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Abstract
Title: Brain Development in the Fmrl KO Mouse Model of Fragile X Syndrome
Da Shi, Doctor of Philosophy, 2017
Dissertation Directed by: Rao P. Gullapalli, PhD. and Mary C. McKenna, PhD.

Fragile X syndrome (FXS) is the most commonly inherited form of intellectual
disability resulting from silencing of FMR1 gene and consequential absence of fragile X
mental retardation protein. FXS is commonly studied in Fmrl KO mouse, which displays
similar behavioral and neurological deficits as FXS patients. Many studies have
investigated immature Fmrl KO brain, but little is known about alterations in brain
maturation processes, including developmental changes in metabolites, white and gray
matter morphology and brain network function. Alterations in metabolites from *H-
magnetic resonance spectroscopy between Fmrl KO and WT mice revealed included
myo-inositol at postnatal-day 30 (PND 30), and taurine at PND 18, 21, and 30. Next,
developmental alterations in myelin and white matter were examined in fixed Fmrl KO
mouse brains compared to WT at PND 18, 21, 30 and 60 with histological staining of
myelin and MRI techniques to measure volume and magnetization transfer ratio, which is
sensitive to myelin proteins and lipids. Fmrl KO mice revealed decreased myelin density
and MTR at PND 18, increased at PND 30 and decreased at PND 60, suggesting altered
pattern of myelin formation in Fmrl KO mouse. Diffusion tensor imaging was used to
study microstructural properties of white matter to provide insight into myelin and axon
properties in fixed Fmrl KO brains at PND 18, 21, 30 and 60. Decreased mean, axial and
radial diffusivity was found at PND 21 and 30 in Fmrl KO brains, suggesting alterations

in myelin compaction and axonal organization. Finally, alterations in functional



connectivity in Fmrl KO mouse were studied using resting-state functional-MRI. The
longitudinal results showed decreased functional connectivity in the auditory and
somatomotor networks in Fmrl KO brain compared to WT at PND 30 and not different
by PND 60, suggesting a delay in development of the resting state networks in Fmrl KO
mice. The work in this thesis characterized metabolic, structural, and functional

alterations in developing Fmrl KO mouse brain.
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CHAPTER 1: INTRODUCTION TO FRAGILE X SYNDROME

1.1. FRAGILE X SYNDROME

Fragile X syndrome (FXS) occurs 1 in 5000 males and is the most common
genetic cause of intellectual disability and single gene contributor to autistic spectrum
disorder (Coffee et al., 2009; Kidd et al., 2014). FXS is caused the epigenetic methylation
and consequent silencing of the FMR1 gene (Verkerk et al., 1991; Wang et al., 2012)
following the mutational insertion of more than 200 CGG repeats in the untranslated
promoter region of the gene. In the unaffected population, the FMR1 gene has up to 40
CGG repeats in the untranslated promoter region. Carriers of FXS have between 50 and
200 CGG repeats on the FMR1 gene and can pass the FMR1 gene with expanded CGG
repeats to the offspring, which puts the offspring at high risk for FXS (Xu et al., 2012;
Yrigollen et al., 2014). The silencing of the FMR1 gene can be partial or complete,
leading to mild to severe behavioral and cognitive outcomes, respectively (Bailey et al.
2009; Garber et al. 2008; Kidd et al., 2014). Male FXS patients have an average 1Q of 40
and are likely to have severe cognitive and behavioral deficits (Bailey et al., 2009; Garber
et al., 2008; Kidd et al., 2014). Female FXS patients can range from having nearly normal
to severe deficits in behavior and cognition (Bailey et al., 2009; Freund et al., 1993;
Garber et al., 2008). Children with FXS are usually diagnosed between 3 to 4 years old
(Bailey et al., 2009). Behavioral issues in FXS include hyperactivity, hypersensitivity to
tactile and auditory stimuli, impulsivity, social and attention problems, anxiety, and
autistic-like behavior (Bailey et al., 2009; Garber et al., 2008; Hall et al., 2009;

Rotschafer & Razak, 2013). The FXS population also has higher incidences of seizures



and sleep problems compared to the normal population (Kidd et al., 2014). The cognitive
and behavioral problems in FXS are often severe enough that FXS patients may not be
able to perform basic tasks and require full-time care (Vekeman et al., 2015). Caretakers
are often family members, many of whom have reported changes in lifestyle and
increasing financial hardships when caring for FXS patients (Vekeman et al., 2015).

The FMR1 gene on the X chromosome codes for the fragile X mental retardation
protein (FMRP) (Verheij et al., 1993; Verkerk et al., 1991). FMRP is a RNA binding
protein that binds to 4% of total brain mRNA (Ashley et al., 1993), including mRNAs of
over one hundred pre- and post-synaptic proteins as well as myelin proteins (Darnell et
al., 2011). FMRP is thought to have two key roles in the brain, repressing mRNA
translation and the transport of mRNA to dendritic spines (Darnell et al., 2009; Darnell et
al., 2011; Dictenberg et al., 2008; Kao et al., 2010). FMRP binds to mRNA directly or to
the ribosome at the elongation step of translation (Darnell et al., 2009; Darnell et al.,
2011). FMRP may also be involved in the transport of MRNAs to the dendritic spines by
binding with kinesin light chains (Dictenberg et al., 2008; Kao et al., 2010). Therefore,
FMRP plays important regulatory roles in the brain, and the lack of FMRP leads to
intellectual disability and abnormal behavior. The molecular changes resulting from the

lack of FMRP are often studied using animal models.

1.2. Animal models of FXS
1.2.1. Fmrl KO mouse model of FXS
The Fmrl knockout (KO) mouse is the most commonly used model to study the

consequences of Fmrl gene silencing (Bakker et al., 1994) and current understanding of



the molecular changes associated with FMR1 gene silencing and identification of
potential therapeutic interventions have come from studying the Fmrl KO mouse
(Hagerman et al., 2012; Kazdoba et al., 2014; T. Wang et al., 2012). The mouse model of
FXS recapitulates many of the cognitive and behavioral features of FXS (Kazdoba et al.,
2014). The Fmrl KO mice compared to the wild-type (WT) mice show hyperactive
behavior with increasing total distance moved in open field maze (Dansie et al., 2013;
Qinetal., 2015; Yan et al., 2005), stereotypy and repetitive behavior from increase in
marble burying behavior (Dansie et al., 2013), reduced sociability by spending less time
investigating a novel stranger mouse (Gantois et al., 2017; Qin et al., 2015), and reduced
capability during reversal learning in Morris water maze (Baker et al., 2010; Bakker et
al., 1994). The two background strains of Fmrl KO mice, FVB and C57BI6J mice, share
common phenotypic traits including increased density of immature dendritic spines
(Grossman, et al., 2006; Nimchinsky et al., 2001) and increased rates of protein synthesis
(Qin et al., 2005; Qin et al., 2015). Animal models of FXS have also revealed major
disruptions in brain function including increased metabotropic glutamate receptor 5
(mGIuR5)-dependentlong-term depression (LTD) and an imbalance of excitatory to
inhibitory neuronal signaling ( Huber et al., 2002; Gibson et al., 2008). Morphological
alterations in the Fmrl KO mouse include increased numbers of immature dendritic
spines in the cortex, hippocampus and amygdala (Bilousova et al., 2009; Grossman et al.,
2006; Grossman et al., 2010; Nimchinsky et al., 2001; Pan et al., 2010; Qin et al., 2011),
and abnormal axon arborization in the somatosensory cortex (Bureau et al., 2008).
Several studies have also shown that astrocytes from the Fmrl KO mouse brain

contribute considerably to neuronal dysfunction (Cheng et al., 2012; Jacobs & Doering,



2010; Jacobs et al., 2012). Astrocytes from Fmrl KO mouse brain are co-cultured with
neurons from WT mouse brain, the morphology of the WT neuron show increased axonal
branching and immature dendritic spine density (Cheng et al., 2012; Jacobs & Doering,
2010; Jacobs et al., 2012). In addition, reduced myelin thickness and decreased
concentration of myelin proteins are reported in the developing Fmrl KO mouse brain
(Pacey et al., 2013). These studies have shown that the Fmrl KO mouse model has
contributed considerably to the understanding of the neurological and molecular changes

in FXS.

1.2.2. Drosophila model of FXS

The dfmrl gene in Drosophila is a homolog of the mammalian FMR1 gene and its
gene product shows similar sequence homology to FMRP (Wan et al., 2000). The
Drosophila dfmrl gene product also binds to mRNA and the dfmrl protein is most
abundant during embryonic development (Wan et al., 2000). The Drosophila model of
FXS (dfmrl null) displays morphological alterations in the brain including larger synaptic
boutons with an elevated number of vesicles that suggest altered synaptic function and
synaptogenesis (Pan et al., 2004). Increased axonal branching and longer axon length are
found in the dfmrl null fly compared to the WT fly (Pan et al., 2004; Pan et al., 2008).
Dfmrl null flies show altered circadian rhythm (McBride et al., 2012; Monyak et al.,
2016) perhaps providing some insight into sleep troubles experienced by FXS patients
(Kronk et al., 2009; Kronk et al., 2010). Similar to the human condition, social interaction
and memory deficits are observed in the male dfmrl null fly (Monyak et al., 2016;

Tessier & Broadie, 2012). The Drosophila model of FXS has contributed novel insights



into the morphological and behavioral changes as well as possible treatment options for
FXS, including lithium and metformin (Choi et al., 2010; McBride et al., 2005; McBride

etal., 2012; Monyak et al., 2016).

1.2.3. Fmrl KO rat model of FXS

Recently the Fmrl KO rat model of FXS has been developed to provide
additional insights into cognitive processes, social behaviors, and to query developmental
process through in vivo imaging (Hamilton et al., 2014; Kenkel et al., 2016; Till et al.,
2015). The juvenile Fmrl KO rats at postnatal day 25-45 (PND 25-40) show reduced
play behavior and increased repetitive behavior compared to WT rat (Hamilton et al.,
2014). However, the absence of FMRP in Fmrl KO rats can result in behavioral
differences compared to the Fmrl KO mice. In juvenile Fmrl KO rats, tests of anxiety
showed no differences compared to WT rats (Hamilton et al., 2014). In contrast, anxiety
levels in developing FVB Fmrl KO mice has increased (3 weeks old) (Bilousova et al.,
2009) and anxiety has decreased in the adult FVB Fmrl KO mice (PND 95-97) (Qin et
al., 2011). In addition, spatial learning and reversal learning in Morris water maze in
adult Fmrl KO rat are not different compared to WT rat (3-6 months old) (Till et al.,
2015). However, adult Fmrl KO mice have shown deficits with reversal learning in
Morris water maze (10-13 weeks old) (Bakker et al., 1994). Hippocampal deficits have
been demonstrated in adult Fmrl KO rat, including increased mGluR5-dependent LTD,
protein synthesis and immature dendritic spine density (Till et al., 2015), similar to
findings in the Fmrl KO mice (Bilousova et al., 2009; Huber et al., 2002; Qin et al.,

2005).



The Fmrl KO rat has been used to study brain function by training rats to remain
still during functional magnetic resonance imaging without the use of anesthesia (Kenkel
et al., 2016). In response to a trained reward odor, WT rats have shown increased brain
activity in brain regions associated with reward, whereas Fmrl KO rats did not show this
increase (Kenkel et al., 2016). Also, Fmrl KO rats show no preference in odor
discriminating task for the trained reward odor, suggesting an alteration in the learned
reward pathway (Kenkel et al., 2016). Fmrl KO rats are recently introduced, and this
model has already shown novel uses in the study of social behavior and in vivo imaging

(Hamilton et al., 2014; Kenkel et al., 2016; Till et al., 2015).

1.3. NEURONAL PHENOTYPE IN THE FMR1 KO MOUSE
1.3.1. Altered long-term depression in the Fmrl KO mouse

Synaptic plasticity in the brain is dependent on long-term depression (LTD) which
can lead to weakening and elimination of synapses and long-term potentiation (LTP)
which can lead to strengthening of synapses (Bear, 1998). LTD and LTP are the
electrophysiological basis of learning and memory (Bear, 1998). LTP and LTD depend
on depolarization from ionotropic and metabotropic receptors at the synapse, and FMRP
modulates group 1 metabotropic glutamate receptor 5 (mGIuR5)-dependent LTD
specifically (Bassell & Warren, 2008; Bear et al., 2004; Weiler et al., 1997; Weiler &
Greenough, 1999). To better understand the role of FMRP at the synapse and how the
absence of FMRP contributes to FXS, the mGIuR theory of FXS has been proposed
based on the following findings (Figure 1-1, adapted from Dolen and Bear 2008 (Dolen

& Bear, 2008)) (M. F. Bear et al., 2004):



1) Group 1 mGIuR activation leads to the synthesis of FMRP normally (Weiler et al.,
1997).

2) Normal mGIuR dependent LTD is proteins synthesis dependent (Oliet et al., 1997,
Weiler & Greenough, 1993).

3) FMRP may act to repress mRNA translation at the synapse (Bassell & Warren, 2008;
Weiler et al., 1997; Weiler & Greenough, 1999).

4) mGluR-dependent LTD is exaggerated in the absence of FMRP (Huber et al., 2002).
5) In the absence of FMRP, mGIluR-dependent LTD is no longer protein synthesis
dependent (Nosyreva & Huber, 2006).

Activation of group 1 mGIuR normally leads to protein synthesis and FMRP can
regulate protein synthesis during translation (Figure 1-1a). However, in the Fmrl KO
mouse, mGIuR activation can lead to elevated protein synthesis due to the lack of FMRP
regulation on translation of mMRNAs (Figure 1-1b). It has been suggested that the
exaggerated mGluR-dependent LTD can lead to neurological and behavioral issues in

FXS (Bear et al., 2004).
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Figure 1-1: The role of group 1 mGIuR activation and FMRP in the a) WT and b)
consequences from the lack of FMRP in Fmr1 KO mice. The figure was adapted from
Dolen and Bear 2008 (Dolen & Bear, 2008).



The juvenile Fmrl KO mouse brain show increased mGIluR5-dependent LTD in
the hippocampus (PND 25-30) and cerebellum (PND 21-49) (Huber et al., 2002;
Koekkoek et al., 2005). However, the ionotropic glutamate receptor N-methyl-D-
aspartate (NMDA) receptor-dependent LTD is normal in hippocampus of juvenile Fmrl
KO mice (PND 25-30) and does not contribute to the exaggerated LTD (Huber et al.,
2002). These studies show specifically that mGluR5-dependent LTD is dysregulated in
the absence of FMRP and may contribute to neuronal dysfunction in Fmrl KO mouse
(Huber et al., 2002; Koekkoek et al., 2005). Furthermore, LTP is normal in hippocampus
of adult Fmrl KO mice compared to WT (Godfraind et al., 1996; Li et al., 2002; Paradee
et al., 1999). It should be noted that the mGIuR5 mRNA levels are not different between
Fmrl KO and WT mice, although reduction of mGIuR5 protein has been reported in the
synaptic membrane extracted from the whole brain of Fmrl KO mice at PND 21
(Giuffrida et al., 2005). In the post-mortem human FXS brain, increased mGIuR5
proteins are found in prefrontal cortex and show increased mGIuR5 receptor binding in a
competitive binding assay using a selective mGIuR5 antagonist, [*H]-labeled 3-methoxy-
5-pyridin-2-ylethynylpyridine (Lohith et al., 2013). Therefore, the alteration of synaptic
plasticity in the Fmrl KO mice can be attributed to the increase of mGluR5-dependent
LTD and lead to elevated downstream activity following mGIuR5 activation (Giuffrida et
al., 2005; Pfeiffer & Huber, 2009).

Genetic reduction of mGIuR5, from mating mGIuR5 knockdown mice to Fmrl
KO mice, reduces mGluR5-dependent LTD, normalizes the immature dendritic spine
density and protein synthesis in hippocampus of Fmrl KO mice compared to WT (Dolen

et al., 2007). The finding of increased mGIluR5-dependent LTD has led to the proposal



that mGIuR5 antagonists may be used therapeutically to treat FXS (Bear et al., 2004;
Dolen & Bear, 2009). Many types of mGIuR5 antagonists have been tested in adult Fmrl
KO mouse model and resulted in the normalization of behavior and immature dendritic

spine levels (Levenga et al., 2011; Thomas et al., 2012; Yan et al., 2005).

1.3.2. Downstream effects of mGluR5-dependent long-term depression in Fmrl KO
mice

In the normal post-synaptic terminal, mGIuRS5 activation leads to the dissociation
with the scaffolding protein Homer (Ronesi & Huber, 2008). Homer then binds to the
phosphatidylinositol 3-kinase (PI3K)-enhancer protein (PIKE) leading to the downstream
activation of protein kinase B (AKT) and the PI3K-mammalian target of rapamycin
(mTOR) complex (Hou & Klann, 2004; Ronesi & Huber, 2008) (Figure 1-2a, modified
from (Huber et al., 2015)). The activation of the mTOR complex leads to phosphorylation
of the 4E-binding protein and dissociation with the eukaryotic initiation factor 4E
(elF4E). The elF4E binds to elF4G and elF4A to form the eukaryotic initiation factor 4
complex (elF4F), leading to cap-dependent translation initiation of mMRNA (Figure 1-2a)
(Hou & Klann, 2004; Ronesi & Huber, 2008; Sharma et al., 2010). One of the proteins
synthesized is FMRP (Weiler et al., 1997), which can act to repress translation by binding
to the mRNA or the ribosome (Darnell et al., 2011). In addition to promoting translation,
the activation of the mTOR pathway can result in cellular growth and proliferation in the
brain (Huber et al., 2015).

In the hippocampus of developing Fmrl KO mouse (PND 19-55), mGIuR5

association with the long isoform of Homer protein is decreased and association to the



short isoform of Homer (H1a) is increased (Ronesi et al., 2012). Genetic deletion of the
short isoform in Fmrl and H1a double KO mice is able to rescue mGIuR association with
the long isoform of Homer and normalize the elevated PI3K and mTOR signaling, but
not the exaggerated mGluR-dependent LTD (Ronesi et al., 2012). The hippocampus of
juvenile and adult Fmrl KO mice show elevated activity with PIKE, AKT, mTOR, and
elF4F leading to increased translation of mRNA (Figure 1-2b, modified from (Huber et
al., 2015)) (Liu et al., 2012; Ronesi et al., 2012; Sharma et al., 2010). The mitogen-
activated protein kinase kinase (MEK) and extracellular signal-regulated kinase (ERK)
activities are normal in hippocampus of developing (PND 19-55) and adult (12 weeks
old) Fmrl KO mice (Figure 1-2b) (Liu et al., 2012; Ronesi et al., 2012). However, one
recent study has shown increased MEK/ERK activity in hippocampus of Fmrl KO
mouse (8-12 weeks old) (Gantois et al., 2017), suggesting that alterations in MEK/ERK
signaling may be age dependent. At least one study demonstrated that rapamycin, a
mTOR inhibitor, was ineffective at normalizing elevated mGIluR5-dependent LTD in
hippocampus of Fmrl KO mouse (Sharma et al., 2010). The inability of the mTOR
inhibitor to normalize LTD may be due to the presence of accumulated proteins required

for mGIuRS5 dependent LTD in hippocampus of Fmrl KO mice (Huber et al., 2015).
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Figure 1-2: Downstream signaling of mGIuR5 activation in the neurons of the
hippocampus in a) WT mice and b) Fmrl KO mice. a) In the hippocampus of the WT
mice, mGIuR5 activation causes dissociation with Homer, and binding of Homer to
PIKE. PIKE activates PI3K and leads to downstream activation of AKT and mTOR.
mTOR phosphorylates 4EBP, allowing the formation of elF4F and initiation of cap-
dependent translation. However, FMRP can stall translation by binding to the mRNA. b)
In the hippocampus of the Fmrl KO mice, the binding of mGIuR5 to Homer is reduced,
which can lead to increased activity of PI3K, AKT, and mTOR. Elevated mTOR activity
leads to increased formation of the elF4F and increases in translation in Fmrl KO mice.
The absence of FMRP further increases translation in the synapse of Fmrl KO mice. No
differences in the activation of the MEK/ERK pathway have been reported in the
hippocampus of the developing Fmrl KO mice. This figure was modified from Huber et
al. (Huber et al., 2015).
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Activation of mGIuRS5 in neocortex of the WT mice results in downstream
activation of MEK, ERK, and MAPK-interacting kinase 1 (Mnk1) pathway, leading to
phosphorylation of 4EBP and increase in elF4F cap-dependent translation initiation of
MRNA (Sawicka et al., 2016). In contrast to the signaling deficiencies in the developing
hippocampus, increases of MEK, ERK, Mnk1, and elF4F activity have been reported in
the neocortex of immature Fmrl KO mouse brain (PND 28-32) (Sawicka et al., 2016). In

addition, mTOR levels in the neocortex of immature Fmrl KO mice are not altered

11



compared to the WT (Sawicka et al., 2016). Increased MEK and ERK activity are
reported in prefrontal cortex and hippocampus of the adolescent/adult Fmrl KO mice (8-
12 weeks old) (Gantois et al., 2017). The increase in the activity of MEK/ERK pathway
may be due to the decrease of LTP reported in the cortex of the Fmrl KO mice (Harlow
etal., 2010; Li et al., 2002; Sidorov et al., 2013; Wilson & Cox, 2007). Thus, the
alterations in signal transduction in the neocortex of developing Fmrl KO mouse may be

different compared to findings in the hippocampus.

1.3.3. Altered long-term potentiation in the cortex of the Fmrl KO mouse

In Fmrl KO mice, abnormal LTP is reported in the cortex (Harlow et al., 2010; Li
et al., 2002; Sidorov et al., 2013; Wilson & Cox, 2007), whereas no difference in LTP is
reported in the hippocampus of Fmrl KO mice (Huber et al., 2002). In visual cortex of
developing Fmrl KO mice compared to WT (PND 13-25), mGluR5-dependent LTP is
reduced, and treatment with the mGIuR5 antagonist, 2-methyl-6-(phenylethynyl)pyridine,
did not reverse this effect (Wilson & Cox, 2007). Altered LTP is also reported in
somatosensory cortex of developing Fmrl KO mice compared to WT (PND 3-10)
(Harlow et al., 2010). LTP potentiation in WT mice shows that the window of synaptic
plasticity in somatosensory cortex is between PND 3 to 7 (similar to a preterm to term
infant (Semple et al., 2013)), with the peak LTP potentiation observed at PND 3 and
steadily reduced until PND 10 (Harlow et al., 2010). Whereas, the window for Fmrl KO
mice is between PND 4 to 10, with LTP potentiation low at PND 4 and reaches peak
potentiation between PND 6-7 followed by steady decline (Harlow et al., 2010). Time

course studies over the course of cortical development indicate a developmental delay in
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the window of synaptic plasticity in somatosensory cortex of Fmrl KO mouse brain

(Harlow et al., 2010).

1.3.4. Excitatory and inhibitory signaling imbalance in the Fmrl KO mice

In addition to decreased LTP at synapses in somatosensory cortex (Harlow et al.,
2010), an excitatory/inhibitory imbalance is observed in the developing somatosensory
cortex of the Fmrl KO mice compared to WT (PND 14 and PND 28) (Gibson et al.,
2008). A decreased connection frequency between excitatory and inhibitory neurons
indicates that inhibitory neurons are less likely to be excited which may result in reduced
inhibitory signaling in somatosensory cortex of Fmrl KO mice than WT (Gibson et al.,
2008). Excitatory neurons show increased membrane excitability and can fire
significantly greater numbers of action potentials in the Fmrl KO mouse brain (Gibson et
al., 2008). Moreover, neural network excitability, measured in the form of synchronous
depolarization in a network of neighboring neurons, is increased in developing Fmrl KO
mice compared to WT (PND 14 and PND 28) (Gibson et al., 2008). These results provide
evidence of altered excitability between excitatory and fast-spiking inhibitory neurons on
a cellular and network level (Gibson et al., 2008). The hyperexcitability of excitatory
neurons in somatosensory cortex may be associated with hypersensitivity to tactile
stimuli in Fmrl KO mice and FXS patients (Castren et al., 2003; Gibson et al., 2008;
Miller et al., 1999; Zhang et al., 2014).

Inhibitory neurotransmission is mediated by y-aminobutyric acid (GABA)
resulting in hyperpolarization of the postsynaptic membrane in adult rodents

(Paluszkiewicz et al., 2011). mRNAs of select GABAA and GABAg subunits are targets
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of FMRP (Darnell et al., 2011). Activation of the metabotropic G-protein coupled
GABAg receptors promotes FMRP expression in neurons from WT mice in-vitro (W.
Zhang et al., 2015). In adult Fmrl KO mouse brain (8-12 weeks old), there are reduced
levels of GABAA receptor subunit mRNAs and proteins in the cortex and hippocampus
compared to the WT (D'Hulst et al., 2006; El Idrissi et al., 2005). Treatment with GABAA
agonists, diazepam, and ganaxolone, reduced audiogenic seizures in adult Fmrl KO mice
(10 weeks) (Heulens et al., 2012). In the cortex and midbrain, the R1a subunit of the
GABAg receptor is decreased in developing Fmrl KO mice (5 weeks old), but the
MRNA level is unaffected (Kang et al., 2017). In hippocampal slices, inhibitory signaling
from GABAGg receptor activation by R-baclofen is normal in Fmrl KO mice (Kang et al.,
2017). Furthermore, an elevated ratio of excitatory/inhibitory postsynaptic frequency in
hippocampal slices in Fmrl KO mice is reduced by R-baclofen treatment (Kang et al.,
2017), indicating that R-baclofen can normalize the excitatory/inhibitory imbalance in
Fmrl KO mouse brain (Kang et al., 2017). In addition, acute R-baclofen treatment has
led to normalization of social behavior, motor activity, motor learning, protein synthesis,
and immature dendritic spine density in Fmrl KO mice (Henderson et al., 2012; Kang et
al., 2017; Qin et al., 2015). Thus, the imbalance of excitatory/inhibitory signaling and
reduced GABA receptor activity may contribute to neuronal dysfunction in Fmrl KO

mice.

1.3.5. Morphological changes in FXS

1.3.5.1. Elevated levels of immature dendritic spines

One of the hallmark morphological features of FXS pathology in humans is the
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increase in the number of thin and flagella-like immature dendritic spines (Figure 1-3a,
adapted from Grossman et al. (Grossman et al., 2006)) (Hintonet al., 1991; Rudelli et al.,
1985) and the decrease of mature, mushroom-shaped dendritic spines in the cortex of
FXS patients (Figure 1-3a) (Irwin et al., 2001). An increase of immature dendritic spines
is reported in somatosensory and visual cortices, hippocampus and amygdala of Fmrl
KO mice (Figure 1-3, from Dolen et al. (Dolen et al., 2007)) (Bilousova et al., 2009;
Dolen et al., 2007; Grossman et al., 2006; Grossman et al., 2010; Pan et al., 2010).
Dendritic spine elimination and formation are also reported to occur at higher rates in
somatosensory cortex in both developing (1 month old) and adult Fmr1 KO mice (4
months old) compared to the WT mice (Pan et al., 2010). In addition, newly formed
spines in developing Fmrl KO mouse brain have smaller head diameter compared to new
spines in the WT at PND 30 (Pan et al., 2010). Experiments to determine if tactile
hypersensitivity is associated with higher rates of dendritic spine elimination and
formation in somatosensory cortex indicated no difference between Fmrl KO mice that
had undergone whisker trimming sensory deprivation for 2 weeks compared to Fmrl KO
mice without sensory deprivation (Pan et al., 2010). Therefore, the high turnover rate of
dendritic spines does not appear to be the result of tactile hypersensitivity in Fmrl KO
mouse brain and suggests a possible role of FMRP regulation of elimination and

formation of dendritic spines (Pan et al., 2010).
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Figure 1-3: Representation of dendritic spine density in Fmrl KO and WT mice. a) A
cartoon representation of the immature (A, B, C, D, and E) and mature (F, G, and H)
dendritic spine morphology in the mouse brain. Figure 1-3a was adapted from Grossman
et al. (Grossman et al., 2006). b) Representative images of dendritic spines from WT and
Fmrl KO mice in the visual cortex with Golgi-Cox staining technique. Figure 1-3b was
adapted from Dolen et al. (Dolen et al., 2007).

The molecular changes in Fmrl KO mouse brain that are responsible for the
increase in immature dendritic spines remain unknown (Bilousova et al., 2009; Grossman
et al., 2006). However, it has been suggested that the abnormal dendritic spine
morphology in Fmrl KO mice may be from altered protein-protein interactions and the
dysregulation of local protein synthesis at the dendritic spine resulting from the
exaggerated mGluR5-dependent LTD (Grossman et al., 2006). Activation of mGIuR5
with the group 1 mGIuR agonist (S)-3,5-dihydroxyphenylglycine shows an increase of

elongated dendritic spines in vitro in WT neurons (Vanderklish & Edelman, 2002). In

addition, reducing mGIuR5 by genetic reduction or with mGIuR5 antagonists results in
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reduced levels of immature dendritic spines in the hippocampus of adult Fmrl KO mice
(Dolen et al., 2007; Levenga et al., 2011; Pop et al., 2014). Treatment with R-baclofen
also normalized immature dendritic spine density presumably by normalizing the
excitatory/inhibitory imbalance in Fmrl KO mouse brain (Henderson et al., 2012).
Increased immature dendritic spine density and decreased mature dendritic spine
density are also found in the CA1 region of hippocampus in Fmrl KO mice at PND 7, 8,
21 and 60 compared to WT (Bilousova et al., 2009; Sidhu et al., 2014). The developing
hippocampus show elevated matrix metalloproteinase 9 (MMP-9) activity and reducing
MMP-9 activity with the broad spectrum antibiotic minocycline, normalized the number
of immature dendritic spines in Fmrl KO mice at PND 7 (Bilousova et al., 2009). Early
minocycline treatment also normalized the elevated anxiety levels in Fmrl KO mice at
PND 21 (Bilousova et al., 2009). Continuous minocycline treatment is administered
through the drinking water and is passed from the mother mouse to the pups through the
milk (Bilousova et al., 2009). Genetic reduction of the elevated MMP-9 activity has
normalized the densities of mature and immature dendritic spines in the hippocampus of
the double Fmrl and MMP-9 KO mice compared to the WT (PND 8, 14, 21 and 60)
(Sidhu et al., 2014). In the hippocampus of double KO Fmrl and MMP-9 mice, mGIluR5-
dependent LTD as well as AKT, mTOR, and elF4F activities are normalized compared to
the WT (Sidhu et al., 2014). It is thought that the elevated MMP-9 activity may
contribute to the immature dendritic spine morphology by excessive cleavage of the
extracellular matrix proteins in the hippocampus of Fmrl KO mice (Bilousova et al.,
2009; Sidhu et al., 2014). Thus, the correction of altered molecular changes in the Fmrl

KO mouse brain, including mGIuR5 dependent LTD, imbalance of excitatory and
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inhibitory signaling, or from excessive cleavage of the extracellular matrix by MMP-9,
can normalize immature dendritic spine density (Bilousova et al., 2009; Grossman et al.,

2006; Henderson et al., 2012; Sidhu et al., 2014).

1.3.5.2. Alterations in axon formation

In cultured WT neurons, FMRP is observed in axonal growth cones and
throughout the axon shaft (Antar et al., 2006). In cultured Fmrl KO neurons, axon
growth cones display excess filopodia and reduced axon motility, which may reduce the
number of connections to dendritic spines and contribute to increased immature dendritic
spines (Antar et al., 2006). Axonal architecture is also compromised in the brain of
Drosophila model of FXS, with increased axonal branching and longer axonal branches
that can protrude into other brain regions compared to the control flies (Pan et al., 2004).
Overexpression of the Drosophila fmrl gene reduces axonal branching and outgrowth,
suggesting a role for FMRP in the regulation of axon formation (Pan et al., 2004).

Diffuse axon arbors, displaying shorter and more disperse axons, have been
demonstrated in neurons connecting layer 4 to layer 2/3 in somatosensory cortex of
developing Fmrl KO mice compared to WT (PND 13-15) (Bureau et al., 2008),
suggesting that FMRP may be involved in axon guidance and/or pruning (Bureau et al.,
2008). However, the amplitude of the action potentials along diffuse axons in Fmrl KO
mice are not significantly different from the axons in WT brain, indicating excitatory
signaling from layer 4 to layer 3 of somatosensory cortex is not affected (Bureau et al.,
2008). No differences in axon distribution or altered signaling have been observed from

layer 5 to layer 3 of the somatosensory cortex in developing Fmrl KO and WT mice,
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demonstrating the abnormal axon morphology may not necessarily affect all axons in
Fmrl KO mouse brain (Bureau et al., 2008). The diffuse axon morphology in
somatosensory cortex of Fmrl KO mice (PND 13-15) is no long different at an older age
(PND 20-22) compared to WT mice (Bureau et al., 2008) suggesting a developmental
delay in axon growth. There are also non-neuronal influences contributing to axon
morphology, including the influence of Fmrl KO astrocytes in causing increased axonal
branching and reductions in mature dendritic spines in WT neurons (Jacobs & Doering,

2010).

1.4. Alteration of glia in the Fmrl KO brain
1.4.1. Astrocytes

Astrocytes outnumber neurons 3 to 1 in the rodent brain and 1.4 to 1 in the human
brain and astrocytes are critical to the health and function of the brain (Nedergaard,
Ransom, & Goldman, 2003). Astrocytes control the pH and ion concentrations of the
extracellular milieu, take up the neurotransmitter glutamate released into the synaptic
cleft to maintain lower resting concentration of glutamate needed for neurotransmission,
and convert glutamate into glutamine to avoid excitotoxicity (M. C. McKenna, 2007).
FMRP is present in astrocytes in both the developing and mature mouse brain
(Gholizadeh et al., 2015). Normally astrocytic FMRP regulates the level of the glutamate
transporter GLT1 which is critical in maintaining glutamate homeostasis (Higashimori et
al., 2013).

Recent studies in the Fmrl KO mouse have revealed glial dysfunction as a

contributing factor to pathological features of FXS (Higashimori et al., 2013; Jacobs &
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Doering, 2010; Jacobs et al., 2012). In the Fmrl KO mouse, the glutamate transporter
GLT1 mRNA and protein levels, along with glutamate uptake are reduced at PND 4 and
PND 40 compared to WT (Higashimori et al., 2013). Thus, reduced uptake of glutamate
by astrocytes may contribute to the enhanced neuronal excitability observed in Fmrl KO
mouse brain (Higashimori et al., 2013).

In a co-culture experiment, astrocytes from Fmrl KO mouse brain influenced
neurons from WT brain to display characteristics of Fmrl KO neurons, including
increased axonal branching and reduction of mature dendritic spine density (Jacobs &
Doering, 2010). The study by Jacobs et al. (Jacobs & Doering, 2010) suggests that
astrocytes from Fmrl KO brain can have a considerable influence on the morphology of
neurons (Jacobs & Doering, 2010). Another study has shown elevated levels of
neurotrophin-3 in the growth media of Fmrl KO astrocytes and WT neurons that are
cultured with conditioned medium also displayed increased immature dendritic spines
density (Yang et al., 2012). However, injection of Fmrl KO astrocytes transfected with
neurotropin-3 short hairpin RNA to reduce neurotrophin-3 levels into the prefrontal
cortex of the adult Fmrl KO mice did not normalize fear conditioning, whereas injection
of WT astrocytes normalized fear conditioning (Yang et al., 2012). The study by Yang et
al. (Yang et al., 2012) suggests that astrocytes can have considerable influence on
neurological deficits in Fmrl KO mouse brain and that a limited rescue of FMRP from
WT neurons can normalize behavior in Fmrl KO mice (Yang et al., 2012). Given the
close anatomical proximity and the dynamic metabolic relationship between neurons and

astrocytes in the brain, it is not surprising that astrocytes in Fmrl KO mouse brain can
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contribute to the neuronal phenotype of FXS (Jacobs & Doering, 2010; Yang et al.,

2012).

1.4.2. Oligodendrocytes

Mature oligodendrocytes are essential in forming myelin sheaths that insulate and
protect axons. Myelination in the rodent brain is a postnatal event; peaking between PND
20-21, and continuing into adulthood (Andersen, 2003; Semple et al., 2013) and declining
around 18 months (Xie et al., 2013). FMRP concentration is high in normal
oligodendrocyte precursor cells in corpus callosum and FMRP levels in oligodendrocyte
precursor cells decrease following maturation into oligodendrocytes (Gholizadeh et al.,
2015; Wang et al., 2004). A low level of FMRP in oligodendrocytes does not eliminate
its importance in FXS but rather indicates that the decrease in FMRP from birth to
adulthood may be intricately tied to the normal developmental process (Gholizadeh et al.,
2015).

The exact role of FMRP in oligodendrocytes remains unknown, but FMRP binds
to the mRNA and may repress translation of myelin proteins (Darnell et al. 2011). The
FMRP polyribosomal complex binds to the mRNA of many essential myelin proteins
including myelin basic protein, 2',3'-Cyclic-nucleotide 3'-phosphodiesterase (CNP),
myelin-associated glycoprotein, and proteolipid protein (Darnell et al., 2011; Wang et al.,
2004). Myelin basic protein is a key and abundant myelin protein necessary for
compacting myelin sheaths (Harauz et al., 2009). CNP binds to and organizes
microtubules and may contribute to the structural integrity of myelin (Bifulco, Laezza,

Stingo, & Wolff, 2002). Normally, both myelin basic protein and CNP protein levels are
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found only in maturing oligodendrocytes and are commonly used as indicators for mature
oligodendrocytes (Harauz et al., 2009; Hinman et al., 2008). In the cerebellar white
matter of developing Fmrl KO mice, reduced myelin thickness at PND 7 and
concentrations of myelin basic protein and CNP are found at PND 7 and PND 15
compared to WT mice (Pacey et al., 2013). The reduction in myelin thickness and myelin
protein levels are similar at PND 30 between Fmrl KO and WT mice (Pacey et al.,
2013), and myelin basic protein levels are elevated in cerebellar white matter of adult
Fmrl KO mice (2-4 months) (Pacey et al., 2013). The authors suggest that their results
demonstrate delayed myelination during early postnatal brain development in the

cerebellum of Fmrl KO mice (Pacey et al., 2013).

1.5. THE IMPORTANCE OF STUDYING THE DEVELOPING FMR1 KO MOUSE BRAIN

As previously mentioned, the developing Fmrl KO mouse show alteration in
synaptic plasticity, dendritic spine morphology, axon growth and myelination that may
have detrimental effects on brain maturation (Bilousova et al., 2009; Gibson et al., 2008;
Huber et al., 2002; Pacey et al., 2013; Shi et al., 2012; Wilson & Cox, 2007). In addition,
FMRP has been shown to influence cortical migration patterns in normally developing
mouse embryo by affecting multipolar to bipolar transition in neurons (La Fata et al.,
2014). Whereas, change in migration patterns in embryonic Fmrl KO mouse brain can
result in abnormal development of the functional network and alter excitatory and
inhibitory networks in cortex (La Fata et al., 2014). Reintroduction of FMRP to Fmrl KO
mouse embryos rescued neuronal migration patterns, demonstrating the critical role of

FMRP in normal brain development (La Fata et al., 2014).
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Recently, increasing number of studies has incorporated translational imaging
techniques to study FXS patients and rodent models of FXS (D'Hulst et al., 2015; Gothelf
et al., 2008; Haas et al., 2009; Haberl et al., 2015; Hall et al., 2013; Hall et al., 2016;
Hazlett et al., 2012; Hoeft et al., 2010; Lai et al., 2016; Qin et al., 2013). These imaging
methods can offer additional insight to developmental changes in the brains of FXS
patients and Fmrl KO mice on metabolism, morphology, and function. However, further
studies in the developing brain at different time points are needed to determine

developmental alterations between Fmrl KO and WT mice.
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CHAPTER 2: IMAGING THE FXS BRAIN

2.1. INTRODUCTION TO BRAIN IMAGING STUDIES IN FXS AND THE FMR1 KO MOUSE

In vivo brain imaging methods have recently been used to study alterations in
metabolism, morphology, and function in FXS patients. The benefit of the imaging
methods lies in their ability to non-invasively image human brains in vivo and determine
differences between FXS patients and both age-matched and 1Q-matched controls. In
addition, brain imaging studies have also been performed in Fmrl KO mouse to
determine whether the animal model show similarities to the alterations in brain
metabolism, morphology, and function found in FXS patients (Ellegood et al., 2010;

Haberl et al., 2015; Shi et al., 2012).

2.1.1. Metabolic imaging in FXS AND THE FMR1 KO MOUSE
2.1.1.1. Metabolism and tracer labeling using positron emission tomography
Metabolic imaging studies in the mouse using autoradiography showed the
cerebral metabolism rate of glucose and the rate of protein synthesis were increased in the
brains of in vivo Fmrl KO mice compared to WT (Qin et al., 2002; Qin et al., 2005).
Glucose metabolism was studied by infusion of [**C]deoxyglucose into awake and
behaving Fmrl KO and WT mice for 45 minutes and then sacrificed to measure the
cerebral metabolism rate of glucose in the autoradiogram (Qin et al., 2002). Increased
rates of glucose metabolism were reported in the hippocampus, prefrontal, auditory,
motor, and visual cortices, and the thalamus of adult Fmrl KO mice compared to WT (4-

5 months old) (Qin et al., 2002). Similarly, the rate of cerebral protein synthesis was
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measured using autoradiography after the incorporation of the radiolabeled tracer L-[1-
Y4C]leucine for 60 minutes in the awake and behaving adult Fmr1 KO and WT mice (4
and 6 months old) (Qin et al., 2005). A regional selective increase of protein synthesis
was observed in the hippocampus, frontal association and posterior parietal cortices and
the thalamus of the adult Fmrl KO mice at both ages (Qin et al., 2005). Thus, the studies
by Qin et al. (Qin et al., 2002; Qin et al., 2005) demonstrate increased metabolism of
glucose and protein synthesis in the Fmrl KO mouse brain and have led to recent studies
of protein synthesis and ligand binding in human patients with FXS (D'Hulst et al., 2015;
Qinetal., 2013).

Human studies in young adults with FXS used a PET-based method for measuring
rates of cerebral protein synthesis with radiolabeled tracer L-[1-**C]leucine, indicated
that rates were decreased rather than increased (Qin et al., 2013). It was not clear whether
the opposite finding in patients was due to the use of propofol anesthesia, which would
greatly suppress overall brain metabolism, or there was a difference between the disease
in humans and the mouse model. Further studies in mice revealed that propofol reduced
brain protein synthesis in Fmrl KO mice but not in the WT mice, indicating that the
sedating agent can have selective effects on brain protein synthesis in the absence of
FMRP (Qin et al., 2013). A reduction in GABAA, receptor binding to [*'C] flumazenil, a
high-affinity ligand for GABAA receptor, was found in parietal and cingulate cortices as
well as in the thalamus of adult FXS patients compared to normal controls (D'Hulst et al.,
2015). The reduction in GABAA receptors in FXS patients was supported by previous
findings of reduced GABAA receptor subunit mMRNAs and proteins in the cortex of adult

Fmrl KO mice (D'Hulst et al., 2006; EI Idrissi et al., 2005). Metabolic imaging in the
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Fmrl KO mice has revealed widespread alterations in glucose metabolism and protein
synthesis in the brain (Qin et al., 2002; Qin et al., 2005) and similar approaches have

been performed in FXS patients (Qin et al., 2013).

2.1.1.2. Brain metabolite levels from *H magnetic resonance spectroscopy

'H magnetic resonance spectroscopy (MRS) can determine the concentration of
unbound metabolites in specific regions of the brain in vivo and can indicate differences
in neurotransmitter levels as well as molecules associated with signal transduction (Fan,
1996). Reduced choline levels, which can include phosphocholine,
glycerophosphocholine, and phospholipids, was reported in dorsolateral prefrontal cortex
of male FXS patients (18 + 4 years old) compared to normal controls (Kesler et al.,
2009), and in the caudate nucleus of young adults with FXS (21 + 3 years old) compared
to 1Q-matched controls (Bruno et al., 2013). The findings suggest that reduced choline
levels may be specific to FXS and can reflect altered availability of choline for synthesis
of acetylcholine and/or choline containing phospholipids which are incorporated into
membranes (Bruno et al., 2013; Kesler et al., 2009). A recent finding showed reduced
muscarinic acetylcholine receptor expression and reduced acetylcholine levels in the
striatum of adult Fmrl KO mice, as well as increased acetylcholinesterase, an enzyme
that breaks down acetylcholine (Qiu et al., 2016). Thus, specific molecular changes to the
muscarinic acetylcholine signaling in Fmrl KO mice could also reflect reduced
cholinergic signaling, as was suggested in FXS patients (Bruno et al., 2013; Kesler et al.,
2009; Qiu et al., 2016). In addition, the glutamate plus glutamine pool was decreased in

the caudate nucleus in adolescents and young adults with FXS compared to 1Q-matched
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controls and could indicate altered metabolism in the glutamate-glutamine cycle and
abnormal glutamatergic neurotransmission (Bruno et al., 2013; McKenna et al., 2011).
No differences were reported in metabolite levels between the male and female FXS
patients (Bruno et al., 2013). Our studies using developing Fmrl KO mice compared to
WT showed elevated levels of taurine, and reduced myo-inositol levels in the
hippocampus (Shi et al., 2012). The implications of these findings to the Fmrl KO mouse
brain are discussed in Chapter 5 (Shi et al., 2012). Taken together these studies show
evidence of metabolite alterations that may contribute to the molecular changes in the

FXS brain.

2.1.2. Changes in brain volume in children with FXS

It is well documented in both young and adult FXS populations that overall and
regional brain volumes differ from those of normal, idiopathic autism (without FXS
diagnosis), and developmentally delayed populations (Gothelf et al., 2008; Hazlett et al.,
2012; Hoeft et al., 2011). One developmental study of boys (3 years old), reported a
general finding that idiopathic autistic boys had increased whole brain volumes compared
to normally developing boys; in contrast, decreased whole brain volume were found in
boys with FXS compared to the normally developing boys (Hoeft et al., 2011). The
results by Hoeft et al. (Hoeft et al., 2011) were also confirmed in another study of FXS,
idiopathic autistic and typically developing boys from 2-5 years old (Hazlett et al., 2012).

Regional brain volume in the human FXS brain showed increased and decreased
volumes depending on the region and age (Bray et al., 2011; Gothelf et al., 2008; Hazlett

etal., 2012; Hoeft et al., 2011; Qin et al., 2013). A study of boys with FXS (2.5+ 0.6 y)

27



compared to age-matched normal controls reported increased gray matter volumes in
cingulate cortex and caudate nucleus and decreased volumes in the insula, frontal,
parietal, and temporal lobes (Hoeft et al., 2011). These boys with FXS also showed
increased white matter volume in the medial frontal gyrus, temporal gyrus, and insular
cortex, as well as decreased white matter volume in the inferior and superior frontal
gyrus, and precentral and postcentral gyrus (Hoeft et al., 2011). In a separate study of
boys with FXS between 2-5 years old, Hazlett et al. (Hazlett et al., 2012) reported
increased volume of the caudate nucleus and white matter volume in the temporal lobe
compared to age-matched normal controls. The boys with FXS also showed a decrease in
gray matter volume in frontal, temporal, parietal-occipital lobes, amygdala and
hippocampus compared to age-matched normal controls (Hazlett et al., 2012). These two
studies show similarities in regional brain volume change in boys with FXS (Hazlett et
al., 2012; Hoeft et al., 2011).

The cause of whole brain and regional volume changes in the FXS brain is still
unknown, but the correlation of volume change to behavior scores may link volume
change to behavioral issues in FXS patients. The increase of the caudate nucleus volume
in boys with FXS correlates with poor performance scores in motor functions and
repetitive behavior (Hazlett et al., 2012). Reduced amygdala volume in boys with FXS
correlated with lower 1Q scores and with poor sociability (Hazlett et al., 2012). The
volume change in the insular, frontal and orbitofrontal regions suggest altered prefrontal
cortex development that may be related to increased anxiety and eye-gaze aversion in
boys with FXS (Hoeft et al., 2011). Thus, the changes in brain volume could play a role

in altered behavioral and cognitive function in FXS patients (Hazlett et al., 2012; Hoeft et
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al., 2011).

2.1.3. Changes in brain volume in adolescents and adults with FXS

In a relatively large study by Gothelf et al. (Gothelf et al., 2008) which included
male and female FXS patients that ranged in age from 1-22 years old (mean age of 12 £ 6
years), brain volumes were compared between the FXS patients and age-matched normal
controls. Increased volumes in gray matter include the occipital and parietal lobes, dorsal
and middle superior cortices, and the caudate nucleus in FXS patients (Gothelf et al.,
2008). Increased white matter volume in FXS patients was found in the inferior frontal
region of the brain and decreased white matter volume in the superior temporal region
(Gothelf et al., 2008). Bray et al. reported (Bray et al., 2011) increased volume of the
caudate nucleus and whole brain white matter, normalized to whole brain volume, in both
male and female FXS patients (9-22 years old, mean age 16 + 3) compared to age-
matched normal controls. (Gothelf et al., 2008). The caudate nucleus in male FXS
patients was larger than that of the female FXS patients (Bray et al., 2011; Gothelf et al.,
2008). The male and female FXS patients that showed greater caudate nucleus volume
also displayed repetitive behaviors, lower 1Q and greater FMR1 gene silencing (Bray et
al., 2011; Gothelf et al., 2008).

Decreased volumes in the amygdala, temporal lobe, and cerebral vermis were
found in FXS patients (12 * 6 years old) compared to normal controls, and lower cerebral
vermis volume was found in FXS patients that displayed stereotyping behavior (Gothelf
et al., 2008). Similar regional volume alterations were found in boys with FXS suggest

that the alterations in cortical and caudate nucleus volumes may be consistent throughout
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brain development in FXS (Gothelf et al., 2008; Hazlett et al., 2012; Hoeft et al., 2010).
The prefrontal cortex in male, but not female, FXS patients (9-22 years old) showed
increased volume and these patients also performed poorly in cognitive, spatial and
verbal tasks compared to normal controls (Bray et al., 2011).

In young adult males with FXS (18-24 years old), reduced volume in the
hippocampus, thalamus, and putamen compared to normal controls, and no differences
were found in the caudate nucleus, frontal and parietal cortices, and white matter region
of the corona radiate (Qin et al., 2013). Interestingly, no change in the caudate nucleus
volume was reported by Qin et al. (Qin et al., 2013) in a young adult FXS population,
suggesting the increased caudate nucleus volume reported in younger FXS patients may
have normalized with age (Bray et al., 2011; Gothelf et al., 2008; Hazlett et al., 2012;
Hoeft et al., 2010). The findings in brain volume between children and adolescents to
adults with FXS showed dynamic morphological changes occur in the FXS brain during
development and suggest that the trajectory of volume change in FXS brain is different
from normal controls (Bray et al., 2011; Gothelf et al., 2008; Hazlett et al., 2012; Hoeft et

al., 2010; Qin et al., 2013).

2.1.4. Volume changes in the Fmrl KO mouse brain

In mouse models of FXS, changes in brain volume may depend on the strain of
the mouse (Lai et al., 2016). Fewer volume differences were found at PND 60 in the
C57BI6J Fmrl KO mice compared to WT, including decreased striatal volume and
increased parietal-temporal lobe volume (Lai et al., 2016). The FVB strain of Fmrl KO

mice reported increased basal forebrain and parietal-temporal lobe volumes in gray
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matter, as well as decreased cerebral peduncle volume and increased corpus callosum,
internal capsule, and fimbria volumes in white matter, compared to WT mice (Lai et al.,
2016). This suggest that at least the volumes in the adult male C57BI6J Fmrl KO mice
may not recapitulate volume changes observed in FXS patients. However, findings of
altered behavior, impaired learning, altered synaptic plasticity, increasing immature
dendritic spine levels, delayed myelin, and elevated rates of protein synthesis have been
reported in C57BI6J Fmrl KO mouse strain (Bilousova et al., 2009; Huber et al., 2002;
Pacey et al., 2013; Qin et al., 2015). Other studies using the developing male C57BI16J
Fmrl KO mice have revealed increasing hippocampal volume and decreasing cerebellar
vermis volume at PND 30 compared to WT mice (Ellegood et al., 2010; Shi et al., 2012).
Similarly, children (7 £ 5 years old) and adolescents (13 £ 6 years old) with FXS also
showed increased hippocampal volume (Kates et al., 1997; Reiss, et al., 1994) and
decreased cerebellar vermis volume in toddlers with FXS (2-5 years old) (Hoeft et al.,
2010). Thus, the FVB Fmrl KO mouse may show greater number of changes in regional
brain volume compared to the WT, but the C57BI6 Fmrl KO mouse can still be used to

measure brain volume especially during development.

2.1.5. Altered white matter integrity in the FXS and Fmrl KO mouse brains

White matter integrity is commonly studied using diffusion tensor imaging (DTI)
by measuring water diffusion within the biological tissue in multiple directions from
which the microstructural environment of the tissue can be inferred in human and rodent
brains (Bockhorst et al., 2008; Mori & Zhang, 2006). The model of diffusivity in the

brain assumes that water diffusion is isotropic, being able to diffuse in any direction if
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unhindered in an uniform sample (Mori & Zhang, 2006). However, diffusion is hindered
in both gray and white matter due to morphological structures, with white matter
exhibiting more anisotropic diffusion because of restriction in water diffusion across the
axon and myelin membranes, and the gray matter exhibiting more isotropic diffusion
behavior (Mori & Zhang, 2006). Mean diffusivity (MD), a measure of the average
distance water molecules diffuse after a period of time, decreases as the brain develops
due to more restriction in water diffusion (Lebel et al., 2012; Qiu et al., 2008) and
increases in MD have been demonstrated in edema, axonal and myelin injuries (Lee et
al., 2014). Fractional anisotropy (FA), a measure of the preferential direction of diffusion
(Mori & Zhang, 2006), increases in white matter during development as the water
molecule is freely able to diffuse along the axon due to relatively less restricted diffusion
while it is more restricted across the axon. FA is used as a measure of white matter
integrity (Lee et al., 2014; Mori & Zhang, 2006).

In FXS patients (10-23 years old), MD in the inferior longitudinal fasciculus, the
white matter tract connecting the temporal and occipital lobes, decreased compared to
IQ-matched control, suggesting the presence of increased axon fibers in the FXS brain
(Hall et al., 2016). In the same study, elevated FA was reported in the inferior
longitudinal fasciculus, the uncinated fasciculus (white matter tract connecting the limbic
system), and white matter in the cingulate gyrus in children and young adults FXS
compared to 1Q-matched controls (Hall et al., 2016). This study suggested that white
matter integrity was greater in FXS patients compared to 1Q-matched controls but no
comparisons to normal controls were made (Hall et al., 2016). Increased fiber density was

observed in the left ventral frontostriatal pathway of male toddlers with FXS (1-4 years
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old) compared to normally developing controls (Haas et al., 2009). In a study of girls
with FXS (7-14 years) compared to normal age-matched controls, decreased FA and
increased MD were reported in the fronto-striatal pathway and white matter in parietal,
motor, and somatosensory cortices (Barnea-Goraly et al. 2003). Decreased FA and
increased MD were also reported in a separate study of adolescent girls and women with
FXS (13-23 years) in the internal capsule, as well as white matter in the thalamus and
precentral gyrus (Villalon-Reina et al., 2013). In the adult male Fmrl KO mouse brain
(9-12 weeks old), reduced FA was reported in the anterior and posterior regions of the
corpus callosum (Haberl et al., 2015). Thus, current studies suggest there is impaired
white matter integrity in FXS patients and Fmrl KO mice compared to normally
developing and WT controls (Barnea-Goraly et al., 2003; Haberl et al., 2015; Villalon-

Reina et al., 2013).

2.2. ALTERED BRAIN FUNCTION IN FXS
2.2.1. Resting state functional networks in the FXS brain

Resting state functional MRI (fMRI) detects spontaneous, synchronous
oscillations of blood oxygen level dependent (BOLD) signal that can provide insight into
the intrinsic functional organization of the brain (Ogawa et al., 1990). The concept of
functional connectivity comes from the discovery of spontaneous fluctuation of BOLD
signals that are temporally correlated among disparate regions of the brain while the brain
is at rest, which is thought to facilitate coordination between multiple networks resulting
in efficient communication (Biswal et al., 1997; Liska et al., 2015; Sours et al., 2015;

Stafford et al., 2014). The resting state networks were determined by spontaneous
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fluctuations in BOLD signal that showed a high degree of functional connectivity
between brain regions (Mantini et al., 2007). Adult resting state networks include the
default mode, attention, visual, auditory, somatomotor and salience networks (Mantini et
al., 2007; Peters et al., 2016). The default mode, visual, auditory, somatomotor networks
have been reported in children (Fair et al., 2008; Hoff et al., 2013). The visual, auditory,
and somatomotor networks are associated with the brain activity involved in the
processing of visual, auditory, tactile and motor information that corresponds to increased
BOLD activity in visual, auditory, somatosensory and motor cortices, respectively
(Mantini et al., 2007). The default mode network, which involves functional connectivity
between the medial prefrontal cortex, posterior cingulate cortex, and the medial and
lateral parietal cortex, is active (meaning there is a temporal correlation between these
regions) when an individual is awake and alert but in a situation that does not demand
attention or goal-oriented activity (Li et al., 2014; Raichle et al., 2001). The default mode
network is attenuated upon initiation of a task-based activity that requires attention,
whereby functional connectivity increases and results in increased correlation within the
attention network between the dorsolateral prefrontal cortex, posterior cingulate cortex,
inferior parietal cortex and the supplementary motor area (Li et al., 2014; Mantini et al.,
2007).

Reduced functional connectivity has been determined in male and female FXS
patients (10-23 years old) and compared to 1Q-matched controls, although normal
controls were not included in the study, in brain regions associated with known adult
resting state networks (Hall et al., 2013). Specifically, reductions of functional

connectivity were found in the insular cortex, as well as frontal, temporal, parietal, and
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occipital lobes in the brain of FXS patients (Hall et al., 2013), and these regions have
been associated with the default mode, attention, auditory, visual and somatomotor
networks (Mantini et al., 2007).

An important region affected in FXS was the insular cortex, a region that
facilitates switching between the default mode and the attention network (Sridharan et al.,
2008). The anterior insular cortex is also part of the salience network in the human brain,
including the dorsal anterior cingulate cortex, dorsal striatum, and thalamus (Peters et al.,
2016; Seeley et al., 2007). The salience network is involved in cognition, motivation,
attention and motor control in normal humans (Peters et al., 2016). Alterations of
functional connectivity in the salience network can contribute to impaired regulation of
cognition, emotion, and behavior (Peters et al., 2016); decreased functional connectivity
in the salience network was found in schizophrenic patients (Wang et al., 2016) and in
patients with obsessive-compulsive disorder (Anticevic et al., 2014). A decrease in the
functional connectivity of the insular cortex to other regions associated with the salience
and the attention networks was observed in FXS patients compared to 1Q-matched
controls; this decrease may reflect attention problems associated with FXS (Hall et al.,
2013). Functional connectivity in the insular cortex of the female FXS patients was
higher than the male, but still reduced compared to 1Q-matched controls (Hall et al.,
2013). This difference may be due to 1Q, as a positive correlation of 1Q to BOLD signal
in the insular cortex of FXS patients was reported, and the average 1Q in female FXS
patients in the study was 80 compared to an average 1Q of 60 in male FXS patients (Hall
et al., 2013). Therefore, the reduction of functional connectivity of the insular cortex

within the salience network may reflect impaired cognition and emotion regulation in
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FXS patients (Hall et al., 2013).

To test for differences in brain activity associated with gaze aversion and
sociability in FXS, experimenters using a task-based functional MRI (fMRI) test,
instructed adolescent male FXS patients (15.5 + 2.4 years old) to focus on pictures of
strangers making direct eye contact to the camera (Watson et al., 2008). The results of the
eye contact study show increased BOLD signal in the insular cortex and decreased
BOLD signal in the prefrontal cortex of male FXS patients compared to normal controls
(Watson et al., 2008). The altered activity in the insular cortex from both resting state and
task-based fMRI in FXS patients indicates that the insular cortex may play a role in the
attention problems and social aversion in FXS (Hall et al., 2013; Watson et al., 2008).
The use of resting state fMRI (rs-fMRI) to study FXS is relatively recent but the findings
have revealed important insights into brain function and functional brain network of FXS
patients, and suggest that the differences observed compared to normal and 1Q-match

populations may be associated with behavioral problems in FXS.

2.2.2. Resting state brain networks in rodents

In normal rats, functional and structural connections between the prefrontal and
somatosensory cortices, as well as connection to the caudate putamen and thalamic nuclei
are similar to those present in humans (D'Souza et al., 2014). The default mode, attention,
auditory, visual and somatomotor resting state networks have been observed in WT adult
rodents (Jonckers et al., 2014; Liska et al., 2015; Ma et al., 2016; Stafford et al., 2014;
Zerbi et al., 2015). In addition, rs-fMRI show similar spatial activation patterns as

fluorodeoxyglucose PET signals that measure glucose metabolism and synaptic activity
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in normal adult rodent brain (Attwell & Laughlin, 2001; Shah et al., 2016). Findings in
adult rodent functional connectivity studies show the cingulate cortex may serve as a
functional hub for the default mode network, similar to the cingulate cortex in the adult
human brain (Liska et al., 2015; Ma et al., 2016). In addition, the functional connectivity
in the default mode network in the adult mouse is largely conserved with respect to adult
primates and humans (Stafford et al., 2014).

Reduced functional connectivity between the visual cortex and the
somatosensory, auditory and motor cortices, hippocampus, and caudate putamen has been
reported in the brain of adult Fmrl KO mice (9-12 weeks old) compared to WT (Haberl
et al., 2015). In agreement with findings in FXS patients, reduced functional connectivity
was observed in the visual, auditory and somatomotor networks (Hall et al., 2013).
Therefore, functional connectivity in Fmrl KO mouse brain showed a similar decrease to
that of FXS patients. However, more studies are needed to determine changes in the
default mode network and to study functional connectivity in developing Fmrl KO

mouse brain.

2.3. SUMMARY

With the exception of volumetric studies, in vivo imaging modalities were not
commonly used to study FXS patients or Fmrl KO mice. Only recently studies in FXS
patients and Fmrl KO mice have incorporated different imaging modalities to reveal
alterations in brain metabolism, morphology and function. Regional brain volume
alterations in the FXS patient population were reported in children, adolescents, and

adults when compared to age-matched normal controls. Recent studies also demonstrated
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alterations in the FXS brain using metabolic imaging to show differences in metabolite
concentrations and ligand binding, reduced white matter integrity using DTI, and
functional imaging studies demonstrated altered in brain activity and reduced
connectivity in the functional brain network in FXS patients. In addition, these techniques
have also been used sparingly in the past to study the Fmrl KO mouse brain. These
methods can be used in future studies to improve our understanding of brain development

in Fmrl KO mice.
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CHAPTER 3: PURPOSE AND SPECIFIC AIMS

3.1. RESEARCH QUESTIONS

The research in this thesis studied brain development in Fmrl KO mouse and
determined whether imaging methods could identify differences during brain
development between Fmrl KO and WT mice. Specifically, the following questions
regarding brain maturation differences between Fmrl KO and WT mice were probed in
this thesis:

e Are brain metabolites altered in the developing Fmrl KO mouse brain and can

these alterations indicate neuronal and signal transduction deficits?
e Can developmental differences in gray and white matter structure be measured in

the Fmrl KO mouse brain using magnetic resonance imaging?

Is the functional brain network altered in the developing Fmrl KO mouse?

Can the imaging and spectroscopy studies in the Fmrl KO mouse brain reveal

altered patterns of brain development compared to the WT?

Can the observed developmental differences between Fmrl KO and WT mice be

used to guide treatment plans during brain development?

This research project was designed to find answers to the above questions in the
Fmrl KO mouse model. While there remains much more that can be learned regarding
the developmental aspects of FXS, the studies in this thesis have contributed new
findings on the metabolic, anatomical and functional differences in the brain of Fmrl KO

mouse compared to the WT during the key developmental stages.
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3.2. PURPOSE

The purpose of this thesis was to study brain metabolism, morphology, and
functional connectivity at specific stages of brain development in the Fmrl KO mouse
brain compared to the WT. Differences in the brain were studied at critical stages of
development that include before and during the peak of myelination and synaptogenesis
at postnatal day 18 (PND 18) and 21, respectively, neural network specialization at PND
30, and maturation of the neural network at PND 60 (Semple et al., 2013). Studying the
brain over many time points provided a better understanding of alterations in white and
gray matter regions during the critical periods of brain development in the Fmrl KO
mouse and may reveal altered patterns of brain development compared to the WT. The
morphological and functional differences between Fmrl KO and WT mice could
potentially be used to help plan intervention studies during critical developmental periods
that show deficits in the Fmrl KO mouse brain. Taken together, the work in this thesis

contributed to the understanding of overall brain development in the Fmrl KO mouse.

3.3. SPECIFIC AIMS
3.3.1. Determine longitudinal differences in hippocampal metabolites in developing
Fmrl KO mouse brain compared to WT brain

The first aim was to characterize developmental changes in hippocampal
metabolite levels in the Fmrl KO mouse brain. The objective of this study was to
conduct a longitudinal assessment of the hippocampus in Fmrl KO mice to determine if
metabolic alterations might contribute to the abnormal development of the hippocampus

compared to WT mice. The metabolite levels were measured using *H magnetic
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resonance spectroscopy in Fmrl KO and WT mice at PND 18, 21 and 30, during a period
of myelination and neural network development. The hippocampus is well studied in the
Fmrl KO mouse, and studies in the literature reported exaggerated mGIluR5-dependent
LTD (Huber et al., 2002), increased PI3K-mTOR signaling (Sharma et al., 2010), and
increased immature dendritic spine density (Bilousova et al., 2009). Determining
metabolite levels would reveal potential alterations in neurotransmitters, signaling
molecules, and cellular structural components in the hippocampus of Fmrl KO mouse

brain.

3.3.2. Determine alterations in white matter of the developing Fmrl KO mice

The objective of this study was to determine whether myelination in white matter
regions during postnatal development is different in Fmrl KO mouse brain compared to
the WT. A previous study demonstrated delayed myelination in cerebellar white matter of
Fmrl KO mice (Pacey et al., 2013). Since myelin is the major component in white
matter, we hypothesized that reduced myelin is found in white matter regions during
brain development in Fmrl KO mouse. The volume of white matter regions, T,
relaxation time, and magnetization transfer ratio were measured in fixed Fmrl KO and
WT mouse brains at PND 18, 21, 30 and 60. These parameters are commonly used to
study white matter using magnetic resonance imaging (MRI) (Bonnier et al., 2014; Ou et
al., 2009; Schmierer et al., 2004; Thiessen et al., 2013; Wozniak & Lim, 2006).
Histological staining of myelin with Black Gold Il was used to quantify myelin density
and determine how well myelin staining corresponded to the data obtained using MRI.

Any observed deficits in myelin would potentially help to explain differences in the
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development of white matter tracts in Fmrl KO mice compared to WT mice.

3.3.3. Determine diffusion properties in the brain of developing Fmrl KO mice
This aim investigated the microstructure differences in white and gray matter
regions of the Fmrl KO mouse brain compared to WT using diffusion tensor imaging
(DTI). DTI, which measures the diffusion distance of water with respect to time, was
used to provide insights into axon and myelin morphology in developing Fmrl KO
mouse brain. Previous reports of altered axon morphology suggest there are differences
in the organization of axons in models of FXS, including increased axonal branching
(Pan et al., 2004) and diffuse axonal arborization (Bureau et al., 2008). The objective of
this study was to determine whether differences in the organization and density of axon
fibers were present in the Fmrl KO mouse brain compared to WT. The fixed brains of
Fmrl KO and WT mice were studied using DTI at PND 18, 21, 30 and 60. Insights into
axon morphology and density would contribute to the understanding of morphological

deficits in the developing Fmrl KO mouse brain.

3.3.4. Determine if there are alterations in resting state networks in the developing
brain of Fmrl KO mice compared to WT mice

This aim determined functional connectivity in the brains of developing Fmrl KO
mice compared to WT at an earlier age during brain development (PND 30) and when the
brain is more mature (PND 60). The objective of this study was to study potential
differences in the functional organization of developing Fmrl KO mouse brain using

resting state network analysis. A previous study demonstrated increased local neuronal
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network excitability in somatosensory cortex in developing Fmrl KO mouse (Gibson et
al., 2008). The altered neural network excitability led to our hypothesis that functional
connectivity is decreased in developing brain of Fmrl KO mice compared to the WT.
Functional connectivity between brain regions was selected based on known resting state
networks related to sensory functions (somatomotor, auditory, and visual), as well as the
default mode network (Jonckers et al., 2014; Liska et al., 2015; Ma et al., 2016; Stafford
et al., 2014; Zerbi et al., 2015). Currently little is known about functional connectivity
changes during postnatal brain development in rodents and this project would contribute
to the understanding of functional organization in the developing Fmrl KO and WT

mouse brains.

3.3.5. Pilot study of metformin on resting state networks in the developing brain of
Fmrl KO mice

A pilot study investigated the changes in functional connectivity and MTR
following treatment with metformin during brain development in Fmrl KO mice
compared to WT. Metformin is commonly used to treat type 2 diabetes (Hatoum &
McGowan, 2015) and a recent study demonstrated the efficacy of metformin as a
potential therapeutic agent in adult Fmrl KO mice (Gantois et al., 2017). We predicted
that treating the developing brain from PND 21 to PND 60 in the Fmrl KO mouse brain
would normalize differences in functional connectivity and MTR in Fmrl KO brain
compared to WT. Functional connectivity was studied at PND 30 and PND 60 to reflect
short and long-term metformin treatment, respectively. This preliminary study

determined whether change in functional connectivity can be used to measure the
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efficacy of metformin treatment in Fmrl KO mice. This study would be the first to

evaluate treatment efficacy using MRI in Fmrl KO mouse brain.

Many studies have demonstrated neuronal alterations during development, but
changes in white matter morphology and brain network dysfunction are only beginning to
be studied in Fmrl KO mouse (Haberl et al., 2015; Pacey et al., 2013). The goal of this
thesis was to improve our understanding of the metabolic, structural, and functional

alterations in the developing Fmrl KO mouse brain.
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CHAPTER 4: ANIMALS AND GENOTYPING

4.1. ANIMALS

Fmrl KO mice (JAX B6.129P2-fmr1"™“%" mice; Jackson Laboratory, Bar Harbor,
ME, USA) on a C57BI6J background and wild-type (WT) mice (JAX C57BI6J; Jackson
Laboratory, Bar Harbor, ME, USA) were bred at the University of Maryland, Baltimore.
Animal use and breeding were approved by the Institutional Animal Care and Use
Committee at the University of Maryland, Baltimore. Mice were housed at the University
of Maryland, Baltimore with 12 hours of light and 12 hours of darkness. Food and water
were provided ad libitum. All mice were weaned at PND 21. Weaned male mice were
placed in cages with 2-5 littermates. Only male mice were used for this study because
males are more affected by FXS than females in the human population due to the FMR1
gene being on the X chromosome (Bailey et al., 2009; Garber et al., 2008; Kidd et al.,

2014).

4.2. MOUSE BREEDING SCHEMES

In Chapters 5, 6 and 7, the Fmr1 KO mice were generated by mating Fmrl KO
female (Fmr1™”) to Fmrl KO males (Fmr1™). The WT mice were generated by mating
the WT female (Fmr1**) to the WT male (Fmr1*”). The Fmrl KO mice were
backcrossed for more than 10 generations.

In Chapters 8 and 9, Fmr1 KO and WT mice were generated by mating a
heterozygous (Fmr1*") female mouse to a male WT mouse (Fmr1*™). The male offspring

from this mating pair would be Fmrl KO (Fmr1™) or WT (Fmr1*¥). The WT mice
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served as within litter controls to the Fmrl KO mice.

4.3. GENOTYPING PROTOCOL

A small section of the tail was taken for genotype determination at the time of
sacrifice using methods previously described in Bakker et al.(Bakker et al., 1994).
Female mice for breeding were also genotyped. The tools used and tail clippings were
washed in 70% ethanol. The tail clipping was frozen at -20°C until polymerase chain
reaction (PCR). Mouse DNA was extracted using the DirectAmp Tissue Genomic DNA
Amplification kit (Denville Scientific Inc., Holliston, MA). Each tail clipping was
incubated in 25 pl extraction solution and 6 pl of preparation solution from the DNA
amplification kit in room temperature for 10 minutes, then incubated for 3 minutes at
95°C. Next, 30 pl of neutralization solution from the kit was added and the sample
vortexed. The extracted DNA sample was used for PCR.

The thermocycler used was an Applied Biosystems 2720 Thermal Cycler
(Thermo Fisher Scientific Inc., Waltham, MA). PCR was performed using HotStarTaq
Polymerase from Qiagen (Qiagen Sciences, Germantown, MD): 10 ul PCR buffer, 5 pl
manganese chloride, 2 pl deoxynucleotide mix, 0.5 ul DNA polymerase. In addition, 4 pl
of DNA were added to the PCR solution, along with 1 pl of the WT, mutant, and
common primers (Sigma-Aldrich Corp., The Woodlands, TX), and 3 ul of Milli-Q
filtered water. Primers (from 5' to 3') (Bakker et al., 1994):

Mutant forward: CAC GAG ACT AGT GAG ACG TG

Wildtype forward: TGT GAT AGA ATA TGC AGC ATG TGA

Common: CTTCTG GCACCTCCAGCTT
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The PCR cycling conditions were as follows: 15 minutes at 95 °C to activate the
DNA polymerase followed by 30 cycles of denaturation at 94 °C for 1.5 minutes each,
annealing at 63°C for 1.5 minutes, and extension at 72 °C for 2.5 minutes. A final
extension step was performed at 72 °C for 10 minutes. The bands were separated by gel
electrophoresis on a 1.5% agarose gel at 110 volts for 1 hour. The Fmrl KO band was at
400 basepairs (bp), and the WT band was at 131 bp. The heterozygote bands were at 400

bp and 131 bp, and were only found in breeding females.

47



CHAPTER 5: LONGITUDINAL IN VIVO DEVELOPMENTAL CHANGES OF METABOLITES IN

THE HIPPOCAMPUS OF FMR1 KNOCKOUT MICE?

5.1. INTRODUCTION

Fragile X syndrome (FXS) is the most commonly inherited form of X-linked
mental retardation (Garber et al., 2008), and is caused by mutational insertion of CGG tri-
nucleotide repeats that leads to hypermethylation and silencing of the FMR1 gene
(Garber et al., 2008; Oostra et al., 1993). The rodent Fmrl gene and the human FMR1
gene code for the fragile X mental retardation protein (FMRP), which acts as a
translational repressor and binds specific mMRNAs (Brown et al., 2001), including group 1
metabotropic glutamate receptor (mMGIuR) mRNA (Darnell et al., 2011). Silencing of the
Fmrl gene can result in structural, biochemical and physiological changes in brain that
impact development, and contribute to the pathology exhibited in the Fmrl KO mouse
(Bassell & Warren, 2008; Dolen & Bear, 2008; Greenough et al., 2001). The mGIuR5-
dependent increase in long-term depression (LTD) involves dynamic translation and
degradation of FMRP, which is thought to serve as a regulatory system controlling
synaptic plasticity (Hou et al., 2006). The increased protein synthesis that occurs in the

absence of FMRP accompanies enhanced LTD (Huber et al., 2002; Qin et al., 2005).

1. Shi D, Xu S, Waddell J, Scafidi S, Roys S, Gullapalli R, McKenna MC.
Longitudinal in vivo developmental changes of metabolites in the hippocampus of
Fmrl knockout mice. J Neurochem. 2012; 123(6):971-81.
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The Fmrl KO mice exhibit behavioral and cognitive alterations similar to patients
with FXS such as hyperactivity, anxiety, and deficits in learning and memory (Bakker et
al., 1994; Brennan et al., 2006; Paradee et al., 1999; Smith et al., 2012; Spencer et al.,
2005). The hippocampus has a crucial role in learning and memory formation
(Eichenbaum, 1996; Scoville & Milner, 2000), and this region shows increased volume in
young FXS patients (7 =+ 5 years old) (Reiss et al., 1994). An increased density of
morphologically immature dendrites has been observed in the dentate gyrus (Grossman et
al., 2010), and the CA1 region of the hippocampus (Levenga et al., 2011) of Fmrl KO
mice compared to controls.

Most studies in Fmrl KO mouse have focused on alterations in dendritic spines,
electrophysiological properties, signaling and RNA processing pathways and behavior
(Bardoni et al., 2006; Bassell & Warren, 2008; Dolen & Bear, 2008; Garber et al., 2008;
Liu-Yesucevitz et al., 2011; Narayanan et al., 2008). Little emphasis has been placed on
metabolic and biochemical changes. Metabolites offer a glimpse into functional processes
under FMRP regulation (beyond the well studied protein and mRNA interactions) which
can offer additional insight into regulatory pathways of the brain (Davidovic et al., 2011).
Many alterations in metabolism can contribute to impaired brain development and
dysfunction (Moffett et al., 2007; Yudkoff, 1999); however, few groups have studied
metabolic or biochemical alterations in Fmrl KO mouse brain (Davidovic et al., 2011,
Gruss & Braun, 2001; Qin et al., 2002). Evidence of alterations in cholinergic pathways
has been reported in patients with FXS (Kesler et al., 2009). Both structural and
biochemical alterations have been reported in brain regions of children with autism

spectrum disorders (ASD) (Chugani, 2012), which share many features with FXS (Garber
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et al., 2008).

Alterations in metabolites in the hippocampus of the FVB strain of juvenile Fmrl
KO mice have been reported at postnatal day 12 (PND 12) using nuclear magnetic
resonance spectroscopy (Davidovic et al., 2011) and at PND 28-32 using high
performance liquid chromatography (HPLC) (Gruss & Braun, 2001) with ex vivo brain
tissue. However, no studies have determined in vivo longitudinal changes in the
hippocampus of developing Fmrl KO mice. Non-invasive methods such as in vivo
magnetic resonance imaging (MRI) and *H magnetic resonance spectroscopy (MRS)
allow monitoring of brain structure and metabolic integrity longitudinally during brain
development and provide information on changes in neurotransmitters such as glutamate,
taurine, and GABA, as well as metabolites including N-acetylaspartate, myo-inositol, and
choline containing compounds.

The present study was performed during the critical period of myelination and
synaptogenesis, at PND 18, 21 and 30, in the hippocampus where developmental
alterations in metabolites could be affected by a lack of FMRP. We measured volumetric
and metabolic changes over time in the hippocampus of Fmrl KO mice compared to
wild-type C57BI6J (WT) mice using in vivo MRI and *H-MRS, respectively. To our
knowledge, the present study is the first report on in vivo *H-MRS assessment of

longitudinal metabolic changes in the developing Fmrl KO mouse brain.
5.2. METHODS AND MAATERIALS

5.2.1. Animal procedure

Male Fmrl KO mice (JAX B6.129P2-fmr*™“%" mice, Jackson Laboratory, Bar
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Harbor, Maine) from a C57BI/6J background were obtained from a breeding colony at
the University of Maryland, Baltimore. All protocols were approved by the Institutional
Animal Care and Use Committee at University of Maryland, Baltimore. Ten Fmrl KO
mice and thirteen WT (JAX C57BI6J) mice were used for each group; the mice used in
this study came from 3 different litters, respectively. Food and water were given ad
libitum. All mice were weaned at PND 21. Serial MRI and *H-MRS data sets were
acquired at PND 18, 21 and 30 for each mouse. Breeding and genotyping protocols were

listed in Chapter 4.

5.2.2. Invivo MRI/MRS:

All experiments were performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal
bore scanner using Paravision 5.1 software (Bruker Biospin MRI, Ettlingen, Germany). A
four channel Bruker *H surface array coil was used as the receiver and a Bruker 72 mm
linear-volume coil as the transmitter. Mice were anesthetized using 2% isofluorane
during the set up and maintained between 1-1.5% isoflurane at 1 L/min oxygen
administration via a nose-cone for the rest of the experiment. Fmrl KO and WT mice
were carefully exposed to the same duration and level of isoflurane at each age to control
for the potential effect of isoflurane exposure on developing brain metabolism (Kulak et
al., 2010). The anesthetized mice were placed prone on a specialized holder with warm
circulating water flowing through a pad that was placed over the body. Pain and
discomfort were minimized by limiting scanning time to less than two hours, maintaining
body temperature at 36-37°C, and respiration was monitored throughout the experiment

(SA Instruments, Stony Brook, NY, USA).
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Proton density-weighted MR images covering the entire brain were obtained
using a 2D rapid acquisition with relaxation enhancement (RARE) sequence
(TR/TE=5500/9.5 ms; slice thickness 0.5 mm; 16 slices) that served as anatomic
reference at for *H MRS (10 minutes). Shimming over the hippocampus, on average
yielded a water line of 11+ 2 Hz in both the WT and Fmr1 KO mice. A point-resolved
spectroscopy (PRESS) pulse sequence (TR/TE=2500/20 ms) with water suppression was
used for data acquisition from a 2 x 4 x 2 mm?® voxel that covered the hippocampus area
(Figure 5-1). The *H MRS voxel used was larger than the actual mouse hippocampus and
included part of the cortex and the corpus callosum, but the majority of the scanned
volume was over the hippocampus. A larger voxel was used to improve the signal to
noise ratio and to minimize MRS scanning time. For each spectrum, 300 acquisitions
were averaged for a total of 13 minutes. Shimming was performed using the Fastmap
technique (Gruetter, 1993a) over the voxel of interest. 'H MRS data were fitted using the
LCModel software package (Provencher, 2001). Only those metabolite ratios relative to
total creatine (tCr) that passed the Cramer-Rao lower bound (CRLB) of 25% were used
for further analysis. The CRLB values for tCr were all less than 10 percent.

Hippocampal volume was measured with Medical Image Processing, Analysis
and Visualization tool (MIPAV v5.3.1, CIT, NIH, Bethesda, MD) from the proton
density-weighted images. The region of interest (ROI) was manually outlined in the
proton density-weighted images for each image from around interaural 2.74 mm to
interaural 0.28mm [regions referenced from Franklin and Paxinos (Franklin & Paxinos,

2007)], then these ROIs were grouped and volumes were calculated.
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5.2.3. Statistical Analysis

A repeated measures analysis of variance (RMANOVA,; SPSS) was used to
determine differences between Fmrl KO and WT mice across the 3 ages for the
hippocampal volume and each metabolite ratio separately, with genotype being the
between subject factor and age being the within subject factor. In the cases in which the
(age X genotype) interaction was statistically significant we probed further for the
specific differences by means of independent Student’s T-tests. To control for multiple
pairwise comparisons, a false discovery rate with threshold of alpha = 0.05 was
performed on the p-values. The threshold assumes 5% of significant p-values may be
false positives, and if a significant p-value does not pass false discovery rate then that p-
value may be a false positive. Metabolites that had a CRLB value higher than 25% were
excluded from analysis. The decreased sample numbers for creatine and phosphocreatine

are due to incomplete peak separation in some samples.
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Figure 5-1: Representative in vivo high resolution *H MR spectra in the mouse
hippocampus (16 pl) from wild type (left column) and Fmrl1 knockout (right column)
during development. The spectra location is indicated in the respective MR images.
Spectra were acquired using PRESS with TR = 2500 ms, TE= 20 ms, and total
acquisition time is 13 minutes. Free induction decays were enhanced using Lorentzian-
Gaussian transformation scheme (gb = 0.07, Ib = - 4) before Fourier transformation. The
spectra were phased using zero-order phase only without any baseline correction. GABA
= y-aminobutyric acid, GIn = glutamine, Glu = glutamate, GIx = glutamine + glutamate,
GPC = glycerophosphocholine, Ins = myo-Inositol, NAA = N-acetylaspartate, NAAG =
N-acetylaspartylglutamate, PCh = phosphocholine, tCr = creatine + phosphocreatine, Tau
= taurine.



5.3. RESULTS

Fmrl KO and WT control mice were studied at postnatal days (PND) 18, 21, and
30, as this time frame encompasses the critical period of synaptogenesis and rapid
myelination in mice (Gruss & Braun, 2001; Massa et al., 2004; McKenna et al., 1994). At
these ages, FMRP is expressed above adult levels in the brains of WT mice (Davidovic et

al., 2011; Lu et al., 2004).

5.3.1. Hippocampal volume

The hippocampi were manually outlined in the proton density-weighted images
for each mouse at each age and the volumes were calculated. Analysis of hippocampal
volume revealed a significant effect of age, F(2,36)=8.28, p < 0.005 and of genotype
F(1,18)=24.35, p < 0.001 (Figure 5-1); however, no significant (age X genotype)
interaction was observed. The hippocampal volume in Fmrl KO mice was larger than
WT control mice at all ages: 16.6% average increase at PND 18, 19.3% average increase
at PND 21 and 11.0% average increase at PND 30 (Figure 5-2). In both genotypes,
hippocampal volume was greatest at PND 21 and decreased by PND 30. Movement
artifacts prevented analysis of three images from PND 21 and one from PND 30. The
results agree with clinical reports of increased hippocampal volume in children with FXS

(Kates et al., 1997; Reiss et al., 1994).
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Figure 5-2: Mean volume of the hippocampus in Fmrl KO (black line) and WT control
mice (gray dotted line) studied at PND 18, 21 and 30. Values are means * standard error
for mm? hippocampal volume from 10 Fmr1 KO and 13 WT control mice studied
longitudinally at PND 18, 21 and 30. However, only 9 Fmrl KO and 10 WT mice were
included for analysis due to motion artifacts that prevented volume measurement in 4
mice. Repeated measures ANOVA revealed a significant effect of age F(2,36)=8.28, p <
0.005, and a significant effect of genotype F(1,17)= 24.35, p < 0.001.

5.3.2. Neurochemical profile of Fmrl KO mice compared to wild type mice

High quality *H spectra of the hippocampal region were obtained at PND 18, 21
and 30 from both WT control and Fmrl KO mice. Typical in vivo *H MR spectra from
the hippocampus at each age are shown in Figure 5-1. Data from 12 metabolites were
compared between the hippocampus of WT and Fmrl KO mice. The peak from N-
acetylaspartate (NAA) methyl singlet at 2.01 ppm was assigned as the reference from
which the rest of the metabolites were identified. The ratio of metabolites to total creatine
(tCr; creatine plus phosphocreatine) in the hippocampus was determined longitudinally in
the WT and Fmrl KO mice at each age (Table 5-1 and Figure 5-3). There was no
difference in total creatine content between WT and Fmrl KO mice at any of the ages

studied (Table 5-1). Metabolite data from many in vivo studies of human and rodent brain
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are reported relative to the value for tCr (Mukonoweshuro et al.,, 2001; Xu et al., 2011).

PND 18 PND 21 PND 30
Frnwl Fmrl
WD o |WT Fmrl KO [WT Fmrl KO |WT KO
. Mean+ Mean + Mean + Mean+ Mean +
Metabolite/tCr n N SE SE SE Mean £ SE SE SE
046+ |0.38+ |049+ 055+ |051+
N- 1 047 +0.02
N -acetylaspartate 13 o 0.2 0.03 0.02 0.02 0.01
auring'™ 180+ [2.03%*+ |1.54+ [175%**: [1.34+ [1.39%s
aurne 3 g |00s 0.06 0.02 0.03 0.02 0.02
. 014+ [0.15+ 015+ 018+ [0.17+
s .
Choline 12 8 0.1 0.01 0.01 0.13=0.01 5 o3 0.01
" 042+ |053+ 048+ |p3gF+ 0.74+ |0.65%+
myo-Inosita g |003 0.12 0.02 0.04 0.02  |0.02
. 088+ [0.83+ [0.82+ 099+ [0.96+
' 0.93 +0.03
Glutamate 13 8 |0o0s 0.06 0.04 0.02 0,03
. 055+ |0.56+ |0.50+ 055+ [0.53=
q
Glutamine 13 7 10.03 0.03 0.04 0.59£0.03 () o7 0.02
033+ |033+ |035+ 033+ [037+
36+ 0.
GABA 11 6 |0.02 0.04 0.03 036=0.02 ) 1 0.02
. 023+ [023+ [027+ 032+ [031+
e’ 025 +0.03
Creatine 7 5 002 0.01 0.01 0.02  |0.02
. 078+ |0.79+ |0.75+ 068+ [0.69+
ine! 0.76 = 0.03
Phosphocreatine 8 6 |0.02 0.03 0.02 0.02 0.02

Table 5-1: Comparison of the ratio of metabolites to total creatine (tCr) between Fmrl
KO mice and WT mice at PND 18, 21, and 30. Values are the means + SE of the relative
concentration of each metabolite with respect to tCr obtained at each age as described in
the methods. A total of 13 WT mice and 10 Fmr1 KO mice were scanned longitudinally.
The n’s reflect the number of mice that passed the CRLB of 25% that were included for
analysis. 1 indicates significant effect of age, { indicates significant effect of genotype,
and § indicates significant (age X genotype) interaction. The level of significance is
indicated by asterisks *p < 0.05, **p < 0.005, *** p <0.0001; # p < 0.07 indicates a trend.

5.3.3. Longitudinal changes in metabolites in the developing hippocampus
N-acetylaspartate is a well accepted marker of neuronal health (Moffett et al.,

2007). Analysis of N-acetylaspartate /tCr revealed a significant effect of age,

F(2,42)=19.643, p<0.001 as well as a significant effect of genotype, F(1,21)=4.777, p <

0.05 (Figure 5-3a). The interaction of (age X genotype) was not significant. However, the
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results suggest that N-acetylaspartate/tCr in the hippocampus of the Fmrl KO mouse may
be lower than the WT mouse at PND 18 (Figure 5-3a).

Analysis of taurine/tCr confirmed a significant effect of age, F(2,40)=140.4, p <
0.001, genotype, F(1,20)=43.5, p < 0.001, as well as a significant (age X genotype)
interaction, F(2,40)= 4.83, p < 0.05 (Figure 5-3b). The ratio of taurine/tCr was
significantly increased in the hippocampus of Fmrl KO mice compared to the WT
controls (Figure 5-3b) at PND 18 t(19)=3.60, p < 0.005; PND 21 t(21)=6.22, p < 0.005
and PND 30 t(21)=2.16, p < 0.05. The significant p-values from multiple pairwise
comparisons passed false discovery rate, with the threshold of alpha = 0.05.

Analysis of myo-inositol/tCr confirmed a significant effect of age, F(2,40)= 13.87,
p < 0.001 and a significant (age X genotype) interaction, F(2,40)= 7.06, p < 0.004 (Figure
5-3c). The effect of genotype was not significant. A significant decrease was detected in
the ratio myo-inositol/tCr in Fmrl KO mice compared to the WT controls (Figure 5-3c) at
PND 30 t(21)=3.06, (p < 0.01) and trend towards decrease was observed at PND 21
t(20)=1.95, (p < 0.07). The significant p-value passed false discovery rate (alpha = 0.05).

Analysis of total choline/tCr showed a significant effect of age, F(2,38)=15.53, p
< 0.0001 (Figure 5-3d). There was no significant (age X genotype) interaction between
WT and Fmrl KO mice, and the main effect of genotype was not significant. Analysis of
glutamate/tCr showed a significant effect of age, F(2,38)=5.28, p < 0.01. There were no
significant effects of genotype or (age X genotype) interaction (Figure 5-3e) in Fmrl KO
mice compared to WT controls. Analysis of glutamine/tCr (Figure 5-3f) and vy-
aminobutyric acid (GABA)/Cr (Figure 5-3g) did not show any significant within or

between group effects.
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Analysis of creatine/tCr and phosphocreatine/tCr, the sum of which equals tCr,
confirmed no significant interaction of (age X genotype) and no significant difference in
genotype (Table 5-1). A significant effect of age was observed in both creatine,
F(2,22)=5.29, p < 0.05 and phosphocreatine, F(2,26)=8.51, p < 0.01 in both Fmrl KO

mice and WT controls.
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Figure 5-3: Mean ratio of each metabolite to total creatine (tCr) in the hippocampus of
Fmrl KO (solid black line) and WT mice (gray dotted line) studied longitudinally at PND
18, 21 and 30. (a) N-acetylaspartate, (b) taurine, (c) myo-inositol, (d) Choline, (e)
Glutamate, (f) Glutamine, (g) GABA. Data were collected longitudinally by in vivo 'H
MRS and fitted using the LCModel package (Provencher, 2001). Relative concentration
is normalized to tCr as described in the Methods. Values are means + standard error for
each ratio from Fmrl KO and WT mice. The number of animals measured for each
metabolite is listed in Table 5-1. Effect of age, genotype, and interaction of (age X
genotype) were determined by RMANOVA. Asterisks indicate significant difference
between Fmrl KO mice and age-matched WT mice; *p < 0.05, **p < 0.005, and ***p <
0.0001 as determined by independent Student t-test. “p < 0.07 indicates a trend
determined by Student’s t-test.

5.4. DISCUSSION
To our knowledge, this study is the first to characterize the longitudinal changes

of metabolites in vivo in the developing hippocampus of the Fmrl KO mouse compared
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to WT controls. We determined the metabolites on PND 18, 21 and 30, during the critical
developmental period of synaptogenesis and myelination. Our study found increased
hippocampal volume as well as alterations in N-acetylaspartate, taurine, and myo-inositol
in the hippocampus of Fmrl KO mice. An imbalance of these metabolites that are
involved in osmoregulation, signal transduction, and neuromodulation during this
important period of synaptogenesis and early myelination could have long lasting effects
that profoundly alter brain development.

A recent study by Kulak et al. (Kulak et al., 2010) used high field in vivo *H MRS
to determine longitudinal changes in the neurochemical profiles of developing anterior
and posterior cortex in C57BI6J WT mice from PND 10-60 providing useful reference
data for the WT controls in this present study. These authors (Kulak et al., 2010) reported
significant changes over time in the concentration of many of the metabolites studied. In
the present study, values are reported relative to total creatine as is frequently done in *H-
MRS studies (Kumar et al., 2003; Mukonoweshuro et al., 2001; Xu et al., 2011). The
developmental profile of the data for our WT mice can be compared to the data from
Kulak et al. (Kulak et al., 2010) (their data are also expressed as metabolite/tCr). Kulak et
al. (Kulak et al., 2010) reported a gradual increase in N-acetylaspartate and more striking
increases in myo-inositol and choline in the anterior and posterior cortex from PND 20 to
30 in C57BI6J WT mice. The developmental patterns between PND 18 and 30 for
metabolites in the hippocampus in the C57BI6J WT mice in the present study parallel the
developmental patterns in cortex found by Kulak et al. (Kulak et al., 2010) in that we
observed a relatively small increase in N-acetylaspartate and choline and a much larger

increases in myo-inositol with age. The increase in choline in the WT mice reported by
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Kulak et al. (Kulak et al., 2010) between PND 20 and 30 was much greater in the lipid
rich cortex (~100%) than we observed in the hippocampal region (~28%) of the WT mice
in the present study. However, it should be noted that an ex vivo study by Yao et al. (Yao,
Caserta, & Wyrwicz, 1999) reported a decrease in phosphatidyl choline and total choline
from PND 21 to adult in the whole brain of C57BI6J WT mice. In addition, Tkac et al.
(Tkac et al., 2003) reported a small decrease in choline in the hippocampus from PND 21
to 28 in Sprague Dawley rat brain.

Kulak et al. (Kulak et al., 2010) observed a striking decrease in taurine
concentration in the cortex from PND 20 to 30, and in our study we found a 26%
decrease in taurine in the hippocampus of WT mice from PND 18 to 30. The same group
also found a small increase in glutamate and region specific changes in GABA and
glutamine between PND 20 and 30 (Kulak et al., 2010). They found no change in GABA
in anterior cortex and a slight decrease in posterior cortex, as well as an increase in
glutamine in anterior cortex, but no change in the posterior cortex (Kulak et al., 2010). In
the present study, we found a small age related increase in glutamate (~13%) in the
hippocampus in WT mice from PND 18 to 30 and no change in either GABA or
glutamine. Overall, the longitudinal developmental changes in metabolites in the
hippocampus of WT mice in the present study are remarkably similar to the longitudinal
changes from day 20-30 reported by Kulak et al. (Kulak et al., 2010) for cortex of
C57BI6J WT mice.

There is relatively little information about the metabolite changes in the
hippocampus of Fmrl KO mice, and the two studies in the literature report ex vivo values

for hippocampal metabolites in male FVB strain of Fmrl KO mice. An HPLC study by

62



Gruss and Braun (Gruss & Braun, 2001) reported values for hippocampal metabolites in
PND 28-32 and adult brain, and an ex vivo study by Davidovic et al. (Davidovic et al.,
2011) that reported metabolite values from PND 12 mouse brain. The recent study by
Davidovic et al. (Davidovic et al., 2011) using *H high-resolution magic angle spinning
nuclear magnetic resonance spectroscopy reported alterations in metabolites in the cortex,
striatum, hippocampus and cerebellum in the FVB Fmrl KO mice at PND 12, an age at
which FMRP concentration is high in the brains of WT mice (Davidovic et al., 2011).
Metabolite values showed regional variation in the WT mouse brain, reflecting
maturational differences of region-specific function at this early developmental time
point (Davidovic et al., 2011). The FVB Fmrl KO mice, however, displayed a poorly
differentiated, more homogenous metabolic state across the same regions (Davidovic et
al., 2011). The authors suggested that this less diverse metabolic profile in the brain
regions studied in FVB Fmrl KO mice was due to delayed brain maturation and delayed
functional anatomical differentiation (Davidovic et al., 2011).

In the present study, in vivo longitudinal developmental pattern of several
important metabolites including the neurotransmitters glutamate and GABA, and also
glutamine and choline were not different in the hippocampus of Fmrl KO mice
compared to WT. In contrast, several key metabolites had different developmental
profiles in Fmrl KO mice compared to controls. Myo-inositol/tCr was not different on
PND 18 but was significantly decreased in Fmrl KO mice at PND 30 compared to
controls. Taurine/tCr was significantly higher in the hippocampus of Fmrl KO mice than
controls at all ages studied, and decreased 32% from PND 18 to 30 in Fmrl KO mice,

compared to a 25% decrease in WT mice. The longitudinal data in the present study are
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consistent with the findings of an HPLC study of brain amino acids (Gruss & Braun,
2001) that found increased taurine in the hippocampus of juvenile FVB Fmrl KO mice
(PND 28-32), and no differences in glutamate, glutamine, and GABA between Fmrl KO
and WT mice. Interestingly, the same study (Gruss & Braun, 2001) did not find any
differences in the metabolite levels in the hippocampus or in the other brain regions
studied between the adult F\VB Fmrl KO mice and the adult WT mice (Gruss & Braun,
2001). The differences observed in metabolite levels in vivo in the present study, as well
as data from the HPLC study of Gruss and Braun (Gruss & Braun, 2001) suggest that
some of the alterations in hippocampal metabolites that occur in the young Fmrl KO
mice from PND 18 to 30 can be transient. Indeed, the genotype difference in N-
acetylaspartate /tCr was most apparent at PND 18 as the ratios were similar to controls at
the older ages. The increased ratio of taurine/tCr at PND 18 and 21 in Fmrl KO mice
were closer to, but still significantly higher than the values for WT mice at PND 30.
However, this was not the case for all metabolites as the decrease of myo-Inositol/tCr
ratio in Fmrl KO mice was more pronounced at 30 days compared to the WT, than at

PND 21 where it only approached significance.

5.4.1. Change in N-acetylaspartate

N-acetylaspartate increases significantly in the brain from birth to adulthood
(Birken & Oldendorf, 1989), and is a widely used clinical marker for neuronal health
and/or neuronal mitochondrial integrity (Moffett et al., 2007). N-acetylaspartate is
synthesized in neurons, released and taken up by oligodendrocytes where it is cleaved by

the glial enzyme aspartoacylase to aspartate and acetyl CoA, which serves as an
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important precursor for the synthesis of myelin lipids in the developing brain (Burri et al.,
1991; Moffett et al., 2007; Urenjak et al., 1992). Decreased formation of N-
acetylaspartate in neurons has been shown to impair myelination in developing brain
(Degaonkar et al., 2002). Decreased N-acetylaspartate/tCr has been observed in the
hippocampus of children with ASD (Chugani, 2012; Gabis et al., 2008; Kleinhans et al.,
2007) and in other related disorders characterized by psychomotor delay (Chugani, 2012;
Gabis et al., 2008). Such observations are particularly important since Kleinhans et al.
(Kleinhans et al., 2007) demonstrated that the decrease of N-acetylaspartate concentration
was correlated with decreased brain activation in the prefrontal cortex determined by
functional MRI. The effect of genotype on N-acetylaspartate/tCr in Fmrl KO mice
compared to WT suggests impairment in neuronal development, and/or in neuronal
mitochondrial function in the hippocampus in this model of FXS.

N-acetylaspartate acts as an agonist to N-methyl-D-aspartic acid (NMDA)
receptors in neurons (Rubin et al., 1995); suggesting the lower N-acetylaspartate at PND
18 in the Fmrl KO mice may be related to decreased activation of NMDA receptors in
the hippocampus. However, the NMDA receptor-dependent LTD in the hippocampus of
the developing Fmrl KO mice (PND 21-30) was not impaired (Huber et al., 2002) and
previous findings show decreased long-term potentiation and decreased amplitude of
excitatory postsynaptic current upon activation of NMDA receptors in the dentate gyrus
of the young adult Fmrl KO mouse (2-4 months) (Bostrom et al., 2015; Yun and
Trommer, 2011). Therefore, the lower N-acetylaspartate at PND 18 may not affect with
reports of lower NMDA receptor activity in the adult Fmrl KO mouse (Bostrom et al.,

2015; Yun and Trommer, 2011).
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5.4.2. Alterations in osmoregulatory molecules in the hippocampus of Fmrl KO
mice

N-acetylaspartate, taurine, and myo-inositol can all function as osmolytes in brain
cells (Baslow, 2010; Estevez et al., 1999; Heilig et al., 1989). Baslow (Baslow, 2010)
has proposed that release of N-acetylaspartate and N-acetylaspartylglutamate from
neurons has a key role in regulating neuronal water and in overall brain function.
Extracellular taurine has been shown to increase in response to hypoosmotic swelling
(Davies, Gotoh, Richards, & Obrenovitch, 1998). Decreased myo-inositol/tCr has been
reported in the hippocampus of ASD patients (Gabis et al., 2008), and in the
temporoparietal junction in high functioning ASD patients (Bernardi et al., 2011)
compared to age matched controls.

The significant effect of age in the present study shows that taurine/tCr and myo-
inositol/tCr are also changing during development in both WT control and Fmrl KO
mice. However, the increase of taurine and decrease of myo-inositol could cause
alterations in brain osmoregulation. An increase in both taurine and myo-inositol was
found in the hippocampus of the FVB Fmrl KO mice at PND 12 and such an increase
could affect osmoregulation and phosphatidyl-inositol (PI) metabolism (Davidovic et al.,
2011). The increase of myo-inositol at PND 12 in the hippocampus reported by
Davidovic et al. (Davidovic et al., 2011) could be an age specific change or may reflect
differences between the FVB model and the C57BI6 strain of Fmrl KO mice. However,
as noted below, alterations of N-acetylaspartate, taurine, and myo-inositol can have other

effects beyond osmoregulation.
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5.4.3. Myo-inositol

The enzyme phosphoinositide 3-kinase (PI13K) phosphorylates PI, and PI3K
signaling plays an important role in differentiation and cell growth (Peltier et al., 2007;
Sanchez et al., 2004). PI signaling involves continuous breakdown to myo-inositol by
phosphatases and lipid resynthesis of Pl from myo-inositol (Shears, 1989). The decreased
myo-inositol/tCr in the hippocampus of Fmrl KO mice at PND 30 could contribute to
alterations in PI3K signaling pathways during brain development. Increased PI3K
activity in the hippocampus of Fmrl KO mice was shown in two different studies (Gross
et al., 2010; Sharma et al., 2010) and a PI3K antagonist was able to rescue neurons from
the Fmrl KO phenotype in vitro (Gross et al., 2010). PI increases steadily from
gestational day 15 to PND 21 in WT mice (Yao et al., 1999). In the present study, we
found myo-inositol/tCr increased from PND 21 to 30, consistent with the developmental
profile reported by Kulak et al. (Kulak et al., 2010) for C57BI6J WT mice. However, at
PND 30 values for myo-inositol/tCr in the hippocampus of Fmrl KO mice in the present
study were only 65% of the WT mice. Phosphatidylinositol 4,5-bisphosphate has a
crucial role in the attachment of myelin basic protein to oligodendrocyte membranes
(Nawaz et al., 2009). Reducing phosphatidylinositol 4,5-bisphosphate led to detachment
of myelin basic proteins from oligodendrocyte membrane and loss of myelin compaction
in the corpus callosum (Nawaz et al., 2009). Thus, the decrease of myo-inositol/tCr at
PND 30 in Fmrl KO mice compared to WT mice could potentially contribute to
alterations in both myelination and signal transduction in the hippocampus. The
importance of myo-inositol in the brain is underscored by the report that the myo-

inositol/tCr level was directly associated with performance 1Q scores in ASD patients
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(Gabis et al., 2008).

5.4.4. Taurine

The non-protein inhibitory amino acid taurine is present in high concentration in
immature brain and decreases with age (Kulak et al., 2010; Lima et al., 2004). Taurine is
a key osmolyte and also protects against the effects of glutamate excitotoxicity in vitro by
stabilizing calcium concentration in the cytoplasm to basal levels (El Idrissi & Trenkner,
1999). Thus, an increased level of taurine could potentially protect mitochondria from the
potentially harmful increase in intracellular calcium (Nicholls, 2009) resulting from
NMDA receptor and/or mGIuR5 activation. In the present study, the increased taurine/tCr
in Fmrl KO mice at all ages may reflect delayed or altered maturation of the
hippocampus compared to WT mice.

El Idrissi et al. (El Idrissi et al., 2010) showed that the taurine dependent decrease
in paired-pulse inhibition observed in hippocampal slices from WT mice was not seen in
hippocampal slices from adult Fmrl KO mice (2 months old). The same group showed
that supplementation with taurine improved performance in inhibitory avoidance task in
Fmrl KO mice (2 months old) compared to the non-treated group (EI Idrissi et al., 2009).
During the developmental window in the present study, taurine can have an inhibitory
function in the brain (Curtis & Watkins, 1960) as the high concentration of taurine, found
in the developing brain, can activate glycine and GABAA, receptors of pyramidal cells in
the immature rat hippocampus (Wu & Xu, 2003). The increased levels of taurine at PND
18, 21 and 30 in Fmrl KO compared to WT mice could contribute to neuroprotection by

modulating the intracellular calcium levels, and by contributing to the inhibitory activity
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in hippocampal neurons.

5.4.5. Neurotransmitters and related metabolites

Choline and choline containing lipids are important constituents of plasma
membranes which are increased with cell density, thus the total choline peak is used as a
marker of proliferation (Usenius et al., 1994; Warren et al., 2000). The total choline peak
at 3.21 ppm contains both the excitatory neurotransmitter acetylcholine (Fan, 1996),
which is involved in learning and plasticity (Broide & Leslie, 1999; Hasselmo, 2006;
Shinoe et al., 2005), and phosphatidyl-choline which is a necessary component of myelin,
which increases during brain development (Diamond, 1971; Loffelholz, 1998; Martinez
& Mougan, 1998). In vivo MRS in FXS patients showed a decrease in relative choline
concentration in the dorsolateral prefrontal cortex relative to control subjects (Kesler et
al., 2009). Altered activity of muscarinic acetylcholine receptors in the Fmrl KO mice
suggested a decrease in the cholinergic driven plasticity in the subiculum (D'Antuonoet
al., 2003) and in the CAL1 region of the hippocampus (Volk et al., 2007). These previous
studies demonstrated deficits in the subregions of the hippocampus that may contribute to
altered choline concentration, whereas our study found no differences in the
developmental profile of Cho/tCr in the whole hippocampus in Fmrl KO mice compared
to WT. However, acetylcholine released by cholinergic terminals innervating the
hippocampus is likely to be synthesized within the lateral septum of the brain where these
projections originate (McKinney et al., 1983; Parent & Baxter, 2004).

Glutamate is the major excitatory neurotransmitter in the brain, synthesized from

a-ketoglutarate that is derived from glucose metabolism via the TCA cycle, or by
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deamination of the metabolite glutamine which is synthesized in astrocytes (Danbolt,
2001; McKenna, 2007; Schousboe et al., 1997; Sonnewald & Kondziella, 2003).
Consistent with the findings of Gruss and Braun (Gruss & Braun, 2001), we did not find
any alteration in the ratios of glutamate, glutamine or GABA to tCr levels in the
hippocampus between Fmrl KO and WT mice during the critical development period of
myelination and synaptogenesis. It is important to note that glutamate and GABA are
both highly compartmentalized in brain (Waagepetersen et al., 2003), thus the overall
ratio in the hippocampus may mask alterations in specific hippocampal regions or
changes in the distribution of these neurotransmitters. Indeed, reports from other groups
demonstrate that the GABAergic system is affected by the absence of FMRP in Fmrl KO
mice without an overall alteration of the GABA neurotransmitter concentration (El Idrissi
et al., 2005; Gibson et al., 2008). There is clear evidence of an imbalance in excitatory
versus inhibitory neurotransmission in Fmrl KO brain (Gibson et al., 2008). Decreased
excitation of inhibitory neurons in the somatosensory cortex of FVB Fmrl KO mice at
PND 14 and PND 28 has been reported (Gibson et al., 2008), as well as alterations in
GABAA receptor activation (El Idrissi et al., 2005), receptor subunit expression in the
cortex (D'Hulst et al., 2006) and decreased expression of glutamate decarboxylase
(D'Hulst et al., 2009). These studies in GABAergic system of Fmrl KO mouse suggest
that the reduction of inhibitory signaling may be due to altered GABA receptors rather

than GABA neurotransmitter.

5.4.6. Hippocampal volume differences

The most striking difference observed was the increased hippocampal volume in
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the brains of the Fmrl KO mice at all ages compared to WT mice. However,
hippocampus volume have been shown to vary with age in FXS patients, decreased
hippocampal volume was reported in boys with FXS (2-5 years old) (Hazlett et al., 2012),
increased hippocampal volume has been reported in children with FXS (7 £ 5 years old)
(Reiss et al., 1994), and decreased hippocampal volume was reported in young adults
with FXS (18-24 years old) (Qin et al., 2013). The hippocampus is rich in FMRP in
normal brain and it has been suggested that the altered growth of the hippocampus may
be related to the absence of this protein in FXS (Bray et al., 2011). Increased density of
dendritic spines and delayed morphological development of spines were found in the
dentate gyrus (PND 15, 21, 30 and 60) (Grossman et al., 2010) and the CA1 region of the
hippocampus (PND 8, 14, 21 and 60) (Sidhu et al., 2014) of developing Fmrl KO mice
compared to the WT. Although differences in FMRP have not been reported for
hippocampal subregions, the increased mGluR5-dependent LTD is thought to contribute
to the alterations in dendritic spines in the hippocampus of Fmrl KO mice (Grossman et
al., 2010; Sidhu et al., 2014). Reports that mGIuR5 dependent LTD is altered in the CA1
region of the hippocampus in Fmrl KO mouse (PND 21-30) (Huber et al., 2002) suggests
that alterations in the mGIuR5 signaling pathway may be restricted to the CA1 region and
may contribute to the regional differences in altered spine phenotype in the hippocampus
of Fmrl KO mice (Grossman et al., 2010; Levenga et al., 2011). The increase of
hippocampus volume we observed in vivo at PND 18, 21 and 30 in Fmrl KO mice
(Figure 5-1) may reflect a developmental delay in the hippocampus as well as increased
dendritic branching and branch densities, or may be related to alterations in the osmolyte

profile, or altered synaptic plasticity in this region.
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5.5. CONCLUSIONS

During the critical developmental period of synaptogenesis and early myelination
included in this study, a number of alterations were observed, particularly in metabolites
involved in osmoregulation, signal transduction, and neuromodulation in the
hippocampus of Fmrl KO mice when compared to age matched controls. Although some
alterations may be normalized in adulthood (Gruss & Braun, 2001), such profound
metabolic perturbations during synaptogenesis and modulation of enduring neuronal
connections could result in lifelong alterations in the hippocampus and can affect both
neuronal and astrocytic functions. The alterations observed in these metabolites may

contribute to the FXS phenotype observed in the Fmrl KO mouse.
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CHAPTER 6: WHITE MATTER ALTERATIONS IN FMR1 KO MICE DURING EARLY

POSTNATAL BRAIN DEVELOPMENT

6.1. INTRODUCTION

Fragile X syndrome (FXS) is the most commonly inherited form of sex-linked
intellectual disability affecting 1 in 5000 males (Coffee et al., 2009). FXS causes
intellectual disability and behaviors commonly seen in the autism spectrum disorder,
including hyperactivity, social anxiety, and attentional problems (Coffee et al., 2009;
Garber et al., 2008). FXS is caused by the mutational insertion of CGG trinucleotide
repeats which leads to the epigenetic silencing of the FMR1 gene (Verkerk et al., 1991).
The silencing results in the loss of the mMRNA binding protein (Ashley et al., 1993), the
fragile X mental retardation protein (FMRP) (Devys et al., 1993). FMRP regulates the
translation of hundreds of neuronal mMRNAs, including many proteins necessary for
synaptic integrity and function (Darnell et al., 2011). The loss of FMRP leads to elevated
levels of protein synthesis in the brain (Qin et al., 2005), impaired regulation of neuronal
signaling and synaptic plasticity (Bailey et al., 2012; Berry-Kravis et al., 2012; Cea-Del
Rio & Huntsman, 2014; Gross et al., 2012; Hagerman et al., 2012; Martin & Huntsman,
2012; Paluszkiewicz et al., 2011), and elevated levels of immature dendritic spines in the
cortex and hippocampus (Bilousova et al., 2009; Grossman et al., 2010; Irwin et al.,
2001; Pan et al., 2010). These morphological alterations may contribute to symptoms

associated with FXS (Garber et al., 2008; Kidd et al., 2014). A preclinical model of FXS,
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the Fmrl knockout (KO) mouse (Bakker et al., 1994), is commonly used to study FXS

and models many of the clinical manifestations of FXS.

6.1.1. Alteration of myelin in fragile X syndrome

While much of the research in FXS focuses on elucidating the biological changes
associated with neurodevelopmental symptoms (Bailey et al., 2012; Berry-Kravis et al.,
2012;), recent findings have shown alterations of astrocytes and oligodendrocyte function
in the Fmrl KO mouse brain (Jacobs & Doering, 2010; Pacey et al., 2013; Wang et al.,
2004). Astrocytes from Fmrl KO mouse brain can influence co-cultured neurons from
the WT mouse brain to express increased axonal branching and immature dendritic spine
density (Cheng et al., 2012; Jacobs & Doering, 2010; Jacobs et al., 2012). Previous
studies have demonstrated that FMRP binds to many of the mRNAs of myelin proteins
(Darnell et al., 2011), including myelin basic protein (Darnell et al., 2011; Wang et al.,
2004), an abundant and key protein that ensures the stability of myelin sheaths (Harauz et
al., 2009). FMRP also binds to other essential proteins found in mature oligodendrocytes
including 2' 3'-cyclic-nucleotide 3'-phosphodiesterase (CNP), proteolipid protein, and
myelin-associated glycoprotein (Darnell et al., 2011). Although the role of FMRP in
oligodendrocyte maturation is still unknown, pre- and immature oligodendrocytes contain
FMRP, while FMRP levels are greatly reduced in mature oligodendrocytes (Gholizadeh
et al., 2015; Wang et al., 2004).

A recent study has provided evidence of delayed myelination in the cerebellar
white matter of Fmrl KO mice during early postnatal development (Pacey et al., 2013).

The study by Pacey et al. (Pacey et al., 2013) show reduced myelin thickness and reduced
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concentrations of myelin basic protein and CNP at PND 7, followed by a normalization
of cerebellar myelin thickness and protein levels at PND 30 (Pacey et al., 2013). Myelin
basic protein levels then become elevated in cerebellar white matter of adult Fmrl KO
mice (2-4 months old) (Pacey et al., 2013). Thus, the loss of FMRP regulation has a
developmental influence on myelination and may cause a delay in myelination in the
Fmrl KO mouse brain (Pacey et al., 2013).

Imaging studies of the Fmrl KO mouse brain have also revealed differences in
regional brain volume, including an increase in hippocampal and a decrease in cerebellar
volumes, as well as changes in brain metabolite concentrations that may influence
myelination (Ellegood et al., 2010; Pacey et al., 2013; Shi et al., 2012). In children with
FXS, increased overall white matter volume and changes in regional white matter volume
during brain development have been reported (Hazlett et al., 2012; Hoeft et al., 2010).
However, very little has been done to further characterize the underlying alterations
associated with changes in brain volume using advanced imaging techniques in FXS
patients and Fmrl KO mouse brains. Taken together, these studies provide evidence that
alterations in white matter development may contribute to the neurodevelopment of FXS

pathology.

6.1.2. Detecting changes in myelin using MRI

Changes in the relative levels of macromolecules can be detected using
magnetization transfer (MT), a technique that exploits the exchange between the bound
protons in the macromolecules and the protons in free water, providing a contrast that is

reflective of the concentration of macromolecules present in tissue (Finelli et al., 1996;
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Finelli et al., 1998; Henkelman et al., 2001; Wolff & Balaban, 1989). In white matter,
such a contrast would be reflective of myelin water content since myelin macromolecules
serve as the major pool of bound protons and it has been demonstrated that cholesterol
and myelin lipids contribute significantly to the MT effect (Koenig et al., 1990; Stanisz et
al., 1999). Normal myelin is composed of 70-85% lipids and 15-30% proteins (Quarles et
al., 2012). Thereby, MT would provide an index of relative molecular content of white
matter (Wozniak & Lim, 2006). As myelin macromolecule levels decrease, the MT is
also expected to decrease between the free proton pool and the bound pool, indicating a
decrease in myelin proteins and lipids. The decrease of MT would be expected in the
white matter of Fmrl KO mice since reduced myelin proteins have been found in
developing cerebellar white matter (Pacey et al., 2013) and reduced cholesterol and low
density lipoproteins in FXS patients (Berry-Kravis et al., 2015). Transverse relaxation
time T, provides information on the white matter environment with T,-values decreasing
with the extent of myelination within white matter (Paus et al., 2001). Together, these
MRI techniques are sensitive to the chemical and physical environments of water protons
and are commonly used to characterize developmental and pathological changes in white
matter (Bonnier et al., 2014; Ou et al., 2009; Schmierer et al., 2004; Thiessen et al., 2013;
Wozniak & Lim, 2006).

Given the strong evidence for the involvement of white matter and the myelin
changes associated with FXS, including altered white matter volumes, reduced myelin
thickness and alteration of myelin protein concentration (Hazlett et al., 2012; Hoeft et al.,
2010; Pacey et al., 2013), we hypothesized decreased myelin is found in white matter

during brain development in Fmrl KO mouse. Using MT and T, imaging, we assessed
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white matter development in the corpus callosum, external capsule, internal capsule,
cerebral peduncle and hippocampal fimbria in ex vivo preparations of Fmrl KO and WT
mouse brains. We made measurements at critical time points in the course of myelination
and neural network development, with PND 18 being before, and PND 21 during the
peak of myelination and synaptogenesis in rodents (Semple et al., 2013). Additionally,
neural network development has been shown to occur between PND 25-35 and is
essentially mature by PND 60 (Semple et al., 2013). Myelination is ongoing throughout
the ages studied and only declines in late adulthood, around 18 months, in rodents
(Andersen, 2003; Xie et al., 2013). Histological myelin staining was used to verify results

from T, relaxation time and MT imaging.

6.2. METHODS AND MATERIALS
6.2.1. Animal procedure

Fmrl KO mice (JAX B6.129P2-fmr1"™'°" mice; Jackson Laboratory, Bar Harbor,
ME, USA) from a C57BI6J background were bred at the University of Maryland,
Baltimore. The Institutional Animal Care and Use Committee at the University of
Maryland, Baltimore approved the protocol used in this study. All mice were weaned at
PND 21. Food and water were given ad libitum. Breeding and genotyping protocols were
listed in Chapter 4.

We studied mice at PND 18 (9 Fmrl KO, 9 WT), PND 21 (12 Fmrl KO, 14
WT), PND 30 (13 Fmrl KO, 12 WT, and PND 60 (6 Fmrl KO, 6 WT). Once animals
reached the appropriate age, the male Fmrl KO and WT mice were anesthetized with 4%

isoflurane and perfused through the left ventricle with 1X phosphate buffered saline
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(PBS), followed by 4% paraformaldehyde fixative. The whole brain was removed from
the skull and immersed in fixative for 48 hours. The fixed brain was then immersed in
PBS for 1 week to decrease the effect of the fixative on T, relaxation time and MTR
(Schmierer et al., 2008; Shepherd et al., 2009). These steps were tightly controlled in
order to minimize any variations associated with tissue processing. The fixed brains were
placed in a customized conical tube filled with a proton-free susceptibility-matching fluid
Fluorinert (3M, St. Paul, MN) prior to MR imaging. Fluorinert does not degrade the
sample because it is biologically inert (Flaim, 1994) and has been safely used for in vivo

molecular imaging (Giraudeau et al., 2013; Kaneda, et al., 2009; Liao et al., 2013).

6.2.2. Magnetic resonance imaging

All experiments were performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal
bore scanner (Bruker Biospin MRI, Ettlingen, Germany) using Paravision 5.1 software. A
Bruker 72-mm linear-volume coil as the transmitter and a four-channel Bruker *H surface
array coil as the receiver were used for imaging. Prior to imaging, magnetic field
inhomogeneity was adjusted using the FASTMAP technique (Gruetter, 1993b).
Anatomical images were obtained using a 3D TurboRARE sequence covering a slab of
15 mm in thickness to obtain T,-weighted images at a spatial resolution of 113 um X 150
um X 170 pm, using an echo time (TE) and repeat time (TR) of 11 ms and 2500 ms,
respectively, with two averages. Quantitative information on T,-relaxation time was
obtained using an eight echo multi-echo spin echo sequence with three continuous slices
centered on the hippocampus at Bregma -1.82, without any gap. The spatial resolution

was 200 um X 200 um, acquired with 1 mm slice thickness, TEs of 9.3, 27.9, 46.5, 65.1,
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83.7,102.3, 120.9, and 139.5 ms at a TR of 10000 ms, and 2 averages.

MT imaging provides contrast based on the chemical exchange between free
protons in water and bound protons in macromolecules such as proteins and lipids
(Finelli et al., 1996; Finelli et al., 1998; Henkelman et al., 2001; Wolff & Balaban, 1989).
The signal differences in MT images with and without the off-resonance saturation pulse
to saturate the protons in the macromolecules reveals relative macromolecule abundance,
and is measured as magnetization transfer ratio (MTR) (Henkelman et al., 2001; Wolff &
Balaban, 1989).The MT images were obtained using a fast low shot (FLASH) T,
technique. Acquisition parameters were slice thickness 0.5 mm, 0.5 mm gap, 16 slices
that covered the cerebral cortex and the cerebellum, spatial resolution of 200 pm X 200
um over a field of view of 1.5 cm X 1.5 cm, TE/TR = 3.6/280 ms, and 32 averages. For
the MT images (Ms), a Gaussian off-resonance saturation pulse was used with duration of
12.6 ms and flip angle of 180 degrees at an off-resonance frequency of 5000Hz from the
center frequency of water protons. The reference MT image (M,) was scanned using the

same parameters except without the off-resonance pulse.

6.2.3. Image Processing

Images were transferred offline to an independent database for further processing.
Medical Image Processing, Analysis and Visualization tool (MIPAV v5.3.1, CIT; NIH,
Bethesda, MD, USA) was used to obtain volumes of different regions and to extract
information for computing MTR. MTR was calculated as [(Mo-Ms) / Mo] X 100, where
M is the signal intensity from images obtained without the off-resonance pulse and Ms is

the signal intensity from images where the saturation pulse was applied (Henkelman et
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al., 2001). Normalized white matter volume was obtained by dividing each regional white
matter volume by whole brain volume. Regions of interest (ROIs) were drawn manually
on both the 3D T, anatomical and MT images by comparison with an anatomical
reference (Franklin & Paxinos, 2007). ROIs included the whole brain, corpus callosum,
external capsule, internal capsule, cerebral peduncle, fimbria, and cerebellar white matter.
T, relaxation time was measured using an in-house Matlab program (Mullins et al.,
2013). The data from all echo times for each ROI were fitted to a mono-exponential
decay curve. The first echo at 9.3 ms was ignored to minimize potential contamination
from the stimulated echo. The volumes, the T, relaxation time, and the MTR values from
each ROI were obtained and analyzed for statistically significant differences. The
cerebellar white matter T, was not available since the coverage for the multi-echo T,
acquisition did not extend into the cerebellum and only MTR data was available for the

cerebellar white matter.

6.2.4. Histology
Following MRI, six of the perfused brains from each genotype and age were

placed in 30% sucrose solution for cryoprotection. Brains were then frozen and coronal
sections 40 um in thickness were prepared with a cryostat at -20°C . One section was
collected for every 12 sections, approximately 0.50 mm apart. Sections were stained for
myelin with Black Gold 1l (EMD Millipore, Billerica, MA) by the following procedure
described by Schmued et al. (Schmued et al., 2008). Mounted slides were rehydrated
with two washes of de-ionized water, followed by staining in 0.3% Black Gold Il and

saline solution at 60°C. After staining was complete, the slides were washed in 1%
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sodium thiosulfate solution at 60°C followed by three washes in water at room
temperature (Schmued et al., 2008). Images were taken on a brightfield Olympus BX53
Research Microscope at 10X magnification and analyzed using Bioquant Life Sciences
2013 v13.5.6 software (Bioguant Image Analysis Inc. Nashville, TN). A white field
correction was applied to all images prior to obtaining integrated optical density. The red
channel was used to determine density because Black Gold 11 stains myelinated fibers
red-brown. Optical densities were measured between Bregma 0.50 mm to -2.46 mm
which included 5-6 sections of the corpus callosum and external capsule, 1-2 sections
with the internal capsule, 2-3 sections for cerebral peduncle, and 3-4 sections for the
fimbria. The intensity of myelin staining in white matter regions was measured as optical
density. The optical density was calculated as the log of the intensity of the ROI divided
by the intensity of the background (Kayser et al., 1994). The optical density value was

normalized to the area (in pm?) of the ROI.

6.2.5. Statistical Analysis

All statistical analyses were performed in SPSS (IBM Corp. 2013. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY). A separate two-way analysis of
variance (ANOVA) was performed for each region in each parameter, including volume,
normalized volume, MTR, T, relaxation, and myelin density. Each two-way ANOVA
compared the effect of genotype, age, as well as the interaction of (genotype X age).
Genotype and age effects were analyzed by Student's t-tests if the interaction between
factors was statistically significant (p < 0.05). To control for multiple pairwise

comparisons, a false discovery rate with threshold of alpha = 0.05 was performed on the
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p-values. The threshold assumes 5% of significant p-values may be false positives, and if
a significant p-value does not pass false discovery rate then that p-value may be a false

positive.

6.3. RESULTS
6.3.1. White matter volumes

Previous studies showed regional brain volumes in both FXS patients and Fmrl
KO mice were different compared to controls (Ellegood et al., 2010; Hazlett et al., 2012;
Hoeft et al., 2010; Pacey et al., 2013; Shi et al., 2012). However, no differences in whole
brain or white matter volumes were found between Fmrl KO and WT mice (Table 6-1
and Figure 6-1, respectively). The white matter volume normalized to whole brain
volume was also not significantly different between Fmrl KO and WT mice (Table 6-2).
The (genotype X age) interaction was not statistically significant in the whole brain
volume, regional white matter volumes (Table 6-3), as well as normalized regional white
matter volumes (Table 6-4), indicating that the developmental courses of change in white
matter volumes were similar between the two genotypes. The normalized white matter
volume from this study was similar to a recent study which reported no differences in
whole brain volumes and regional white matter normalized to whole brain volume at

PND 60 between Fmrl KO and WT C57BI6J mouse brains (Lai et al., 2016).
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Whole brain volume (mm?)

Age WT SE  Fmrl KO SE
PND 18 35209 2264 34182 594
PND 21 34247 958 376.16 14.71
PND 30 36060 513 302.66 37.65
PND 60 387.02 472 41260 15.97

Table 6-1: Whole brain volume (mm?®) of WT and Fmrl KO mice. The mean and
standard error (SE) for the whole brain volume are shown at PND 18, 21, 30 and 60. No
significant interaction of (genotype X age) was found with whole brain volume.
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Figure 6-1: Regional white matter volume (mm?; mean = standard error) in the
developing WT (gray dashed line) and Fmrl KO (black solid line) brains; a) the corpus
callosum, b) external and c) internal capsule, d) cerebral peduncle, and €) fimbria. The
ages studied were PND 18, 21, 30, and 60. Interaction of (genotype X age) was not
significant in white matter regions.
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Mean Normalized Volume

Corpus callosum WT sE Fmr] KO SE
PND 18 0.0061 0.0004 0.0055  0.0002
PND 21 0.0067 0.0002 0.0061 0.0002
PND 30 0.0072 0.0002 0.0069 0.0002
PND 60 0.0080 0.0002 0.0079  0.0003
External capsule WT SE Fmrl KO SE
PND 18 0.0096 0.0009 0.0086 0.0005
PND 21 0.0100 0.0004 0.0091  0.0004
PND 30 0.0123  0.0004 0.0113  0.0002
PND 60 0.0160 0.0003 0.0152  0.0004
Internal capsule WT SE For] KO SE
PND 18 0.0011 0.0001 0.0009  0.0001
PND 21 0.0013 0.0001 0.0014 0.0001
PND 30 0.0021 0.0002 0.0020 0.0001
PND 60 0.0040 0.0002 0.0038 0.0001
Cerebral peduncle WT SE Fmrl KO SE
PND 18 0.0031 0.0004 0.0026 0.0000
PND 21 0.0032 0.0001 0.0028 0.0001
PND 30 0.0038 0.0001 0.0037 0.0001
PND 60 0.0049 0.0005 0.0048 0.0006
Fimbria WT SE Fmrl KO SE
PND 18 0.0017 0.0002 0.0014 0.0001
PND 21 0.0019 0.0001 0.0017 0.0001
PIND 30 0.0023 0.0001 0.0021 0.0001
PND 60 0.0026 0.0001 0.0026 0.0001

Table 6-2: Normalized white matter volumes in Fmrl KO and WT mice. Normalized
volume was calculated by dividing regional white matter volume (mm?) by its respective
whole brain volume (mm®). The mean normalized volume and SE for each white matter
region in the Fmrl KO and WT mouse brain are presented at PND 18, 21, 30 and 60.
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Volume Region df F-value p-value n WT FmriKO
Genotype Whole brain 1 0701 0405 [PND18 9 9
Corpus callosum 1 0315 0577 | PND 21 14 12
External capsule 1 1535 0220 | PND 30 12 13
Internal capsule 1 0.048 0.827 | PND 60 6 6
Cerebral peduncle 1  0.038 0.846
Fimbria 1 0266 0.608
Age Whole brain 3 2383515 =0.001
Corpus callosum 3 46699 <=0.001
External capsule 3 189351 =0.001
Internal capsule 3 203613 =< 0.001
Cerebral peduncle 3 50557 =0.001
Fimbria 3 77.064 =0.001
Genotype X age  Whole brain 3 l8sl 0.144
Corpus callosum 3 1.095 0.357
External capsule 3 1394 0.252
Internal capsule 3 1369 0.260
Cerebral peduncle 3 0273 0.845
Fimbria 3 0.884 0.453
Error Whole brain 73
Corpus callosum 73
Extemnal capsule 73
Internal capsule 73
Cerebral peduncle 73
Fimbria 73

Table 6-3: Summary of two-way ANOVA for the whole brain and regional white matter
volumes. The F-value and p-value for genotype, age, and interaction of (genotype X age)
are presented. An interaction with p-value of 0.05 or less was considered significant (in
bold). An independent Student’s T-test was performed if there was a significant
interaction with (genotype X age).
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Normalized white matter volume
Two way ANOVA
Normalized volome Region df F-value p-value n WT Fmrl KO
Genotype Corpus callosum 1 0001 0978 PND I8 9 9
External capsule 1 0080 0779 PND 21 14 12
Internal capsule 1 0176 0676] PND 30 12 13
Cerebral peduncle 1 0061 0806] PND &0 6 6
Fimbria 1 0.0l 0893
Age Corpus callosum 3 23729 =0.001
External capsule 3 0912 0440
Internal capsule 3 49319 =0.001
Cerebral peduncle 3 0146 00932
Fimbria 3 3313 0025
Genotype X age Corpus call osum 3 0029 0993
External capsule 3 0.18% 00906
Internal capsule 3 1405 0249
Cerebral peduncle 3 0293 0831
Fimbria 3 0134 0940
Error Corpus call osum 73
External capsule 73
Internal capsule 73
Cerebral peduncle 73
Fimbria 73

Table 6-4: Summary of two-way ANOVA for normalized white matter volume. The
normalized volume was calculated by dividing the regional white matter volume by the
whole brain volume for each mouse. The F-value and p-value for genotype, age, and
interaction of (genotype X age) are presented.
6.3.2. T, relaxation time

T, relaxation time can provide insights into white matter environment; generally
T, relaxation time decreases following development of white matter (Paus et al., 2001).
T, relaxation time was measured in the corpus callosum, external capsule, internal
capsule, cerebral peduncle, and fimbria (Figure 6-2a-e, respectively). Poor signal to noise
prevented analysis of one Fmrl KO mouse brain at PND 30. The (genotype X age)
interaction was not statistically significant in the white matter regions studied (Table 6-5)

indicating that changes in T, relaxation time over the course of development were not

different between the two genotypes. In all five white matter regions T, relaxation times
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decreased between PND 18 and PND 30 in WT mice as expected over the course of

myelination. In Fmrl KO mice, however, decreases were seen between PND 21 and PND

30, suggesting that myelination was delayed.

a) Corpus callosum

70

h
<

T5 relaxation (ms)
e
o
@]
4]
)1
Le°]
o
)1
-]
B
e
4]
e
=
=
-
c
T

10 20 30 40 50 60

b) External capsule

70
60 N\ _
50
f) Fimbria
70
-

60
50

10 20 30 40 50 60

Postnatal day

c¢) Internal capsule

70
60 ) e
50

10 20 30 40 50 60

Legend

= g=-WT
e ['mr1 KO

Figure 6-2: T, relaxation times (ms + standard error) between WT (gray dashed line) and
Fmrl KO (black solid line) mice at PND 18, 21, 30 and 60. Relaxation times were
measured in white matter regions of the a) corpus callosum, b) external and c) internal
capsule, d) cerebral peduncle, and e) fimbria. No significant (genotype X age) interaction

was found in T, relaxation.
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T, relaxation Region df F-value p-value n WT FmriKO

Genotype Corpus callosum 1 2.091 0.153] PND 18 9 9
External capsule 1 3.050 0.085] PND 21 14 12
Intemnal capsule 1 0.594 0.443] PND 30 12 12
Cerebral peduncle 1 0.927 0.339| PND 60 6 6
Fimbria 1 1.393 0.242
Age Corpus callosum 3 8.662 = 0.001
External capsule 3 6.186 = 0.001
Internal capsule 3 25873 0.061
Cerebral peduncle 3 2.084 0.110
Fimbria 3 6.036 < 0.001
Genotype X age  Corpus callosum 3 1.337 0.269
External capsule 3 1.504 0.221
Internal capsule 3 0.685 0.564
Cerebral peduncle 3 1.659 0.184
Fimbria 3 1.854 0.145
Emror Corpus callosum 72
External capsule 72
Internal capsule 72
Cerebral peduncle 72
Fimbria 72

Table 6-5: Summary of two-way ANOVA for T, relaxation. The F-value and p-values
for genotype, age, and (genotype X age) interaction are presented. Statistically significant
effects (p-value of 0.05 or less) are indicated in bold. The genotype X age interactions
were not statistically significant in any of the white matter regions.
6.3.3. Magnetization Transfer Ratio

Magnetization transfer ratios are an index of macromolecular content in white
matter, including myelin proteins and lipids that contribute to the structural integrity of
white matter (Wozniak & Lim, 2006). The alterations in white matter maturation as
indicated by MTR differed between the genotypes (Figure 6-3). Significant (genotype X
age) interaction was found in all white matter regions studied (Table 6-6). Before the

peak of myelination at PND 18, MTR in the white matter regions of Fmrl KO mice was

decreased in the internal capsule (t(2.56) p<0.05), cerebral peduncle (t(2.41) p<0.05), and
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fimbria (t(2.42) p<0.05) (Figure 6-3) compared to WT mice. MTR in the Fmrl KO
mouse brain showed a steep increase between PND 18 and PND 30 followed by a
decrease or leveling off between PND 30 and PND 60 (Figure 6-3). In WT mice, MTR
tended to be fairly level between PND 18 and PND 30 and increased thereafter (Figure 6-
3). At PND 60 when the brain networks are more mature (Semple et al., 2013), MTR in
all regions examined was higher in WT mice compared with Fmrl KO mice (Figure 6-3).
The significant p-values from multiple pairwise comparisons passed false discovery rate
with a threshold of alpha = 0.05. The developmental differences in MTR between Fmrl
KO and WT mouse brains suggested a decrease of myelin components at PND 18 and 60
in the white matter of Fmrl KO mouse brain. Alterations in MTR suggested the
macromolecule content of white matter, including myelin proteins and lipids, fluctuated
during development in the Fmrl KO mouse brain that could severely impact myelin

structure.

89



a) Corpus callosum b) External capsule

_ == WT _
65 | —e—Fmr1 KO x 65 *
e # -4
60 # PPt 60 "
8 e 7 . *
@ O SE]
-
B
"g 50 50
§ d) Cerebral peduncle e) Fimbria
g #
= 65 65 #
N
% # -4
60 60 #
) *
S +
= 55 55
50 50
10 20 30 40 50 60 10 20 30 40 50 60

Postnatal day

¢) Internal capsule

6

4]
\
o

60 22

*
\

th
th

50

f) Cerebellar White Matter

65
‘-E
# "'
60 * ==
?E-
55
50

10 20 30 40 50 60

Figure 6-3: Magnetization transfer ratio (MTR; mean + standard error) from regional
white matter between WT (gray dashed line) and Fmrl KO mice (black solid line) in the
a) the corpus callosum, b) external and c) internal capsule, d) cerebral peduncle, e)
fimbria, and f) cerebellar white matter at PND 18, 21, 30, and 60. The significant
(genotype X age) was found in all white matter regions. The significant genotype
differences in MTR between WT and Fmrl KO mice are marked with * p < 0.05. Near
significant genotype trends are marked with # p < 0.10. The significant p-values passed

false discovery rate (alpha = 0.05).

90



MIR Region df F-value p-value n WT FmriKO
Genotype Corpus callosum 1 6.722 0.011 |PND 1B O 9
Externa capsule 1 8.406 =0.001 | PND 21 14 12
Internal capsule 1 9365 =0.001 | PND 30 12 13
Cerebral pedunde 1 7.511 0.008 | PND &0 6 6
Fimbria 1 6.722 0.011
Cerebellar white matter 1 12.007 0.001
Age Corpus callosum 3 12382 =0.001
Externa capsule 3 11332 =0.001
Internal capsule 3 23117 =0.001
Cerebral pedunde 3 24028 =0.001
Fimbria 3 19115 =0.001
Cerebellar white matter 3 17315 =0.001
Genotype X age  Corpus callosum 3 6.568 =0.001
Externa capsule 3 6492 = 0.001
Internal capsule 3 7111 = 0.001
Cerebral pedunde 3 4565 0.005
Fimbria 3 6417 =0.001
Cerebellar white matter 3 2.913 0.040
Error Corpus callosum 73
Externa capsule 73
Internal capsule 73
Cerebral pedunde 73
Fimbria 73
Cerebellar white matter 73

Table 6-6: Summary of two-way ANOVA for MTR. The F-value and p-value for
genotype, age, and genotype X age interaction are presented. Statistically significant
effects (p-value of 0.05 or less) are indicated in bold. An independent Student’s T-test
was performed if there was a significant (genotype X age) interaction.

6.3.4. Myelin staining

To directly determine myelin content in our animals we stained tissue with Black

Gold 11, a histological indicator of myelin. Figure 6-4a shows myelin staining of a

representative section from each genotype at each age. Myelin density was decreased in

Fmrl KO mouse brain at PND 18 in the external capsule (t(6.88), p<0.001), internal

capsule (t(3.50), p<0.001), and fimbria (t(2.01), p<0.05) compared to the corresponding
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regions of the WT mouse brain (Figure 6-4c, d, and f, respectively). Myelin density at
PND 21 was increased in the cerebral peduncle of Fmrl KO mouse brain compared to
the WT (t(2.10), p<0.05). By PND 30, the myelin density increased in Fmrl KO mouse
brain, including the external capsule (t(4.82), p<0.001), internal capsule (t(2.11), p<0.05),
cerebral peduncle (t(2.45), p<0.05), and fimbria (t(4.61), p<0.001) compared to the
corresponding regions of the WT mouse brain (Figure 6-4b, c, d, e, and f, respectively).
In contrast to PND 30, at PND 60 the myelin density in Fmrl KO mouse brain decreased
compared to the WT in the external capsule (t(6.61), p<0.001) (Figure 6-4c). The
significant p-values passed false discovery rate (alpha = 0.05) for multiple pairwise
comparisons. In agreement with the MTR data, many of the white matter regions in Fmr1l
KO mouse brains had decreased myelin density at PND 18 followed by increased levels
at PND 30 and decreased at PND 60 compared to the corresponding regions of WT
mouse brain (Figure 6-4). An age related increase in myelin density in the Fmrl KO
mouse brain between PND 18 to PND 30, whereas the increase with age was more
pronounced in the WT mouse brain between PND 30 to PND 60 (Figure 6-4). Myelin
density measured from Black Gold Il staining showed significant interaction of (genotype
X age) in the external capsule, internal capsule, cerebral peduncle and fimbria (Table 6-
7).

In addition, the myelin staining in the white matter regions of Fmrl KO mice had
different developmental time courses than the WT mice (Figure 6-4). In WT mice
myelin density increased steeply between PND 30 and PND 60 in the corpus callosum
and external capsule whereas in Fmrl KO mice steep increases occurred between PND

18 and PND 30 and tended to level off thereafter. In the internal capsule, cerebral
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peduncle and hippocampal fimbria of WT mice myelin staining increased steadily from
PND 18 to PND 60, whereas in Fmrl KO mice the slopes of increase tended to decrease
after PND 30. The alterations in myelin density in developing Fmrl KO mouse brain
suggest that FMRP can influence white matter maturation, potentially by regulation of

the mRNA of myelin proteins (Darnell et al., 2011).
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Figure 6-4: a) Representative images of myelin staining with Black Gold Il in WT and
Fmrl KO mouse brains. a) Approximate ROIs are drawn in a) with corpus callosum in
red, external capsule in green, internal capsule in yellow, and fimbria in blue. The
cerebral peduncle is not shown but is posterior to the internal capsule. The images were
taken between Bregma -1.70 to -2.30 at PND 18, 21, 30 and 60. The scale bar represents
500 pm. Myelin density was measured by integrated optical density normalized to the
area of the ROI. Myelin density determined by 10D (mean + standard error) in white
matter regions including the: b) corpus callosum, ¢) external capsule, d) internal capsule,
e) cerebral peduncle and f) fimbria. Normalized optical densities in WT brain are shown
with a gray dashed line and Fmrl KO optical density values are shown by a black solid
line for each white matter region. Significant differences between Fmrl KO and WT
myelin density were indicated with * p < 0.05, near significant differences were indicated
with # p < 0.10. The significant p-values passed false discovery rate (alpha = 0.05).
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Black Gold II Region df F-value p-value n WT FmrlKO

Genotvpe Corpus callosum 1.730 0.191] PND 18 6 6
External capsule 28056 =0.001] PND 21 6 6
Internal capsule 5313 0.023| PND 30 6 6
Cerebral peduncle 0.959 0.329] PND 60 6 6

Fimbria 6.748 0.010
18787 =0.001
129.770 = 0.001
80925 =0.001

1
1
1
1
1
3
3
3
Cerebral peduncle 3 60244 =0.001
3
3
3
3
3
3

Age Corpus callosum
External capsule

Internal capsule

Fimbria 15299 =0.001

1.469 0.226
12287 =0.001
3960 0.010
2993 0.033
3.665 0.014

Genotype X age  Corpus callosum
External capsule
Internal capsule
Cerebral peduncle

Fimbria

Error Corpus callosum 133

External capsule 133

Internal capsule 133
Cerebral peduncle 133
Fimbria 133

Table 6-7: Summary of two-way ANOVA for Black Gold Il staining of myelin. The F-
value and p-value for genotype, age, and (genotype X age) interaction are presented.
Statistically significant effects (p-value of 0.05 or less) are indicated in bold. An
independent Student’s T-test was performed if there was a significant (genotype X age)
interaction.
6.4. DISCUSSION

Myelination of axons starts prenatally in the human brain, continues into
adulthood and only declines around middle-age; whereas myelination in rodents begins
postnatally and continues throughout adulthood (Andersen, 2003; Xie et al., 2013).
Moreover, the developmental process of myelination varies regionally (Quarles et al.,
2012). Post-mortem studies have shown that axons and myelin sheaths undergo

conspicuous growth during the first two years of human life (Kinney et al., 1988);

whereas the peak of myelination in the rodent brain occurs between PND 20-21 (Semple
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et al., 2013). Alterations to the normal maturation pattern due to abnormalities in the
myelination process during childhood and adolescence have been correlated with
psychotic symptomatology (Hyde et al., 1992) and white matter abnormalities have been
observed in FXS and in autism spectrum disorder (Haas et al., 2009; Hazlett et al., 2012;

Hoeft et al., 2010; Hoeft et al., 2011).

6.4.1. Myelination delay in white matter in the developing Fmrl KO mouse

Our results demonstrate an abnormal pattern of change in myelin density during
early postnatal development in Fmrl KO mice compared to WT mice (Figures 6-3 and 6-
4). The results of MTR and myelin density measurements show similar patterns of
change in the Fmrl KO mouse brain, suggesting that histological changes in myelin are
reflected with MTR in the fixed brain. Magnetization transfer imaging is sensitive to the
macromolecules in white matter, in particular proteins and lipids in myelin (Stanisz et al.,
1999). The MTR from this present study suggested altered concentrations of white matter
macromolecules, including lipids and proteins, at different stages of brain development
that could contribute to altered myelin composition in Fmrl KO mice. Previous in-depth
research demonstrated that cholesterol and myelin lipids contribute significantly to the
MT effect (Koenig et al., 1990; Stanisz et al., 1999). In addition, a previous study with
the myelin basic protein deficient Shriverer mouse revealed no differences in Black Gold
Il staining compared to controls, further suggesting that myelin with Black Gold 11
staining has greater specificity to lipids (Savaskan, Weinmann, Heimrich, & Eyupoglu,
2009). Therefore, because myelin composition is composed of 70-85% lipids (Quarles et

al., 2012) and due to the similarities in myelin density and MTR in the Fmrl KO mouse
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brain found in this study, the altered MTR in the Fmrl KO mouse brain likely reflects
differences in lipid content. It has been shown that male FXS patients (4-20+ years) have
reduced plasma cholesterol, low and high-density lipoprotein compared to the normal
control population (Berry-Kravis et al., 2015). Although it has not been determined
whether brain cholesterol levels might be altered in FXS patients or Fmrl KO mice,
normal myelination in the brain mainly depends on cholesterol synthesized in the brain
(Jurevics & Morell, 1995) and cholesterol is known to be heavily incorporated into
myelin particularly during the peak of myelination (Saher et al., 2005). Furthermore,
cholesterol deficiency could contribute to malfunction of neurotransmission and has been
associated with neurodegenerative diseases (Zhang & Liu, 2015).

The polyribosomal FMRP complex has been shown to bind to the mRNAs of
many myelin proteins and likely regulates their translation (Darnell et al., 2011). FMRP
binds to the mRNA of myelin basic protein and repress translation (Wang et al., 2004).
Furthermore, FMRP concentration is higher in oligodendrocyte precursor cells and
immature oligodendrocytes compared to mature oligodendrocytes when myelin basic
protein concentration increases (Wang et al., 2004). Levels of myelin basic protein
MRNA in oligodendrocytes in vitro are elevated in the absence of FMRP (Wang et al.,
2004). The concentrations of myelin basic protein and 2' 3'-cyclic-nucleotide 3'-
phosphodiesterase (CNP) at PND 7 and PND 15 are decreased in cerebellar white matter
in Fmrl KO mice (Pacey et al., 2013). The reduced concentrations of myelin basic
protein and CNP, as well as myelin thickness in cerebellar white matter gradually
normalized with age in Fmrl KO mouse brain suggesting a developmental delay in

myelination (Pacey et al., 2013). The MTR results in the present study show similar
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patterns in cerebellar white matter, including an early reduction in MTR at PND 18 that
becomes less pronounced with increasing age (Figure 6-3f). At PND 21 and 30, we found
no differences between the Fmrl KO and WT mice in MTR in cerebellar white matter.
Similarly, Pacey et al. (Pacey et al., 2013), reported no difference in myelin thickness,
myelin basic protein and CNP concentrations in cerebellar white matter between Fmrl
KO and WT mice at PND 30. In the present study, the differences in myelin density and
MTR at PND 18, 30 and 60 in the Fmrl KO mice compared to the WT suggests that
alterations in forebrain and midbrain white matter could span many critical periods of
brain development.

Reduced MTR have been associated with pathological states of demyelination and
axonal degeneration in multiple sclerosis both in patients and in preclinical models
(Bonnier et al., 2014; Ou et al., 2009; Schmierer et al., 2004; Thiessen et al., 2013). In an
animal model of multiple sclerosis, decreasing MTR was found in the corpus callosum
and external capsule of mice treated with cuprizone, an agent that caused demyelination
(Thiessen et al., 2013). In addition, similar MTR values were found between in vivo and
ex vivo imaging of the mouse model of multiple sclerosis by Thiessen et al. (Thiessen et
al., 2013). Thus, the decrease of MTR and myelin density found in white matter of Fmrl

KO mice may indicate delayed myelination in the present study.

6.4.2. Contribution of altered brain metabolites to myelination in the Fmrl KO mice
Alteration in brain metabolite levels could also contribute to myelin changes in
Fmrl KO mice. Reduced N-acetylaspartate was reported in cortex and cerebellum at

PND 12 (Davidovic et al., 2011) and we found a genotype effect from repeated measures
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ANOVA in N-acetylaspartate and reduced N-acetylaspartate/tCr was found in
hippocampus at PND 18 in Fmrl KO mice (Chapter 5, Figure 5-3a) (Shi et al., 2012). N-
acetylaspartate serves as an important precursor to the formation of myelin lipids in
oligodendrocytes (Burri et al., 1991; Moffett et al., 2007; Urenjak et al., 1992).
Therefore, reduction of N-acetylaspartate in the Fmrl KO mouse brain may contribute to
the decreased myelin density reported in this study at PND 18 (Figure 6-4).

Myo-inositol is continuously incorporated and broken down from
phosphatidylinositol in lipids (Shears, 1989). Phosphatidylinositol is phosphorylated by
phosphoinositide 3 kinase (P13K) (Peltier et al., 2007; Sanchez et al., 2004), and
phosphorylation of phosphatidylinositol can promote dissociation of the myelin basic
protein and actin complex from the lipid vesicle membrane (Boggs et al., 2012).
Increased PI3K activity has been reported in the hippocampus of Fmrl KO mouse
(Sharma et al., 2010), and if PI3K phosphorylates phosphatidylinositol in white matter
then that may contribute to myelin layer instability by disrupting attachment of myelin
basic proteins to the myelin membrane. In contrast, attachment of myelin basic protein to
oligodendrocyte membranes requires phosphatidylinositol 4,5-bisphosphate; reduction of
phosphatidylinositol 4,5-bisphosphate led to detachment of myelin basic proteins from
oligodendrocyte membrane and loss of myelin compaction in the corpus callosum
(Nawaz et al., 2009). The hippocampus of Fmrl KO mice revealed a reduction in myo-
inositol/tCr at PND 30 compared to the WT mice (Chapter 5, Figure 5-3c), which may
result in altered phosphatidylinositol levels and PI3K signaling (Shi et al., 2012). Taken
together, the results suggest that the decrease observed in myo-inositol/tCR may

contribute to alterations in myelin structure at PND 30 in the Fmrl KO mouse brain.
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6.4.3. Implications for functional brain networks in the Fmrl KO mouse

The alteration in myelin density during brain development suggests that the
process of myelination is dysregulated during development in Fmrl KO brain, and this
could adversely influence neuronal function and potentially have a negative impact on the
formation and maturation of brain networks. Axons that form long distance connections
in the brain network showed altered morphology with increased axonal branching and
misguided axon growth in the Drosophila model of FXS (Pan et al., 2004). Thus, early
disruptions in myelin and axon formation could potentially change the formation and
integrity of the brain network in Fmrl KO mice. Evidence for this concept was also
found in recent work on both FXS patients and the Fmrl KO mice, which showed
significant reductions in functional connectivity measured by resting state functional MRI
(Haberl et al., 2015; S. S. Hall et al., 2013). The deficit in the myelin density during
development in the Fmrl KO brain could also serve to further reinforce altered brain
networks. Although this study did not investigate changes in neural networks with age,
the findings from diffusion tensor imaging (Chapter 7), a common method to study axon
organization in the brain (Argyridis, et al., 2013; Haberl et al., 2015; Mori & Zhang,
2006; Ou et al., 2009; Paydar et al., 2014; Thiessen et al., 2013), may provide further
insights into the consequences of altered myelination with respect to axons in developing
Fmrl KO brain.

The white matter regions studied are essential for communication between brain
regions. The corpus callosum connects the left and right hemispheres and reaches all

cortical regions (Hofer & Frahm, 2006). The external capsule is connected to the corpus

101



callosum and relays information between cortices as well as between the corticostriatal
pathways (Hofer & Frahm, 2006; Vasung et al., 2010). Reduced myelin density at PND
18 and 60 suggest altered myelin content in the external capsule that could contribute to
reduction of functional connectivity in the resting state networks of Fmrl KO mice
(Haberl et al., 2015) and FXS patients (Hall et al., 2016). In addition, the connections in
the corticostriatal pathway could be altered due to excessive striatal fiber density reported
in young FXS children (Haas et al., 2009). The internal capsule and cerebral peduncle are
part of the corticospinal pathway that passes along afferent and efferent signals from the
motor cortex to the spinal cord (Feeney & Wier, 1979; Jang & Seo, 2015). The
corticospinal pathway is essential in learning and refining motor skills and FXS patients
as well as Fmrl KO mice exhibit a variety of motor related deficits and inability to learn
motor skills (Garber et al., 2008; Padmashri et al., 2013). The hippocampal fimbria is
composed of axons originating in the hippocampus and serves as an intermediary
between the entorhinal cortex and the hippocampus (Amaral et al., 2016). Hippocampal
dysfunction has been widely reported in FXS and the Fmrl KO model including
increased metabotropic glutamate receptor 5 dependent long-term depression, increased
immature dendritic spines, and elevated protein synthesis (Bilousova et al., 2009; Huber
et al., 2002; Qin et al., 2005). The hippocampal fimbria was identified as the only white
matter region to have elevated protein synthesis in the adult Fmrl KO mouse (Qin et al.,
2005). The present study, in conjunction with previous reports, provides ample evidence
to support the possibility that altered pattern of myelination in different regions may have

an impact on the timely maturation of brain networks.
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6.4.4. White matter volume in the FXS brain

Previous MRI studies have established alterations in brain volume as pathological
in FXS, including changes in regional gray and white matter volumes of cortical and
subcortical regions, compared to normally developing children (Gothelf et al., 2008;
Hazlett et al., 2012; Hoeft et al., 2010; Reiss et al., 1994). An earlier study from our
group reported increased volume of the hippocampus in Fmrl KO brains compared to
WT brains (Chapter 5, Figure 5-1) (Shi et al., 2012). Although the current findings did
not show consistent differences in white matter volume between Fmrl KO and WT
mouse brains, the data agree with a recent study that reported only minor volume
differences in the C57BI6J Fmrl KO mouse brain compared to WT (Lai et al., 2016).
The C57BI6J strain of Fmrl KO mouse was chosen for this study because previous
findings from our group showed alterations in brain metabolites during development (Shi
etal., 2012). In addition, Pacey et al. (Pacey et al., 2013) reported decreased cerebellar
volume and delayed myelination, including reduced myelin proteins and myelin thickness
in the C57BI6J Fmrl KO mouse. While the C57BI6J Fmrl KO mouse in the present
study did not reveal volume differences in white matter regions, other methods used in
this study showed evidence of alterations in myelin and white matter in developing Fmrl

KO mice.

6.4.5. Imaging the fixed brain
The imaging findings along with results from myelin staining suggest that
measurement of T, and MTR could be used to better understand the microstructure of

FXS brain in vivo. However, the current findings have to be taken in context of the
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limitations of the study. It is likely that the T, and MTR values measured in vivo would
be different from those measured in a fixed tissue sample because the fixative solution
has been shown to affect the T, and MTR values compared to in vivo measurements
(Schmierer et al., 2008; Shepherd et al., 2009). Therefore, precautions based on previous
studies between fixed and in vivo brain samples were taken to minimize differences in T,
relaxation and MTR in the fixed brain (Schmierer et al., 2008; Shepherd et al., 2009). Our
goal in this study was to obtain an accurate assessment of white matter development by
obtaining high-resolution volumetric, T,, and MTR data. Thus, we elected to perform
these measurements in a fixed brain to stabilize brain structure, allow longer imaging
durations and eliminate confounds of animal motion. Fixed Fmrl KO mouse brains have
been used to study volume changes in the past (Ellegood et al., 2010; Lai et al., 2016;
Pacey et al., 2013). In addition, it has been shown that the trends in the data from fixed
samples would be similar to in vivo with T, (Shepherd et al., 2009) and with MTR
following immersion of brain tissue in PBS (Thiessen et al., 2013). The findings of the
current study regarding the utility of T,-relaxation and MTR in revealing developmental
changes in the Fmrl KO mouse are compelling, future studies should focus on using
these techniques in vivo to assess their utility as imaging markers for FXS and also to

assess whether such changes alter brain connectivity in the Fmrl KO mouse.

6.5. Conclusions
In this study, we demonstrated altered levels of myelin and macromolecules in the
white matter of Fmrl KO mouse brain at developmental ages compared to the

corresponding regions of the WT mouse brain. White matter and myelin alterations were
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found during times that coincided with key stages of brain development including early
myelination, the peak of myelination and synaptogenesis, neural network development
and maturation in the Fmrl KO mouse brain. The findings show dysregulation of
myelination and white matter maturation in the Fmrl KO mouse brain during
development and suggest complex changes in white matter development. We observed
delayed myelination before the peak of myelination at PND 18, then at PND 30 myelin
density increased suggesting compensation to the delayed myelination and then lowered
myelin levels in adult Fmrl KO mouse brain compared to the WT. Differences in white
matter and myelin between the Fmrl KO and WT mouse brains were prevalent during
development and could contribute to changes in the brain networks of the Fmrl KO

mouse.
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CHAPTER 7: DIFFUSION PROPERTIES OF THE FMR1 KO BRAIN AND REPRESENTATION
OF AXON FIBERS
7.1. INTRODUCTION
The diffusion properties of gray and white matter were examined in this chapter

to determine whether axons could contribute to altered brain morphology in the
developing Fmrl KO mouse. In addition to myelin deficits, evidence of altered axonal
growth patterns and morphology have been reported in animal models of FXS (Bureau et
al., 2008; Pacey et al., 2013; Pan et al., 2004). FMRP is normally observed at axonal
growth cones and along the axon shafts of cultured WT neurons (Antar et al., 2006). In
the Fmrl KO neurons, axon growth cones display excess filopodia and reduced axon
motility compared to the WT neurons, which can potentially limit axon growth and
decrease the chances of the axon connecting with dendritic spines (Antar et al., 2006).
Irregular axon morphology has also been reported in the adult Drosophila model of FXS,
including increased axonal branching and protrusion of branched axons into other regions
normally not observed in the WT brain (Pan et al., 2004). Diffuse axon arbors, which
display shorter and more dispersed axons, have been demonstrated in neurons connecting
layer 4 to layer 2/3 in somatosensory cortex of developing Fmrl KO mice (PND 13-15)
and showed no differences by PND 20 compared to WT (Bureau et al., 2008). The
diffuse axon arbor phenotype may be the result of altered axon pruning in Fmrl KO
mouse brain (Bureau et al., 2008). The studies in the animal models of FXS suggest that
FMRP may play a role in axon guidance and pruning (Antar et al., 2006; Bureau et al.,
2008; Pan et al., 2004).

Microstructural changes in axons and myelin during normal development and
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under pathological conditions are best studied by MRI using diffusion tensor imaging
(DTI) (Argyridis et al., 2013; Haberl et al., 2015; Mori & Zhang, 2006; Ou et al., 2009;
Paydar et al., 2014; Thiessen et al., 2013). DT1 is able to report information on water
mobility within biological tissue in multiple directions from which the microstructural
environment of the tissue can be inferred (Mori & Zhang, 2006). Originally, measures of
water diffusivity were based on the assumption that water diffusion is isotropic, being
able to diffuse in any direction if unhindered in an uniform sample (Mori & Zhang,
2006). The diffusion distances are typically modeled by a Gaussian distribution, an
assumption that water diffusion distances after a certain diffusion time follow a normal
distribution (Mori & Zhang, 2006). However, diffusion is hindered in both gray and
white matter due to morphological structures, with white matter exhibiting more
anisotropic diffusion because of restriction in water diffusion across the axon and myelin
membranes, and the gray matter exhibiting more isotropic diffusion behavior (Mori &
Zhang, 2006). Given the heterogeneity of tissues and tissue type, more recently the
diffusion of water has been modeled by the diffusion tensor, composed of eigenvectors
that align parallel (e, in the axial direction) and perpendicular (e, and es, two radial
directions) to axon bundles. The eigenvectors correspond to eigenvalues (11, 12, 43),
which represent the diffusivity along these three principal diffusion directions in the brain
after obtaining information from at least 6 directions of diffusion sensitization (Mori &
Zhang, 2006; Mukherjee et al., 2002).

Developmentally mean diffusivity (MD), a measure of the average distance water
molecules diffuse after a period of time, decreases as the brain develops due to more

restriction in water diffusion (Lebel et al., 2012; Qiu et al., 2008). Fractional anisotropy
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(FA), a measure of the preferential direction of diffusion (Mori & Zhang, 2006),
increases in white matter during development as the water molecule is freely able to
diffuse along the axon due to relatively less restricted diffusion while it is more restricted
across the axon. Barriers to diffusion are encountered perpendicular to the axon from
cellular membranes and myelin, making diffusion more anisotropic along the direction of
the axon (Neil et al., 2002; Paydar et al., 2014; Qiu et al., 2008). Both MD and FA
remain the most reported parameters with respect to white matter health and axonal
organization during development (Lebel et al., 2012; Paydar et al., 2014; Qiu et al.,
2008). The developmental decrease of MD and increase of FA are observed in gray and
white matter during normal human (birth to 30 years) and rodent brain (PND 0-21)
development, though the rate of change varies by region (Bockhorst et al., 2008; Lebel et
al., 2012; Paydar et al., 2014). In the aged brain MD increases and FA decreases in
humans (50+ years) and rodents (16-18 months) (de Groot et al., 2016; Sun et al., 2005)
While MD and FA generally represent maturation and health of the normal human
and rodent brain, axial diffusion (AD, represents the eigenvalue 4;) is a measure of
diffusion parallel to the fiber and is generally used as a biomarker to characterize axon
morphology. An increase of axon density and axonal branching has been associated with
a decrease in AD (Kumar et al., 2012; Lebel et al., 2012; Qiu et al., 2008). Radial
diffusion (RD, represents the average eigenvalues 1, and 43), is a measure of diffusion
perpendicular to the fiber and is generally used as a biomarker for myelination in healthy
developing brain (Lebel et al., 2012; Mukherjee et al., 2002). Changes in myelination are
often associated with change in RD; a decrease in RD was observed with increase in

myelination during brain development (Kumar et al., 2012; Lebel et al., 2012; Mukherjee
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et al., 2002). Conversely, RD was found to increase during demyelination in multiple
sclerosis and demyelinated animal models, along with increased MD and reduced FA (Ou
et al., 2009; Song et al., 2002; Thiessen et al., 2013).

The Gaussian model of diffusion assumes that water diffuses uniformly in brain
tissue. However, this is a simplistic assumption since water mobility in brain tissue is
much more complex, where membranes and compartments contribute to highly
heterogeneous diffusion environment (Fieremans et al., 2011; Jensen & Helpern, 2010).
The diffusion kurtosis model was proposed to account for this complexity and to better
represent the microstructure of the brain biologically (Fieremans et al., 2011; Jensen &
Helpern, 2010; Steven et al., 2014). Diffusion kurtosis imaging (DKI), an extension of
DTI, models the water diffusion process as non-Gaussian (Fieremans et al., 2011; Jensen
& Helpern, 2010; Steven et al., 2014) and DKI can provide higher sensitivity into myelin
and axon microstructure in human and rodent brains (Cheung et al., 2009; Fieremans et
al., 2011; Jensen & Helpern, 2010).

The goal of this study is to determine microstructural properties of axons in the
developing brains of Fmrl KO mice compared to the WT. In this study, DKI technique
was used to study the whole brain and regional white and gray matter morphological
characteristics to provide additional insight into axonal and myelin development in Fmrl
KO mouse brain. Diffusion and kurtosis parameters were measured in fixed brains of
Fmrl KO and WT mice at ages that have been previously shown to correspond to critical
periods of development in the rodent brain, at postnatal day 18 (PND 18) and PND 21
before and during peak of myelination and synaptogenesis, respectively; at PND 30

during neural network development, and at PND 60 during maturation of the neural
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networks when the mouse is considered an adult (Semple et al., 2013). The same
developmental ages were used as described in Chapter 6 to better understand the nature
of the developing white matter, which is composed of axons and myelin, and the findings
in the current study could provide further insights into the morphology of white matter in

Fmrl KO mice.

7.2.  METHODS
7.2.1. Animal procedure

Fmrl KO mice (JAX B6.129P2-""""IC0" mice: Jackson Laboratory, Bar Harbor,
ME, USA) from a C57BI6J background were bred in a mouse colony at the University of
Maryland, Baltimore. Wild-type mice (JAX C57BI6J; WT) were also bred in a mouse
colony at the University of Maryland, Baltimore. The Institutional Animal Care and Use
Committee at the University of Maryland, Baltimore approved the protocol for this study.
Food and water were given ad libitum. All mice were weaned at PND 21.

Male Fmrl KO and WT mice were obtained from a total of ten different litters to
prevent litter effect. We studied mice at PND 18 (12 Fmrl KO, 10 WT), PND 21 (11
Fmrl KO, 13 WT), PND 30 (15 Fmr1 KO, 12 WT), and PND 60 (6 Fmrl KO, 6 WT).
At PND 18, 21, 30, and 60, male mice were anesthetized with 4% isofluorane and then
perfused through the left ventricle of the heart with 1X phosphate buffered saline (PBS)
and followed by 4% paraformaldehyde (PFA). The whole brain was removed from the
skull and placed in PFA to continue fixation for 48 hours. The fixed brain was then
immersed in PBS for at least 48 hours before imaging. This post-fixation procedure was

reported to preserve brain tissue diffusion properties so that it was comparable to in vivo
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diffusion parameters (Shepherd et al., 2009). Prior to imaging, the fixed brain was placed
in a customized conical tube that was filled with Fluroinert (3M, St. Paul, MN), a

compound that has no MR signal and minimizes susceptibility artifacts.

7.2.2. Magnetic resonance imaging

All experiments were performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal
bore scanner using Paravision 5.1 software (Bruker Biospin MRI, Ettlingen, Germany). A
four-channel Bruker *H surface array coil was used as the receiver and a Bruker 72-mm
linear-volume coil as the transmitter. T,-weighted 3D anatomical images were obtained
covering a 15 mm thick with TE/TR of 11/2500ms at a resolution of 113 um x 150 um x
170 pm, using two signal averages. Diffusion kurtosis images were acquired with the
spin echo DTI sequence in the coronal plane. Thirty diffusion directions were applied at
diffusion weightings of b = 0.7 ms/um?, 2.1 ms/pm?, and 4.0 ms/pum?. The three b-values
were chosen to show diffusion signal attenuation for the kurtosis model (Steven et al.,
2014). Higher b-values compared to in vivo values were chosen to obtain higher diffusion
sensitivity and a better estimate of kurtosis (Sun et al., 2003). The chosen b-values have
been shown to provide diffusion attenuated images with sufficient signal to noise such
that they preserve the information on diffusion anisotropy, MD, AD, and RD, while at the
same time providing kurtosis information. Five images with no diffusion at b = 0 ms/um?
were acquired. The field of view used for imaging the brain was 1.88cm x 1.50cm x
1.2cm which provided a spatial resolution of 293um x 234um x 1000um at a TR/TE

6000/27.7ms, and one average.
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7.2.3. DKI reconstruction
The maps of mean, axial, and radial diffusivity (MD, AD, and RD, respectively),
fractional anisotropy (FA), mean, axial, and radial kurtosis (MK, AK, and RK,
respectively) were calculated from a custom MatLab program (Xu et al., 2011; Zhuo et
al., 2012) based on model described in Jensen et al. 2010 (Jensen & Helpern, 2010).
Diffusion-weighted signals from all four b-values (b = 0, 0.7, 2.1, 4.0ms/pum?) and
30 directions were fitted voxel-wise using non-linear least squares fit to the equation

from Zhuo et al. (Zhuo et al., 2012):

3 3 3 3

3 3 1
InS(g,b)=InS, —bX > g,9,D; +gb2MDZZZZZ 99,99 Wi [1]

i=1 j=1 i=1 j=1k=1l=1
where,

g=1(9,,9,,9,)is the unit-vector direction of the diffusion gradient.

S(g,b) is the diffusion-weighted signal at a particular b-value with direction g.

S is the MR signal with no diffusion weighting (b = 0 ms/um?) and is the average
of all the five b=0 volumes that were acquired.

MD is the mean diffusivity (um%ms).

Di; is element of the 3x3 diffusion tensor, D.

Wijq is element of the 3x3x3x3 4™ order diffusion kurtosis tensor, W.

Since D and W are both symmetric matrices, with 6 independent elements of the
diffusion tensor and 15 independent elements for diffusion kurtosis tensor, a total of 21
parameters were fitted using equation [1]. The apparent diffusion coefficient Dapp(g) and
apparent kurtosis Kapp(g) for each direction g were then calculated from equations from

Zhuo et al. (Zhuo et al., 2012):
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D.p(9) =D >.9:9,D; [2]

i=1 j=1

MD?2 3 3. 3.3
Kapp(g) = > Zzzzgigjgkglwijkl [3]
D, (@) T EE =

The three eigenvalues 11, 1, 43 (4, > 4, > 4;) and the corresponding eigenvectors

(e1, €2, €3) Were derived through eigen-decomposition of the diffusion tensor. The 4,
eigenvalue aligns parallel (axial direction) while A, and Zzalign perpendicular (two radial
directions) to the diffusion tensor. The diffusion parameters, MD, FA, AD, and RD were

calculated as follows from Zhuo et al. (Zhuo et al., 2012):

D - et o ”

£p_ V34 ~MD)’ + (4, ~MD)’ + (4, ~MD)’] -
V2 + 2+ 2)

AD =1, RD=/12J2J3, [6]

Diffusion kurtosis related parameters were derived from the diffusion kurtosis
tensor described in Jensen et al. 2010 (Jensen & Helpern, 2010). The mean kurtosis (MK)

was calculated by averaging the Kap, in all 30 directions.
1 N
MK =WZ_1:(KW)i [7]

Axial kurtosis (AK) and radial kurtosis (RK), which characterize the kurtosis
along the axial and radial diffusion directions, respectively, were derived as in Jensen et
al. (Jensen & Helpern, 2010) after first transforming W to the coordinates defined by the

three eigenvectors of the diffusion tensor as:
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R 3 3 3 3
Wijkl =ZZZZei'iej'jek'keI'IWi'j'k'I' [8]

[9]

RK =G, (4, 4, AWy, + Gy (A, Ay, A, Wygss+ Gy (A, Ay, AW [10]

Where G, (4, 4,, ) = %(M2 a3k _Tsjzﬂﬂ) and

At ) Aty
ol ) = G (22 )

7.2.4. Analysis of gray and white matter regions

To assess the characteristics of the microstructural changes during development,
regions of interest (ROI) were drawn manually on the FA map at each time point using
FSLview (Analysis Group, FMRIB, Oxford, UK) for the whole brain; gray matter
regions, including the caudate putamen and thalamus; and white matter regions, including
the corpus callosum, external capsule, internal capsule, cerebral peduncle, fimbria, and
cerebellar white matter. The ROI of the whole brain covered both gray and white matter
regions from the prefrontal cortex to the cerebellum, excluding the ventricles. Average
regional diffusion parameter values were extracted from the ROIs using a custom

MATLAB program (Xu et al., 2011).

7.2.5. White matter fiber tractography
A deterministic fiber tractography map of the brain was generated from the
principle diffusion direction to show fiber tracts throughout the brain (Mukherjee et al.,

2008; Tsurugizawa et al., 2013). The density map was generated using
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TrackVisDiffusion Toolkit software (TrackVis Diffusion Toolkit, Charlestown, MA)
from the DKI image. The fiber density represents a scalar value of the number of fibers
that passed through the white and gray matter ROI (Torgerson et al., 2013). The same
manually drawn ROIs of white and gray matter regions used to extract diffusion and
kurtosis values were imported onto the density map. Fiber tracts were then filtered to
only display the tracts emanating from specific white and gray matter regions which
included the corpus callosum, external capsule, internal capsule, cerebral peduncle,

fimbria, caudate putamen, and thalamus.

7.2.6. Statistics

A two-way analysis of variance (ANOVA) was performed on each of the DTI and
DKI parameters by region to assess the effect of genotype, age, as well as the interactions
between these variables using SPSS (IBM Corp. 2013, IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY). Post-hoc analysis with genotype and age was
performed with an independent Student's t-test if the interaction of (genotype X age)
showed significance with p < 0.05. To control for multiple pairwise comparisons, a false
discovery rate with threshold of alpha = 0.05 was performed on the p-values. The
threshold assumes 5% of significant p-values may be false positives, and if a significant

p-value does not pass false discovery rate then that p-value may be a false positive.

7.3. RESULTS

The diffusion and kurtosis parameters for the whole brain of Fmrl KO and WT

mice at PND 18, 21, 30 and 60 are presented in Table 7-1. A significant interaction of

115



(genotype X age) was found in MD, AD, and RD of the whole brain (Tables 7-2, 7-3, and
7-4, respectively). The Fmrl KO mice showed reduced MD in the whole brain at PND 21
(t(3.16), p<0.005) and at PND 30 (t(2.67), p<0.01) (Table 7-1). The Fmrl KO mice
showed reduced AD in the whole brain at PND 21 (t(3.39), p<0.005) and at PND 30
(t(2.32), p<0.05) (Table 7-1). The Fmrl KO mice showed reduced RD in the whole brain
at PND 21 (t(2.88), p<0.005) and at PND 30 (t(2.77), p<0.05) (Table 7-1). Outlier
diffusion values were observed in two PND 60 WT brains and were removed from
further analysis. A significant decrease of diffusivity was observed in the whole brain of
Fmrl KO mice at PND 21 and 30, which led us to investigate specific white and gray

matter regions.
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Whole Brain wT SE | Fimrd KO SE n WT  Fmrl KO

MD PND 18 0.405 0.007 0416 0.011 | PND 18 10 12
(um*/ms) PND 21 0.402 0.003 0.372 0.009 | PND 11 13 11
PND 30 0.400 0.006 0.377 0.006 | PND 30 12 15
PND 60 0.401 0.010 0.428 0.021 | PND 60 4 6

AD PND 18 0.486 0.009 0.496 0.013

(um*/ms) PND 21 0483  0.005 0.441 0.012
PND30 | 0481 0007 | 0459  0.007
PND60 | 0478 0013 ]| 0504 0023
RD PND18 | 0365 0007 | 0376 0011
(um?/ms) PND 21 0361  0.003 0.337 0.008
PND30 | 0359 0006 | 0.336  0.006
PND60 | 0362 0009 ] 039  0.020
FA PND18 | 0200 0006 | 0.190  0.009
PND21 | 0.199 0006 | 0.185  0.005
PND30 | 0.198 0003 | 0213  0.006
PND60 | 0190 0003 ]| 0.178  0.009
MK PNDI18 | 0780 0073 | 0765  0.072
PND21 | 0784 0035 | 0838 0055
PND30 | 0795 0057 | 0712 0058
PND60 | 0912 0034 ] 0732 0045
AK PND18 | 0779  0.051 0.783  0.051
PND21 | 0777 0026 | 0897  0.048
PND30 | 0820 0046 | 0744 0052
PND60 | 0875 0024 ] 0750  0.038
RK PND18 | 05800 0088 | 0.768  0.087
PND21 | 0810 0042 0817 0062
PND30 | 0795  0.071 0.712  0.061
PND60 | 0962 0043 ]| 0743 0053

Table 7-1: Whole brain DTI and DKI parameters between WT and Fmrl KO mice at
PND 18, 21, 30, and 60. The table shows the mean and standard error (SE) of DTI
parameters of mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), and
fractional anisotropy (FA), as well as the mean and SE of DKI parameters of mean
kurtosis (MK), axial kurtosis (AK), and radial kurtosis (RK). Significant differences are
shown in bold between Fmrl KO and WT mice. The significant p-values passed false
discovery rate (alpha = 0.05) for multiple pairwise comparisons in the whole brain.

7.3.1. Diffusion tensor parameter changes in Fmrl KO brain
7.3.1.1. Mean diffusivity
Similar to the MD in the whole brain, no differences in MD were observed at

PND 18 and 60 in any white and gray matter regions between Fmrl KO and WT mice.
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The Fmrl KO mice showed reduced MD at PND 21 in the corpus callosum (t(3.87),
p<0.001), external capsule (t(2.44), p<0.05), fimbria (t(3.23), p<0.005), and thalamus
(t(3.116), p<0.005) compared to WT (Fig 7-1). Reduced MD was also observed in the
Fmrl KO mice at PND 30 in the corpus callosum (t(2.95), p<0.01), external capsule
(t(2.89), p<0.01), caudate putamen (t(2.10), p<0.05), and thalamus (t(2.93), p<0.01)
(Figure 7-1). A significant interaction of (genotype X age) was observed with MD in the
corpus callosum, external capsule, fimbria, caudate putamen, and thalamus (Table 7-2).
The significant p-values passed false discovery rate (alpha = 0.05) for multiple pairwise
comparisons of MD in the whole brain, corpus callosum, external capsule, fimbria,
caudate putamen, and thalamus. The reduced MD at PND 21 and 30 in the Fmrl KO

mouse brain likely indicate altered maturation process in both white and gray matter.
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Figure 7-1: Temporal changes in mean diffusion (MD) (um?/ms; mean + SE) in Fmr1
KO (black solid line) in comparison with WT (gray dashed line) mouse brains. MD was
measured in white matter regions including the a) corpus callosum, b) external capsule, c)
internal capsule, d) cerebral peduncle, e) fimbria, and f) cerebellar white matter. Gray
matter regions measured include the g) caudate putamen and h) thalamus. Significant
differences between genotypes at each time point are denoted * p < 0.05 and near
significant values # p < 0.10. The significant p-values passed false discovery rate (alpha
= 0.05) for the corpus callosum, external capsule, fimbria, caudate putamen, and

thalamus.
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Mean Diffusion df F-value p-value n WT Fmrl KO
Genotype Whole brain 1 0.297 0.588 PND 18 10 12
Corpus callosum 1 4238 0.043 PND 21 13 11
External capsule 1 0.334 0.565 PND 30 12 15
Internal capsule 1 2822 0.097 PND 60 4 6
Cerebral pedunde 1 1.083 0.301
Fimbria 1 5.262 0.025
Cerebellar white mafter 1 0.000 1.000
Caudate putamen 1 0.133 0.716
Thal amus 1 0.839 0.363
Age Whole brain 3 4 857 0.004
Corpus callosum 3 1.161 0.330
External capsule 3 3711 0.015
Internal capsule 3 3.649 0.016
Cerebral pedundle 3 3.995 0.011
Fimbria 3 1.340 0.268
Cerebellar white mafter 3 3.831 0.013
Caudate putamen 3 2.699 0.052
Thal amus 3 3.990 0.011
Genotype X age  Whole brain 3 3.980 0.011
Corpus callosum 3 4541 0.006
External capsule 3 3.409 0.022
Internal capsule 3 2.515 0.065
Cerebral pedunde 3 1.958 0.128
Fimbria 3 3.309 0.025
Cerehellar white matter 3 1.503 0.221
Caudate putamen 3 3.191 0.028
Thal amus 3 3.904 0.012
Etror Whole brain 75
Corpus callosum 75
External capsule 75
Internal capsule 75
Cerebral pedunde 75
Fimbria 75
Cerebellar white matter 75
Caudate putamen 75
Thal amus 75

Table 7-2: Summary of two-way ANOVA results for mean diffusion. The F-value and p-
value for genotype, age, and interaction of (genotype X age) are presented. An interaction
with a p-value of 0.05 or less was considered significant (in bold) and allowed further
pairwise comparisons. An independent Student’s T-test was performed if there was a
significant interaction of (genotype X age).
7.3.1.2. Axial diffusivity

Axial diffusivity (AD) is diffusion along the direction of the axon, thus is

considered a measure of axonal organization, and this measure may provide insight into

axon density and axonal branching in developing Fmrl KO mouse brain. No differences
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in AD were observed in white and gray matter regions at PND 18 and 60 between Fmrl
KO and WT mice. The Fmrl KO mice showed reduced AD at PND 21 in the corpus
callosum (t(3.23), p<0.005), external capsule (t(2.83), p<0.01), fimbria (t(3.20),
p<0.005), and thalamus (t(3.291), p<0.005) (Figure 7-2). Reduced AD was also observed
in Fmrl KO mice at PND 30 in the corpus callosum (t(2.63), p<0.05) and thalamus
(t(3.14), p<0.005) compared to WT (Figure 7-2). A significant interaction of (genotype X
age) was observed with AD in the whole brain, corpus callosum, external capsule,
fimbria, and thalamus (Table 7-3). The significant p-values passed false discovery rate
(alpha = 0.05) for multiple pairwise comparisons of AD in the whole brain, corpus
callosum, external capsule, fimbria, and thalamus. In general, the AD in white and gray
matter regions of the WT mouse brain did not change between ages, which was in
agreement with in vivo findings in the C57BI6J WT mice from PND 21 to 56
(Hammelrath et al., 2016). In Fmrl KO mice, AD decreased between PND 18 to 21 and
increased from PND 21 to 30. The reduction of AD in the Fmrl KO mouse brain at PND
21 and 30 suggested alterations in axonal organization, including increased axonal

branching and increased fiber density.
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Figure 7-2: Temporal change in axial diffusion (AD) (um?/ms; mean + SE) in Fmrl KO
(black solid line) in comparison with WT (gray dashed line) mouse brains. AD was
measured in white matter regions including the a) corpus callosum, b) external capsule, ¢)
internal capsule, d) cerebral peduncle, e) fimbria, and f) cerebellar white matter. Gray
matter regions measured include the g) caudate putamen and h) thalamus. Significant
differences between genotypes at each time point are denoted * p < 0.05 and near
significant values # p < 0.10. The significant p-values passed false discovery rate (alpha
= 0.05) in the corpus callosum, external capsule, fimbria, and thalamus.
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Axial Diffusion df F-value p-value n WT Fmr1 KO
Genotype Whole brain 1 0.740 0.393 PND 18 10 12
Corpus callosum 1 3.557 0.063 PND 21 13 11
External capsule 1 0.336 0.564 PND 30 12 135
Internal capsule 1 2.047 0.157 | PND 60 4 6
Cerebral pedundle 1 1.731 0.192
Fimbria 1 4705 0.033
Cerebellar white marter 1 0.752 0389
Caudate putamen 1 0.000 1.000
Thalamus 1 2201 0.142
Age Whole brain 3 3 966 0.011
Corpus callosum 3 1.435 0.239
External capsule 3 2856 0.043
Internal capsule 3 3.455 0021
Cerebral pedunde 3 2658 0.054
Fimbria 3 0.939 0.426
Cerebellar white matter 3 5.043 0.003
Caudate putamen 3 2398 0.075
Thal amus 3 3.432 0.021
Genotype X age  Whole brain 3 3.742 0015
Corpus callosum 3 3.386 0022
External capsule 3 3.425 0021
Internal capsule 3 2.015 0.119
Cerebral pedunde 3 1416 0245
Fimbria 3 3.280 0.025
Cerebellar white matter 3 0.973 0.410
Caudate putamen 3 2512 0.065
Thalamus 3 3.545 0.018
Etror Whole brain 75
Corpus callosum 15
External capsule
Internal capsule 15
Cerebral pedunde 75
Fimbria 75
Cerebellar white matter 75
Caudate putamen 15
Thal amus 15

Table 7-3: Summary of two-way ANOVA for axial diffusivity. The F-value and p-value
for genotype, age, and interaction of (genotype X age) are presented. An interaction with
a p-value of 0.05 or less was considered significant (in bold) and allowed further pairwise
comparison. An independent Student’s T-test was performed if there was a significant
interaction of (genotype X age).

7.3.1.3. Radial diffusivity

Radial diffusivity (RD) is the diffusion perpendicular to the direction of the axon

and is associated with diffusion restricted by the presence of myelin (Song et al., 2002).
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No differences were observed in RD at the whole brain, as well as within white and gray
matter regions at PND 18 and PND 60 were observed between Fmrl KO and WT mice.
The Fmrl KO mice showed reduced RD at PND 21 in the corpus callosum (t(4.08),
p<0.001), fimbria (t(3.14), p<0.005), and thalamus (t(2.980), p<0.01) (see Figure 7-3).
Reduced RD was also observed in the Fmrl KO mice at PND 30 in the corpus callosum
(t(2.65), p<0.05), external capsule (t(3.19), p<0.005), caudate putamen (t(2.54), p<0.05),
and thalamus (t(2.63), p<0.05) (see Figure 7-3). A significant interaction of (genotype X
age) was observed with RD in the corpus callosum, external capsule, fimbria, caudate
putamen, and thalamus (Table 7-4). The significant p-values passed false discovery rate
(alpha = 0.05) for multiple pairwise comparisons of RD in the whole brain, corpus
callosum, external capsule, fimbria, caudate putamen, and thalamus. The RD in white and
gray matter regions in WT mice did not change between ages, which agreed with in vivo
findings in the C57BI6J WT mice from PND 21 to 56 (Hammelrath et al., 2016). In
Fmrl KO mice, RD decreased between PND 18 to 21, which suggests increased myelin

density or more packed fibers at PND 21 and 30 in Fmrl KO mice.
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Figure 7-3: Temporal changes in radial diffusion (RD) (um?/ms; mean % SE) in Fmr1
KO (black solid line) in comparison with WT (gray dashed line) mouse brains. RD was
measured in white matter regions including the a) corpus callosum, b) external capsule, c)
internal capsule, d) cerebral peduncle, e) fimbria, and f) cerebellar white matter. Gray
matter regions measured include the g) caudate putamen and h) thalamus. Significant
differences between genotypes at each time point are denoted * p < 0.05 and near
significant values # p < 0.10. The significant p-values passed false discovery rate (alpha
= 0.05) in the corpus callosum, external capsule, fimbria, caudate putamen, and thalamus.

125



Radial Diffusion df F-value p-value n WT Fmrl KO
Genotype Whole brain 1 0.108 0.744 PND 18 10 12
Corpus callosum 1 4019 0.049 PND 21 13 11
External capsule 1 0.288 0.593 PND 30 12 15
Internal capsule I 2746 0.102 DPND 60 4 6
Cerebral peduncle 1 0634 0428
Fimbria 1 4841 0.031
Cerebellar whitemat 1 0425 0.516
Caudate putamen 1 0219 0.641
Thal amus 1 0267 0.607
Age Whole brain 3 5307 0.002
Corpus call osum 3 0955 0419
External capsule 3 4337 0.007
Internal capsule 3 3534 0.019
Cerebral peduncle 3 4.746 0.004
Fimbria 3 2245 0.090
Cerebellar whitemat 3 3.151 0.030
Candate putamen 3 2808 0.045
Thal amus 3 4264 0.008
Genotype X age Whole brain 3 3978 0.011
Corpus callosum 3 4692 0.005
External capsule 3 32124 0.027
Internal capsule 3 2392 0.075
Cerebral peduncle 3  2.231 0.092
Fimbria 3 2847 0.043
Cerebellar white mat 3 1.762 0.162
Caudate putamen 3 3559 0.018
Thal amus 3 3872 0.012
Error Whole brain 75
Corpus call osum 75
External capsule 75
Internal capsule 75
Cerebral peduncle 75
Fimbria 75
Cerebellar white mat 75
Caudate putamen 75
Thalamus 75

Table 7-4: Summary of two-way ANOVA for radial diffusivity. The F-value and p-value
for genotype, age, and interaction of (genotype X age) are presented. An interaction with
a p-value of 0.05 or less was considered significant (in bold) and allowed further pairwise
comparison. An independent Student’s T-test was performed if there was a significant
interaction of (genotype X age).
7.3.1.4. Fractional anisotropy

Fractional anisotropy (FA) is a commonly used marker for white matter health

that increases with brain development and is often used as a parameter to indicate axonal
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organization (Mori & Zhang, 2006). The FA value close to 0 represents isotropic
diffusion and a value closer to 1 represents highly anisotropic diffusion (Mori & Zhang,
2006; Paydar et al., 2014). No differences in FA were observed in gray and white matter
regions at PND 18 and PND 60 between Fmrl KO and WT mice. The Fmrl KO mice
showed increased FA in the external capsule at PND 30 (t(2.78), p<0.05) and the caudate
putamen (t(2.64), p<0.05) compared to WT (Figure 7-4). A significant interaction of
(genotype X age) was observed with FA in the external capsule and caudate putamen
(Table 7-5). The significant p-value passed false discovery rate (alpha = 0.05) for
multiple pairwise comparisons of FA in the external capsule only. The increase of FA in
the Fmrl KO mouse brain was likely driven by increased myelination as reduced RD in
the caudate putamen and showed near significant decrease in the external capsule at PND
30 (see Figure 7-3b and 3g), whereas no change in AD was observed in the external

capsule and caudate putamen in the Fmrl KO mouse brain at PND 30 (Figure 7-2b and

9)-
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Figure 7-4: Temporal changes in fractional anisotropy (FA) (mean = SE) in Fmrl KO
(black solid line) in comparison with WT (gray dashed line) mouse brains. FA was
measured in white matter regions including the a) corpus callosum, b) external capsule, c)
internal capsule, d) cerebral peduncle, e) fimbria, and f) cerebellar white matter. Gray
matter regions measured include the g) caudate putamen and h) thalamus. Significant
differences between genotypes at each time point are denoted * p < 0.05 and near
significant values # p < 0.10. The significant p-values passed false discovery rate (alpha
= 0.05) for the external capsule and did not pass for the caudate putamen.
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Fractional Anisotropy df F-value p-value n WT Fmrl KO
Genotype Whole brain 1 1222 0.273 PND 18 10 12
Corpus callosum 1 0,045 0.833 PND 21 13 11
External capsule 1 0.035 0.853 PND 30 12 15
Internal capsule 1 0,048 0.827 PND 60 4 6
Cerebral peduncle 1 0433 0.513
Fimbria 1 0034 0.854
Cerehell ar white matter 1 4850 0.031
Caudate putamen 1 0440 0.509
Thalamus 1 3.020 0.086
Age Whole brain 3 3.000 0.036
Corpus callosum 3 1808 0.153
External capsule 3 3491 0.020
Internal capsule 3 2360 0.078
Cerehral pedunde 3 2606 0.058
Fimbria 3 3446 0.021
Cerebell ar white matter 3 1107 0.352
Caudate putamen 3 1.846 0.146
Thalamus 3 3312 0.025
Genotvpe X age  Whole brain 3 2346 0.080
Corpus callosum 3 0418 0.740
External capsule 3 2895 0.041
Internal capsule 3 0830 0.481
Cerebral pedundle 3 1.830 0.149
Fimbria 3 0338 0.798
Cerebell ar white matter 3 1933 0.132
Caudate putamen 3 3740 0.015
Thalamus 3 0449 0.718
Error Whole brain 75
Corpus callosum 75
External capsule 75
Internal capsule 75
Cerebral peduncle 75
Fimbria 75
Cerebellar white matter 75
Caudate putamen 75
Thalamus 75

Table 7-5: Summary of two-way ANOVA for fractional anisotropy (FA). The F-value
and p-value for genotype, age, and interaction of (genotype X age) are presented. An
interaction with a p-value of 0.05 or less was considered significant (in bold) and allowed
further pairwise comparisons. An independent Student’s T-test was performed if there
was a significant interaction of (genotype X age).
7.3.1.5. Fiber density

No significant effect of genotype or interaction with genotype was observed with

fiber density in two-way ANOVA, and hence no pairwise comparisons were performed
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(Table 7-6). The fiber density values represent the number of axons or axon bundles in
white and gray matter regions in Fmrl KO and WT mice are presented in Table 7-7. The
results show that the number of axons or axon bundles were not different between Fmrl
KO and WT mice in the regions studied.

The fiber density in the corpus callosum increased with age between PND 30 and
60 in both Fmrl KO and WT mice (Table 7-7). In contrast, fiber density in the internal
capsule decreased with age in both Fmrl KO and WT mice (Table 7-7). The age-related
changes to fiber density may be the result of maturation in white matter tracts and may
suggest refinement of cortical connections bridged by the corpus callosum (Hofer &
Frahm, 2006) as well as the corticospinal pathway which includes the internal capsule

(Feeney & Wier, 1979; Jang & Seo, 2015).
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Fiber density df F-value p-value n WT FmriKO
Genotype Corpus callosum 1 2.100 0.151 | PND 18 10 12
External capsule 1 1223 0272 | PND 21 13 11
Internal capsule 1 3.869 0.053 | PND 30 12 15
Cerebral peduncle 1 0.055 0.814 | PND 60 4 6
Fimbria 1 2.860 0.095
Candate putam en 1 2585 0112
Thal amus 1 0.001 0982
Age Corpus call osum 3 4196 0.008
External capsule 3 2664 0.054
Internal capsule 3 3.396 0.022
Cerebral peduncle 3 1.586 0.200
Fimbria 3 0.138 0.937
Candate putam en 3 1.237 0302
Thalamus 3 2456 0.070
Genotype X age  Corpus callosum 3 0461 0.710
External capsule 3 1.744 0.165
Internal capsule 3 0.700 0.555
Cerebral peduncle 3 0.782 0.507
Fimbria 3 0.952 0.420
Candate putamen 3 0.679 0.568
Thalamus 3 1.908 0.136
Error Corpus call osum 75
External capsule 75
Internal capsule 75
Cerebral peduncle 75
Fimbria 75
Candate putamen 75
Thal amus 75

Table 7-6: Summary of two-way ANOVA for fiber density. The F-value and p-value for
genotype, age, and interaction of (genotype X age) are presented. A p-value of 0.05 or
less was considered significant (in bold). No significant interaction of (genotype X age)
was found in fiber density values.
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Fiber density

Fegions PND WT sE  Fmrl KO SE

Corpus callosum 18 1382 068 1421 0.84
21 1233 0.79 13.89 1.08
30 1484 078 14.90 0.62
60 1568 084 17.46 0.96

External capsule 18 1520 054 16.61 0.72
21 1655 065 17.41 0.78
30 1827 0.80 17.06 042

60 1578 108 17.07 051
Internal capsule 18 1632 076 1421 0.77
21 1524 067 1526 0.65
30 1477 1.1 13.52 043
60 1327 068 11 84 0.94
Cerebral peduncle 18 1411 103 1296 0.72
21 13.06 092 14 .54 0.99
30 1470  1.02 1433 0.84
60 1557 1.12 1631 0.50
Fimbria 18 2192 159 2222 131
21 2411 166 20.66 0.90
30 2419 132 21.08 0.82
60 2343 145 2269 1.00
Caudate putamen 18 1358 068 1293 0.77
21 1403 051 1427 081
30 1402 0359 12.86 032

60 1521 050 13.60 0.73
Thal amus 18 17.05  1.00 15.81 0.77
21 16.63 0.56 15.96 0.78
30 16.03  0.79 18.35 0.97
60 19.21 0.89 18.88 1.07

Table 7-7: Fiber density between WT and Fmrl KO mice at PND 18, 21, 30 and 60.
White matter regions include the corpus callosum, external capsule, internal capsule,
cerebral peduncle, and fimbria. Gray matter regions include the caudate putamen and
thalamus. Fiber density was calculated with TrackVis software. The fiber density
represents a scalar value of the number of fibers, including axons or axon bundles that
passed through the white and gray matter ROI.
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7.3.2. Diffusion kurtosis parameter changes in the Fmrl KO brain

Diffusion kurtosis imaging (DKI), an extension of DTI, measures the extent of
non-Gaussianity in a dimensionless parameter. A kurtosis value approaching 0 indicates
Gaussian diffusion distribution. Higher kurtosis indicating greater heterogeneity in the
diffusion distribution of the brain, which has been associated with presence of cellular
structures and membranes (Steven et al., 2014). The whole brain measure of kurtosis
parameters did not show significant differences between Fmrl KO and WT mice (Table

7-1).

7.3.2.1. Mean Kurtosis

Mean kurtosis (MK) is the average of diffusion kurtosis along all directions and
shows degree of deviation from the Gaussian distribution of diffusion (Steven et al.,
2014). Increased kurtosis is observed during brain development and often interpreted as
an increase in the complexity of gray and white matter including cellular structures,
axons and myelin (Paydar et al., 2014). However, no significant interaction of (genotype
X age) was observed with MK in white and gray matter regions (Table 7-6 and Figure 7-

5 respectively).
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Figure 7-5: Temporal changes in mean kurtosis (MK) (mean = SE) in Fmrl KO (solid
black line) in comparison with WT (gray dashed line) mouse brains. MK was measured
in white matter regions including the a) corpus callosum, b) external capsule, c) internal
capsule, d) cerebral peduncle, e) fimbria, and f) cerebellar white matter. Gray matter
regions measured include the g) caudate putamen and h) thalamus. No significant
interaction of (genotype X age) was found in the regions studied.
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Mean Kurtosis df F-value p-value n WT Fmrl KO
Genotype Whole brain 1 1.501 0.225 PND 18 10 12
Corpus callosum 1 2.620 0.110 PND 21 13 11
External capsule 1 2.817 0.097 PND 30 12 15
Intemal capsule 1 2564 0.114 PND 60 4 ]
Cerebral pedundle 1 0.468 0.496
Fimbria 1 1.914 0171
Cerebellar white matter 1 4272 0.042
Caudate putamen 1 1653 0.202
Thalamus 1 2.368 0.128
Age Whole brain 3 0.529 0.664
Corpus callosum 3 2234 0.091
External capsule 3 0926 0.433
Intemal capsule 3 1.044 0.378
Cerebral pedunde 3 0.718 0.544
Fimbria 3 2154 0.101
Cerebellar white matter 3 0012 0.998
Caudate putamen 3 0.249 0.862
Thalamus 3 0365 0.779
Genotype X age  Whole brain 3 1.073 0.366
Corpus callosum 3 0.825 0.484
External capsule 3 0.807 0.494
Intemal capsule 3 0.467 0.706
Cerebral pedunde 3 0.760 0.520
Fimbria 3 0440 0.725
Cerebellar white matter 3 0947 0.423
Caudate putamen 3 1.093 0.358
Thalamus 3 0.532 0.662
Error Whole brain 75
Corpus callosum 75
External capsule 5
Intemal capsule 75
Cerebral pedunde 75
Fimbria 75
Cerebellar white matter 75
Caudate putamen 75
Thalamus 75

Table 7-8: Summary of two-way ANOVA for mean kurtosis. The F-value and p-value
for genotype, age, and interaction of (genotype X age) are presented. A p-value of 0.05 or
less was considered significant (in bold). No significant interaction of (genotype X age)
was found with MK.
7.3.2.2. Axial Kurtosis

Axial kurtosis (AK) is the kurtosis along the axial direction of the diffusion tensor

(Steven et al., 2014). AK is generally low in white matter because diffusion in the axons

is relatively unhindered along the axon, and this parameter shows the least deviation from

135



the Gaussian distribution of diffusion (Steven et al., 2014). Near significant (genotype X
age) interactions were observed in the whole brain (p = 0.076), corpus callosum (p =
0.064), cerebral peduncle (p = 0.086), and fimbria (p = 0.050) (Table 7-6). We decided to
proceed with pairwise comparisons in AK between Fmrl KO and WT mice since near
significant interaction of (genotype X age) was found in white matter regions. No
differences in AK were observed at PND 18, 30, and 60 between Fmrl KO and WT mice
in the whole brain, as well as the white matter regions (Table 7-9 and Figure 7-6). At
P21, Fmrl KO mice showed increased AK in the whole brain (t(2.24), p=0.035), cerebral
peduncle (t(2.20), p<0.05), and fimbria (t(2.17), p<0.05) compared to the WT mice
(Figure 7-6). A near significant decrease of AK was also found in the corpus callosum of
Fmrl KO mice at PND 30 compared to the WT mice (p = 0.062).

Developmental changes in AK were also observed in WT and Fmrl KO mice.
The increase of AK was observed from PND 18 to 21in the whole brain, cerebral
peduncle and fimbria of Fmrl KO mouse brain and then decreased from PND 21 to PND
30. The increase of AK was more prominent in WT mouse brain from PND 30 to 60,
suggestive of age-related increase of kurtosis expected in the developing rodent brain

(Cheung et al. 2016).
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Figure 7-6: Temporal changes in axial kurtosis (AK) (mean = SE) in Fmrl KO (solid
black line) in comparison with WT (gray dashed line) mouse brains. AK was measured in
white matter regions including the a) corpus callosum, b) external capsule, ¢) internal
capsule, d) cerebral peduncle, €) fimbria, and f) cerebellar white matter. Gray matter
regions measured include the g) caudate putamen and h) thalamus. Only near significant
interaction of (genotype X age) was observed with AK. Therefore significant differences
between genotypes at each time point are denoted differently compared to other figures,
p < 0.05 and near significant values ¢ p <0.10.
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Axial Kurtosis df F-value p-value n WT Fmri KO
Genotvpe Whole brain 1 0273 0.603 PND 18 10 12
Corpus callosum 1 1.020 0316 PND 21 13 11
External capsule 1 1304 0257 PND 30 12 13
Internal capsule 1 1.058 0307 PND 60 4 ]
Cerebral pedunde 1 0418 0520
Fimbria 1 0.066 0.798
Cerebellar white matter 1 3827 0.054
Caudate putamen 1 0700 0405
Thal amus 1 0951 0333
Age Whole brain 3 0736 0534
Corpus callosum 3 1117 0.348
External capsule 3 0485 0.694
Internal capsule 3 2478 0.068
Cerebral pedundle 3 1570 0204
Fimbria 3 2193 0.0%6
Cerebellar white marter 3 0603 0615
Caudate putamen 3 0730 0.537
Thalamus 30501 0683
Genotype X age  Whole brain 3 2388 0.076
Corpus callosum 3 2522 0.064
External capsule 3 1900 0137
Internal capsule 3 1.641 0.187
Cerebral pedunde 3 228 0.086
Fimbria 3 2719 0.050
Cerebellar white matter 3 1493 0224
Candate putamen 3 2003 0.121
Thal amus 3 1.141 0338
Eror Whole brain 75
Corpus callosum 75
External capsule 75
Internal capsule 75
Cerebral pedundle 75
Fimbria 75
Cerebellar white marter 75
Caudate putamen 75
Thal amus 5

Table 7-9: Summary of two-way ANOVA for axial kurtosis. The F-value and p-value for
genotype, age, and interaction of (genotype X age) are presented. An interaction with p-
value of 0.05 or less was considered significant (in bold). However, the whole brain,
corpus callosum, cerebral peduncle, and fimbria revealed near significant interaction of
(genotype X age) (p < 0.10) and we proceeded with pairwise comparisons using an
independent Student’s T-test.

7.3.2.3. Radial Kurtosis

Radial kurtosis (RK) measures tissue heterogeneity along the radial direction of
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an axon (Steven et al., 2014). In white matter, RK is generally high due to cellular
membranes and myelin sheaths resulting in greater non-Gaussian distribution (Kelm et
al., 2016; Steven et al., 2014). No significant interaction of (genotype X age) was

observed with RK in white and gray matter regions (Table 7-10 and Figure 7-7).
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Figure 7-7: Temporal changes in radial kurtosis (RK) (mean + SE) in Fmrl KO (solid
black line) in comparison with WT (gray dashed line) mouse brains. RK was measured in
white matter regions including the a) corpus callosum, b) external capsule, ¢) internal
capsule, d) cerebral peduncle, €) fimbria, and f) cerebellar white matter. Gray matter
regions measured include the g) caudate putamen and h) thalamus. No significant
interaction of (genotype X age) was found in the regions studied.
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Radial Kurtosis df F-value p-value n WT Fmrl KO
Genotvpe Whole brain 1 2295 0.134 | PND18 10 12
Corpus callosum 1 3427 D068 | PND21 13 11
External capsule 1 3318 0072 | PND30 12 15
Internal capsule 1 3184 0078 | PNDAO 4 ]
Cerebral peduncle 1 1.349 0249
Fimbria 1 2.985 0088
Cerebellar white matter 1 5184 0.026
Caudate putamen 1 2488 0.119
Thalamus 1 2859 0.093
Age Whole brain 3 0.558 0.643
Corpus callosum 3 3.02 0.035
External capsule 3 0972 0411
Internal capsule 3 0969 0412
Cerebral peduncle 3 0.700 0553
Fimbria 3 1.698 0175
Cerebellar white matter 3 0.149 0930
Caudate putamen 3 0138 0937
Thalamus 3 0429 0733
Genotype X age Whole brain 3 0648 0587
Corpus callosum 3 0454 0715
External capsule 3 0416 0.742
Internal capsule 3 0235 0.861
Cerebral peduncle 3 0646 0588
Fimbria 3 0.292 0831
Cerebellar white matter 3 0745 0529
Caudate putamen 3 0824 0483
Thalamus 3 0348 0.790
Eror Whole brain 73
Corpus callosum 15
External capsule 15
Internal capsule 75
Cerebral peduncle 75
Fimbria 75
Cerebellar white matter 75
Caudate putamen 15
Thalamus 75

Table 7-10: Summary of two-way ANOVA for radial diffusivity. The F-value and p-

value for genotype, age, and interaction of (genotype X age) are presented. A p-value of
0.05 or less was considered significant (in bold). No significant interaction of (genotype
X age) was found with RK.

7.4. DISCUSSION

7.4.1. Insight regarding axonal fibers of the developing Fmrl KO mouse brain

The decrease of AD in white and gray matter regions at PND 21 (Figure 7-2) and

increased AK at PND 21 in white matter regions (Figure 7-6) were observed in Fmrl KO
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mice. The decrease of AD and increase of AK suggests altered axonal organization
including the possibility of increased axonal branching and reduced axonal pruning in the
Fmrl KO mice. Increased axonal branching was reported in the Drosophila model of
FXS (Pan et al., 2004) and co-culture of the Fmrl KO mouse astrocytes and WT mouse
neurons resulted in the increase of axonal branching in WT neurons (Jacobs & Doering,
2010). In somatosensory cortex of developing Fmrl KO mice, diffuse axon arbors with
shorter and more disperse axons compared to WT mice were found, suggesting deficits in
axonal guidance and axon pruning in Fmrl KO mouse brain (Bureau et al., 2008). In
addition, the current study did not find differences in fiber density between Fmrl KO and
WT mice, which suggest the increase in AD at PND 21 and PND 30 in Fmrl KO mouse
brain is more likely attributed to alterations in axonal organization than changes in the
number of axons. AK is low in white matter due to the relatively unrestricted diffusion of
water along the axial direction (Steven et al., 2014). However, the increased AK in the
immature Fmrl KO mouse brain at PND 21 suggests a potential increase in tissue
heterogeneity that can hinder the unrestricted diffusion along the axial direction and
further supports alterations in axonal organization.

The alterations of AD and AK in Fmrl KO mouse brain were transient, found
during the peak of synaptogenesis between PND 20-21and neural network development
between PND 25-35 (Semple et al., 2013), and equilibrated to WT levels by PND 60.
Alterations in axon organization during these critical periods may result in deficits with
neuronal signaling. Reduced axon motility has been reported in Fmrl KO neuron that
may contribute to the inability to form connections with dendritic spines and contribute to

higher density of immature dendritic spines (Antar et al., 2006). Thus, the decrease of AD
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and increase of AK in the developing Fmrl KO mouse brain may suggest developmental

abnormalities in axon organization during the formation of the neural network.

7.4.2. Insight regarding myelination in the developing Fmrl KO mouse brain

Proper myelination is essential to maintaining the health of the axon and for the
proper conduction of neuronal signals that travel along the axon (Quarles et al., 2012).
The decreased RD in white and gray matter regions in the Fmrl KO mice at PND 21 and
30 show that diffusion was more restricted along the radial direction and may suggest an
increase in myelin compaction or more densely packed myelinated fibers. This notion of
increased myelination in Fmrl KO mice is supported by our findings of increased myelin
density in the external and internal capsules, cerebral peduncle, and fimbria of Fmrl KO
mice at PND 30 as described in Chapter 6 (Figure 6-4). A previous study by Pacey et al.
(Pacey et al., 2013) showed that myelin thickness and the number of myelinated axons
were reduced in the cerebellar white matter of immature Fmrl KO mice (PND 7) and
normalized by PND 15. Furthermore, Pacey et al. (Pacey et al., 2013) reported increased
amount of sparsely myelinated axons (myelin thickness of 60 nm or less), and a reduction
in the number of heavily myelinated axons (myelin thickness of 100-120+ nm) in the
cerebellar white matter in the immature Fmrl KO mice (PND 7). Differences were no
longer observed in the distribution of myelin thickness by PND 15, suggesting myelin
differences were only present in early cerebellar white matter development between
Fmrl KO and WT mice (Pacey et al., 2013). Similarly, the current study did not find
(genotype X age) differences with RD in the cerebellar white matter between Fmrl KO

and WT mice in the ages studied (Figure 7-4f). The decreased RD found in the current
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study supports the findings of increased myelination at PND 30 and may also indicate
greater compaction of myelin or densely packed myelinated fibers in white matter regions

in Fmrl KO mouse brain.

7.4.3. Alterations in diffusivity in the brains of Fmrl KO mice and FXS patients

In the current study, no differences were found in diffusion and kurtosis
parameters at PND 60 between Fmrl KO and WT mice (Figures 7-1 through 7-7).
However, recent in vivo DTI findings in adult (PND 63-84) C57BI6J Fmrl KO mice
showed increased MD and decreasing FA in the corpus callosum compared to the
corresponding region in WT mouse brain (Haberl et al., 2015). The differences in
findings by Haberl et al. (Haberl et al., 2015) to the current study may be due to the wider
age range for adult mice used by Haberl et al. (Haberl et al., 2015) and/or the small
sample size in the present study at PND 60 (n=4 WT and n=6 Fmrl KO). While the
mouse brain is considered adult by PND 60, it has also been reported that specific
developmental processes including ongoing myelination (Semple et al., 2013) and
maturation of the prefrontal cortex (Kolb et al., 2012) may not be complete. It may be
possible that further changes occur at older ages in the white matter of Fmrl KO mice
where an increase in MD and decrease in FA have been reported (Haberl et al., 2015).
Reduced FA and increased AD and RD were also reported in girls with FXS (7-14 years)
in the internal capsule, thalamus, and precentral gyrus compared to normal controls
(Villalon-Reina et al., 2013). The study by Barnea-Goraly et al. (Barnea-Goraly et al.,
2003) also reported decreased FA in the white matter pathways from the frontal-striatal

and parietal to somatosensory cortices in female adolescent and adult FXS patients (13-

143



23 years) compared to normal controls. While our study also shows evidence of increased
MD and decreased FA in the preclinical model of FXS, a notable difference is that our
study is on adult male Fmrl KO mice whereas the FXS patients in the above studies were
all female.

Findings from the fixed brains in the current study were consistent with MD and
FA trends reported in FXS patients compared to 1Q-matched controls (Green et al., 2015;
Hall et al., 2016). A DTI study with FXS patients ages (10-23 years) showed increased
FA in many white matter pathways in the forebrain, including regions of the inferior
longitudinal fasciculus, the uncinated fasciculus, the cingulate gyrus, compared to 1Q-
matched controls (Hall et al., 2016). In addition, decreased MD between the white matter
of the temporal and occipital lobes was reported in FXS patients compared to 1Q-matched
controls, suggesting aberrant axonal growth and pruning due to the lack of FMRP
regulation in the FXS brain (Hall et al., 2016). In young adults with FXS (23 * 3 years),
increasing FA and decreasing RD were found in white matter regions of the inferior
longitudinal fasciculus connecting the superior and medial temporal gyri and in the
inferior fronto-occipital fasciculus in FXS patients compared to 1Q-matched controls
(Green et al., 2015). These two studies with FXS patients demonstrate alterations in DTI
parameters specific to FXS pathology as the FXS patients were compared to

developmentally delayed patients of similar 1Q (Green et al., 2015; Hall et al., 2016).

7.4.4. Diffusivity in normally developing rodents

It is necessary to compare our diffusivity data to other studies with the developing

WT mice to ensure the findings in our controls reflected normal development in the
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mouse brain. The AD and RD values in our study were similar to the values reported by
Sun et al. (Sun et al., 2003) in the in vivo and fixed mouse brain. In addition, they
reported AD and RD values in white and gray matter were not different between in vivo
and fixed mouse brain. Bockhorst et al. (Bockhorst et al., 2008) studied the
developmental change in FA, MD, AD and RD of the corpus callosum and internal
capsule in in vivo WT rat brains at PND 0 (birth), 2, 4, 6, 8, 14, 21, 28, 42 and 56.
Increased FA and decreased MD, AD, and RD were found between only PND 0-21 in the
developing corpus callosum of WT rats and no changes were observed at older ages in
the corpus callosum (Bockhorst et al., 2008). A recent in vivo study of the developing
C57BI16J mouse brain showed no differences with MD, AD, RD, and FA at PND 21, 56,
84 and 168 in the whole brain, white matter regions of the corpus callosum, external and
internal capsule, and fimbria, as well as gray matter regions of the caudate putamen and
thalamus (Hammelrath et al., 2016). The findings in the current study with WT mice also
showed no developmental change in MD, AD, and RD between PND 18-60 in white and
gray matter regions. The effect of age found in our data may be influenced by the
decrease in Fmrl KO mice from PND 18 to 21, whereas no significant differences were
observed in MD, AD, and RD between ages in WT mice. Another in vivo cross sectional
DTI study using C57BI6J mice at PND 30, 50 and 70 showed no changes between ages
with MD in the corpus callosum, external and internal capsule (Kumar et al., 2012).
Furthermore, FA decreased from PND 50 to PND 70 in the corpus callosum, external and
internal capsule of C57BI6J mice (Kumar et al., 2012). Similarly, we found significant
effect of age in the external capsule and near significant effect of age in the internal

capsule in both Fmrl KO and WT mice (Figure 7-4). Therefore, the WT mice used in this
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study demonstrated similar developmental trajectory compared to DTI parameters

reported in the developing rodent brain.

7.5. CONCLUSIONS

The current study used DTI and DKI to determine developmental differences in
white and gray matter microstructure between Fmrl KO and WT mice. Our results
showed evidence of abnormal microstructure in white and gray matter regions in the
Fmrl KO mouse brain, including decreased MD, AD, and RD during developmental
stages at PND 21 and 30. Furthermore, increased FA was observed in the Fmrl KO
mouse brain at PND 30. The reduced diffusion parameters indicated more restricted
diffusion environment in the Fmrl KO mouse brain at PND 21 and 30; the decrease in
AD suggests a possible alteration in axonal organization, while the decrease in RD
suggests an increased compaction of myelin in the brains of Fmrl KO mice compared to
the WT mice. No differences were found in fiber density in white matter regions
indicating that the number of axons or axon bundles were not different between Fmrl KO
and WT mice. Further investigations using immunohistological staining of axons are
needed to confirm findings of altered axon organization and electron microscopy to

determine changes in myelin thickness in the developing Fmrl KO mice.
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CHAPTER 8: RESTING STATE NETWORKS IN THE DEVELOPING FMR1 KO MOUSE BRAIN

8.1. INTRODUCTION
8.1.1. Functional connectivity and resting state networks in the brain

Resting state functional magnetic resonance imaging (fMRI) is a common method
to study the large-scale topological organization of the brain through temporal correlation
of the spontaneous low frequency fluctuations in the blood oxygen level dependent
(BOLD) signal (Thompson et al., 2015; van den Heuvel & Hulshoff Pol, 2010). The
BOLD signal arises from differences between the diamagnetic properties of oxygenated
hemoglobin and the paramagnetic deoxygenated hemoglobin, (Ogawa et al., 1990).
Neural activity leads to increased cerebral blood flow of oxygenated hemoglobin and
results in increase of BOLD signal; thus the BOLD signal is an indirect measure of brain
activity (Buxton & Frank, 1997; Ogawa et al., 1990). The correlation of spontaneous
BOLD signal between two brain regions is measured by functional connectivity and is
organized into functional brain networks known as resting state networks (Mantini et al.,
2007). Identified resting state networks in adult human brain include the default mode,
attention, salience, auditory, visual and somatomotor networks (Mantini et al., 2007,
Peters et al., 2016). Determining functional connectivity of resting state networks is
important to the study of FXS since previous studies have reported neural network
dysfunction, including altered neuronal activity and imbalance of excitatory/inhibitory
neuronal signaling in the neocortex of the Fmrl KO mouse brain (Gibson et al., 2008;

Harlow et al., 2010).
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8.1.2. Imbalance of neuronal signaling in the developing Fmrl KO mice

The imbalance of excitatory and inhibitory signaling has been demonstrated in the
somatosensory cortex of the developing C57BI6J Fmrl KO mice. Decreased LTP in
somatosensory cortex has been reported during the critical period of synaptic plasticity in
the developing Fmrl KO mice brain (PND 3-10) (Harlow et al., 2010). Furthermore,
increased membrane excitability in excitatory neurons and decreased membrane
excitability of fast spiking inhibitory neurons has also been reported in somatosensory
cortex of the developing Fmrl KO mouse brain (PND 14 and PND 28) (Gibson et al.,
2008). Synchronous depolarization of neighboring excitatory neurons has been observed
due to this increase in membrane excitability in excitatory neurons resulting in
abnormally elevated neocortical circuit excitability in developing Fmrl KO mouse brain
(Gibson et al., 2008). The alterations in the neocortical circuits of Fmrl KO mouse brain
have led to further investigations into the brain networks of FXS patients and Fmrl KO

mice respectively (Haberl et al., 2015; Hall et al., 2013).

8.1.3. Altered functional connectivity in FXS and the Fmrl KO mice

A recent study by Haberl et al. (Haberl et al., 2015), using resting state functional
MRI (rs-fMRI) has revealed decreased functional connectivity between the visual cortex
and somatosensory, motor and auditory cortices, as well as the caudate putamen and
hippocampus in the brain of adult C57BI6J Fmrl KO mice compared to WT (9-12 weeks
old). In addition, fluorescent viral tracer injection in visual cortex demonstrated an

increase of local neuronal connections within the visual cortex of adult Fmrl KO mouse
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brain while long-distance neuronal connections to cortical and subcortical regions are
decreased (Haberl et al., 2015).

The increase of neuronal hyperconnectivity may contribute to local neural
network excitability in the visual cortex of adult Fmrl KO mouse (Haberl et al., 2015). It
should be noted that functional connectivity is a measure of the correlation of BOLD
signal between two brain regions and decreased functional connectivity is not the same as
decreased brain activity. Rather a decrease in functional connectivity is reflective of how
asynchronous the temporal BOLD signal is between the same two regions of WT and
Fmrl KO mouse brains. Thus, the decrease of functional connectivity in the resting state
networks reflects altered functional organization in the brain network in Fmrl KO mice.
The findings by Haberl et al. (Haberl et al., 2015) demonstrate hyperconnectivity of
neuronal connections within the visual cortex, whereas functional connectivity between
cortical and subcortical brain regions decrease (Haberl et al., 2015).

Alterations in functional connectivity are reported in children and adolescents
with FXS (ages 10-16) (Hall et al., 2013). Specifically, reduced functional connectivity is
found in brain regions including the frontal, temporal, parietal, and occipital lobes, which
are associated with the attention, default mode, somatomotor, and visual, and auditory
resting state networks (Hall et al., 2013). The study by Hall et al. (Hall et al., 2013) only
compared FXS patients to 1Q-matched controls, and not to normal controls, to distinguish
between alterations in functional connectivity specific to FXS. The reduced functional
connectivity suggests that alterations in resting state networks may potentially underlie
behavioral and cognitive deficits specific to FXS patients (Hall et al., 2013). The

neuronal hyperconnectivity in Fmrl KO mouse brain may contribute to decreased
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functional connectivity since more neuronal activity in visual cortex will result in higher
BOLD signal in the visual cortex than the other brain regions. Similarly, elevated
neocortical excitability in somatosensory cortex can also result in higher BOLD signal
and reduced functional connectivity in the Fmrl KO mouse brain. These neurological
features may also contribute to the decreased functional connectivity observed in FXS

patients (Hall et al., 2013).

8.1.4. Resting state networks in the rodent brain

Established resting state networks reflect processing of auditory, visual,
somatosensory and motor information (Biswal et al., 1997; Mantini et al., 2007). In
addition, higher order networks like the DMN, attention and salience networks regulate
emotion, cognition, and sense of self (Mantini et al., 2007; Peters et al., 2016; Seeley et
al., 2007). Human resting state networks were discussed in Chapter 2. The networks
relating to sensory input (somatomotor, auditory, and visual) as well as the default mode
network have been demonstrated in adult rats and mice (Bajic et al., 2016; Jonckers, et
al., 2011; Lu et al., 2012; Sierakowiak et al., 2015). Currently, only one study has
reported the default mode and somatomotor resting state networks in the immature rat
brain (PND 13-15) (Bajic et al., 2016).

Previous findings demonstrated altered neuronal activity in somatosensory cortex
of the immature Fmrl KO mice (Gibson et al., 2008; Harlow et al., 2010), as well as
reports of hypersensitivity to electrical stimuli and poor motor coordination and learning
in developing Fmrl KO mouse (Padmashri et al., 2013; Zhang et al., 2014). The

deficiencies in the somatosensory and motor cortices of Fmrl KO mouse brain suggest
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the somatomotor network is also altered. The rodent somatomotor network includes the
somatosensory and motor cortices, as well as regions of the prefrontal cortex, caudate
putamen, and thalamus. The somatomotor network is present in the immature (PND 13-
17) and adult (20-24 weeks) rodent brains (Bajic et al., 2016; Liska et al., 2015; Lu et al.,
2012; Sierakowiak et al., 2015).

The auditory network is of interest because FXS patients show hypersensitivity to
auditory stimuli (Hall et al., 2009) and the Fmrl KO mice are susceptible to audiogenic
seizures, especially during development (Musumeci et al., 2000). Haberl et al. (Haberl et
al., 2015) reported decreased functional connectivity between the visual cortex to the
auditory, somatosensory, and motor cortices, as well as to the caudate putamen in the
adult Fmrl KO mice (9-12 weeks old), which suggests reduced functional connectivity in
the somatomotor, visual and auditory networks in the adult Fmrl KO mouse brain.

Hall et al. (Hall et al., 2013) have reported reduced functional connectivity in the
default mode network, including the insular and parietal cortices as well as the superior
frontal gyrus, in children and adolescents with FXS. In the normal human brain, the
default mode network is a group of interconnected brain regions that show corresponding
BOLD signal when the brain is at rest and not focused on a goal-oriented task and is also
involved social, emotional, and introspective processes (Buckner et al., 2008; Li et al.,
2014). Social and emotional deficits are well documented in FXS patients, including
social avoidance and eye gaze aversion, as well as irritability and violent behavior
(Bailey et al., 2009; Garber et al., 2008; Hall et al., 2006; Watson et al., 2008). The
default mode network has also been identified in the immature and adult rodent brains,

showing functional connectivity between the prefrontal, cingulate, granular and parietal
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cortices (Bajic et al., 2016; Hutchison et al., 2010; Lu et al., 2012; Sforazzini et al.,
2014). Thus the developing Fmrl KO mouse brain may show deficits in functional
connectivity in many resting state networks, similar to previous finding in adolescent

FXS patients (Hall et al., 2013) and adult Fmr1 KO mice (Haberl et al., 2015).

8.1.5. The effect of anesthesia on resting state networks in the rodent brain

The effect of anesthesia on brain function deserves special consideration due to
the reduction of BOLD signal from anesthetics (Jonckers et al., 2015; Nasrallah et al.,
2016; Pan et al., 2015; Sierakowiak et al., 2015). Anesthesia can suppress brain
metabolism (Gyulai, 2004) and reduce functional connectivity in the brain (Jonckers et
al., 2015; Pan et al. 2015). Isoflurane inhalation reduces cerebral blood flow and doses of
2% or higher can significantly reduce BOLD signal (Jonckers et al., 2015). However,
BOLD signals have been reported under light anesthesia between 1-1.5% isoflurane in
adult rodents (Haberl et al., 2015; Hutchison et al., 2010; Jonckers et al., 2015; Sforazzini
et al., 2014). Adult mice and rats anesthetized with 1-1.5% isoflurane show functional
connectivity between the frontal orbital, cingulate, granular and parietal cortices that is
indicative of a default mode network (Hutchison et al., 2010; Jonckers et al., 2011,
Sforazzini et al., 2014). Similarly, indications of the somatomotor, auditory and visual
networks are reported in anesthetized adult mice and rats with 1-1.5% isoflurane
(Jonckers et al., 2011; Sierakowiak et al., 2015). Despite the known limitations of
isoflurane on BOLD signal, isoflurane is still commonly used in resting state fMRI for
longitudinal studies in rodents because of the short recovery time and low mortality rates

(Jonckers et al., 2015). However, repeated isoflurane exposure must be carefully

152



controlled in developmental studies. Repeat exposure to 1.5% isoflurane for 2 hours for
three consecutive days between PND 7-10 has been shown to cause apoptosis in the
hippocampus of C57BI6J WT mice (Yi et al., 2015). Yietal. (Yi et al., 2015) also
reported that mice with early isoflurane exposure (PND 7-10) show poor performance in
the Morris water maze in adulthood, including increased escape latency and reduced
number of platform crossings. Although the effect of anesthesia on the BOLD signal even
at lower levels is not completely known, anesthesia must be carefully controlled when

studying functional connectivity in rodents, especially during development.

8.1.5. Study aim

Functional connectivity studies in the adult rodent brain have shown evidence of
the default mode, somatosensory, auditory, and visual resting state networks (Hutchison
etal.,, 2010; Lu et al., 2012; Sforazzini et al., 2014). Functional connectivity is observed
under light anesthesia (1-1.5% isofluorane) albeit with lower BOLD signal (Jonckers et
al., 2015; Nasrallah et al., 2016; Pan et al. 2015; Sierakowiak et al., 2015). However,
there is only one study currently demonstrating resting state networks in the immature rat
brain (Bajic et al., 2016) and none studying the immature mouse brain. Thus, the purpose
of this study is to characterize developmental changes in functional connectivity in WT
and Fmrl KO mouse brains. The current study focuses on functional connectivity in the
somatomotor, auditory, visual, and default mode networks, all of which were previously
established in WT adult rodent brain (Jonckers et al., 2015; Lu et al., 2012; Sierakowiak
et al., 2015). Functional connectivity in these networks was reduced in brains of FXS

patients and Fmrl KO mice (Haberl et al., 2015; Hall et al., 2013). We assessed
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functional connectivity changes during the developmental stage (PND 30) and early
adulthood (PND 60) in Fmrl KO mice compared to WT. The rationale for using PND 30
as the development stage is supported by evidence that synaptic pruning continues during
this period in rodents and by PND 60 the rodent brain is matured and brain networks are
developed (Semple et al., 2013). We predicted that functional connectivity changes in
WT mice from PND 30 to PND 60 would indicate normal brain development. From
previous reports showing altered neural network formation and reduced functional
connectivity in Fmrl KO mice (Gibson et al., 2008; Haberl et al., 2015; Harlow et al.,
2010), we hypothesized that the functional connectivity in the somatomotor network

would decrease in the Fmrl KO mice compared to the WT mice.

8.2. MATERIALS AND METHODS
8.2.1. Animal procedure

The current study used B6.129P2-Fmr1"™C%" (Fmrl KO) mice (Jackson
Laboratory, Bar Harbor, ME, USA) from a C57BL6J background and WT mice (JAX
C57BI/6J mice; Jackson Laboratory, Bar Harbor, ME, USA) bred in the animal facility at
the University of Maryland, Baltimore. The animal protocol was approved by the
Institutional Animal Care and Use Committee at the University of Maryland, Baltimore.
All mice were weaned at PND 21. The mice were genotyped using methods previously
described in Bakker et al. (Bakker et al., 1994) and described in Chapter 4. Food and
water were provided ad libitum. Six WT mice and 6 Fmr1 KO mice were studied; no

mice died during scanning.
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8.2.2. Magnetic resonance imaging
8.2.2.1. Anesthesia

A MDS Matrix Isoflurane Vaporizer, Model VIP 3000, was used to deliver 100%
oxygen containing 2.5% isoflurane at 1 liter/minute to the mice to induce anesthesia in an
induction chamber. Once the mouse was anesthetized it was removed from the induction
chamber and placed in a small animal holder in a prone position with its head held in
place with a bite bar and ear pins. A circulating warm water pad was placed over the
mouse to maintain body temperature at 36-37°C. Isoflurane was then gradually reduced
to a maintenance dose of 1.5% for the duration of the MRI scan. The breathing rate of the
mouse was monitored during the scan (SA Instruments, Stony Brook, NY, USA). MRI
studies were performed at PND 30 and PND 60 on Fmrl KO and WT mice, and each

mouse was under isoflurane anesthesia for approximately 2 hours per MRI scan.

8.2.2.2. Image acquisition

All imaging was performed on a Bruker Biospec 7.0 Tesla 30 cm horizontal bore
scanner using Paravision 5.1 software (Bruker Biospin MR, Ettlingen, Germany). A
Bruker 72-mm linear-volume coil was the transmitter and a four-channel Bruker *H
surface array coil was used as the receiver. Prior to imaging, magnetic field
inhomogeneity was adjusted using the FASTMAP technique (Gruetter, 1993b). An
anatomical T, image was performed first, with parameters: TE/TR = 19 ms/3000 ms, 4
averages, 1mm slice thickness and 10 slices covering the cerebral cortex. The spatial
resolution was 150 um x 150 um over a field of view (FOV) of 1.5 cm x 1.5 cm. Three

rs-FMRI scans were performed per mice at each age with a spin-echo echo planar imaging
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sequence. The rs-fMRI scan parameters were: TE/TR = 27.69 ms/1000 ms, spatial
resolution 312 um X 312 um, FOV 1.5 cm x 1.5 cm, 10 slices with a thickness of 1 mm
that covered the cerebral cortex and was spatially matched to the anatomical image. A
total of 600 volumes (time series) were collected during each rs-fMRI scan. After the
MRI, the mouse was allowed to recover in its home cage with littermates and then
returned to the colony. Images were converted into the standard image format (digital
imaging and communications in medicine format) in preparation for image pre-
processing.

A WT mouse brain was fixed at PND 30 and scanned following procedures in
Chapter 5. This WT mouse brain was scanned with 3D TurboRARE T2 image over a slab
of 15 mm thickness, isotropic resolution 150 um3, TE/TR =11/2500 ms, 2 averages. The

high resolution anatomical image was used as the template during pre-processing steps.

8.2.3. Data analysis
8.2.3.1. Pre-processing procedures

Pre-processing of the rs-fMRI images was necessary before further analysis to
correct for motion and physiological noise which can result in spurious functional
connectivity (Pan et al. 2015). Pre-processing was performed using Statistical Parametric
Mapping (SPM) (SPM, London, UK) and Analysis of Functional Neurolmages (AFNI)
software (AFNI, National Institute of Health, Bethesda, MD). The pre-processing
procedure of images is shown in Figure 8-1. In SPM, image pre-processing pipeline
included slice timing correction, which adjusted for the different times of slice

acquisition to make it appear that BOLD signal for each time series was collected at once.
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Then motion correction was performed, which ensured each voxel in the time series were
in the same location. Then the rs-fMRI image was registered to the high resolution
anatomical image of the mouse, where the rs-fMRI image was adjusted by translational
(X, Y, z) and rotational parameters (roll, pitch, yaw) to fit the anatomical image. The
anatomical images obtained at PND 30 and PND 60 were similarly then registered to a
template mouse brain using SPM. The template mouse brain is a 3D high-resolution
anatomical image of a fixed male WT mouse brain at PND 30 from our lab.

Further pre-processing and motion correction were performed in AFNI, including
despiking which removed short, high amplitude signal most likely result of motion from
the time series, detrending process which removed noise from low-frequency drifts in the
time series that could arise from artifacts and movement, smoothing with a 0.6 mm full
width half maximum Gaussian kernel to average signal intensities between voxels to
improve signal to noise ratio, correction of translational (X, y, z) and rotational
movements (roll, pitch, yaw), and band-pass filtering of BOLD signal with the frequency
range of 0.01-0.1 Hz to remove cardiac and respiratory physiological noise (Cox, 1996).
These pre-processing steps were necessary to remove motion, correct imaging artifacts
and physiological noise; all of which could have led to false correlation of BOLD signal

between regions (Pan et al. 2015).
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Figure 8-1: Flowchart of pre-processing procedures with the rs-fMRI images. Slice
timing and motion correction, as well as image registration, were performed using
Statistical Parametric Mapping (SPM). Further pre-processing of the rs-fMRI images
were performed using Analysis of Functional Neurolmages (AFNI) software, including
despiking, detrending, smoothing, and bandpass filtering. Calculation of functional
connectivity was performed after pre-processing steps.

8.2.3.2. Calculation of functional connectivity

A custom mouse brain atlas with 26 unilateral cortical and subcortical ROls was

drawn on the WT mouse brain template (Figure 8-2) using a previously established

anatomical reference of the mouse brain (Franklin & Paxinos, 2007). For each rs-fMRI

image, the time series from each rs-fMRI scan was extracted from each ROI. The

correlation of low frequency BOLD signal between each ROI pairs was calculated with

Pearson’s correlation coefficient and then converted into a z-score with Fisher’s

transformation. The z-scores from the 3 scans were then averaged for each seed to target

region in each mouse brain, which represents functional connectivity in the mouse. Three
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rs-fMRI scans were preformed and averaged to increase BOLD signal from the mice.
Two sets of connectivity matrices were developed. The first matrix was generated
to highlight the longitudinal differences in functional connectivity, measured by z-scores,
from PND 30 to 60 in WT and Fmr1 KO group in each of the paired ROIs. The second
matrix highlighted the differences in functional connectivity between WT and Fmrl KO
mice at PND 30 and PND 60 for each of the paired ROIs. The connectivity matrices with
respect to genotype showed the difference in z-scores between WT and Fmrl KO mice.
Regions were analyzed unilaterally to differentiate intra- and inter- hemispheric
functional connectivity. Functional connectivity from ROIs associated with the
somatomotor, auditory, visual, and default mode networks was used for statistical
analysis (Jonckers et al., 2011; Mantini et al., 2007). The hippocampal ROI (numbers 25

and 26 in Figure 8-2) did not belong to these networks and was not used.
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Figure 8-2: The mouse brain atlas. Unilateral region of interests were drawn manually
with AFNI in cortical and subcortical regions. The number in the ROI corresponds to the
ROI label.
8.2.4. Statistical analysis

The connectivity z-scores were analyzed using repeated measures analysis of
variance (RMANOVA) for each of the paired regions in SPSS (IBM Corp. 2013. IBM
SPSS Statistics for Windows, Version 22.0. Armonk, NY). To analyze the effect of
development on functional connectivity, a 2-way RMANOVA was performed, the
between subject factor was genotype (WT and Fmrl KO) and the within subject factor
was age (PND 30 and PND 60). Genotype and age effects were analyzed by Student's t-
tests if the interaction of (age X genotype) was statistically significant (p < 0.05). To
control for multiple comparisons, the false discovery rate was calculated with a threshold
of alpha = 0.05, which assumes 5% of significant p-values are false. The significant p-

values reported are uncorrected but not passing the false discovery rate may indicate that
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the p-value is a false positive.

8.3. RESULTS
8.3.1. Developmental differences in the somatomotor network

To date, no studies have investigated the developmental change in functional
connectivity in the somatomotor network in developing WT or Fmrl KO mouse brain.
Therefore, it was essential to first determine longitudinal differences in functional
connectivity from PND 30 to PND 60 in WT and Fmrl KO mice. Knowing the
longitudinal differences, we then compared genotype differences between Fmrl KO mice
and WT at each time point. Significant within group interaction of (age X genotype) was
found in the functional connectivity between the left somatosensory cortex and right
thalamus (F(1,20) = 5.63, p = 0.040), and between the right somatosensory cortex and
right caudate putamen (F(1,20) = 5.39, p = 0.030). Near significant within group
interaction of (age X genotype) was found in functional connectivity between the right
motor cortex and right somatosensory cortex (p = 0.081), between the left motor cortex
and left frontal orbital cortex (p = 0.096), between the left somatosensory cortex and left
thalamus (p = 0.087), as well as between the right somatosensory cortex and left caudate
putamen (p = 0.083). Significant interactions were further analyzed using Student’s t-
tests for time related changes (pairwise comparison of PND 30 and PND 60) and
genotype related differences (pairwise comparison of WT and Fmrl KO at each time
point).

In the somatomotor network of WT mice, functional connectivity between the left

somatosensory cortex and the right thalamus decreased from PND 30 to PND 60 (t(2.80),
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p = 0.019), and between the right somatosensory cortex and right caudate putamen (p =
0.083) (Figure 8-3 a and c) were significant or close to statistically significant. No
significant differences were found in functional connectivity between PND 30 and 60 in
the Fmrl KO mice (Figure 8-3b). In the somatomotor network, the WT mice showed a
developmental decrease of functional connectivity from PND 30 to PND 60. In contrast,
functional connectivity in Fmrl KO mice did not change from PND 30 to PND 60,
suggesting a lack of functional connectivity that may indicate a delay in development of
the somatomotor network.

Comparison between genotypes revealed lower functional connectivity between
the left somatosensory cortex and right thalamus (t(2.41), p = 0.037) in the Fmrl KO
mice compared to the WT mice at PND 30 (Figure 8-3c and 8-4a). No differences in
functional connectivity were found at PND 60 (Figure 8-4b). The significant p-values
passed false discovery rate (alpha = 0.05), which controlled for multiple pairwise
comparisons of functional connectivity between the left somatosensory cortex and right
thalamus, but did not pass for significant p-values between the right somatosensory
cortex and the right caudate putamen. During brain development, functional connectivity
in the somatomotor network was lower in Fmrl KO mice compared to WT at PND 30,

but at PND 60 there were no differences between the genotypes.
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Figure 8-3: Difference in functional connectivity between PND 30 and PND 60 in the
somatomotor network in Fmrl KO and WT mice. The difference in functional
connectivity, as measured by z-scores, between PND 30 to PND 60 is presented as
connectivity matrices in the a) WT mice and b) Fmrl1 KO mice. In figures a and b,
greater functional connectivity at PND 30 is indicated by positive difference of z-scores
(yellow-red) and greater functional connectivity at PND 60 is indicated by negative
difference of z-scores (blue). A black square represents no functional connectivity
because the seed and target regions are the same. The brain regions from the
somatomotor network include the motor cortex (M), and somatosensory cortex (S).
Prefrontal cortex regions include the frontal association cortex (Fra) and frontal orbital
cortex (Orb). Functional connectivity from the motor and somatosensory cortex to the
caudate putamen (CPu) and the thalamus (Thal) are also presented. Functional
connectivity within left (L) or right (R) brain hemispheres represents intra-hemispheric
functional connectivity (e.g. M-L to S-L). Inter-hemispheric functional connectivity is
represented by L to R and vise versa (e.g. M-L to S-R). Longitudinal change in functional
connectivity (mean + standard error) between c) the left somatosensory cortex to the right
thalamus in WT (gray line) and Fmr1 KO (black line) mice at PND 30 and 60.
Significant differences of functional connectivity from PND 30 to PND 60 are
represented by * p < 0.05 and near significant differences # p < 0.10. The significant p-
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values passed false discovery rate (alpha = 0.05) for multiple pairwise comparisons of
functional connectivity between the left somatosensory cortex and right thalamus but did
not pass for pairwise comparisons between the right somatosensory cortex and right
caudate putamen.
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Figure 8-4: Difference in functional connectivity between Fmrl KO and WT mice at
PND 30 and PND 60 in the somatomotor network. The difference in functional
connectivity (z-scores) between WT (n = 6) and Fmrl KO (n = 6) mice is presented as
connectivity matrices at a) PND 30 and b) PND 60. In figures a and b, greater functional
connectivity in WT mice are indicated by positive difference of z-scores (yellow-red) and
greater functional connectivity in Fmrl KO mice is indicated by negative difference of z-
scores (blue). The brain regions from the somatomotor network include the motor cortex
(M), and somatosensory cortex (S). Prefrontal cortex regions include the frontal
association cortex (Fra) and frontal orbital cortex (Orb). Functional connectivity from the
motor and somatosensory cortex to the caudate putamen (CPu) and the thalamus (Thal)
are also presented. Significant differences in functional connectivity from PND 30 to
PND 60 are represented by * p < 0.05 and near significant differences # p < 0.10. The
significant p-values passed false discovery rate (alpha = 0.05) for multiple pairwise
comparisons of functional connectivity.
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8.3.2. Developmental differences in the auditory and visual networks

Significant within group interaction of (age X genotype) was found in functional
connectivity between the right auditory cortex and left somatosensory cortex F(1,20) =
9.59, p = 0.011 and between the left auditory cortex and right motor cortex F(1,20) =
5.40, p = 0.043. No significant within group interaction of (age X genotype) was found in
functional connectivity between the visual cortex and other regions.

In the auditory network, decreased functional connectivity between the right
auditory cortex and left somatosensory cortex was observed in WT mice (t(2.66), p =
0.024) from PND 30 to PND 60. Increased connectivity in the same paired region was
also observed in Fmrl KO mice (t(-2.42), p = 0.036) from PND 30 to PND 60 (Figure 8-
5). Functional connectivity between the left auditory cortex and right motor cortex was
increased in Fmrl KO mice from PND 30 to PND 60 (t(-2.25), p = 0.048) (Figure 8-5b
and c).

Comparison between genotypes revealed decreased functional connectivity
between the right auditory cortex and left somatosensory cortex (t(4.44), p = 0.001), as
well as between the left auditory cortex and right motor cortex in Fmrl KO mice
compared to WT at PND 30 (t(3.43), p = 0.006) (Figure 8-6a). The significant p-values
passed false discovery rate (alpha = 0.05) for multiple pairwise comparisons of functional
connectivity between the right auditory cortex and left somatosensory cortex, and only
passed for functional connectivity between the left auditory cortex and right motor cortex
between genotypes at PND 30. Furthermore, the findings of the current study
demonstrate deficits in interhemispheric functional connectivity in the auditory network

of Fmrl KO mice at PND 30. However, the decrease in functional connectivity at PND
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30 was not different at PND 60 between genotypes (Figure 8-5c¢ and 8-6b). The findings
have shown reduced functional connectivity in Fmrl KO mouse brain at PND 30 which
may suggest a delay in the auditory network development because at PND 60 the
differences were no longer observed. The results in the current study show differences in
the trajectory of maturation in the auditory network, but not the visual network, between

Fmrl KO and WT mice.
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Figure 8-5: Difference in functional connectivity between PND 30 and PND 60 in the
auditory and visual networks in Fmrl KO and WT mice. The difference in functional
connectivity, as measured by z-scores, between PND 30 to PND 60 is presented as
connectivity matrices in the a) WT mice and b) Fmrl KO mice. In figures a and b,
greater functional connectivity at PND 30 is indicated by positive difference of z-scores
(yellow-red) and greater functional connectivity at PND 60 is indicated by negative
difference of z-scores (blue). The brain regions from the auditory network include the
auditory (Aud), visual (V) and somatosensory (S) cortices. Functional connectivity of the
caudate putamen (CPu) and the thalamus (Thal) are also presented. Longitudinal change
in functional connectivity (mean + standard error) between c) the right auditory cortex to
left somatosensory cortex in WT (gray line) and Fmrl KO (black line) mice at PND 30
and 60. Significant differences in functional connectivity from PND 30 to PND 60 are
represented by * p < 0.05 and near significant differences # p < 0.10. The significant p-
values passed false discovery rate (alpha = 0.05) for multiple pairwise comparisons of
functional connectivity between the right auditory cortex and left somatosensory cortex,
but not between the left auditory cortex and right motor cortex.
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Figure 8-6: Difference in functional connectivity between Fmrl KO and WT mice at
PND 30 and PND 60 in the auditory and visual networks. The difference in functional
connectivity (z-scores) between WT (n = 6) and Fmrl KO (n = 6) mice is presented as
connectivity matrices at a) PND 30 and b) PND 60. In figures a and b, greater functional
connectivity in the WT mice are indicated by positive difference of z-scores (yellow-red)
and greater functional connectivity in Fmrl KO mice is indicated by negative difference
of z-scores (blue). The brain regions from the auditory network include the auditory
(Aud), visual (V) and somatosensory (S) cortices. Functional connectivity of the caudate
putamen (CPu) and the thalamus (Thal) are also presented. Significant differences in
functional connectivity from PND 30 to PND 60 are represented by * p < 0.05 and near
significant differences # p < 0.10. The significant p-values passed false discovery rate
(alpha = 0.05) for multiple pairwise comparisons of functional connectivity.

8.3.3. Developmental differences in the default mode network

Significant within group interaction of (age X genotype) was found in functional
connectivity between the left granular cortex and left caudate putamen F(1,20) = 7.53, p
=0.021, and between the left parietal cortex and left frontal orbital cortex F(1,20) =

11.18, p = 0.007. Near significant within group interaction of (age X genotype) was

found between the left parietal cortex and right frontal association cortex (p = 0.055). No
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within group interactions were observed in the cingulate cortex.

In the default mode network, a near significant decrease in functional connectivity
was found between the left granular cortex and left caudate putamen (p = 0.077) in WT
mice from PND 30 to PND 60 (Figure 8-7a and c¢). Functional connectivity between the
left parietal cortex and left frontal orbital cortex decreased from PND 30 to PND 60 (t(-
2.55), p =0.029) (Figure 8-7b and c) in Fmrl KO mice. Between PND 30 to PND 60,
functional connectivity decreased in WT mice whereas functional connectivity was
increased in Fmrl KO mice. However, it was surprising how few developmental
differences were observed between Fmrl KO and WT mice, which may suggest that the
default mode network matured by PND 30 or may reflect the effect of anesthesia on the
default mode network.

Comparison between genotype revealed decreased functional connectivity
between the left parietal cortex and left frontal orbital cortex (t(2.67), p = 0.022) and
between the left granular cortex and left caudate putamen (t(2.38), p = 0.039) in Fmrl
KO mice compared to WT at PND 30 (Figure 8-8a). At PND 60, the no functional
connectivity differences were observed between Fmrl KO and WT mice. The significant
p-values from multiple pairwise comparisons did not pass the false discovery rate (alpha
= 0.05). The reduced functional connectivity in the default mode network in the Fmrl
KO mouse brain was only found at PND 30 but not at PND 60 in comparison to WT. We
have found similar patterns of reduced functional connectivity in the somatomotor and
auditory networks of Fmrl KO mouse brain compared to the WT at PND 30 and no
differences in functional connectivity at PND 60, suggesting an overall delay

development in the resting state networks in Fmrl KO mice.
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Figure 8-7: Difference in functional connectivity between PND 30 and PND 60 in the
default mode network in Fmrl KO and WT mice. The difference in functional
connectivity, as measured by z-scores, between PND 30 to PND 60 is presented as
connectivity matrices in the a) WT mice and b) Fmrl KO mice. In figures a and b,
greater functional connectivity at PND 30 is indicated by positive difference of z-scores
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(yellow-red) and greater functional connectivity at PND 60 is indicated by negative
difference of z-scores (blue). The brain regions from the default mode network include
the cingulate cortex (Cg), granular cortex (Gran), insular cortex (Ins), and parietal cortex
(Par). Prefrontal cortex regions include the frontal association cortex (Fra) and frontal-
orbital cortex (Orb). Functional connectivity from the cortical regions of the default mode
network to the caudate putamen (CPu) and the thalamus (Thal) are also presented.
Longitudinal change in functional connectivity (mean + standard error) between c) the
left granular cortex to the left caudate putamen and d) left parietal cortex to left frontal
orbital cortex in WT (gray line) and Fmrl KO (black line) mice at PND 30 and 60.
Significant differences in uncorrected T-tests of functional connectivity from PND 30 to
PND 60 are represented by * p < 0.05 and near significant differences # p < 0.10. The
significant p-values from multiple pairwise comparisons did not pass the false discovery
rate (alpha = 0.05).
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Figure 8-8: Difference in functional connectivity between Fmrl KO and WT mice at
PND 30 and PND 60 in the default mode network. The difference in functional
connectivity (z-scores) between WT (n = 6) and Fmrl KO (n = 6) mice is presented as
connectivity matrices at a) PND 30 and b) PND 60. In figures a and b, greater functional
connectivity in WT mice are indicated by positive difference of z-scores (yellow-red) and
greater functional connectivity in Fmrl KO mice is indicated by negative difference of z-
scores (blue). The brain regions from the default mode network include the cingulate
cortex (Cg), granular cortex (Gran), insular cortex (Ins), and parietal cortex (Par).
Prefrontal cortex regions include the frontal association cortex (Fra) and frontal-orbital
cortex (Orb). Functional connectivity from the cortical regions of the default mode
network to the caudate putamen (CPu) and the thalamus (Thal) are also presented.
Significant differences in uncorrected T-tests of functional connectivity from PND 30 to
PND 60 are represented by * p < 0.05 and near significant differences # p < 0.10. The
significant p-values from multiple pairwise comparisons did not pass the false discovery
rate (alpha = 0.05).
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8.4. DISCUSSION
8.4.1. Developmental changes in functional connectivity

The current study found decreased functional connectivity in the somatomotor,
auditory, and default mode networks in Fmrl KO mice at PND 30. The decrease in
functional connectivity in developing Fmrl KO mouse brain agreed with the finding of
decreased functional connectivity among somatosensory, motor and auditory cortices by
Haberl et al. (Haberl et al., 2015) in adult Fmrl KO mouse brain (PND 63-84). However,
while Haberl et al. (Haberl et al., 2015) have reported reduced connectivity in the visual
network, the current study did not find any differences in this network in Fmrl KO
mouse. Functional connectivity among regions of the parietal, insular and prefrontal
cortex in the default mode network was reduced in FXS patients (10-16 years old)
compared to 1Q-matched controls (Hall et al., 2013) and the present study found
decreased functional connectivity between the parietal cortex and frontal orbital cortex in
Fmrl KO mice at PND 30 compared to WT. Thus, our findings in the developing Fmrl
KO mouse brain at PND 30 agree with previous reports in adult Fmrl KO mice (Haberl
et al., 2015) and young FXS patients (Hall et al., 2013), suggesting that functional
connectivity is reduced during brain development and maturation in comparison to the
WT.

The decrease in functional connectivity found in the somatomotor, auditory and
default mode networks at PND 30 were transient and the decreases were no longer
observed at PND 60 in Fmrl KO mice compared to WT, which suggests a delay in
maturation of the resting state networks. In Chapter 7, we reported decreased axial

diffusivity (AD) as possible indications of altered axon organization, such as increased
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axonal branching, in Fmrl KO mouse brain at PND 21 and 30. It may be possible that
altered axon organization at PND 30 may reflect to reduced functional connectivity found
in the current study in Fmrl KO mouse brain. In addition, the decreased AD was only
observed during a short time period in Fmrl KO mouse brain and was similar to WT
levels at PND 60. Thus, the changes in functional connectivity may possibly reflect
morphological development in the brains of Fmrl KO mice. However, the normalized
functional connectivity in Fmrl KO mouse brain at PND 60 may be transient, as Haberl
et al. (Haberl et al., 2015) showed decreased functional connectivity in adult Fmrl KO
mice between PND 63-84. Therefore, our finding at PND 60 indicates that functional
connectivity between immature and adult Fmrl KO mice may not be constitutively
decreased.

Decreased functional connectivity in the somatomotor, auditory, and default mode
networks in WT mice from PND 30 to PND 60 may reflect the refinement of the
functional brain network (Figures 8-1, 8-2 and 8-3). A comparison of the functional
connectivity in healthy human infants (55 + 20 days) to adults (30 + 2 years) showed
potential developmental patterns of functional connectivity within resting state networks
(Wylie et al., 2014).The default mode network in human infant brains showed greater
functional connectivity between the medial prefrontal and anterior cingulate cortices
compared to adults (Wylie et al., 2014). The default mode network in human adult brains
showed greater functional connectivity with the insular cortex as well as between the
posterior cingulate and parietal cortices compared to infants (Wylie et al., 2014). In the
auditory network, adults show greater functional connectivity within regions of the

superior temporal gyrus while infants show greater functional connectivity in the
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posterior region of the superior temporal gyrus (Wylie et al., 2014). Adults also show
greater functional connectivity with the primary visual cortex compared to infants (Wylie
et al., 2014). Therefore, functional connectivity does not only increase with age, rather
changes in functional connectivity during development may reflect refinement of the
resting state networks (Wylie et al., 2014). Similarly, the decrease of functional
connectivity in WT mice between PND 30 to PND 60 in the current study may reflect

refinement of the resting state networks.

8.4.1.1. Somatomotor network

The decrease in functional connectivity at PND 30 in the Fmrl KO mouse brain
observed in this study may contribute to tactile hypersensitivity in Fmrl KO mice (Zhang
et al., 2014). The somatosensory cortex of developing Fmrl KO mice displayed
developmental deficits including a delay in the window of synaptic plasticity from PND
4-10, whereas the WT window was from PND 3-7 (Harlow et al., 2010). In addition,
Gibson et al. (Gibson et al., 2008) reported the imbalance of excitatory/inhibitory
signaling in the somatosensory cortex that led to increased synchronous depolarization of
neighboring excitatory neurons, which resulted in elevated neocortical circuit excitability
in developing Fmrl KO mouse brain (PND 14 and PND 28). In anesthetized C57BI6J
Fmrl KO mice (PND 25-35), electrical hindpaw stimulation led to faster depolarization
in the primary somatosensory cortex and leading to faster depolarization of the primary
motor cortex compared to the WT, which demonstrated elevated neural network
excitability between two cortical regions in the developing Fmrl KO mouse (Zhang et al.

2014). The increased membrane excitability and hyperactivity in somatosensory cortex in
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developing Fmrl KO mouse brain (Gibson et al., 2008; Zhang et al. 2014) may be
reflected by the decrease in functional connectivity in the somatomotor network in Fmrl

KO mice at PND 30.

8.4.1.2. Auditory network

The decrease in functional connectivity in the auditory network of Fmrl KO mice
at PND 30 may suggest susceptibility to audiogenic seizures. High incidences of auditory
seizures were reported (40-90%) in FVB Fmrl KO mice at PND 17, PND 22, PND 35,
and PND 45, following exposure to auditory stimuli greater than 100 decibels (Musumeci
et al., 2000). Neurons in auditory cortex of adult FVB Fmrl KO mice (1-4 months)
demonstrated hypersensitivity to auditory stimuli by firing significantly greater numbers
of action potentials compared to WT mice (Rotschafer & Razak, 2013). In a tasked-based
fMRI study of female FXS patients (11-24 years) compared to age-matched normal
controls, patients were asked to discriminate between two audio tones of varying lengths
and press the corresponding buttons for the longer tone (Hall et al., 2009). The female
FXS patients showed increased BOLD signal in the medial frontal gyrus, superior and
temporal gyrus and the cerebellum compared to the normal controls, indicating increased
brain activity in brain regions associated with auditory processing (Hall et al., 2009).
Thus, the reduced functional connectivity in the auditory network found in the current
study and in previous studies with FXS patients and adult Fmrl KO mice (Haberl et al.,
2015; Hall et al., 2013) may suggest hypersensitivity to auditory stimuli (Hall et al.,

2009; Musumeci et al., 2000; Rotschafer & Razak, 2013; Zhang 2014).
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8.4.1.3. Visual network

No developmental change was reported in the visual network between Fmrl KO
and WT mice at PND 30 and PND 60 (Figure 8-4a). In contrast to the findings in the
current study, Haberl et al. (Haberl et al., 2015) reported reduced functional connectivity
in the primary visual cortex and auditory and motor cortices, as well as the hippocampus
and caudate putamen in adult C57BI16J Fmrl KO mouse brains (PND 63-84) compared to
WT (Haberl et al., 2015). The difference in ages between these two studies suggests
functional connectivity in the visual network may decrease as the Fmrl KO mouse brain
matures. The study by Haberl et al. (Haberl et al., 2015) demonstrated that widespread
reduction of functional connectivity may be characteristic of adult Fmrl KO mouse
brain. Reduced functional connectivity in the visual network was also reported in FXS
patients (10-16 years), with the exception of increased functional connectivity between
the primary visual cortex and the thalamus, compared to 1Q-matched controls (Hall et al.,
2013). Sensitivity to light has not been reported in the FXS population. However, a recent
study showed that the Drosophila Fmrl protein binds and suppresses translation of the
photoreceptor rhodopsin mMRNA,; light exposure removed Fmr1 protein suppression on
rhodopsin mMRNA and increased rhodopsin protein levels (Wang et al., 2017).
Furthermore, over expression of the Fmrl protein in Drosophila reduced light sensitivity
(Wang et al., 2017). Although Wang et al. (Wang et al., 2017) did not report rhodopsin
levels in the Drosophila model of FXS; their study suggests rhodopsin protein levels may
be increased without translational repression of the rhodopsin mRNA by the Fmrl
protein. In addition, the FXS population has a higher likelihood of having vision

problems compared to the normal population, including nearsightedness, farsightedness,
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astigmatism, and nystagmus (repetitive and rapid eye movement) (Kidd et al., 2014).
These vision problems may reflect alterations of processing visual information in the
brain and may suggest reduced functional connectivity in the visual network in FXS

patients.

8.4.1.4. Default mode network

The current study found decreased functional connectivity in the default mode
network in Fmrl KO mice at PND 30 but was not different at PND 60 compared to the
WT (Figure 8-8). Fair et al. (Fair et al., 2008) reported functional connectivity between
neighboring brain regions in the default mode network in healthy children (7-9 years old),
including between the medial prefrontal cortex and superior frontal regions, as well as
between the posterior cingulate and lateral parietal cortices. In contrast, the default mode
network of healthy adults (21-31 years old) showed that functional connectivity increased
between non-neighboring brain regions, including between the medial prefrontal cortex
and superior frontal region to the lateral parietal and posterior cingulate cortices (Fair et
al., 2008). The present study found decreased functional connectivity between the parietal
cortex to the frontal orbital cortex and between the granular cortex to the caudate
putamen in Fmrl KO mice compared to WT at PND 30 (Figure 8-8a). The decrease in
functional connectivity may reflect delayed development of anterior to posterior

functional connectivity in the default mode network in Fmrl KO mice at PND 30.

8.4.2. Functional connectivity alterations in the autism spectrum disorder and

relation to FXS
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Patients with FXS share common behavioral and cognitive deficits with patients
diagnosed with autism spectrum disorder (ASD), and 46% of children with FXS are also
diagnosed with ASD (Bailey et al., 2008). Thus, findings in resting state networks of
ASD patients may contextualize changes found in FXS patients and Fmrl KO mice to
shared behavioral and cognitive deficits. However, it should be noted that 16-38% of
patients with ASD, without FXS, have been categorized with intellectual disability
compared to over 90% of FXS patients categorized with intellectual disability (Abbeduto
etal., 2014).

In children with ASD (3.5 £ 0.8 years), decreased functional connectivity has
been reported between the visual cortex to the motor and somatosensory cortices
compared to normal controls, and the reduced functional connectivity was indicative of
hypersensitivity to visual and auditory stimuli (Shen et al., 2016). In an older group of
ASD patients (15-52 years) reduced functional connectivity was reported in the default
mode network, between the medial prefrontal cortex and angular gyrus of the parietal
lobe compared to normal controls; although no change in the attention network was
found (Kennedy & Courchesne, 2008). Normally, the activation of default mode and
attention networks are anti-correlated, meaning the activation of default mode network
results in the deactivation of the attention network (Li et al., 2014; Raichle et al., 2001).
In ASD patients, Kennedy et al. (Kennedy & Courchesne, 2008) did not find anti-
correlation of default mode and attention networks, suggesting that the imbalance of
these two networks contribute to altered cognitive abilities. FXS patients showed reduced
functional connectivity in the default mode, attention, salience, somatomotor and visual

networks compared to 1Q-matched developmentally delayed controls (Hall et al., 2013).
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Both FXS and ASD share similar alterations in functional connectivity (Hall et al., 2013;
Kennedy & Courchesne, 2008; Shen et al., 2016). However, the FXS patients showed
large-scale reduction of functional connectivity compared to 1Q-matched controls (Hall et
al., 2013), which may reflect greater incidence of intellectual disability in FXS compared

to ASD patients (Abbeduto et al., 2014).

8.5. CONCLUSIONS

The reduction of functional connectivity in the somatomotor, auditory, and default
mode networks was found in Fmrl KO mice compared to WT at PND 30. However, the
reduced functional connectivity observed at PND 30 was not observed at PND 60
between Fmrl KO and WT mice. Our findings suggest that the development of the
somatomotor, auditory, and default mode networks were delayed in brains of Fmrl KO
mice. The decrease in functional connectivity in the somatomotor and auditory networks

may underlie hypersensitivity to tactile and auditory stimuli, respectively.
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CHAPTER 9: INTERVENTIONS FOR FRAGILE X SYNDROME AND PILOT STUDY WITH
METFORMIN TREATMENT IN THE DEVELOPING FMR1 KO MOUSE BRAIN
9.1. TREATMENT OUTCOME MEASURES FOR FXS

A greater number of intervention studies in FXS patients have started
incorporating children and adolescents with FXS (Berry-Kravis et al., 2016;
Dziembowska et al., 2013; Leigh et al., 2013; Paribello et al., 2010; Utari et al., 2010).
As noted above, the study by Bilousova et al. (Bilousova et al., 2009) is the first study to
demonstrate the beneficial effect of minocycline therapy at an early age by normalizing
dendritic spine morphology and anxiety level in Fmrl KO mice. The encouraging results
from the preclinical study with minocycline have led to studies of minocycline in
children with FXS as young as three years old (Dziembowska et al., 2013; Leigh et al.,
2013; Paribello et al., 2010; Utari et al., 2010). In addition, adolescent FXS patients have
been included in mGIuR5 antagonist, mavoglurant, clinical trials and future studies may
include children with FXS (Bailey et al., 2016; Berry-Kravis et al., 2016).

FXS can be diagnosed in utero through testing of the amniotic fluid or placental
cells for the FMR1 mutation (de Die-Smulders et al., 2004). Delays in reaching
developmental milestones usually lead to FXS diagnosis at 36 months for boys and 42
months for girls, on average (Bailey et al., 2009). Treatment for FXS has been reported as
early as 3 years of age and inclusion of children in treatment studies are becoming more
common, although no studies have been limited to younger age groups (Berry-Kravis et
al., 2008; Berry-Kravis et al., 2012; Dziembowska et al., 2013; Leigh et al., 2013).

Treatment outcome is typically measured using Aberrant Behavior Checklist-

Community (ABC-C) scores to rate negative behaviors associated with FXS including
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inappropriate speech, hyperactivity, irritability, sociability, and stereotypy (Sansone et
al., 2012). The scope of the ABC-C has recently been modified with added sensitivity
and specificity for FXS patients, to better determine improved outcome measurements
with treatment (Sansone et al., 2012). However, the ABC-C relies on caretaker and
physician scoring which can be subjective (Sansone et al., 2012). Visual Analogue Scale
and Clinical Global Impression scales are also utilized to measure treatment efficacy in
FXS patients and also rely on caretaker or clinician scoring (Jacquemont et al., 2014).
Clinicians are aware of the subjective nature of the ABC-C but behavioral symptoms of
FXS varies considerably in the FXS population (Bailey et al., 2009; Garber et al., 2008;
Jacquemont et al., 2014; Kidd et al., 2014). Therefore, use of the ABC-C is necessary for
evaluation of treatment because it covers a wide range of behavioral symptoms associated
with FXS (Gross et al., 2012; Jacquemont et al., 2014). While the continued use of ABC-
C checklist and similar metrics to evaluate treatment is the clinical standard, other
objective metrics may be incorporated in addition to behavioral scoring in future
treatment trials for FXS patients, including brain imaging methods to study whether
alterations in brain metabolism, morphology and function have normalized following
treatment. Currently, imaging studies have not been incorporated in conjunction with
intervention studies to measure improvement in FXS patients or Fmrl KO mice.
Including translational imaging methods to study brain alterations and treatment effects
may provide outcome measures to improve evaluation of treatment in FXS patients and
help plan future treatment strategies. Similarly, assessment of novel therapies could also

benefit from quantitative imaging in Fmrl KO mouse brain.
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9.2. TREATMENTS FOR FXS

This section focuses on intervention strategies that have been commonly used in
clinical trials and studies with FXS patients. Pharmaceuticals, including stimulants
anticonvulsants and anti-psychotics, are frequently used to treat negative behaviors; these
interventions only attenuate behavioral issues in 50-70% of FXS patients, many of the
drugs used do not target specific molecular changes in FXS to improve the condition
(Bailey et al., 2012; Berry-Kravis et al., 2012). Some patients that have enrolled in the
treatment studies described in this section may also have been taking stimulants,
anticonvulsants, and anti-psychotics during the treatment tests. All treatment studies
described in this section included males and females with FXS, but the majority of FXS

patients described are males.

9.2.1. Metabotropic glutamate receptor 5 antagonist

Metabotropic glutamate receptor 5 (mGIuR5) antagonists have been developed to
ameliorate the effects of increased mGIluR5-dependent long-term depression in FXS
patients (Figure 9-1) (Burket et al., 2011; Krueger & Bear, 2011; Levenga et al., 2011;
Thomas et al., 2012; Yan et al., 2005), with mavoglurant being the most recent tested in
clinical trials (Bailey et al., 2016; Berry-Kravis et al., 2016). A phase 2 clinical trial of
treatment with mavoglurant for 20 days in adult FXS patients did not show improvement
of behavior from ABC-C scoring compared to the placebo group (Jacquemont et al.,
2011). Interestingly, a subset of the FXS patient group with the full FMR1 promoter
methylation showed improvement of ABC-C scores of stereotypy, hyperactivity and

inappropriate speech compared to the placebo group (Jacquemont et al., 2011). However,
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two additional phase 2 clinical trials with mavoglurant did not show improvements in
behavior scoring in adolescents and adults with full FMR1 promoter methylation using
either ABC-C (Berry-Kravis et al., 2016) or from Clinical Global Impression-
Improvement scores (Bailey et al., 2016). The investigators suggested that treatment of
mavoglurant may prove beneficial in a younger FXS population (Berry-Kravis et al.,
2016). In addition, side effects of fatigue and headache have been reported in many FXS
patients taking mavoglurant (Jacquemont et al., 2011). While there is considerable
evidence supporting the use of mGIuR5 antagonists from studies in Fmrl KO mouse
(Burket et al., 2011; Krueger & Bear, 2011; Levenga et al., 2011; Thomas et al., 2012;
Yan et al., 2005), the results have not been positive when treating the FXS patients

(Bailey et al., 2016; Berry-Kravis et al., 2016; Jacquemont et al., 2011).
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Figure 9-1: Current pharmacological interventions for FXS and their intended targets.
The figure was adapted from Bagni et al. (Bagni et al., 2012).
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9.2.2. GABAg receptor agonist

Studies with GABAg receptor agonist R-baclofen in Fmrl KO mice have shown
improvement in learning and behavior, as well as normalization of elevated rate of
protein synthesis and immature dendritic spine density in the Fmrl KO mice, reviewed in
Chapter 1 (Figure 9-1) (Henderson et al., 2012; Kang et al., 2017; Qin et al., 2015). A
phase 2 clinical trial with the GABAg receptor agonist R-baclofen for 1 month in FXS
patients with the full mutation (6 to 39 years old) showed improvement on the Aberrant
Behavior Checklist social avoidance scale, although other outcome measures did not
change (Berry-Kravis et al., 2012). No distinctions were made with respect to sex due to
the small number of female participants in the study with R-baclofen (Berry-Kravis et al.,
2012). Common side effects included sedation and headaches with R-baclofen treatment
(Berry-Kravis et al., 2012). Therefore, R-baclofen may be a promising treatment option
for FXS patients, with both Fmrl KO mice and FXS patients showing improvement in

social interaction (Berry-Kravis et al., 2012; Qin et al., 2015).

9.2.3. Lithium

Lithium is commonly used to treat mood disorders and has shown efficacy in the
treatment of FXS (Berry-Kravis et al., 2008) and Fmrl KO mice (Liu et al., 2011; Liu et
al., 2012). Long-term lithium treatment starting at 3 weeks of age until 12 weeks has
shown reduction of immature dendritic spine density in the medial prefrontal cortex and
normalization of elevated rate of cerebral protein synthesis in the hippocampus, cortex,
caudate putamen, thalamus, amygdala and cerebellum in Fmrl KO mice (Yuskaitis et al.,

2010; Liu etal., 2011; Liu et al., 2012). Lithium treatment normalized hyperactivity and
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social interaction behaviors, as well as improved in passive avoidance learning in Fmrl
KO mice (Liu et al., 2011). In addition, long-term lithium treatment resulted in
normalization of AKT and mTOR activity in the in the hippocampus of Fmrl KO mouse
brain (Liu et al., 2012), and reduced the elevated activity of glycogen synthase kinase-3
in the whole brain of Fmrl KO mouse (Figure 9-1) (Liu et al., 2011). Three weeks of
lithium treatment in adult Fmrl KO mice also showed a reduction of glycogen synthase
kinase-3 activity, and normalized hyperactive behavior and anxiety in Fmrl KO mice
compared to WT (Yuskaitis et al., 2010). In FXS patients (6 to 23 year old), two months
of lithium treatment led to improvement in ABC-C scores of hyperactivity, inappropriate
speech, and in maladaptive behavior (Berry-Kravis et al., 2008). Lithium can be toxic at
high levels and requires continuous monitoring (Liu & Smith, 2014) and side effects of
lithium treatment include polyuria and polydipsia as well as elevated levels of thyroid
stimulating hormone in some FXS patients (Berry-Kravis et al., 2008). Thus, lithium
treatment was effective in normalizing the immature dendritic spine density, protein
synthesis, behavior and learning in Fmrl KO mice and showed improvement in
sociability in children and adults with FXS (Berry-Kravis et al., 2008; Liu et al., 2012;

Yuskaitis et al., 2010).

9.2.4. Minocycline

The positive results in Fmrl KO mice following the reduction of MMP-9 activity
and improvement in behavioral tasks with the broad-spectrum antibiotic minocycline
(Figure 9-1) (Bilousova et al., 2009), led to many clinical studies with this drug. Review

of Fmrl KO mouse studies with minocycline was presented in Chapter 1. Several studies
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using minocycline treatment in FXS patients showed improvement in behavior
(Dziembowska et al., 2013; Leigh et al., 2013; Paribello et al., 2010). Treatment of
adolescents and adults with FXS (13-32 years old) with minocycline for 2 months led to
improved ABC-C scores in irritability, stereotypy, hyperactivity and inappropriate speech
(Paribello et al., 2010). Only two female FXS patients participated in the study by
Paribello et al. (Paribello et al., 2010), and the effect of sex was not analyzed. Treatment
of children and adolescents with FXS (3-16 years old) with minocycline for 3 months
showed improvement in anxiety and mood from Clinical Global Impression-
Improvement score, as well as improvement in behavior from patient specific secondary
troubled behavior indicated by caretakers (Leigh et al., 2013). No effect of gender has
been reported (Leigh et al., 2013). A recent study showed improvement in global
behavior scores in boys with FXS (3-14 years old) from Clinical Global Impression-
Improvement following minocycline treatment (Dziembowska et al., 2013). In addition,
this study showed minocycline treatment reduced elevated MMP-9 activity in the plasma
of boys with FXS. However, there was no correlation of decreasing MMP-9 activity to
global behavior scores (Dziembowska et al., 2013). Common side effects included
gastrointestinal distress and staining of nails (Paribello et al., 2010; Utari et al., 2010).
Minocycline treatment has proven effective in improving behavior in especially in

younger FXS patients and demonstrated efficacy in young FXS patients.
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9.3. PILOT STUDY FOR METFORMIN
9.3.1. Current understanding of metformin in the Fmrl KO mouse and FXS
patients

Metformin, is a drug commonly used to treat type 2 diabetes by reducing insulin
levels, glucose concentration and glucose synthesis in the body (Hatoum & McGowan,
2015). In the body, metformin uptake occurs through the organic cation transporter
(OCT1), and inhibits mitochondrial complex I, although the mechanism of inhibition is
currently unknown (Viollet et al., 2012), and leads to reduced ATP production (Figure 9-
2a) (Hatoum & McGowan, 2015). Change in energy production leads to downstream
phosphorylation and activation of the energy sensor, adenosine monophosphate-activated
protein kinase (AMPK) to inhibit mammalian target of rapamycin (mTOR) and reduce
glucose synthesis (Figure 9-2a) (Hatoum & McGowan, 2015). In the body, metformin
has been shown to affect hepatocytes, skeletal muscles, endothelial cells, and pancreatic
beta cells, as well as neurons in brain (Viollet et al., 2012).

In the Fmrl KO mouse brain, metformin can potentially target two major
pathological features of FXS, the increased mTOR activation (Sharma et al., 2010),
increased glucose metabolism (Qin et al., 2002) and protein synthesis (Qin et al. 2005).
However, a recent study with 10 days of intraperitoneal injections metformin treatment,
showed normalization of exaggerated mGIuR5 dependent LTD in the hippocampus and
normalized elevated MEK and ERK activation in the prefrontal cortex and hippocampus
of the adolescent and adult Fmrl KO mice (8-12 weeks) (Figure 9-2c) (Gantois et al.,
2017). In addition, no change in the activation of AMPK or the mTOR binding protein

raptor (regulatory-associated protein of mTOR) was found following metformin
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treatment in Fmrl KO mice, suggesting metformin in Fmrl KO mouse brain may not
follow the same signaling pathway as reported in the body (Figure 9-2c) (Gantois et al.,
2017; Hatoum & McGowan, 2015). Metformin treatment also normalized
phosphorylation of the eukaryotic initiation factor 4E (elF4E) and overall mMRNA
translation in Fmrl KO mouse (Figure 9-2¢) (Gantois et al., 2017). In addition, short-
term treatment of metformin in the adult Fmrl KO mice was able to normalize immature
dendritic spine density in the hippocampus as well as improve social interaction behavior
compared to WT (Gantois et al., 2017). It is currently unknown how metformin can
modulate downstream signaling of mGIuRS5 but the findings from Gantois et al. (Gantois
et al., 2017) show that metformin can correct neurological deficits associated with

exaggerated mGIluR5-dependent LTD.
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Figure 9-2: Possible metformin signaling pathways in FXS. a) The effect of metformin
(green stars) in the body has been previously shown to activate Octland inhibit Complex
| in the mitochondria, leading to phosphorylation of AMPK to inhibit mTOR activation,
protein synthesis, and glucose synthesis (Hatoum & McGowan, 2015). b) In the
hippocampus and prefrontal cortex of the Fmrl KO mouse brain, increased MEK/ERK
signaling, downstream activation of elF4E and increased mRNA levels were reported
(Gantois et al., 2017). ¢) Short-term metformin treatment corrected MEK/ERK signaling
pathway in Fmrl KO mouse (Gantois et al., 2017). Figures 9-2b and ¢ were modified
from Huber et al. (Huber et al., 2015).
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There are also indications of metformin improving negative behaviors in FXS
patients. A case study of 7 FXS patients (4.5-60 years) treated with metformin for the
duration of 4 months to 1 year, showed improved Aberrant Behavior Checklist-
Community Edition scores in irritability, sociability, and hyperactivity compared to their
scores before metformin treatment (Dy et al., 2017). Specifically, in the 4 year old boy
with FXS, 6 months of metformin treatment improved expressive language and attention,
as well as decreased tantrums and hyperactivity (Dy et al., 2017). The case studies also
suggest that long-term metformin treatment may be possible, although 3 out of 7 patients
on metformin experienced gastrointestinal distress (Dy et al., 2017).

The current pilot study compared the effects of metformin on functional
connectivity in developing Fmrl KO and WT mice. Treatment with metformin was
started on PND 21 when the brain was still immature and continued for 39 days.
Functional connectivity and magnetization transfer ratio (MTR) were measured following
short-term treatment at PND 30, and functional connectivity following long-term
treatment at PND 60 to assess changes in brain networks in vehicle and metformin

treatent groups.

9.3.2. MATERIALS AND METHODS
9.3.2.1. Animal procedure

The current study used B6.129P2-Fmr1"™<%'/J (Fmr1 KO) mice (Jackson
Laboratory, Bar Harbor, ME, USA) from a C57BL6J background and WT mice (JAX
C57BI/6J mice; Jackson Laboratory, Bar Harbor, ME, USA) bred in the animal facility at

the University of Maryland, Baltimore. The animal protocol was approved by the
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Institutional Animal Care and Use Committee at the University of Maryland, Baltimore.
All mice were weaned at PND 21. The mice were genotyped using methods previously
described in Bakker et al. (Bakker et al., 1994) and described in Chapter 4. Food and
water were provided ad libitum. Six WT mice and 6 Fmrl KO mice were studied in the
vehicle group. Five WT mice and 7 Fmrl KO mice were studied in the metformin
treatment group. Three mice in the metformin group at PND 30 (2 WT and 1 Fmrl KO)
died during imaging due to respiratory failure and their scans were excluded from the

study and not included in the number of animals used.

9.3.2.2. Metformin treatment

Metformin chloride was dissolved in deionized water and administered to mice
through the drinking water at a dose of 250 mg/kg (after weaning) starting at PND 21 for
39 days until PND 60. The dose was based on a previous study which showed that one
250 mg/kg dose of metformin increased AMPK activation in the kidney and liver of 5
week old male mice (Harada et al., 2010). No toxic effects were observed at a dose of
250 mg/kg (Harada et al., 2010), which was well under the lethal dose 50 (LD50) of 1450
mg/kg for metformin in mice (Moskalev et al., 2016). Deionized water was the vehicle
since metformin is soluble in water. Deionized water was provided to the control group
(or vehicle), whereas water with metformin chloride was provided to the metformin
group ad libitum. The metformin solution was changed every three days and made on the
day of the water change. The water levels were monitored daily and consumption was
recorded every three days. Health conditions, including body mass and fur growth of the

mice were checked daily. No health abnormalities were observed among animals in the
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metformin treatment group. The mice were longitudinally imaged using MRI at PND 30,
following a short-term metformin treatment, and at PND 60, which was considered to be

long-term metformin treatment.

9.3.2.3. Magnetic resonance imaging and data analysis

This pilot study used the same methods for resting state functional MRI (rs-fMRI)
and anesthesia as reported in Chapter 8, section 8.2.3. Two sets of connectivity matrices
were developed for the somatomotor, auditory and visual, and the default mode networks,
comparing differences in functional connectivity, as measured by the z-score, between
WT and Fmrl KO in the vehicle group at PND 30 and PND 60 as well as the differences
between the vehicle WT and metformin treated Fmrl KO mice at PND 30 and PND 60.

The magnetization transfer images were obtained using a FLASH T; technique.
Acquisition parameters were slice thickness 1 mm, 4 slices, spatial resolution of 200 um
X 200 pm over a field of view of 2 cm X 2 cm, TE/TR = 2.3 ms/75.8 ms, and 8 averages.
For the MT images (M), a Gaussian off-resonance saturation pulse was used with
duration of 12.6 ms and flip angle of 140 degrees at an off-resonance frequency of 6000
Hz from the center frequency of water protons. The reference MT image (M,) was
scanned using the same parameters except without the off-resonance pulse. Calculation of
magnetization transfer ratio (MTR) followed the same protocol as reported in Chapter 5.
Regions of interest also included the corpus callosum, external capsule, internal capsule,

cerebral peduncle, and fimbria.

9.3.2.4. Statistical analysis

193



The connectivity z-scores were analyzed using repeated measures analysis of
variance (RMANOVA) for functional connectivity of each paired region. To analyze the
effect of metformin treatment on functional connectivity, a 3-way RMANOVA was
performed, the between subject factors were genotype (WT and Fmrl KO) and treatment
(vehicle and metformin), the within subject factor was age (PND 30 and PND 60).
Functional connectivity between treatment groups was analyzed if the interaction of (age
X genotype X treatment) was statistically significant (p < 0.05). Genotype, treatment and
age effects were analyzed by Student's t-tests if the interaction was statistically
significant. In each white matter region, MTR was analyzed using two-way ANOVA at
PND 30, with genotype and treatment as between subject factors. A significant
interaction of (genotype X treatment) (p < 0.05) allowed further pairwise comparison
using independent Student’s t-test and corrected for multiple comparisons. Statistical
analyses were performed in SPSS (IBM Corp. 2013. IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY). Multiple pairwise comparisons were controlled by
calculating the false discovery rate with a threshold of alpha = 0.05, which assumes 5%

of significant p-values were false.

9.3.3. RESULTS
9.3.3.1. Effect of Metformin on Functional Connectivity Networks

In the somatomotor network, significant within group interaction of (age X
genotype X treatment) was found in functional connectivity between the right motor
cortex and right frontal association cortex (F(1,20) = 5.38, p = 0.031). Short-term

metformin treatment from PND 21 to PND 30 increased functional connectivity between
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these two regions in WT mice compared to the vehicle WT at PND 30 (t(-2.55), p =
0.031), whereas metformin treatment in Fmrl KO mice did not change functional
connectivity when compared to vehicle Fmrl KO mice (Figure 9-3c). In the vehicle
group, functional connectivity was higher in Fmrl KO mice at PND 30 (t(-2.55), p =
0.029) compared to WT, but was not different at PND 60 (Figure 9-3a). In the metformin
group, long-term metformin treatment from PND 21 to PND 60 increased functional
connectivity in Fmrl KO mice compared to the WT (t(-2.59), p = 0.027) (Figure 9-3c).
Functional connectivity increased in metformin Fmrl KO mice compared to the vehicle
WT at PND 30 (t(-3.05), p = 0.011) (Figure 9-3c). The significant p-values did not pass
false discovery rate, with threshold of alpha = 0.05. Thus, the results suggest metformin
treatment may not alter functional connectivity between the right motor cortex to the

right frontal association cortex in Fmrl KO mouse.
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Figure 9-3: The effect of metformin treatment on functional connectivity of the
somatomotor network in brains of Fmrl KO and WT mice. The figure shows
connectivity matrices between seed to target regions at PND 30 (left) and PND 60 (right).
The matrices show the difference in functional connectivity (z-scores) between a) the WT
mice and Fmrl KO mice in the vehicle group, b) vehicle WT mice and metformin treated
Fmrl KO mice. The difference in functional connectivity is represented by the color bar
on the right, with greater Fmrl KO functional connectivity represented by negative z-
scores (blue) and greater functional connectivity in the WT shown in the positive z-scores
(red). Functional connectivity is shown in bar graphs (mean * standard error) c) between
the right motor cortex and left frontal association cortex in WT (white bar) and Fmrl KO
mice (gray bar) in vehicle group, as well as WT (blue bar) and Fmrl KO mice (pink bar)
in metformin treatment group at PND 30 and 60. The brain regions from the
somatomotor network include the motor cortex (M), and somatosensory cortex (S).
Prefrontal cortex regions include the frontal association cortex (Fra) and frontal orbital
cortex (Orb). Functional connectivity from the motor and somatosensory cortex to the
caudate putamen (CPu) and the thalamus (Thal) are also presented. Significant
differences in functional connectivity between WT and Fmrl KO mice are represented by
*p < 0.05 and near significant differences # p < 0.10. The significant p-values did not
pass false discovery rate (alpha = 0.05).

In the auditory network, significant within group interaction of (age X genotype X

treatment) was found in functional connectivity between the right auditory cortex and left
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somatosensory cortex F(1,20) = 4.75, p = 0.041. Short and long-term metformin
treatment did not change functional connectivity between these two regions in WT mice
compared to vehicle WT (Figure 9-4c). In contrast, short-term metformin treatment
increased functional connectivity in Fmrl KO mice compared to vehicle Fmrl KO mice
at PND 30 (t(-2.61), p = 0.024, did not pass false discovery rate (alpha = 0.05)) (Figure 9-
4c). In the vehicle group, functional connectivity was lower in Fmrl KO mice at PND 30
compared to WT (t(4.44), p = 0.001, passed false discovery rate (alpha = 0.05)) (Figure
9-4 a and c). Furthermore, no difference in functional connectivity was observed in
metformin Fmrl KO mice compared to vehicle WT at PND 30 (Figure 9-4b). Thus,
short-term metformin treatment may be able to increase functional connectivity in Fmrl
KO mouse brain (Figure 9-4 b and c).

In the visual network, significant within group interactions of (age X genotype X
treatment) F(1,20) = 4.74, p = 0.042 was found in functional connectivity between the
left and right visual cortex. Metformin treatment decreased functional connectivity in WT
mice compared to vehicle WT at PND 60 (t(2.30), p = 0.047), and a near significant
increase was observed at PND 30 (Figure 9-4d). No change was observed with metformin
treatment in Fmrl KO mice compared to vehicle Fmrl KO mice at both ages (Figure 9-
4d). Functional connectivity was not different between genotype in the vehicle group at
both ages (Figure 9-4 a and c). Following long-term metformin treatment, functional
connectivity was higher in metformin Fmrl KO mice compared to vehicle WT (t(-2.51),
p = 0.029) and metformin WT mice (t(-3.14), p = 0.010) (Figure 9-4d). The significant p-
values from multiple pairwise comparisons did not pass the false discovery rate (alpha =

0.05). The results suggest that metformin may increase functional connectivity between
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the left and right visual cortex in Fmrl KO mice following long-term treatment.

a) Vehicle WT and untreated Fmrl KO

Difference in functional connectivity

PND 30 PND 60
Auditory Visual Subcortical ~ Auditory Visual Subcortical
| [ r 1 I 1 I 1  — |
il HESE R N
T2 a7 %2 2SS BY Y g S S3E :
2 3 3 1 1 1 : LAy 2 3 3 1 I 1 : L&
Z L2 P AAZZO0EE L2 2L hEZ0O0EE 0.30
Aud-L
=020
Aud-R
V-L - 0.10
V-R -0
b) Vehicle WT and metformin Fmrl KO 0.10
Aud-L
Aud-R . 0.20
VL N 030
VR | -0.40
C # %
) 04 - 4 0.9 x
P03 T % = 2 = OVehicle WT (n=6)
g :é 0.2 _5 % 06 @ Vehicle Fmrl KO (1=6)
E g 01 - g E 03 O Metformin WT (n=175)
g g =S OMetformin Fmrl KO (n=7)
0 T ‘ N = T 51
B~ O 0 ‘
0.1 - 30 60 30 60
Postnatal day Postnatal day

Figure 9-4: The effect of metformin treatment on functional connectivity matrix of the
auditory and visual networks in the brains of Fmrl KO and WT mice. The figure shows
difference matrices in functional connectivity between seed to target regions at PND 30
(left) and PND 60 (right). The connectivity matrices show the difference in functional
connectivity (z-scores) between a) WT and Fmrl KO mice in the vehicle group, b)
vehicle WT mice and metformin Fmrl KO mice. The difference in functional
connectivity is represented by the color bar on the right, with greater Fmr1 KO functional
connectivity represented by negative z-scores (blue) and greater functional connectivity
in the WT shown in the positive z-scores (red). Functional connectivity is shown in bar
graphs (mean + standard error) c) between the right auditory cortex and left
somatosensory, and d) functional connectivity between the left and right visual cortex in
WT (white bar) and Fmrl KO mice (gray bar) in the vehicle group, as well as WT (blue
bar) and Fmrl KO mice (pink bar) in the metformin treatment group at PND 30 and 60.
The brain regions from the auditory network include the auditory (Aud), visual (V) and
somatosensory (S) cortices. Functional connectivity of the caudate putamen (CPu) and
the thalamus (Thal) are also presented. Significant in functional connectivity between
WT and Fmrl KO mice are represented by * p < 0.05 and near significant differences # p
< 0.10. The significant p-values from pairwise comparisons only passed the false
discovery rate (alpha = 0.05) in functional connectivity between right auditory cortex and
left somatosensory cortex between vehicle WT and vehicle Fmrl KO mice at PND 30.
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In the default mode network, no significant within group interactions of (age X
genotype X treatment) was found. Near significant within group interactions of (age X
genotype X treatment) was found in functional connectivity between the right granular
cortex and right insular cortex, between the right parietal cortex and left caudate putamen
(p = 0.073), and between the right parietal cortex and right caudate putamen (p = 0.077).
The data suggest that functional connectivity is not affected by metformin treatment in

the default mode network or may be due to the effect of anesthesia.
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Figure 9-5: The effect of metformin treatment on functional connectivity matrix of the
default mode network in the brains of Fmrl KO and WT mice. The figure shows
connectivity matrices between seed to target regions at PND 30 (left) and PND 60 (right).
The matrices show difference between a) the WT mice and Fmrl KO mice in the vehicle
group and b) vehicle WT mice and metformin Fmrl KO mice. The difference in
functional connectivity (z-scores) is represented by the color bar on the right, with greater
Fmrl KO functional connectivity represented by negative z-scores (blue) and greater
functional connectivity in the WT shown in the positive z-scores (red). The brain regions
from the default mode network include the cingulate cortex (Cg), granular cortex (Gran),
insular cortex (Ins), and parietal cortex (Par). Prefrontal cortex regions include the frontal
association cortex (Fra) and frontal-orbital cortex (Orb). Functional connectivity from the
cortical regions of the default mode network to the caudate putamen (CPu) and the
thalamus (Thal) are also presented. No significant interaction of (age X genotype X
treatment) in functional connectivity was found in the default mode network.

9.3.3.2. Changes in MTR following metformin treatment
A significant interaction of (genotype X treatment) was found in all white
matter regions studied at PND 30 (Table 9-1). Short-term metformin treatment

consistently increased MTR in metformin WT compared to vehicle WT in the corpus

callosum (t(2.48), p = 0.034), external capsule (t(3.38), p = 0.008), internal capsule
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(t(2.76), p = 0.022), cerebral peduncle (t(3.45), p = 0.008), and fimbria (t(3.51), p =
0.006) (Figure 9-6). Consequently, in the metformin treatment group MTR of WT mice
was significantly higher compared to Fmrl KO mice in the corpus callosum (t(2.49), p =
0.032), external capsule (t(3.29), p = 0.008), cerebral peduncle (t(2.86), p = 0.017), and
fimbria (t(3.74), p = 0.004) (Figure 9-6 a, b, d, and e). The significant p-values passed
false discovery rate (alpha = 0.05) from multiple pairwise comparisons in the external
capsule, cerebral peduncle and fimbria. The findings in the present study showed that
metformin treatment significantly affected WT mice at PND 30, whereas metformin

treatment did not affect MTR in Fmrl KO mice.
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Figure 9-6: The effect of short-term metformin treatment on MTR in white matter
regions of Fmrl KO and WT mice. The MTR (mean + standard error) of vehicle WT
(white bar; n = 6), vehicle Fmrl KO mice (black bar; n = 6), metformin WT (red bar; n =
5), metformin Fmrl KO mice (blue bar; n = 7) are shown in the a) the corpus callosum,
b) external capsule, ¢) internal capsule, d) cerebral peduncle, and e) fimbria at PND 30.
The significant differences in MTR from uncorrected T-tests between WT and Fmrl KO
mice in vehicle and treatment groups are marked with * p < 0.05 and near significant
differences are marked with # p < 0.10. The significant p-values passed false discovery
rate (alpha = 0.05) in the external capsule, cerebral peduncle and fimbria.
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Two way ANOVA

MTR Region df F-value p-value

Genotype Corpus callosum 1 0.08 0785
External capsule 1 2.99 0.099
Internal capsule 1 0.24 0.630
Cerebral peduncle 1 442 0.048
Fimbria 1 3.53 0.075

Treatm ent Corpus callosum 1 0.20 0.659
External capsule 1 398 0.060
Internal capsule 1 2.03 0.170
Cerebral peduncle 1 882 0.008
Fimbria 1 3.58 0.073

Genotype X Corpus callosum 1 8.20 0.010

Treatm ent External capsule 1 8.61 0.008
Internal capsule 1 493 0.038
Cerebral peduncle 1 8.66 0.008
Fimbria 1 17.22 <= 0.001

Error Corpus callosum 20
External capsule 20
Internal capsule 20
Cerebral peduncle 20
Fimbria 20

n

Vehicle WT 6

Vehicle Frprr] KO 6

Metformin WT 5

Metformin Frel KO 7

Table 9-1: Summary of two-way ANOVA for MTR in Fmrl KO and WT mice in
metformin and vehicle groups. The F-value and p-value for genotype, treatment, and
interaction of (genotype X treatment) are presented. An interaction with p-value of 0.05
or less was considered significant (in bold). An independent Student’s T-test was
performed if there was a significant interaction of (genotype X treatment).

9.3.3.4. Conclusions from the pilot study with metformin

A recent study demonstrated that metformin corrected many of the neurological
deficits in the adult Fmrl KO mouse (Gantois et al., 2017), thus we predicted that
metformin treatment would also be able to correct deficits in developing Fmrl KO mouse

brain. We found that metformin appeared to modulate functional connectivity, but the
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efficacy of metformin in correcting functional connectivity and MTR in our results was
inconclusive. This may be due to the small number of animals used or the effect of
anesthesia. Additional preclinical studies that investigate metabolic, molecular and
behavioral changes following metformin treatment are needed to understand the effect of

metformin on the developing brain.
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CHAPTER 10: CONCLUSIONS AND FUTURE DIRECTIONS

10.1. DEVELOPMENTAL ALTERATIONS IN THE FMR1 KO MOUSE BRAIN

In the course of this study, we have found developmental alterations in Fmrl KO
mouse brain compared to the WT in metabolite levels (Chapter 5), white matter
morphology (Chapters 6 and 7), and functional connectivity (Chapter 8). These studies
have provided some indications of the neuropathology underlying brain development in
Fmrl KO mouse brain at specific ages during critical periods of brain development
during the peak of myelination and synaptogenesis (PND 20-21), neural network
development (PND 25-35) and maturation (PND 60+) (Semple et al. 2013).

Previous studies in the hippocampus of the developing Fmrl KO mouse described
exaggerated mGIluR5-dependent LTD (Huber et al. 2002), altered PI3K-mTOR signaling
(Sharma et al. 2010), and increased immature dendritic spine density (Bilousova et al.
2009). This led us to ask whether alterations in metabolite concentrations could be related
to changes in signal transduction and neuronal function. In Chapter 5, we characterized
hippocampal metabolite levels related to neurotransmission, signal transduction and
osmoregulation using *H magnetic resonance spectroscopy in Fmrl KO mice compared
to WT at PND 18, 21, and 30. We found consistently increased taurine levels in
hippocampus of Fmrl KO mice at all ages studied. Taurine is an important brain
osmolyte that is known to protect against the effects of glutamate excitotoxicity (El
Idrissi et al. 1999). Taurine has also been shown to activate GABAA, receptors (Wu et al.
2003). We also found decreased myo-inositol levels at PND 30 in the hippocampus of
Fmrl KO mice, which could indicate altered myelin basic protein binding to the lipid

membrane and possibly alter myelin compaction (Nawaz et al. 2009). The potential
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alteration of myelin properties in the developing Fmrl KO mouse brain led to further
investigations of myelin and white matter.

Morphological alterations in myelin and white matter were studied in the fixed
brain of Fmrl KO mice compared to WT at PND 18, 21, 30 and PND 60 (Chapter 6). We
hypothesized that myelination is decreased in the Fmrl KO mouse brain; however, we
found that myelin density, measured by optical density from Black Gold Il staining,
varied at each age. While we did find decreased myelin density in white matter regions in
the forebrain and midbrain in the Fmrl KO mice at PND 18 and 60, we also found that
myelin density at PND 21 was comparable to the WT and myelin density was increased
at PND 30 (Figure 6-4). This is the first study to investigate myelin alterations in the
forebrain and midbrain of developing Fmrl KO mice and our findings suggest possible
changes in the time course of myelin formation which may be due to the lack of FMRP
regulation on mRNA translation of myelin proteins. The results of myelin density and
magnetization transfer ratio (MTR) showed similar effects in Fmrl KO mice (Figure 6-
3). Our findings suggesting that future studies of white matter can incorporate
magnetization transfer imaging to further understand myelin formation in Fmrl KO mice
or FXS patients.

Although we observed altered myelin density and MTR at different ages, regional
white matter volumes were not different between Fmrl KO and WT mice (Figure 6-1),
suggesting that molecular alterations found in white matter content were not reflected in
the measurement of white matter macrostructure. Therefore, we conducted further studies
of white matter microstructure in the fixed Fmrl KO mouse brain at PND 18, 21, 30 and

60 using diffusion tensor imaging (DTI) to provide additional insights into myelin and
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axonal properties. Decreased mean diffusivity was found at PND 21 and 30 in gray and
white matter in Fmrl KO mouse brain compared to WT brain. This finding indicates
greater restriction of water diffusion and suggests an alteration in white and gray matter
development. Decreased radial diffusivity (RD) was observed at PND 21 and 30 in white
matter regions of Fmrl KO brain, indicating that water diffusion is restricted in the
direction perpendicular to the axon. The decreased RD suggests that myelin may be more
tightly compacted or the fibers were more densely packed in white matter regions in
Fmrl KO brain at PND 21 and 30 compared to WT. Decreased axial diffusivity (AD)
was also observed in white matter regions of Fmrl KO mouse at PND 21 and 30. The
decreased AD in Fmrl KO mice suggested morphological changes to axons in white
matter including increased axon fiber density and/or altered axon organization, which can
limit diffusion along the axon. Since we did not find significant differences in fiber
density between Fmrl KO and WT mice, the decrease in AD was most likely due to
alterations in axonal organization, such as increased axonal branching or more diffuse
axon arborization. The decrease of AD and RD were transient in the developing Fmrl
KO mouse brain and were not different compared to AD and RD in WT brain levels at
PND 60. However, alteration in myelin compaction and axon organization during brain
development may have long-lasting consequences in the maturation of the Fmrl KO
mouse brain. Currently, white matter development in Fmrl KO mice is not well
understood, and the studies in Chapters 6 and 7 showed indications of myelin and axon
alterations in white matter in Fmrl KO mice at PND 18, 21, 30 and 60. Furthermore, the
differences in brain microstructure during development between Fmrl KO and WT

mouse brains may also contribute to changes in the functional brain networks in the Fmrl
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KO mouse.

To further investigate the functional brain network, we studied functional
connectivity in resting state networks in Fmrl KO and WT mouse brains at PND 30 and
60. Functional connectivity was reduced between regions associated with the
somatomotor and auditory networks in Fmrl KO mouse brain compared to WT at PND
30 (Figures 8-2 and 8-3). Altered functional connectivity between regions associated with
the default mode network was also observed in Fmrl KO mice at PND 30 (Figure 8-3).
To the best of our knowledge this was the first study to show reduction of functional
connectivity in developing Fmrl KO mouse brain. However, functional connectivity in
all the three networks was similar between Fmrl KO and WT mice by PND 60, which
suggests that there is a delay in the development of resting state networks in Fmrl KO
mouse brain. We found that functional connectivity in WT mice was decreasing from
PND 30 to 60, which may indicate refinement of resting state networks during
development; whereas functional connectivity in brains of Fmrl KO mice did not change
between PND 30 to 60 (Figures 8-3, 8-5, and 8-7). While we did not expect the
functional connectivity to be similar between genotypes at PND 60, this novel finding
suggests that functional connectivity may change with development and/or maturation in
Fmrl KO mouse brain. However, other studies showed large-scale reduction of
functional connectivity in adult Fmrl KO mice (Haberl et al. 2015) and children and
adolescents with FXS (Hall et al. 2013), suggesting more longitudinal studies are needed
in the developing Fmrl KO mouse brain. Further studies using Fmrl KO mouse are
necessary to determine whether the alterations in resting state networks at PND 30 may

suggest hypersensitivity to tactile and auditory responses. A summary of the differences
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between Fmrl KO and WT mice at each age studied is shown in Figure 10-1.

Developing WT mouse brain

Myelination Peak of synaptogenesis ~ Neural network Maturation of
begins and myelination  development neural network
PND O PND 20-21 PND 25-35 PND 60+

| | [
| | L

PND 18 J J !
*Decreased myelin density PND 30
PND 21 *Increased myelin PND 60

*Reduced myelin
*Normalized functional

connectivity in DMN connectivity in DMN

Somatomotor Spmatomotor
Developing Fmrl KO brain Auditory networks Auditory networks

*Decreased diffusivity *Decreased diffusivity
*Reduced functional

Figure 10-1: Summary of findings in the developing Fmrl KO mouse brain compared to
the WT mouse brain at PND 18, 21, 30 and 60. The critical periods for the WT mouse
brain is presented based on previously findings in the developing rodent brain (Semple et
al. 2013). Specific differences at the ages studied between WT and Fmr1 KO mice are
indicated by the arrows.
10.2. FUTURE DIRECTIONS FOR STUDYING BRAIN DEVELOPMENT IN RODENT MODELS OF
FXS

Our studies have shown altered myelin density and MTR in white matter during
brain development in Fmrl KO mice. The change in myelin density may be caused by a
delay in the maturation of oligodendrocyte precursor cells. FMRP has been found in
oligodendrocyte precursor cells and immature oligodendrocytes, but FMRP levels
declined as the oligodendrocyte matured (Wang et al. 2004). While the role of FMRP in

the maturation of oligodendrocyte precursor cells is unknown, reduced levels of NG2

proteoglycan protein, a marker for oligodendrocyte precursor cells, is reported in the
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cerebellar white matter of Fmrl KO mice at PND 7 and was normalized at PND 15
(Pacey et al., 2013). Decreased concentrations of myelin basic protein and CNP, markers
of mature oligodendrocytes, were also observed at PND 7 and 15, and were normalized
by PND 30, suggesting delayed maturation of oligodendrocytes (Pacey et al., 2013).
Therefore, to determine if maturation of the oligodendrocyte precursor cell is hindered,
the abundance of mature oligodendrocytes compared to oligodendrocyte precursor cells
will need to be determined by immunohistochemistry in white matter regions in the
forebrain and midbrain at PND 7, 15, and 30 in Fmrl KO and WT mice. Studying
markers of oligodendrocyte precursor cells and oligodendrocytes would provide insight
into whether the reduction of mature oligodendrocytes can contribute to a delay in
myelination in Fmrl KO mouse brain. In addition, potential alterations of MEK/ERK and
PI3K-mTOR signaling pathways in oligodendrocyte precursor cells can be studied in
Fmrl KO mouse brain, and whether inhibitors of these pathways can affect maturation of
oligodendrocytes could also be determined. Elevated activity in MEK/ERK and PI3K-
mTOR signaling pathways have been reported in gray matter regions of Fmrl KO mice
(Gantois et al., 2017), and oligodendrocytes in Fmrl KO mouse brain may also display
alterations in signaling transduction pathways. Electron microscopy could provide
morphological information regarding myelin microstructure and density and axon
number to complement the signal transduction information in the immature brain of Fmrl
KO mice.

Future studies in Fmrl KO mouse may consider expanding the age range to get a
better understanding of the full developmental trajectories in the brain. The work in this

thesis only covered PND 18, 21, 30 and 60 to specifically study structural differences in
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white matter and at PND 30 and 60 to study functional network organization in
developing Fmrl KO mouse brain. At PND 60 we found decreased myelin density and
MTR, suggesting that myelin deficit can be ongoing since myelination continues well
into adulthood in normally developing WT mice (18 months old) (Xie et al. 2013). Pacey
et al. (Pacey et al., 2013) have reported increased myelin basic protein concentration in
the cerebellum of adult Fmrl KO mouse brain compared to the WT (2-4 months and 7-15
months old), suggesting that myelin levels may be increased in adult Fmrl KO mice
older than PND 60. Thus, our data and the findings from Pacey et al. (Pacey et al., 2013)
suggests that myelination may be altered in the adult Fmrl KO mice, and further studies
at older adult ages in Fmrl KO mice measuring myelin density, MTR, and myelin
thickness may show continued defects in myelination.

Functional connectivity was reduced in brains of Fmrl KO mice compared to WT
brain at PND 30 and was not different compared to brains of WT mice at PND 60.
However, Haberl et al. (Haberl et al. 2015) reported decreased functional connectivity in
adult Fmrl KO mice (9-12 weeks). Taken together, these studies suggest functional
connectivity was reduced in immature and adult Fmrl KO mouse brain and the
normalization at PND 60 that we observed may be transient. Therefore, future studies
measuring functional connectivity may consider including more animals per age and
including older ages than used in the present study.

The reduced functional connectivity in the somatomotor and auditory networks in
the Fmrl KO mice at PND 30 may be indicative of tactile and auditory hypersensitivity
(Castren et al. 2003; Gibson et al., 2008; Miller et al., 1999; Zhang et al. 2014). Future

studies may consider correlating functional connectivity in the auditory networks to the
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severity of induced audiogenic seizures. Functional connectivity can also be compared
before and after a learning task, such as Morris water maze, to determine whether
functional connectivity can change following a learning task in Fmrl KO mice compared
to WT. In addition, a functional MRI test can be used to study tactile hypersensitivity,
such as applying heat to the hindpaw in the Fmrl KO mouse. Incorporation of sensory
response tests as well as learning tasks can improve our understanding of resting state
networks as well as brain function in Fmrl KO mouse.

Future studies can also include studying brain development during the first two
weeks of life. Harlow et al. (Harlow et al. 2010) showed a delay in the window of
synaptic plasticity in the somatosensory cortex of Fmrl KO mice which displayed peak
LTP potentiation at PND 6-7, whereas the peak LTP potentiation was at PND 3 in WT
mice. Studying mouse brain at earlier ages may reveal an age related increase of FA and
decrease of MD, which has been shown to change rapidly during the first two weeks in
the rat brain (Bockhorst et al. 2008), and may possibly show differences in the
morphology of Fmrl KO brain associated with early myelination, axonal growth and
functional connectivity. However, given the small size of the mouse pup during the first
two weeks, the quality of imaging is of concern and one may have to choose much higher
field strength to obtain reliable functional information. Alternatively, one may consider
performing imaging studies on the Fmrl KO rat model.

Future imaging studies may be better suited in the Fmrl KO rat compared to the
mice especially during brain development because the larger brain size will improve
image resolution and can reduce movement artifacts from breathing due to greater body

mass. In addition, BOLD signal will be greater in the rat brain due to the larger blood
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supply. Resting state networks have been reported in the immature WT rat brain (PND
13-15) (Bajic et al. 2016) so it would be feasible to study functional connectivity at
earlier ages in the Fmrl KO rat brain. As mentioned in Chapter 1, the adult Fmr1 KO rats
can be trained to stay still during a scan without anesthesia during an fMRI task (Kenkle
et al. 2016) and can be trained to study resting state networks in awake Fmrl KO rat. A
previous study in our group demonstrated successful training of awake adult WT rats to
remain still during magnetic resonance imaging and spectroscopy (Xu et al.2013).

Therefore, future imaging studies can be improved by using the Fmrl KO rat model.

10.3. TREATMENT WITH METFORMIN

In Chapter 9, we tested the efficacy of short and long-term metformin treatment in
normalizing functional connectivity in developing and adult Fmrl KO mice. Fmrl KO
and WT mice were treated with metformin or given the vehicle from PND 21 to 60. We
found a few instances where metformin changed functional connectivity, but the results
were inconclusive regarding the efficacy of metformin. The use of anesthesia and the
small number of animals used could have contributed to our inconclusive findings.
Additional preclinical studies that investigate the anatomical, molecular and behavioral
changes following metformin treatment are needed to determine if this drug might be

useful for treatment of FXS patients.

10.4. FUTURE DIRECTIONS FOR STUDYING METFORMIN TREATMENT IN FXS

The imaging experiments described in section 10.2 can also be applied to

studying the efficacy of metformin on auditory and tactile hypersensitivity as well as
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changes in functional connectivity following a learning task in Fmrl KO mice or rats.
Short-term treatment with metformin reduced the incidence of audiogenic seizures in
adult Fmrl KO mouse (Gantois et al., 2017). Since metformin reduces glucose synthesis
in the body (Hatoum & McGowan, 2015), it is important that future studies determine
whether both short and long-term metformin treatment can alter brain glucose
metabolism in developing Fmrl KO and WT mice.

Finally, more studies on the long-term effect of metformin are needed, including
studies of behavior and learning, and studies of signal transduction pathways in Fmrl KO
mice. Short-term metformin treatment was able to normalize social behavior, immature
dendritic spine density, elevated mGIluR5-dependent LTD and elevated MEK/ERK
signaling in Fmrl KO mice (Gantois et al., 2017). A recent report of 7 case studies
showed metformin treatment in FXS patients for 4 months-1 year improved ABC-C
scores (Dy et al., 2017). The use of metformin is relatively novel for treatment of FXS
and there is still much to be studied with respect to metformin treatment in the Fmrl KO

mouse.
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