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Abstract

Fragile-X Tremor and Ataxia Syndrome (FXTAS) is a progressive
neurodegenerative disorder characterized by action tremor, gait difficulties, and
dementia. It is caused by a 55-200 length CGG trinucleotide repeat expansion in the 5’
untranslated region of the FMR1 gene. If the repeat over 200 CGG’s, FMRP is not
produced, resulting in the most common inherited form of autism; Fragile X Syndrome.
Research has shown deficits in network activity of Fragile X-related disorders, such as
hyper excitability and epileptogenesis with relatively normal increases in neuronal
activity. Defects in homeostatic plasticity, the way neurons regulate their own excitability
relative to the network they are part of, or glutamate transport would account for the
hyper excitability observed in FXTAS. In this study homeostatic plasticity and glutamate
transport are examined in the CGG Knock-In mouse model then compared to wildtype
and Fmrl Knock-out cells. Overall, CGG KI cells show minimal change in GIuR1
containing AMPA receptor expression following CNQX treatment, whereas wildtype and
FmrlKO cells show an increase following the same treatment. Furthermore while
Fmrl1KO cells demonstrated significantly lower Excitatory Amino Acid Transporter 2
levels, CGG KI cells demonstrated similar levels as those found in wildtype cells. To
examine how these pathologies translate into observable behavior, motor coordination
between the Dutch and NIH CGG KI mouse models was compared. These models differ
in the way the CGG repeat is inserted upstream of the FMR1 gene, resulting in only the
Dutch model having a polyglycine protein product. Only at the end stage, do the Dutch
model and NIH CGG KI models mice exhibit subtle differences in motor coordination
with each other, yet both significantly differed from wildtype mice. All in all these
findings demonstrate key defects in neuronal plasticity that underlie the most pronounced
pathologies observed in Fragile-X related disorders, thus illustrating potential targets for

treatment.



Introduction

Fragile-X Syndrome (FXS) is currently the most common form of inherited
intellectual disability. Symptoms include mild to severe cognitive delay, as well as
behavioral characteristics such as stereotypic movements and social anxiety (Hagerman
et al 2002). The condition is caused by a CGG trinucleotide repeat expansion in the 5’
untranslated region (UTR) of the FMR1 gene, which is located on the X chromosome
(Oberle et al. 1991). This gene codes for the fragile X mental retardation protein, FMRP.
When the CGG expansion is greater than 200 repeats, hypermethylation of the repeat
sequence occurs as well as a neighboring CpG island within the FMR1 promoter. This
prevents the transcription of FMR1 mRNA, leading to the absence of FMRP and
resulting in Fragile-X Syndrome (Verkerk et al 1991, Bardoni et al 2002, and Kaufmann
et al 2002).

Mid-range premutation repeats (50-200 CGGs) cause a related allelic disorder,
known as Fragile X-associated Tremor/Ataxia Syndrome (FXTAS). FXTAS is a
progressive neurodegenerative disorder characterized by action tremor, gait difficulties,
and dementia (Basuta et al 2011). The premutation range CGG repeat specific to FXTAS
causes a stable secondary hairpin structure in the transcribed mRNA, which result in
protein sequestration and toxic mMRNA-mediated neurodegeneration culminating in
FXTAS. In contrast with FXS, premutation CGG repeat expansions lead to increased
expression of FMR1 mRNA, yet surprisingly research shows the expression of FMRP to
be decreased in males affected with FXTAS (Tassone et al 2000; Renoux et al 2014;

Pretto et al 2014; Ludwig et al 2014). Interestingly, the increased FMR1 mRNA



expression has been shown to be a result of increased FMR1 transcription, rather than
increased FMR1 RNA stability (Tassone 2000; Todd et al 2010). In attempting to explain
this finding, research has shown that the CGG repeat in FMR1 acts to impair translation
by interfering with ribosomal scanning through the 5'UTR, subsequently preventing
appropriate loading of CGG expanded FMR1 mRNA into polyribosomal complexes
(Ludwig et al 2011, Darnell et al 2011). Through this mechanism, little FMRP can be
translated despite increased amounts of the FMR1 mRNA.

FMRP is an RNA binding protein found associated with stalled ribosomes that
regulates synthesis of proteins in response to synaptic stimulation (Ronesi and Huber et al
2008; Darnell et al 2011). When phosphorylated, FMRP can repress translation of a
variety of mRNA transcripts (Laggerbauer et al. 2001). The FMRP protein itself has been
shown to bind to hundreds of mRNA transcripts, suggesting that the phosphorylation of
FMRP plays a crucial role in the regulation of protein production (Darnel et al. 2011).
Interestingly, FMRP has been also shown to bind to and regulate the translation of its
own mRNA in vitro as well as synaptic proteins such as PSD-95. (Jin et al 2000, Todd et
al 2003).

The role of FMRP at the synapse is demonstrated by research showing increased
FMRP translation in response to metabotropic glutamate stimulation (Todd et al. 2003,
Hou et al 2006; Weiler et al 1997; Iliff et al 2013). At rest, FMRP is phosphorylated but
upon mGIuR activation, mGIuR signaling induces dephosphorylation of FMRP, causing
it to dissociate from polysome-transcript complexes (Narayanan et al 2007). It is then
rapidly degraded, resulting in an activity-dependent burst of translation of the mRNAs

that FMRP originally targeted (Nalavadi et al 2012).



As with many other diseases, it is crucial to establish an animal model that can
duplicate the key pathologies of the disease at a molecular and behavioral level.
Unfortunately no FXTAS mouse model exists that completely replicate all of the
pathologies and symptoms reported in individuals affected with the Fragile-X
Premutation or patients with FXTAS. Furthermore there have not been any reports of
obvious tremor in current mouse models, which is a critical neurological feature of
FXTAS (Berman et al 2014). The mouse models that are yet available only partially
replicate pathologies of the Fragile-X Premutation (FPM) and FXTAS. (Bontekoe et al
2001).

To study the impact of the expanded CGG repeats in the 5’UTR of FMR1, two
knock-in (K1) mouse models were generated (preCGG; Entezam et al 2007; Bontekoe et
al 2001), in which a portion of the 5' UTR from the human pre-mutation has been
inserted into the mouse FMR1 gene (Tassone et al. 2000 and Singh et al. 2007). The first
was a CGG KI mouse model from the Willemsen laboratory in the Netherlands,
otherwise known as the Dutch mouse (CGGdut Kl). This mouse model was created
through replacing the native murine CGG repeat, which happened to be eight
trinucleotides in length (CGG8), with a human CGG98 repeat. All of this was
accomplished within the endogenous Fmrl gene through the use of homologous
recombination in embryonic stem cells. Fortunately this was done with minimal changes
to the murine Fmrl promoter while including the region flanking the repeat in the human
FMRL1 gene. Interestingly the Dutch model mice are able to show moderate instability of

repeat length upon paternal and maternal transmission. (Berman et al 2014; Bontekoe et



al 2001). Additionally this model is also able to replicate the pathology seen in affected
Fragile-X Premutation (FPM) carriers and in FXTAS, including increased expression of
Fmrl mRNA, decreased FMRP, ubiquitin-positive intra-nuclear inclusions, and evidence
for motor and spatial processing deficits (Berman et al 2014).

A second knock-in mouse was developed at the National Institutes of Health with
an initial 118 CGG repeat tract (Entezam et al 2007). This was accomplished through the
use of a targeting construct that retrofitted two adjacent but incompatible Sfi | sites in the
exon 1 of the mouse Fmr1 gene. The Sfi | sites are places, in which a specific restriction
enzyme may cut the DNA. As a result, the repeats were flanked by the appropriate Sfi |
sites, allowing the CGG repeats to be inserted into the mouse locus in the correct
orientation while minimally changing the mouse flanking sequence. Subsequently the
NIH mouse model retains the translational TAA stop codon just upstream of the CGG118
repeat, which is only in endogenous murine gene. Similar to the Dutch mice, the NIH
mice show elevated Fmrl mRNA levels, decreased FMRP levels, moderate
intergenerational expansions, no methylation and ubiquitin-positive intranuclear
inclusions (Entezam et al 2007).

Both the Dutch and NIH CGG Knock in mouse models show several-fold
increases in levels of Fmrl mRNA, a reduction in brain levels of FMRP, and decreased
FMRP expression with larger pre-mutation repeat lengths (Entezam 2007, Illif et al 2013,
Qin et al 2011). However, the Dutch mouse model shows a (20% to 30%) reduction in
FMRP, while the NIH model shows a >50% reduction (Todd et al 2013). Behaviorally,
both models show progressive deficits in processing spatial information, cognitive

deficits, motor deficits, and hyperactivity. Nonetheless, the Dutch model mouse shows



increased anxiety, while the NIH model shows decreased anxiety (Qin et al 2011). Most
notably, NIH KI mouse retains more of the mouse 5'UTR flanking the CGG repeat,
which includes the TAA stop codon that is not present in the Dutch model. It has been
suggested that the absence of this stop codon in the CGGdut KI may allow RAN
translation of a novel polyglycine protein that contributes to CGG repeat toxicity in
human cell lines (Todd et al 2013).

Hippocampal neurons cultured from the Dutch model CGG-Knock In mice show
impairments in dendritic complexity and an altered architecture of synapsin puncta prior
to neurodegeneration (Chen et al 2009). Studies using other models have shown a
combination of deficits in network activity in Fragile X-related disorders resulting in
increased susceptibility to hyper excitability and epileptogenesis when faced with
relatively normal increases in neuronal activity (Musumeci et al. 2007). Furthermore
CGG-KI mice show increased mRNA levels of many components of the GABAergic
system in the cerebellum but not in the cortex, suggesting altered inhibitory neuronal
transmission in the CGG-KI mice (D’hulst et al 2009). All together these findings
demonstrate a state of hyperexcitablity in the CGG-KI mouse model.

To understand how pathological excitability is caused in cells, it is essential to
understand key synaptic receptors. One of the most prominent types of receptors in
neurons are ionotropic AMPA receptors (AMPARS), which are named after an agonist
that mimics the effect of glutamate binding (Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid). The more AMPARs a cell has, the more current is likely to pass
through during every presynaptic vesicle release. AMPARs are composed of four

subunits, GIuR1, GIuR2, GIuR3, and GluR4. Interestingly, if the GIuR2 subunit is absent,



then the AMPAR will be permeable to sodium, potassium, and calcium. If the GIuR2
subunit is present, the AMPAR channel will almost always be impermeable to calcium
(Kim et al 2001). On the contrary NMDA receptors, named after the agonist N-methyl-D-
aspartate, are ionotropic glutamate channels that are voltage and ligand-gated. Thus at a
particular voltage, the extracellular magnesium block will leave the channel and allow
sodium and potassium ions to pass through (Laube et al 1997). The passage of Calcium
through NMDARSs is thought to be a critical component of synaptic plasticity as well as a
cellular mechanism for learning and memory (Kleckner et al 1988).

Research has shown pathological plasticity in excitatory hippocampal synapses of
the Fmrl KO mice through exaggerated protein translation and Group 1 metabotropic
glutamate receptor (mGluR)-dependent depression (Huber et al 2000). The “mGIuR
theory of FXS” claims that FMRP is a downstream regulator of Group 1 mGIuR
activation (Bear et al 2004). FMRP has shown to be upregulated in the presence of the
Group 1 mGIuR agonist Dihydroxyphenylglycine (DHPG), which induces Long Term
Depression (LTD) in the CAL region of the hippocampus (Illif et al 2012). In this form of
LTD, ionotropic glutamate receptors, undergo internalization, thus decreasing synaptic
strength in response to DHPG (Huber et al 2000). In the complete absence of FMRP,
MGIuUR-LTD is enhanced but no longer requires new protein synthesis (Nosyreva et al
2006). Therefore newly synthesized FMRP negatively regulates further local translation,
thus constraining the magnitude of LTD after mGIuR activation (Bear et al 2004).

To understand the full nature of pathological plasticity in FXTAS, one must also
examine the role of FMRP in regulating synaptic function. Homeostatic Plasticity (HSP)

refers to the ability of neurons to regulate their own excitability relative to the network



that they are a part of. Neurons have a preferred firing pattern, and if there is any
deviation from this pattern, neurons can compensate to return to that set point (Marder &
Prinz, 2002). Networks that operate purely by Hebbian plasticity rules have been shown
to be inherently unstable due to the positive feedback nature of Long Term Potentiation
(LTP) and Long Term Depression (LTD) because there is no way to control for excessive
coincidental presynaptic input (Miller et al. 1996). The earliest studies of HSP were
performed in the crustacean stomatogastric ganglion. It was found that when rhythmically
firing neurons were isolated, their rhythmic activity was abolished. However after the
neurons were returned to culture, rhythmic firing had in fact returned. (Turrigiano et al.
1994).

There are two types homeostatic plasticity: global HSP and local HSP. Global
HSP is observed after chronic blockade (48 hours) of action potentials in cultured
neurons with the voltage-gated sodium channel antagonist tetrodotoxin (TTX). Blocking
neurons with TTX produces a compensatory increase in miniature Excitatory Post
Synaptic Potential (mEPSP) amplitudes due to a transcription-dependent accumulation of
GluA2-containing AMPARs (Gainey et al. 2009). On the contrary, Local HSP is
observed by blocking NMDA receptors and action potentials (TTX+APV) in cultured
hippocampal neurons. In turn, this leads to an increase in the amplitude of mEPSCs
within 60 minutes (Sutton et al. 2006). AMPAR blockade in place of NMDAR blockade
can lead to similar results, however this treatment has demonstrated presynaptic changes
(Henry et al., 2012; Jakawich et al., 2010).

Synaptic scaling is a well-studied form of HSP that is induced by long-term

blockade of neuronal firing and synaptic transmission, such as in local and global HSP.



However this process can be detected through evidence of new synthesis and insertion of
the ionotropic AMPAR. (Thiagarajan et al., 2005; Sutton et al., 2006; Aoto et al., 2008).
One molecule involved in synaptic scaling is Retinoic acid (RA), which binds to the
retinoic acid receptor RARa. This receptor normally inhibits protein translation by
binding with specific target MRNA’s and inhibiting translation (Poon and Chen 2008).
Addition of RA relieves the translation block RARa has on its target mRNA.
Interestingly the mRNAs for GIuR1 and GluR2 are some of the targets of RARa
(Muddashetty 2007).

FMRP has been shown to play an important role in the mechanism of HSP (Soden
and Chen et al 2010). Research has demonstrated that CA1 pyramidal neurons show
increased mEPSC amplitude following TTX+APV treatment. However they did not see
this finding in CA1 neurons from Fmrl KO mice (Soden and Chen et al 2010). They used
a retinoic acid response element that controlled GFP transcription to show RA activity.
Using this technique they demonstrated that introduction of a viral vector of FMRP to
Fmrl KO cell cultures can restore RA-induced signaling in CA1 neurons. Surprisingly,
although activity-dependent RA synthesis is maintained in Fmrl knockout neurons, RA-
dependent dendritic translation of GIuR1-type AMPA receptors is impaired. Postsynaptic
expression of wild-type or mutant FMRP (1304N prevents the binding of FMRP to target
MRNA'’s) in knockout neurons reduced the total, surface, and synaptic levels of AMPA
receptors, hence suggesting a role for FMRP-regulated protein translation in controlling
synaptic AMPAR abundance. In conclusion they argue that FMRP is essential for
increases in synaptic strength induced by RA or by blockade of neuronal activity, but that

the action of FMRP occurs downstream of RA.



Remarkably little research has been performed to understand how the fragile-X
premutation might impact HSP. It has been demonstrated earlier that mGIuR-LTD is
altered in the permutation mice, but it is not clear whether the impaired activity
dependent FMRP resulting from the expanded CGG repeat will also impact HSP. Perhaps
HSP will be altered in a pathological way, similar to the FMR1 KO phenotypes or
possibly retain properties of the wildtype phenotype.

Another potential mechanism that may underlie hyperexcitability in FXTAS may
be alterations in the Glutamate-Glutamine cycle. The action of this cycle is critical to
maintaining the neurotransmitter glutamate in the synapse in addition to recycling excess
glutamate (Westergaard et al 1995). Impaired glutamate transport contributes to the
neurotoxicity of many pathological processes, including stroke/ischemia, temporal lobe
epilepsy, Alzheimer's disease, amyotrophic lateral sclerosis, Huntington's disease, HIV-1-
associated dementia, and growth of malignant gliomas (Su et al 2002). A defect in this
cycle could contribute to the neuronal dysfunction observed in FXTAS. Glutamate
transporter 1 (GLT1) is the murine homologue of the human excitatory amino acid
transporters (EAAT 1-3), which is an astrocytic glutamate transporter. Glutamate
transporters are primarily localized in glial cells although their expression has also been
detected in neurons (Zhou et al 2005). EAAT1 and EAAT?2 are the principal means by
which glutamate is recycled in the central nervous system and it is estimated that EAAT2
clears over 90% of Glu alone (Danbolt et al 2001). However EAAT1 is the main
transporter in the cerebellum (Rose et al 2009).

After glutamate has been released from the presynaptic cell, either the presynaptic

neuron reuptakes the glutamate or passes glutamate through the EAAT1 or EAAT2 on
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astrocytes. Within the astrocyte, glutamate is converted to glutamine through the enzyme
Glutamine Synthetase. Glutamine is then transported out of astrocytes and is taken up by
the presynaptic neuron, where it is converted back into glutamate through the enzyme
Glutaminase. Additionally the presynaptic nerve terminal also has EAATS3 transporters
than can directly transport excess glutamate back into the presynaptic neuron (Danbolt et
al 2001).

Interestingly upregulation of GLT1 severely impairs one form of synaptic
plasticity, long-term depression (LTD), at mossy fibre-CA3 synapses (Omrani et al
2009). One recent report found that astroglial GLT1 and glutamate uptake is significantly
reduced in the cortex of Fmrl KO mice (Higashimori et al 2013). Furthermore, this study
demonstrated that FMRP-deficient astrocytes derived from fmrp KO mice are capable of
inducing abnormal dendritic morphology of wild-type hippocampal neurons in vitro.
Fmrl KO astrocyte and WT neuron co-cultures turned out to have the lowest GLT1
protein levels (Higashimori et al 2013). In contrast, GLT1 protein levels in WT astrocyte
and Fmrl KO neuron co-cultures were only slightly reduced compared with those of WT
co-cultures (Higashimori et al 2013). With more glutamate in the synapse, neurons of
Fmrl KO cells would be subsequently more prone to hyperexcitablility.

An even more recent report showed reduced excitatory amino acid transporter 1
(EAAT1) levels and mGIuRS5 expression in the cerebellum of post-mortem human
permutation carriers with FXTAS (Pretto et al 2015). It has been further demonstrated
that there are decreased levels of VGLUT and VGAT in mice PreCGG hippocampal
neurons, along with astrocytes having decreased glutamate uptake (Cao et al 2012).

VGLUT and VGAT are vesicular transporters that are responsible for the loading of
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glutamate and GABA into presynaptic vesicles. Perhaps these defects in glutamate
transport might be acting in conjunction with alterations in HSP to exacerbate the

pathology observed in FXTAS.

I hypothesize that neuronal susceptibility to hyper excitability observed in
FXTAS can be attributed to defects in homeostatic plasticity and glutamate
recycling. To investigate this hypothesis | propose several aims in which to examine.

First I plan to determine changes in homeostatic plasticity seen in between CGG
K1 and wildtype-cultured neurons. | believe that basal surface AMPA receptor expression
will be increased in CGG KI compared to wild type cultured neurons. Furthermore, when
all AMPA receptors are blocked using only the AMPA receptor antagonist CNQX, the
CGG KI neurons will not show an increase in surface AMPA receptors as expected in
wildtype cells. This would explain the increased hyperexcitability of these neurons. To
test this, I plan to see how surface AMPA receptor levels change in the presence of a
CNQX, in wildtype and FXTAS mouse model neurons. Specifically I will use
immunocytochemistry to measure surface levels of the AMPA receptor subunit GIuR1 to
examine this hypothesis. In addition I will subsequently repeat these experiments in the
Fmrl KO mouse, a mouse model of Fragile-X Syndrome, to see if the CGG repeat
expansion yields different results.

Secondly, | aim to determine levels of GLT1 in wildtype and CGG KI glia. |
expect to see a lowering of GLT1 in CGG KI astrocytes, but | predict that GLT1 levels

will still remain higher than those found in Fmrl KO glia which lack FMRP expression.
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I will test this aim by first quantifying the basal levels of GLT1 in GFP-labeled wildtype
and Fmrl KO hippocampal co-cultures. Then I will repeat the same procedure in the
wildtype and CGG KI mice cell co-cultures. GLT1 will be measured in glia marked with
the glial fibrillary acidic protein (GFAP) to distinguish them from neurons in the same
culture.

Lastly I aim to take a different approach to determine the effects of the CGG Kl
genotype on motor behavior. Specifically 1 will examine both the Dutch and NIH mouse
model to determine any differences in motor coordination. This in turn will further
validate both of these mouse models as a proper model to study FXTAS, while
simultaneously determining which one shows the greatest discrepancy with the wildtype
model. Although I believe that both CGG-KI mouse models should display significant
defects in motor coordination compared to wildtype mice, | hypothesize that the NIH
model will show greater discrepancies to the wildtype mice because they show a greater
reduction in FMRP compared to the Dutch model (Todd et al 2013). To test this, | will
subject wildtype and CGG KI mice from both models to a motor test that involves
crossing a balance beam. I will compare crossing time, number of falls, and foot slips, as
a means to experimentally measure coordination. Mice will be observed at 12, 18, and 24

months of age to monitor age-dependent decrements in this motor task.
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Materials and Methods

Western Blotting

Protein lysates were obtained from the cortex and cerebellum of wildtype and
CGG Kl mice, both of which were rapidly prepared from flash frozen tissue samples.
Tissue samples were lysed in a RIPA buffer solution containing protease inhibitors (1
pill/20mL of solution) to prevent degradation. Samples were then sonicated to dissociate
larger organelles and cleave genomic DNA for better separation with SDS-PAGE. The
samples were then spun down at 13,000 rpm for 8 min in a centrifuge, after which the
supernatant was collected while the pellet discarded. Some insoluble RAN translation
products are in the pellet, however they were not needed for the purpose of this
experiment. The final protein concentration was obtained manually using a DC protein
assay. A sample of BSA was diluted into RIPA buffer at varying concentrations to
generate a standard curve for the protein assay, while brain lysate samples were diluted at
1:5 and 1:10, and tested in triplicate for final measurements. Dilutions and standard
curve samples were mixed with colorimetric reagents and the optical absorbance at
750nm of light was used to measure protein content.

A total of 50 pg of protein and 10 pL of 6x LSB were prepared each lane, while
any differences were made up by adding more or less RIPA buffer to end up with 60 puL
of solution per lane. Freshly made lysates were held at 95°C for 5 min, then left to cool.
Samples were then loaded and run at 190mV on an 8% acrylamide gel and transferred
onto a membrane overnight at 32mV. Afterwards the blots were probed with a rabbit a-

FMRP antibody at 1:5000 and a mouse a-tubulin antibody at 1:5000 both of which were
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prepared in a 5% NFDM blocking solution. Following a similar procedure, the secondary
fluorescent antibodies were prepared as 1:15,000 with 1:100 of 10% SDS in a 5% NFDM
solution. The secondary antibody for FMRP was goat anti-rabbit Alexa Fluor 433 while
that of tubulin was goat anti-mouse Alexa Fluor 533. The membranes were washed in
TBS-T and visualized with the LI-COR Odyssey. The specific colors on the image were
arbitrarily chosen by the Odyssey to distinguish different proteins and do not reflect the
actual colors of the bands on the membrane. The green color represents FMRP bands,
while the red represents tubulin bands.

The brain lysates of four different mice from the CG 149 cage, which housed two
wildtype and two NIH CGG KI mice, were used in the experiment. To verify that the
samples are in the linear range and not saturated, every sample is given two lanes: one
with a 1x concentration while the other is given a 2x concentration. If the loading was
accurate, the 2x lane of each sample should fluoresce at twice the intensity of the 1x lane,
otherwise the data is excluded. Thus the brain lysate from each animal was loaded into
two lanes on the gel. Only the 1x samples were analyzed, and subsequently only the
FMRP bands at 75kD are used for analysis. The fluorescence of the FMRP bands in each
lane is normalized to the tubulin band of the same lane, thus FMRP is normalized to
tubulin. The average ratio of all of the wildtype samples is obtained, and then the FMRP
to Tubulin ratio of each lane (wildtype and CGG KI) is divided by the average wildtype
ratio. This allows one to see any change in experimental and control values relative to a

standard control value.
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Surface GIuR1 Staining

The cells were 14-17 day old GFP/KO or GFP/CGGKI female mouse primary
hippocampal neurons, thus allowing visualization of wildtype, Fmrl KO, or CGG KI
cells in the same culture. If the cell expresses GFP, it is expressing the wildtype X
chromosome and if no GFP is expressed, then the cell has the CGGKI or Fmrl KO
mutation on its X Chromosome. Half of the cells were treated with CNQX for 6 hours,
while the other half were treated with filtered neural growth media (NGM) as a control. A
rabbit anit-GluR1 antibody was used at a concentration of 1:100 diluted in live media to
label the cells live. After one hour and three washes in PBS-MC the cells were fixed with
for 20 min in 2% paraformaldehyde then washed three times in PBS-MC. Next they are
blocked in 2% BSA for 20 minutes, then labeled with 1:500 Alexa fluor anti-rabbit 555
secondary antibody diluted in 2% BSA. After another wash, the cells were permeabilized
with 0.1% Triton-X in PBS-MC for 5 min, then blocked again for 20 min in BSA. Mouse
a-PSD-95 (1:200) diluted in 2% BSA is added overnight. Cells are then washed 3 times,
for 5 min per wash in PBS-MC, then 1:500 Alexa fluor anti-mouse 635 secondary
antibody diluted in 2% BSA is added for 1 hour. Lastly the cells are again washed 3
times with 5 min per wash in PBS-MC. After washing, the cells were image on a
confocal microscope.

To quantify the data, each dendrite was straightened using ImageJ, and analysis
was restricted to dendrites. GIUR1 expression was only quantified at puncta that
expressed PSD-95. The threshold for how much fluorescence qualifies as a puncta is
arbitrarily determined and is kept constant for all dendrites analyzed during the

experiment. Masks of the images in the PSD-95 channel were then made onto the GIuR1
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channel, so that GIuR1 fluorescence was restricted to PSD-95 puncta, which is the region
of interest in this case. The raw values of each experimental group (wildtype control,
wildtype CNQX, KO/KI control, KO/KI CNQX) were all normalized to the average

wildtype control value.

Glutamate Transporter Staining:

The cells were 25 day old GFP/KO or GFP/CGGKI female mouse primary
hippocampal neurons from the same culture as those used in the surface GIuR1 staining.
Thus glia that expressed GFP were wildtype and those that did not were either CGGKI or
FmrlKO. Cells were taken out of the incubator and fixed with 2% PFA for 20 minutes,
then washed 3 times for 1 minute per wash in PBS-MC. Cells are then permeablized with
0.1% Triton-X for 5 minutes then blocked with 2% BSA for one hour. Then the primary
rabbit EAAT2 antibody is applied at 1:1000 simultaneously with the mouse GFAP
primary antibody at 1:1500, all diluted in 2% BSA with 100 microliters per plate. Cells
are stained in primary overnight then washed 3 times for 5 min per wash with PBS-MC.
The secondary antibody is applied with 1:1500 of the anti-rabbit Alexa Fluor 555 and
1:2000 of the anti-mouse Alexa Fluor 635 all diluted in 2% BSA with 100 microliters per
plate. After one hour of staining, the cells are washed 3 times for 5 min per wash with
PBS-MC then imaged on the confocal microscope.

For analysis, EAAT2 expression was localized to GFAP expression in the glia
and all computations were done using ImageJ. The areas of the glia were traced from the
images, using GFAP expression as a marker for tracing and distinguishing glia from

neurons. Within each selected area, EAAT2 and GFAP expression are quantified, thus
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restricting quantification to the cell. This would ensure that only fluorescence from glia
are analyzed without background fluorescence from neurons. After image processing,
EAAT?2 expression of each genotype is divided by the average wildtype EAAT2
expression obtained in the cell area. Only in the wildtype and CGG KI cells are ratios of
EAAT2 to GFAP analyzed, while only EAAT2 expression is analyzed in the GFP/Fmrl
KO culture (See pg. 23). Subsequently the raw fluorescence values of these two

genotypes are normalized to the average wildtype EAAT2 to GFAP ratio.

Motor Behavior Test:

Both wildtype and CGG KI mice were analyzed on how they were able to cross a
balance beam spanning the width of two platforms. The starting platform was clear on the
starting side, which made the mice feel uncomfortable. Because the platform on the other
side was opaque, this motivated the mice to cross the balance beam to get to this side. A
round balance beam was used in addition to a more difficult square beam to gauge

adaptation.

Image 1. Balance beam apparatus. Mice start on the Image 2. Balance Beams. The round beam (top) and
clear platform (right) and cross to the box (left) the more difficult square beam (bottom)
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Testing consisted of four days with each mouse undergoing four trials across the
beam. On the first day, a mouse would undergo a practice run which was not scored
followed by two runs on the round beam and two runs on the square beam, both of which
were scored. Days 2-4 consisted of only two runs on the round beam and two runs on the
square beam, all of which were scored.

Scoring consisted of measuring how fast the mice crossed the beam, how many
times their feet would slip while crossing (referred to as foot slips), how often they would
pause, whether they dragged their hind legs while crossing instead of using all four legs,
and if they fell. For quantification purposes, a fall was recorded as 30 seconds, a time
where even the slowest mouse did not come close to. To observe any changes in motor
behavior over time, mice were examined at 12, 18, and 24 months.

The results of all experiments, including western blotting, Immunocytochemistry,
and behavioral, were analyzed by normalizing each of the raw values over the average
control value. This in turn would determine the percent increase or decrease of the
experimental group directly over the control. Statistical tests were performed using one
tailed independent t-tests for the control and experimental groups of the ICC experiments,

while two tailed t-tests were for each comparison in the behavioral studies.
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Results

CGG Knock in Mouse model exhibited decreased FMRP expression compared to

wild type control.

In this experiment, western blotting from two of the NIH model CGG Knock-In
mice was used to demonstrate differences in FMRP expression in the cortex (Figure 1).
Mice were from the CG 149 cage and were sacrificed at 24 months old. Previous
literature has demonstrated decreased FMRP expression in CGG KI mice and in FXTAS
patients (Entezam et al 2007, Tassone et al 2000, Pretto et al 2014; Ludwig et al 2014 ).
The sample size in this experiment was small (N=2 wildtype; N=2 CGG KI), thus making
it difficult to perform any statistical tests. Although there were several FMRP bands on
the blot (200kD, 75kD, 60kD, and 50kD), only the FMRP values at 75kD were analyzed,
since this is the reported size of FMRP described in the literature (Feng et al 1997,
Laggerbauer et al 2001, Jin et al 2000). The smaller sized bands were most likely
fragments of FMRP degraded through sample preparation, while the larger size bands
were likely FMRP molecules that aggregated together and were not able to move through
the gel appropriately. Lastly both the FMRP and tubulin bands in K1 2 of Figure la
appear dimmer than the other samples. This could have been the result of improper
loading or decreased protein concentration in the sample. Several repeats of this
experiment are needed to successfully conclude decreased FMRP levels from this

specific experiment.
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Increased surface GIuR1 expression at PSD-95 puncta of wildtype mouse neurons
following CNQX treatment.

Prior to surface GIuR1 staining, neuronal cultures treated with CNQX or NGM
media (control) were imaged separately. GIuUR1 fluorescence intensity analysis was
isolated only to PSD-95-positive puncta in the dendrites of each neuron (See pg. 16 for
further description). This way even though several images displayed different
fluorescence intensities, the intensities could be normalized for every cell. Only surface
GIuR1 expression is examined at PSD-95 puncta and is not normalized to PSD-95
expression. Previous literature has demonstrated that PSD-95 mRNA is unstable in the
absence of FMRP, resulting in lower PSD-95 protein levels (Zalfa et al 2007), thus
normalizing to PSD-95 expression would not be a valid control. The amount of GFP
expressed per cell was not quantified, because it was not used in analysis. It only served
as a marker to show which cells were wildtype or mutant. After image processing, the
following results were obtained: Wildtype control: N=25, wildtype CNQX: N=24.
Following CNQX treatment, wildtype neurons showed a statistically significant 61%
increase in surface GIUR1 expressed receptors (1.00+0.10 vs 1.61+0.25; p=0.01 Figure
2¢). This finding agrees with previous results demonstrating that synaptic scaling does in
fact require AMPA receptor regulation (Gainey et al 2009). Thus treatment with CNQX

for six hours can induce increased surface GIuR1 expression in wildtype neurons.

Slightly increased basal surface GIuR1 expression at PSD-95 puncta of CGG-KI

mouse neurons, but no significant difference following CNQX treatment.
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Within each culture, wildtype GFP expressing neurons were analyzed separately
from CGG KI neurons not expressing GFP. CGG KI control: N=23, CGG KI CNQX:
N=28. Again all data was normalized to the wildtype control average. Contrary to
wildtype cells, CNQX treatment in CGG KI cells did not yield a significant change in
surface GIuR1 fluorescence when compared to treatment with media (1.00+0.11 vs
0.94+0.07; p=0.35: Figure 3c). In examining basal surface GIuR1 expression, although
CGG KI cells in the same culture demonstrated increased surface GIuR1 expression, the
difference was not statistically significant (1.28+0.16 vs 1.00+0.10; p=0.06: Figure 4a).
Following CNQX treatment, wildtype cells demonstrated a 61% increase in GluR1
expression while CGG KiI cells showed a 6% decrease in surface GIuR1 expression,
essentially a minimal change (Figure 4b). Thus CNQX treatment fails to induce in
externalization of GIuR1 receptors at 6 hours in CGG KI mice, while there is enhanced

externalization in WT mice.

Decrease basal GIuR1 expression at PSD-95 puncta of Fmrl Knock Out mouse

neurons, but showed significant increase after CNQX treatment.

Neurons were separated and analyzed in the same method as mentioned as above,
however cells that did not express GFP had the Fmrl gene knocked out. After image
processing, the distribution of cells were as follows: Wildtype control: N=26, Wildtype
CNQX: N=31, Fmrl KO control: N=24, and Fmrl CNQX: N=12. Contrary to the results

of the CGG KI cells, GIuR1 fluorescence was significantly lower in the control Fmrl KO
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neurons as opposed to the wildtypes by about 15% (wildtype control: 1.00£0.04,
FmrlKO control: 0.85+0.05; p=0.013, Figure 6a). Fmrl KO cells behaved similarly as
the wildtype cells in Figure 2c, showing a significant 43% increase in surface GIuR1
fluorescence following CNQX treatment (Fmr1KO control: 1.00+0.06, Fmrl KO CNQX:
1.44+0.10; p=0.0001: Figure 5c). When compared to the CNQX mediated increase of
surface GIuR1 expression in wildtype cells, the Fmrl KO cells exhibited a similar
response (Figure 6b). This suggests that Fmrl KO cells can demonstrate HSP more so

than CGG KI cells.

Fmrl KO mice exhibit significantly less Excitatory Amino Acid Transporter 2 levels

relative to wildtype mice.

These cultures were derived using the XGFP culture system used in surface
GIluR1 staining, where GFP expression indicates the wildtype genotype while no GFP
expression indicates the Fmr1lKO genotype (XGFP/Fmrl KO). Following image
processing, the distribution of cells were Wildtype: N=23 and Fmr1lKO: N=16. EAAT2
and GFAP fluorescence intensity was measured for individual glia. Previous research has
indicated that GFAP expression is significantly up-regulated in the striatum,
hippocampus, and cerebral cortex of Fmrl knockout mice compared to wild-type mice
(Yuskaitis et al 2010). Thus in the GFP/Fmr1KO cell culture, GFAP would not serve as a
proper control to normalize to. Therefore only EAAT2 expression was quantified in this

cell culture, only in the area where GFAP was expressed. When EAAT?2 levels of both
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genotypes were normalized to the average wildtype control levels, EAAT2 levels were
significantly lower in Fmrl KO cultures as compared to wildtype (wildtype: 1.00+0.08,
FmrlKO: 0.77+0.10, p=0.04, Figure 7c). This finding is consistent with previous results
showing decreased GLT1 and EAAT1 levels in Fmrl KO cell culture (Higashimori et al.

2013).

CGG KI mice exhibit no statistically significant decrease in Excitatory Amino Acid
Transporter 2 levels.

The glia used in this experiment were derived using the XGFP culture system as
mentioned above, however no GFP expression indicates the CGG KI genotype
(XGFP/CGG-KI). Images were analyzed using the same procedure as above, studying
EAAT2 and GFAP expression in the area of the cell. The distribution of cells analyzed
were as follows: wildtype: N=27, CGG KI: N=17. Upon comparing Figure 8a to Figure
Ta, it appears that the wildtype control EAAT2 levels were higher in the GFP/Fmr1KO
cultures than the GFP/CGG KI cultures. The confocal microscope underwent repair in
between the time the FmrlKO and CGG KI samples were collected. Furthermore this
was not due to a difference in EAAT2 expression because in both experiments EAAT?2
fluorescence in the GFP/CGG KI cultures seemed dimmer in both genotypes. More likely
this could have been a difference in uptake of the antibody. Since EAAT?2 fluorescence in
each was normalized to GFAP, any difference between each cell could be accounted for.
There was no significant difference in raw GFAP levels between wildtype and CGG Kl

cells (p=0.2), thus validating GFAP expression as a reliable control to normalize to in this
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experiment only. CGG KI glia showed similar EAAT2 to GFAP ratios as wildtype glia,
(wildtype: 1.00+0.05, CGG KI: 0.87+£0.07, p=0.06, Figure 8c). Furthermore, raw EAAT2
levels were compared between the two and again there was no significant difference
between the wildtype and CGG KI glia (wildtype: 1.00+0.05, CGG KI: 0.97+0.07,

p=0.36). Thus CGG KI glia showed normal EAAT2 expression.

Dutch and NIH CGG Knock-In mice demonstrate significant end-stage defects in

motor coordination over the course of two years, compared to wildtype mice.

Upon reaching 12 months of age, mice were tested on a round beam and a more
difficult to traverse square beam. At the time of testing, the wildtype, NIH, and Dutch
model mice exhibited little differences in average time to cross either beam (Figure 9a).
Although the average number of foot slips was higher in the Dutch mice on the first day
for the round beam, the difference was not significant when compared to wildtype and
NIH mice (Figure 11a). Furthermore during the 18-month testing period, the Dutch and
NIH mice again showed little difference in crossing times during each of the days. The
difference in the number of foot slips did not prove to be significant with either genotype
as well (Figure 11b), suggesting that any aberration in motor coordination of either CGG
K1 mice was not present. On the testing after 24 months, the wildtype mice consistently
crossed either beam significantly faster than both of the CGG KI mouse models on every
day of testing (Figure 9c). During Day 1 on the round beam, the Dutch and the NIH mice

crossing times differed little from each other, however on the square beam the NIH
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differed from wildtype more so than the Dutch. Over time, the difference in crossing
times between the Dutch and NIH model subsided, yet they were still both significantly
longer than the wildtype. Additionally the wildtype mice were also able to cross both
beams with greater coordination, as determined by the number of foot-slips (Figure 11c).
The wildtype mice at the 24-month time point had fewer foot slips than both models,

while no difference existed between the models.

Specific NIH CGG KI and Wildtype mice demonstrate end stage differences in

motor coordination.

Only data from the mice in a particular cage were ready to be analyzed over the
course of testing, thus yielding data from four mice (Wt N=2, NIH N=2). Both genotypes
of mice exhibited similar crossing times for either beam during the 12-month and 18-
month periods, however the wildtype mice seemed to exhibit faster crossing times during
the 24-month period (Figure 12a). As expected with age, wildtype and NIH model mice
appeared to exhibit an increase in crossing time with age. However this increase was
more pronounced in the NIH model mice (Figure 12a and 12b). Although the NIH model
mice appeared to demonstrate more foot slips, there seemed to be no difference in the

number of foot slips between either genotype (Figure 12b).
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Figure 1. FMRP Expression in the CGG Knock-in Mouse model.

(a) Western blot of cortex lysate in two control and two NIH CGG KI mice. Each sample
was loaded at 1x and 2x concentrations to demonstrate linearity. Only the FMRP bands at
75kD were analyzed. (b) Quantified results of the FMRP to tubulin ratios. The 75kD
FMRP bands of each lane were normalized to their subsequent tubulin bands. All data
was normalized to the average wildtype ratio.
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Figure 2. GIuR1 Surface Staining in GFP Expressing Wildtype Mice.

(a) Control wildtype cells treated with media, expressing GFP, while stained for surface
GluR1 and PSD-95. (b) Wildtype cells treated with CNQX, with the same staining. (c)
Quantification of results show increased surface GIuR1 expression in CNQX treated cells
(one tailed t-test, p=0.01). All results normalized to the average wildtype control value.
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Figure 3. GIuR1 Surface Staining in no GFP Expressing CGG KI Mice.

(a) CGG KI cells treated with media, not expressing GFP, while stained for surface
GluR1 and PSD-95. (b) Cells treated with CNQX, same staining procedure. (c)
Quantification of results show no difference in surface GIuR1 expression between control
and CNQX treated cells (p=0.35). Results normalized to the average CGG KI control
value.
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Figure 4. Quantification of GIuR1 Surface Staining in Wildtype and CGG KI Mice.

(a) There was no significant difference in GIuR1 expression between wildtype and CGG
Kl cells basally (p=0.06). Data normalized to the average wildtype control value. (b)
Wildtype cells show a greater percent change in surface GIuR1 expression following
CNQX treatment. CGG KI cells remain at baseline.
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Figure 5. GIuR1 Surface Staining in no GFP Expressing Fmrl KO Mice.

(@) Fmrl KO cells treated with media, not expressing GFP, while stained for surface
GluR1 and PSD-95. (b) Cells treated with CNQX, same staining procedure. (c)
Quantification of results show a significant increase in surface GIuR1 expression after
CNQX treated cells (p=0.0001). Results normalized to the average Fmrl KO control
value.
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Figure 6. Quantification of GIuR1 Surface Staining in Wildtype and Fmrl KO.

(a) There is a significant decrease in surface GIuR1 expression in Fmrl KO cells
compared to wildtype cells basally (p=0.01) Data normalized to wildtype control (b)
Fmrl KO cells show a greater percent change than wildtype cells in GIuR1 expression
following CNQX treatment.
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Figure 7. EAAT?2 Staining in Wildtype and FMR1 KO Mice.

a) Wildtype glia expressing GFP, stained for EAAT2 and GFAP. (b) Fmrl KO glia not
expressing GFP, but same staining (¢) Quantification of results. Statistically significant
decreased EAAT2 expression in Fmrl KO glia compared to wildtype control (p=0.04).
All data normalized to the average wildtype control.
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Figure 8. EAAT?2 Staining in Wildtype and CGG KI Mice.

a) Wildtype glia expressing GFP, stained for EAAT2 and GFAP. (b) CGG KI glia not
expressing GFP, but same staining (¢) Quantification of results. There was no
significant difference in EAAT2 expression in CGG KI glia compared to wildtype
(p=0.12). When only EAAT?2 expression was measured, there was also no significant
difference (p=0.36, results not pictured). All data normalized to the average wildtype
control.
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Figure 9. Crossing Time of the Dutch and NIH CGG KI mouse model with wildtype.

Crossing times are noted for each genotype on the round beam (left column) and round
beam (right column). a) Mice tested at 12 months of age b) Mice tested at 24 months of

age c) Mice tested at 24 months end stage.
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Day1 Round Beam p-value Square Beam p-value
CGG Kl vs Wt *0.014 0.058
Dutch vs NIH 0.75 0.14
Dutch vs Wt *0.018 0.5
NIH vs Wt 0.12 *0.047
Day 2 Round Beam p-value Square Beam p-value
CGG Kl vs Wt *2.0079 *0.032
Dutch vs NIH 0.54 *0.049
Dutch vs Wt 0.062 0.39
NIH vs Wt 0.06 *0.027
Day3 Round Beam p-value Square Beam p-value
CGG Kl vs Wt *0.0094 *0.0016
Dutch vs NIH 0.69 0.8
Dutch vs Wt 0.064 *0.022
NIH vs Wt 0.06 *0.033
Day 4 Round Beam p-value Square Beam p-value
CGG Kl vs Wt *3.2E-06 *1.1E-05
Dutch vs NIH 0.31 0.86
Dutch vs Wt *0.0006 *2.2E-05
NIH vs Wt *4 6E-06 *0.0023

Figure 10. Statistical Analysis of Crossing Times Between the Dutch and NIH CGG
K1 Mouse Model along the Wildtype at End Stage.

Statistical Analysis at the end stage shows a significant difference between the Dutch and
NIH model at Day 2 on the square beam only. Both CGG KI models were significantly
different from the wildtype on every day. Only on days 1-2 on the square beam, did the
Dutch show a significant difference in crossing times. The “CGG KI” represents the NIH
and Dutch results pooled together, then statistically tested against the wildtype. This
demonstrates the effect of the CGG Kl in general.
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Figure 11. Foot Slips of the Dutch and NIH CGG KI mouse model with wildtype.

Foot slips are noted for each genotype on the round beam (left column) and round beam
(right column). a) Mice tested at 12 months of age b) Mice tested at 24 months of age ¢)

Mice tested at 24 months end stage.
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Figure 12. Crossing Times and Foot Slips of the NIH CGG KI Mouse Model
Compared to Wildtype of a Single Cage.

a) Crossing time for a sample of the NIH and wildtype cage over time on the round beam
(left column) and square beam (right column). b) Foot slips are noted for each genotype
on the round beam (left column) and round beam (right column). Not enough data to
perform a statistical analysis.
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Discussion

Overall the CGG KI mice demonstrate a key pathological indicator of Fragile-X
Tremor and Ataxia Syndrome illustrated by several studies: decreased FMRP expression
compared to wildtype control cells (Bardoni et al 2002, Greco et al 2006, Todd et al
2013). Although in this experiment the CGG KI mice did not show a significant decrease
in FMRP expression from the wildtype mice, it is difficult to draw any conclusions due to
the small sample size used in this experiment. Furthermore it was difficult to quantify
FMRP when other fragments of FMRP existed and the amount of tubulin expressed in
lane was not consistent. On the other hand, the balance beam behavioral study was
successful in illustrating key symptoms of FXTAS. Because defects in coordination were
most evident during the 24-month of age testing period, the Dutch and NIH CGG KI
mouse models proved to be accurate representations of FXTAS. Interestingly the average
age of onset for FXTAS in humans is 60 years, at which the tremor often precedes the
ataxia like symptoms by one to several years (Leehey et al 2007). Since there were little
differences in the results of the 12 and 18-month testing periods within both genotypes,
this further gives evidence to the finding that the mouse model shows symptoms mostly
in the late stage (Entezam et al 2007). Although the wildtype and the NIH CGG KI
models both show a decline in coordination over time, this decline is far more
pronounced in the NIH CGG-KI models at the late stage. Thus both of these mice seem
to replicate the late onset decline in motor coordination associated with FXTAS.

It has been noted that unlike the Dutch model, the NIH mouse model retains a

larger region of the mouse 5’UTR surrounding the CGG repeat, which includes a TAA
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stop codon (Entezam et al 2007, Todd et al 2013). Placing the NIH mouse sequence, but
not the Dutch mouse sequence, just proximal to the repeat blocked translation in the +1
(Gly) frame, resulting in the novel polyglycine protein only in the Dutch mouse (Todd et
al 2013). The balance beam experiments between the NIH and Dutch CGG-KI mouse
models of FXTAS shed light on potential deviations of motor behavior this polyglicine
product may cause. One would predict that the Dutch model would have greater deficits
in motor coordination than the NIH model, due to the presence of this product, but this
was not the case. There were no significant differences between either of the models at
various days of a testing period that subsided during the course of the testing. However
this finding does not rule out the possibility of different aspects of coordination being
altered by the genotype. At the time in which the results were analyzed for this thesis,
there were still mice that would have reached 18 or 24 months old within the next year. A
longitudinal study of specific Dutch mice would illustrate differences as well. Thus an
increased sample size could validate any of the findings thus far. All in all, these findings
demonstrate that the Dutch and NIH CGG KI exhibit strong differences in motor
coordination from wildtype mice, while maintaining little differences between each other.
Due to shared late onset pathology with FXTAS, it is more likely that cellular and
molecular observations noted in these models have a higher probability of bearing
validity in the human condition.

The results of Figure 2 demonstrate that homeostatic plasticity can be induced in
cell culture through the application of CNQX for six hours. CNQX treated cells displayed
increased levels of GIuR1 and mimicked the effect of long term TTX application in a

way that was AMPA receptor specific, thus providing another method to experimentally
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induce HSP (Soden et al 2010). Only the Wt GFP expressing cells in the GFP/KO cell
cultures showed a significant increase in GIuR1 expression, thus establishing a reliable
control. Interestingly the control CGG KI neurons did not exhibit significantly increased
levels of basal GIuR1. Contrary to the wildtype cells, the CGG KI cells showed no
significant change in GIuR1 expression after CNQX application. This suggests that the
CGG KI neurons were not able to regulate their own excitability and restore a preferred
response to an environmental change, which in this case was the application of CNQX.

Given the crucial role of FMRP in maintaining HSP (Henry et al 2011; Soden et
al 2010), perhaps the decreased FMRP expression in the CGG KI neurons might prevent
them from regulating their own excitability properly. Furthermore the presence of toxic
CGG-containing Fmrl mRNA and the production of RAN translation products might be
preventing the CNQX induced translation of AMPA receptors (Renoux et al 2012).
Subsequently the abundance of GIuR1 on the surface of the CGG KI cells might be one
of the reasons that underlie the increased susceptibility to hyper excitability and altered
inhibitory transmission in noted in other findings (D’hulst et al 2009). Taken together, the
CGG KI cells demonstrate a defect in the pathway of homeostatic plasticity.

In contrast to the findings of the CGG KI neurons, the Fmrl KO neurons
responded to the CNQX treatment similarly as the wildtype neurons did. Although the
Fmrl KO cells expressed more surface GIuR1 than the wildtype cells basally, these cells
still demonstrated a significant increase in GIuR1 expression following CNQX treatment,
which differed considerably from the CGG KI cells. Perhaps the presence of the toxic
CGG-containing Fmrl mRNA renders greater pathology here than no Fmrl mRNA all

together. At first this finding seems to contradict with previous results showing impaired
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GluR1 translation in Fmrl KO mice following APV and TTX treatment (Soden et al
2010). However, the study by Soden and Chen accounted for only Retinoic Acid
dependent dendritic translation. Perhaps RA-independent translation might be occurring
to allow increased GIluR1 expression following CNQX treatment through a different
mechanism. Furthermore the study induced homeostatic plasticity through a different
method by using an NMDA receptor antagonist and TTX, which together would block all
NMDA channels in addition to all voltage gated sodium channels. It seems that there are
many different experimental mechanisms to induce HSP, which in turn may correlate
with the way neurons respond accordingly to various environmental stimuli.

In conjunction with previous findings showing that GLT1 levels are reduced in
Fmrl KO mice (Higashimori et al 2013), the Fmr1 KO hippocampal cell cultures
demonstrated significantly reduced excitatory amino acid transporter 2 (EAAT?2) levels
compared to wildtype cells. The dramatically decreased levels of glutamate transporter
would not allow astrocytes to clear glutamate from the synapse as efficiently.
Subsequently this would naturally lead to higher levels glutamate in the synapse,
ultimately resulting in increased activation of glutamatergic synapses, thus potentially
activating various downstream pathological mechanisms. Subsequently these neurons
might require stronger inhibitory post-synaptic potentials in order for their activity to be
regulated. Perhaps many of the cognitive problems associated with FXS might originate
from over excitability in these hippocampal neurons.

The CGG KI glia did not show a significant decrease in EAAT2 expression,
unlike the Fmrl KO glia. In fact both raw EAAT?2 levels and EAAT?2 levels normalized

to GFAP in CGG KI glia did not yield a significant difference with wildtype glia. This
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finding seems to disagree with previous research showing reduced excitatory amino acid
transporterl (EAAT1) levels in the cerebellum of post-mortem human premutation
carriers with FXTAS (Pretto et al 2014). It is worthy to note that this study examined
cultured hippocampal mice glia, while the previously mentioned study (Pretto et al 2014),
examined human glia in brain slices. Thus these different results could highlight potential
differences in human and mouse samples or even show differences in glutamate transport
of brain regions. Furthermore fairly different staining techniques were used. Perhaps
normalizing to another glial protein would give more conclusive results, as GFAP
expression has been shown to be reduced in Fmrl KO mice glia and not CGG KI
(Yuskaitis et al 2010). Repeated experiments and a larger sample size are needed to make
permanent conclusions. The possibility of impaired glutamate transport throughout the
entire brain of FXTAS patients still remains.

When compared to the results in the Fmrl KO glia, the magnitude of the decrease
in EAAT2 expression in the CGG KI cells was not as substantial. Other studies have
characterized the presence of EAAT2 promoters, which show elevated expression in
astrocytes, along with other regulators of EAAT?2 transcription (Su et al 2002). It may be
that FMRP could play a crucial role in such transcriptional processes. Since the EAAT2
levels were higher in FXTAS than in FXS model cells, it appears that the levels of
EAAT2 expression in glia seem to correlate with the amount of FMRP expression. In fact
it has been shown that SLC1A2, the gene that codes for EAAT2, is indeed a target of
FMRP (Darnell et al 2011). Since FMRP is a negative regulator of translation, it would

seem that one would expect increased EAAT2 levels in Fmrl KO cells. However it could
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be that FMRP instead regulates the stability of SLC1A2 mRNA, resulting in decreased
stability in the absence of FMRP.

Although there appeared to be no statistically significant decrease in EAAT2
expression in the CGG KI cells, the increased basal GIuR1 levels and altered homeostatic
plasticity might account for the main reason behind the state of neuronal hyperexcitability
observed in FXTAS. Thus neuronal properties rather than glial properties might be
leading to this phenotype in CGG KI cells, whereas glial properties might underlie
hyperexcitability in Fmrl KO cells. All in all these findings suggest fairly different
mechanisms underlying seemingly similar pathologies in Fragile-X Syndrome and
Fragile-X Tremor Ataxia Syndrome. Ultimately these differences should be taken into

account, when treating patients with FXTAS or FXS.
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