the closed arms (Yuskaitis, 2010). However,
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another study using P66 mice found that there were no genotype differences in the
locomotion and time spent in the closed arms between the FMRI KO and WT in the EPM
(Mineur, 2002). There were also no genotype differences observed in the amount of time
spent in the closed arms versus open arms between the FMRI KO and WT in mice tested

at 12-15 weeks (Nielsen, 2002).

In an Open Field Test (OFT) assessment of behavior, one study found that FMR1 KO
mice aged 3-4 months showed increased locomotion compared to the WT, and the FMR]
KO spent more time in the open field compared to the WT (Peier, 2000). Previous work
done with FMR1 KO mice aged 3 months showed increased locomotion along with
increased time spent in the open field compared to the WT (Yuskaitis, 2010). In mice
aged 8 weeks, an OFT assessment found that FAMR] KO mice spent less time in
thigmotaxis compared to the WT, but the number of entries into the open field was not
statistically significant between the two genotypes (Liu, 2011). In animals tested once a
day for five consecutive days between 3-5 weeks of age, one study found there were
consistent genotype differences where the FMR1 KO would spend more time in the open

field compared to the WT mice (Yan, 2004).

In the Social Novelty Test (SNT), results were also variable in the global FMR1 KO
condition. In one study evaluating mice through the SNT, the results indicated that there
was no significant preference toward the novel mouse in the FMR1 KO compared to the
WT mice (Dahlhaus, 2010). Similarly, another study investigating 10—12-month age

FMR1 KO mice found that the FMRI KO mice demonstrated less sniffing behavior
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toward the novel mouse when compared to the WT, suggesting anxiety-like behavior

(McNaughton, 2008).
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CONCLUSION

I am reporting a study that demonstrates how the behavioral phenotype of a
developmental astrocyte-specific deletion of FMRI compared to the WT and HET
condition. The data shows there are no substantial sex differences observed between the
males and females during the behavioral assessments. However, there are significant
genotype differences observed during testing. Overall, the cKO shows increased
hyperactivity compared to the WT and HET condition across both sexes. The results from
the Open Field Test demonstrate that the astrocyte-specific knock-out model of Fragile X
Syndrome mice do not demonstrate differences in anxiety-related behaviors but show
increase locomotion. The increase in cKO locomotion in the open field and thigmotaxis is
indicative of hyperactive behavior observed as a Fragile X Syndrome-like phenotype. In
the Elevated Plus Maze test, we do not see any difference between genotypes in the
amount of time spent in the open arms versus the closed arms. Therefore, there are no
observed genotype differences in anxiety-like behaviors. In the Elevated Plus Maze test,
we also do not see a significant change in locomotive activity based on the number of
bouts or velocity in the arena. In the Social Novelty Test, we noticed there are no
differences between genotypes in the 1% 5 minutes, 2"¢ 5 minutes, or the full 10-minute
experimental duration. However, we found that WT mice exhibit more interest in the
novel mouse in the 1% 5 minutes while cKO mice do not show preference between the 1%
and 2™ 5-minute intervals, demonstrating there are time-dependent social abnormalities

in the cKO versus the WT. While differences we observed between the WT and ¢cKO and
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the HET and cKO, we noticed that HET females behaved similarly to the male WT mice,

so no significant differences were found between the two groups.

Together, these behavioral assessment findings are different from previously reported
work in the global KO model. Our findings also demonstrate that Cre expression of the
cKO is a factor to consider when comparing differences between the WT and cKO
groups. The data indicated the cKO mice with high Cre expression behaved similarly to
global KO mice, while cKO mice with low Cre expression behaved similarly to the WT
and HET mice. These findings also suggest that the developmental timing of the astrocyte
FMRI deletion would affect neuronal activity in different brain areas, leading to different
behavioral outcomes. Future studies may investigate differential timing of astrocytic

FMR]1 deletion and assess the resulting impact on behavioral outcomes.

Future work can further expand on this project by utilizing immunohistochemistry to co-
stain for astrocytes and both astrocytic and neuronal FMRP. This future work will provide
insight into the brain areas most affected by the FMR1 deletion during this developmental
timepoint and lay the foundation for targeted gene reactivation therapy. Additionally,
another symptom of Fragile X Syndrome is susceptibility to seizures. The current mouse
strain our model uses, C57BL/6J, is found to be resistant to audiogenic seizures
(Copping, 2019). By using a different mouse strain for the model or by modifying the age
of seizure testing, future studies can study the impact of astrocytic FMRI deletion on

seizure susceptibility and intensity.
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Currently, there is limited data available on Heterozygous mice in the astrocyte-specific
FMR]1 deletion model. Our findings show that the Heterozygous demonstrate
intermediate behavioral phenotypes, and their behavior can resemble the Wild-Type or
Conditional Knock-Out mice depending on the assessment performed. Future work can
expand on these findings by performing other behavioral assessments to further compare
the Wild-Type, Conditional Knock-Out, and Heterozygous mice and characterize their
behavioral phenotypes. Other autism-like behaviors can be evaluated with behavior tests
such as Morris Water Maze, Probabilistic Reversal Learning Test, or evaluating other
anxiety-like behaviors such as grooming or rearing to determine further differences or
similarities between the Heterozygous group and the Wild-Type and Conditional Knock-

Out groups.
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APPENDIX A

Supplemental Information

Supplementary Tables

Table S1: Summary table showing Velocity in the Whole Arena during the Open Field
Test (OFT). Velocity was calculated in mm/second for WT/cKO males and HET/cKO
Females, and interactions between genotype and sex were investigated. Statistical
analysis of the differences between sex and the astrocyte-specific cKO and its WT/HET
counterparts was performed using a Two-Way ANOVA followed by a Tukey multiple-
comparison post-test: *P < 0.05, **P < 0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 6.661 F (1, 85)=0.2716 0.6036 ns
Genotype 1 190.2 F(1,85)=7.753 0.0066 **
Sex 1 | 4884 F (1, 85) =0.1991 0.6566 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 0.0392 | F(1,83)=0.002538 | P=0.9599 ns
Genotype 1 1435 F (1, 83) =9.287 P=0.0031 **
Sex 1 | 0.03502 | F(1,83)=0.002267 | P=0.9621 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 2.033 F(1,83)=0.1178 | P=0.7323 ns
Genotype 1 164.2 F(1,83) =9.510 P=0.0028 **
Sex 1 1.527 | F(1,83)=0.08845 | P=0.7669 ns
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Table S2: Summary table showing Distance in the Whole Arena during the Open Field
Test (OFT). Distance traveled was determined in millimeters (mm) for WT/cKO males
and HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 637816 F (1,85) =0.2947 | P=0.5886 ns
1643611
Genotype 1 2 F (1,85)=7.595 | P=0.0072 *x
Sex 1 | 381381 F(1,85)=0.1762 | P=0.6757 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
F(1,83)=
Interaction 1 3281 0.002405 P=0.9610 ns
1269011
Genotype 1 6 F(1,83)=9.304 | P=0.0031 *x
F(1,83)=
Sex 1 4795 0.003516 P=0.9529 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 770675 F(1,83)=0.1265 | P=0.7230 ns
5737151
Genotype 1 6 F(1,83)=9.415 | P=0.0029 **
Sex 1 | 503429 | F(1,83)=0.08262 | P=0.7745 ns
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Table S3: Summary table showing Velocity in Thigmotaxis during the Open Field Test
(OFT). Velocity was calculated in mm/second for WT/cKO males and HET/cKO
Females, and interactions between genotype and sex were investigated. Statistical
analysis of the differences between sex and the astrocyte-specific cKO and its WT/HET
counterparts was performed using a Two-Way ANOVA followed by a Tukey multiple-
comparison post-test: *P < 0.05, **P < 0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 12.01 F (1, 85)=0.4588 | P=0.5000 ns
Genotype 1 269.4 F (1, 85) = 10.29 P=0.0019 *x
Sex 1 1.381 | F(1,85)=0.05274 | P=0.8189 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 0.3226 | F(1,83)=0.01747 | P=0.8952 ns
Genotype 1 175.2 F (1, 83) =9.486 P=0.0028 *x
Sex 1 2.164 F(1,83)=0.1172 | P=0.7330 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 3.855 F(1,83)=0.1982 | P=0.6573 ns
Genotype 1 220.2 F(1,83)=1132 P=0.0012 *x
Sex 1 1.868 | F(1,83)=0.09607 | P=0.7574 ns
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Table S4: Summary table showing Distance in Thigmotaxis during the Open Field Test
(OFT). Distance traveled was determined in millimeters (mm) for WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 1150326 | F(1,85)=0.4884 | P=0.4866 ns
Genotype 1 | 25234607 | F(1,85)=10.71 | P=0.0015 *x
Sex 1 117885 | F (1, 85) =0.05005 | P=0.8235 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 29037 F (1,83) =0.01747 | P=0.8952 ns
Genotype 1 | 15769464 | F(1,83)=9.486 | P=0.0028 *x
Sex 1 194756 F(1,83)=0.1172 | P=0.7330 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 1387702 | F(1,83)=0.1982 | P=0.6573 ns
Genotype 1 |79260895 | F(1,83)=11.32 | P=0.0012 *x
Sex 1 672592 | F(1,83)=0.09607 | P=0.7574 ns
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Table S5: Summary table showing % of Time Spent in the Open Field during the Open
Field Test (OFT). The % of Time Spent in the Open Field was determined for the
WT/cKO males and HET/cKO Females, and interactions between genotype and sex were
investigated. Statistical analysis of the differences between sex and the astrocyte-specific
cKO and its WT/HET counterparts was performed using a Two-Way ANOVA followed
by a Tukey multiple-comparison post-test: *P < 0.05, **P < 0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 167.9 F (1, 85) = 1.664 P=0.2006 ns
Genotype 1 285.9 F (1, 85) =2.833 P=0.0960 ns
Sex 1 36.76 F(1,85)=0.3642 | P=0.5478 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 114.5 F(1,83)=0.7290 | P=0.3957 ns
Genotype 1 668.7 F (1, 83) = 4.257 P=0.0422 *
Sex 1 22.22 F(1,83)=0.1415 | P=0.7078 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 2.365 | F(1,83)=0.02295 | P=0.8799 ns
Genotype 1 444.6 F (1, 83) =4.315 P=0.0409 *
F(1,83) =
Sex 1 | 0.05959 0.0005784 P=0.9809 ns
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Table S6: Summary table showing % of Time Spent in Thigmotaxis during the Open
Field Test (OFT). The % of Time Spent in Thigmotaxis was determined for the WT/cKO
males and HET/cKO Females, and interactions between genotype and sex were
investigated. Statistical analysis of the differences between sex and the astrocyte-specific
cKO and its WT/HET counterparts was performed using a Two-Way ANOVA followed
by a Tukey multiple-comparison post-test: *P < 0.05, **P < 0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 228.9 F(1,85)=2.119 P=0.1492 ns
Genotype 1 284.2 F (1, 85) =2.631 P=0.1085 ns
Sex 1 47.91 F (1,85)=0.4435 | P=0.5072 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 59.79 F(1,83)=0.3638 | P=0.5481 ns
Genotype 1 609.9 F(1,83)=3.711 P=0.0575 ns
Sex 1 3.895 | F(1,83)=0.02370 | P=0.8780 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 10.3 F (1, 83) =0.09402 | P=0.7599 ns
Genotype 1 450.4 F(1,83)=4.113 P=0.0458 *
Sex 1 8.512 | F(1,83)=0.07774 | P=0.7811 ns
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Table S7: Summary table showing Velocity in Whole Arena during the Elevated Plus
Maze Test (EPM). The Velocity in mm/s was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 7.587 F(1,78) =0.6467 | P=0.4237 ns
Genotype 1 2.669 F(1,78)=0.2275 | P=0.6347 ns
Sex 1 ]0.06901 | F(1,78)=0.005882 | P=0.9391 ns
5-10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 0.1345 | F(1,75)=0.02398 | P=0.8774 ns
Genotype 1 12.9 F (1, 75) =2.300 P=0.1336 ns
Sex 1 4.449 F(1,75)=0.7929 | P=0.3761 ns
Full 10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 2.065 F(1,75)=0.3778 | P=0.5406 ns
Genotype 1 7.974 F(1,75)=1.459 | P=0.2308 ns
Sex 1 0.4512 | F(1,75)=0.08257 | P=0.7746 ns
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Table S8: Summary table showing the % Time Spent in Open Arms during the Elevated
Plus Maze Test (EPM). The % Time was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 110.5 F(1,77)=1820 |P=0.1812 ns
Genotype 1 32.8 F(1,77)=0.5406 | P=0.4644 ns
Sex 1 78.13 F(1,77)=1.288 | P=0.2600 ns
5-10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 8.548 F(1,72)=0.1231 | P=0.7267 ns
Genotype 1 2.013 | F(1,72)=0.02900 | P=0.8652 ns
Sex 1 135.3 F(1,72)=1.949 | P=0.1669 ns
Full 10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 42.68 F(1,73)=1.109 | P=0.2957 ns
Genotype 1 7.01 F(1,73)=0.1822 | P=0.6707 ns
Sex 1 70.44 F(1,73)=1.831 | P=0.1802 ns
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Table S9: Summary table showing the % Time Spent in Closed Arms during the Elevated
Plus Maze Test (EPM). The % Time was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 119.6 F(,77)=1.942 | P=0.1674 ns
Genotype 1 27.87 F(1,77)=0.4525 | P=0.5032 ns
Sex 1 69.98 F(1,77)=1.136 | P=0.2898 ns
5-10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 8.653 F(1,72)=0.1246 | P=0.7251 ns
Genotype 1 1.963 | F(1,72)=0.02827 | P=0.8669 ns
Sex 1 135.7 F(1,72)=1.955 |P=0.1663 ns
Full 10 Minutes
Group df MS F (DFn, DFd) p p value Summary
Interaction 1 45.52 F(1,73)=1.164 | P=0.2841 ns
Genotype 1 5.8 F(1,73)=0.1484 | P=0.7012 ns
Sex 1 66.77 F(1,73)=1.708 | P=0.1953 ns
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Table S10: Summary table showing Sociability Index the Social Novelty Test (SNT). The
Sociability Index was determined for the WT/cKO males and HET/cKO Females, and
interactions between genotype and sex were investigated. Statistical analysis of the
differences between sex and the astrocyte-specific cKO and its WT/HET counterparts
was performed using a Two-Way ANOVA followed by a Tukey multiple-comparison
post-test: *P < 0.05, **P <0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 0.01281 | F(1,79)=0.3107 | P=0.5789 ns
Genotype 1 | 0.01672 | F(1,79)=0.4056 | P=0.5261 ns
Sex 1 | 0.01255 | F(1,79)=0.3043 | P=0.5827 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 0.01836 | F(1,78)=0.7575 | P=0.3868 ns
Genotype 1 | 0.07974 F(1,78)=3.290 | P=0.0735 ns
Sex 1 | 0.07234 F(1,78)=2.985 | P=0.0880 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 | 0.000704 | F(1,76)=0.04420 | P=0.8340 ns
Genotype 1 | 0.003719 | F(1,76)=0.2335 | P=0.6303 ns
Sex 1 | 0.03031 F(1,76)=1.903 | P=0.1718 ns
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Table S11: Summary table showing Social Novelty Preference in the Social Novelty Test
(SNT). The Social Novelty Preference Index was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

0-5 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 0.002417 | F(1,81)=0.09463 | P=0.7592 ns
Genotype 1 0.01369 F(1,81)=0.5360 | P=0.4662 ns
Sex 1 0.03481 F(1,81)=1.363 P=0.2465 ns
5-10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 0.02763 F(1,78)=0.8955 | P=0.3469 ns
Genotype 1 0.02109 F(1,78)=0.6835 | P=0.4109 ns
Sex 1 0.01578 F(1,78)=0.5113 P=0.4767 ns
Full 10 Minutes
p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 0.001029 | F(1,77)=0.05399 | P=0.8169 ns
Genotype 1 0.000129 | F(1,77)=0.006772 | P=0.9346 ns
Sex 1 0.000547 | F(1,77)=0.02869 | P=0.8660 ns
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Table S12: Summary table showing % Time Spent with Stranger 1 in the First 5 Minutes
in the Social Novelty Test (SNT). This time was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P <0.05, **P <0.01.

p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 300.3 F(1,78)=1.255 | P=0.2661 ns
Genotype 1 312 F(1,78)=1.303 | P=0.2571 ns
Sex 1 43.95 | F(1,78)=0.1836 | P=0.6695 ns

Table S13: Summary table showing % Time Spent with Stranger 2 in the First 5 Minutes
in the Social Novelty Test (SNT). This time was determined for the WT/cKO males and
HET/cKO Females, and interactions between genotype and sex were investigated.
Statistical analysis of the differences between sex and the astrocyte-specific cKO and its
WT/HET counterparts was performed using a Two-Way ANOVA followed by a Tukey
multiple-comparison post-test: *P < 0.05, **P <0.01.

p value
Group df MS F (DFn, DFd) p Summary
Interaction 1 225.4 F(1,78)=1537 | P=0.2187 ns
Genotype 1 316.4 F(1,78)=2.158 | P=0.1458 ns
Sex 1 7043 | F(1,78)=4.805 | P=0.0314 *

103



Supplementary Graphs
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Figure S1: Graphs describe the Percent Time Spent with Stranger 2 During the First 5
Minutes of the Social Novelty Test (SNT). % Time Spent with Stranger 2 During First 5
Minutes. Observed differences in % time spent with Stranger 2 between the WT and HET
and the WT and the female High Cre cKO. There are no significant differences between
the HET and both the male and female High Cre cKO groups. The WT group spends a
larger percentage of time with Stranger 1 in the first 5 minutes of the test compared to the
HET, male High Cre cKO, and the female High Cre cKO. (WT N =32, HET N= 36,
Male cKO N = 10, Female cKO N = 11; *P < 0.05; **P < 0.01; Two-Way ANOVA
followed by a Tukey multiple-comparison post-test).
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