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Abstract

Objective—To describe in this review how research using mouse models developed to study the
Fragile X premutation (PM) and Fragile X-associated tremor/ataxia syndrome (FXTAS) have
contributed to understanding these disorders. PM carriers bear an expanded CGG trinucleotide
repeat on the Fragile X Mental Retardation 1 (FMRI) gene, and are at risk for developing the late-
onset neurodegenerative disorder FXTAS.

Conclusions—Much has been learned about these genetic disorders from the development and
study of mouse models. This includes new insights into the early cellular and molecular events that
occur in PM carriers and in FXTAS, the presence of multi-organ pathology beyond the CNS,
immunological dysregulation, unexpected synthesis of a potentially toxic peptide in FXTAS (i.e.,
FMRpolyG), and evidence that the disease process may be halted or reversed by appropriate
molecular therapies given early in the course of disease.

Keywords

Fragile X premutation (PM); FXTAS; intranuclear inclusions; Fragile X mental retardation gene
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Introduction

The Fragile X 1 gene (FMRJI) is located on the X chromosome (i.e., long arm at position
27.3q) and codes for the Fragile X mental retardation protein (FMRP), an important protein
for normal brain development and synaptic plasticity (R. Hagerman & Hagerman, 2013;
Willemsen, Levenga, & Oostra, 2011). The FMR1 gene contains a DNA segment called a
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CGG trinucleotide that is repeated in most people between 5-44 times. However, the length
of the CGG repeat tract can expand over generations in some families. Individuals in which
the CGG repeat tract has expanded to between 55-200 are called Fragile X premutation
carriers (PM), and they are at risk for developing the late onset neurodegenerative disorder
Fragile X-associated tremor/ataxia syndrome (FXTAS). In FXTAS there is tremor/ataxia,
brain atrophy, cognitive impairment and dementia in some individuals. Individuals with
larger CGG repeat numbers over 200 are called full mutation carriers and develop Fragile X
syndrome (FXS). In FXS the FMRI gene is epigenetically silenced, no FMRP is produced,
dendritic spine morphology in the neocortex is abnormal, and there are learning disabilities
and cognitive impairments. Additional neurological and physiological findings including
facial dysmorphologies and macroorchidism (Hinton, Brown, Wisniewski, & Rudelli, 1991;
Santoro, Bray, & Warren, 2012).

The laboratory mouse (Mus musculus) has been crucial for studying human genetic diseases
for decades, ranging from simple Mendelian-inherited diseases such as FXS, to complex
polygenic disorders including autism. In the case of PM and FXTAS, several mouse models
have been developed to study the underlying neurobiology and pathogenesis of the complex
neurodegenerative disease (Berman et al., 2014; Berman & Willemsen, 2009; Willemsen et
al., 2003). This review will focus on these mouse models and what has been learned from
them about the Fragile X premutation (PM) and Fragile X-associated tremor/ataxia
syndrome (FXTAS).

How is FXTAS modeled in mice?

Modeling human diseases in animals, and rodents in particular, can be challenging but such
models have yielded important information about many neurological disorders, including
FXS, Parkinson’s, Huntington’s and Alzheimer’s diseases (Nestler & Hyman, 2010).
Typically mouse models of genetic disorders are created by either direct genetic
manipulation (insertion or deletion of a DNA segment) or through the use of mutagenic
drugs that cause changes in the organism’s DNA. In order for mouse models to be clinically
relevant they must have construct validity. This means that they must exhibit the key
molecular and cellular pathologies and symptoms present in patients of a particular disorder.
However, mouse models rarely, if ever, completely model all aspects of human disease, and
this is true for the existing mouse models of the PM and FXTAS. Even with this caveat,
mouse models can provide important information about the natural history of a disease
process, from embryo to senescence, due to the relatively short 1-2 year life-span of mice
compared to human’s 70-plus year life-span. This allows for longitudinal studies in mice, as
well as molecular studies at various levels, from cellular to organ systems that are not
feasible in humans. Finally, animal models provide a platform for evaluating therapeutic
strategies, including development of new drugs to improve function in neurological
disorders such as FXTAS.

In order to study FXS a mouse model was originally generated by replacing the native repeat
tract of 14 CGGs in the mouse Fmr1 gene with a DNA segment of human origin containing
98 CGG repeats (Bontekoe et al., 2001). These mice are referred to as CGG knock-in mice
(CGG KI). The repeat expansion showed modest instability increasing in length over
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generations until mice were obtained with more than 200 CGG repeats, well within the
range of CGG expansions that causes FXS (Bontekoe et al., 2001). However, these mice did
not show the expected silencing of the Fmr1 gene, FMRP levels were in the near-normal
range, and the severe cognitive deficits seen in FXS were also absent (Brouwer et al., 2007;
Entezam et al., 2007; Van Dam et al., 2005). Shortly after the development of this mouse
model it was recognized that some carriers of the Fragile X premutation (i.e., CGG repeat
expansions between 55-200), first thought to be without pathology, developed a late onset
tremor/ataxia syndrome evidence of neurodegenerative disease (i.e., brain atrophy, white
matter disease). This neurodegenerative disorder was labeled Fragile X-associated tremor/
ataxia syndrome (FXTAS), and was found to occur in approximately 40% of male and 11—
18% of female PM carriers over the age of 50 (P. J. Hagerman & Hagerman, 2004; R. J.
Hagerman et al., 2001). It was subsequently recognized that the CGG KI mouse carrying
between 70-200 CGG repeats actually provides a valid and useful model of several features
seen in PM carriers and those that go on to develop FXTAS, including elevated levels of
expression of FMR1, intranuclear protein inclusions, as well as motor and cognitive deficits
(Table 1). Since that time additional models of the PM and FXTAS have been generated and
are discussed within this review (Berman et al., 2014; Entezam et al., 2007).

Neuropathology

Similar to other neurodegenerative diseases, FXTAS is associated with presence of protein
inclusions observed in neuronal nuclei of both neurons and astrocytes throughout the brain
(Figure 1). These inclusions stain for ubiquitin, the FAMMRI messenger RNA (MRNA) bearing
the CGG repeat expansions, and several proteins associated with the mRNA involved in
regulation of DNA repair processes and control of transcription (Greco et al., 2006; Greco et
al., 2002; lwahashi et al., 2006; Sellier et al., 2013; Sellier et al., 2010). Indeed, the presence
of ubiquitin-positive inclusions has been considered a hallmark histological marker of
FXTAS (Greco et al., 2006). The role of these intranuclear inclusions in pathology is still
unresolved, and while they may be directly involved in the pathology, it is also possible that
they are not in themselves cytotoxic or damaging per seto the nervous system and serve
mainly as a marker of some underlying disease process. However, the number of
intranuclear inclusions in neurons and astrocytes is positively correlated with the length of
the CGG repeat expansions, and is inversely correlated to age of death in FXTAS (Greco et
al., 2006). Several groups have confirmed the presence of these intranuclear inclusions in
neurons of various brain regions in the CGG KI mice, including the cerebellum, amygdala,
cerebral cortex, hippocampus and hypothalamus (Brouwer, Huizer, et al., 2008; Brouwer et
al., 2007; Brouwer, Willemsen, & Oostra, 2009; Willemsen et al., 2003). In addition to
neurons, inclusions were also found in the astrocytes and Bergmann glia of the brain
(Wenzel, Hunsaker, Greco, Willemsen, & Berman, 2010). The presence of ubiquitin-positive
inclusions in particular brain regions may be correlated with some of the clinical features of
FXTAS in humans (Greco et al., 2006; Willemsen et al., 2003). For example, Purkinje cell
loss was observed in a CGG KI mouse line that appears to be associated with motor deficits
(Entezam et al., 2007). Research carried out in parallel with FXTAS patients and the CGG
KI mice has also demonstrated that FXTAS is a multi-organ disorder, in which the
intranuclear inclusions in both humans and mice were observed in a variety of organ systems
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besides the brain, including the heart, kidney, thyroid and pituitary glands, helping to explain
the myriad of symptoms seen in PM carriers in FXTAS (Hunsaker, Greco, et al., 2011).

Molecular Findings in FXTAS and Mouse Models

Carriers of the PM and FXTAS patients also show a unique molecular pathology in blood,
skin and brain. Specifically, they have a 3-8 fold increase in the levels of FMRI mRNA
suggesting increased transcription of the FMR1 gene due to some loss of regular
transcriptional control (Tassone et al., 2007; Tassone et al., 2000). This is important because
several “RNA binding” proteins have been found in the intranuclear inclusions apparently
bound to the FMRI mRNA. This sequestration of important proteins for DNA repair,
transcriptional control and processing of microRNAs (miRNA) has been suggested to be the
primary, or one of the primary molecular events underlying neurological impairments in PM
carriers and the cell loss and brain atrophy in FXTAS (Iwahashi et al., 2006; Sellier et al.,
2013; Sellier et al., 2010; Todd et al., 2013).

However, a competing hypothesis has recently emerged with the discovery that a potentially
toxic peptide (FMRpolyG) may be produced in neurons by a process called repeat-
associated non-AUG translation (RAN) translation (Todd et al., 2013). In RAN translation
the expanded CGG trinucleotide repeat segment (i.e., ...CGGCGGCGGCGG...), previously
thought to be untranslated, may actually lead to the production of a potentially toxic
polyglycine-containing peptide called FMRpolyG (Todd et al., 2013). Synthesis of this
peptide occurs, in part, because the polyribosome uses an alternative start-site for translation
on the FMRI mRNA (i.e., non-AUG start site) resulting in recognition of an expanded GGC
trinucleotide segment (i.e., ...CGGCGGCGG... recognized as ...GGCGGCGGC...).
Because the trinucleotide GGC codes for glycine, the novel peptide contains a stretch of
polyglycine along with additional flanking peptides. Interestingly, a second shift in
translation also appears to occur in FXTAS, albeit at low levels, so that instead of GGC, a
GCG segment (GCG codon for alanine) is translated producing a polyalanine-containing
peptide called FMRpolyA. The FMRpolyG protein has been found to accumulate in the
intranuclear inclusions in both FXTAS patients and CGG KI mice (Buijsen et al., 2014;
Buijsen et al., 2016; Todd et al., 2013). The contributions that RAN translation and this
unexpected polyglycine peptide make to disease pathology is under active investigation at
the present time. If the polyglycine peptide plays an important role in FXTAS pathology it
may be an important new target for the development of drug therapies.

In spite of an increase in levels of FMRI mRNA, expression of FMRP is slightly to
moderately decreased (i.e., 10-30%) from normal due to inefficient translation of the mRNA
at the ribosome due to the present of the expanded CGG repeat in the FAMMRI mRNA
(Ludwig et al., 2014). Research from the CGG KI mouse models has made it clear that the
greatest decrease in FMRP is seen with larger CGG repeat expansions. This provides
support for the hypothesis of inefficient translation of the FmrZ mRNA. Whether or not the
decrease in FMRP contributes to pathology is currently unknown.

Mitochondrial dysfunction (MD) has also been found in FXTAS patients and to a lesser
extent in PM carriers (Ross-Inta et al., 2010). Mitochondrial function is of particular interest
because of the overlap in symptomatology between FXTAS and mitochondrial respiratory
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enzyme chain enzyme deficiencies (MRCDs), including gait ataxia, white matter disease,
autonomic dysfunction, weakness and neuropsychiatric disorders. Mitochondrial studies
carried out in cultured skin fibroblasts from FXTAS patients and PM carriers show
decreased oxygen uptake rates, uncoupling between electron transport and ATP synthesis,
and decreased levels of important mitochondrial proteins for ATP synthesis (ATPase p-
subunit), electron transport (cytochrome c oxidase subunit V) and antioxidant defense
(MnSQOD), but no change in the density of mitochondria. Similar results were found in
postmortem cortical tissue from FXTAS patients (Ross-Inta et al., 2010). The severity of
MD was directly related to the length of the CGG repeat tract, and the present of
mitochondrial pathology in PM carriers suggests that MD may be an early event that
precedes the appearance of FXTAS symptomatology. Interestingly, it has been suggested
that MD in PM carriers may predispose them to other diseases involving mitochondria
including Friedreich’s ataxia, Parkinson’s disease and Alzheimer’s disease (Napoli et al.,
2010). Similar studies have not been reported in mouse fibroblasts from CGG KI mice.
However, mitochondria in cultured hippocampus neurons from CGG KI mice have found
increased oxygen consumption, and decreased density and movement of mitochondria along
neurites (Kaplan et al., 2012). In this case, it is unclear why the results for MD differ
between studies carried out in human versus CGG KI mouse tissues, but they point out the
fact that results in mouse models do not always correspond directly or simply to results from
human studies.

Translating Mouse Behavior to Human Symptoms

In addition to construct validity, a mouse model must also exhibit the key symptoms or
behavioral changes associated with that disorder, this is referred to as face validity (Nestler
& Hyman, 2010). By screening with a variety of behavioral assays, researchers are able to
identify altered behaviors in mice which can then be correlated to the disease-related
symptoms observed in patients. While not all PM carriers develop FXTAS, CGG KI mice
have been shown to exhibit several behavioral symptoms of FXTAS including late-onset
ataxia, memory impairments and sensorimotor gating deficits.

The CGG KI mice show deficits in motor learning and motor coordination based on
performances in behavior tasks which are designed to assess the types of sensorimotor
impairments observed in FXTAS patients (Diep et al., 2012; R. J. Hagerman et al., 2001;
Hall, Hagerman, Hagerman, Jacquemont, & Leehey, 2006; von Leden et al., 2014).
Moreover, reports suggest that these motor deficits may worsen with age and may also
depend on the length of the CGG repeat expansion in the CGG KI mice (Diep et al., 2012;
Hashem et al., 2009; Hunsaker, von Leden, et al., 2011; Van Dam et al., 2005). For example,
CGG KI mice show poor foot placement (i.e., foot slips) on the “ladder rung” visuomotor
test of ataxia in which they are required to cross a horizontal ladder (Hunsaker, von Leden,
et al., 2011). Both young (< 6 months) and adult (> 6 months) CGG KI mice made
significantly more foot placement faults than normal control mice, with larger repeat lengths
(i.e., high versus low) associated with greater gait impairments in this test. FXTAS is
associated with memory problems and executive function deficits, which may even progress
to dementia in some patients (Cornish et al., 2008; Grigsby et al., 2008; P. J. Hagerman &
Hagerman, 2004). The CGG KI mice also exhibit signs of cognitive impairments based on
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their performance in spatial learning and memory tasks, such as the Morris Water maze (Van
Dam et al., 2005). Additional hippocampal-dependent cognitive deficits have also been
reported including impairments in remembering the temporal order in which odors are
presented, and enhanced sensitivity to interference in novelty detection tests (Borthwell,
Hunsaker, Willemsen, & Berman, 2012). Consistent with FXTAS patients, the cognitive
deficits present in the CGG KI mice were shown to also be age-dependent in a spatial
processing task (Hunsaker, Wenzel, Willemsen, & Berman, 2009). Interestingly, this deficit
in hippocampal-dependent learning and memory is also correlated with CGG repeat length
(Borthwell et al., 2012; Hunsaker, Goodrich-Hunsaker, Willemsen, & Berman, 2010;
Hunsaker, Kim, Willemsen, & Berman, 2012).

Sensorimotor gating is a neuronal process for filtering out unnecessary stimuli or
information in the brain (Braff, Geyer, & Swerdlow, 2001). Deficits in sensorimotor gating
measured by prepulse inhibition (PPI) of the acoustic startle response are impaired in male
carriers of the PM and are more prominent in patients who have developed FXTAS
(Schneider et al., 2012). Similarly, a recent study in CGG KI mice showed altered baseline
acoustic startle responses and an age-dependent PP deficits using a PP1 procedure
resembling that used in humans (Renoux et al., 2014).

Anxiety disorders are seen in a high proportion of individuals with FXS, and recent evidence
shows that PM carriers are also at risk for anxiety disorders with a higher rate of anxiety
disorder than expected in the general population (Bourgeois et al., 2007; Bourgeois et al.,
2011; Cordeiro, Abucayan, Hagerman, Tassone, & Hessl, 2015). The development of
anxiety-related behaviors has also been reported in CGG KI mice that show an age-
dependent increase in anxiety in the open-field locomotor test. Specifically, at 72 weeks of
age CGG Kl mice spend less time exploring the center of an open compared to wildtype
control mice, but do not differ from controls at 20 or 52 weeks of age, suggesting a late-
onset increase in anxiety (Van Dam et al., 2005). It should be noted that evidence for
decreased anxiety has been reported in the open-field test in a less frequently used CGG KI
mouse model developed at the National Institutes of Health (NIH) (Qin et al., 2011). The
discrepancy in anxiety behaviors seen between studies may be due to the very large decrease
in brain levels of FMRP in the NIH mouse model (i.e., >70%) compared to that found in the
CGG KI mouse model used by Van Dam, et al. (i.e., <50%). Serum corticosterone levels are
also elevated in response to a mild stressor in 100 wk old CGG KI mice compared to control
mice suggesting that sensitization of the HPA axis may contribute to the development of an
anxiety disorder in response to stress (Brouwer, Severijnen, et al., 2008). It is interesting to
note that intranuclear ubiquitin-positive inclusions are found in cells in both the pituitary and
adrenal glands of PM carriers, and such pathology may contribute to sensitization of stress-
related responses (Hunsaker, Greco, et al., 2011).

What have mouse models taught us about FXTAS?

As described above, the CGG KI mouse models much of the pathology seen in PM and
FXTAS. In addition, several new findings have emerged from studies in the mouse models
that have significantly altered current views on the development, etiology and reversibility of
pathology as describe in this section.

Clin Neuropsychol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 7

Pathology is Not Limited to the Brain

Research using these established and validated mouse models of PM has shed light on our
understanding of the underlying pathology and development of FXTAS. By immunostaining
a variety of dissected tissues from CGG KI mice, Hunsaker et a/. identified wide-spread
cellular pathology that was not limited to the central nervous system (Hunsaker, Greco, et
al., 2011). The hallmark FXTAS ubiquitin-positive intranuclear inclusions were observed in
heart, pineal gland, colon, adrenal gland, thyroid, pancreas and pituitary tissue from
dissected CGG KI mice. Postmortem tissue samples from FXTAS patients also showed the
intranuclear inclusions in tissues from the heart, pineal, colon, kidney, thyroid, pancreas,
adrenal gland, esophagus and testes. The presence of inclusions in different tissue types may
play a role in the etiology of various co-morbidities associated with FXTAS, including
gastrointestinal symptoms, peripheral neuropathy, neuroendocrine dysfunction, and cardiac
arrhythmias.

The Immune System is Altered in the Fragile X Premutation

In addition to the numerous pathologies associated with FMR1 CGG-expansions,
immunological issues have been reported in carriers as well (Careaga et al., 2014; Marek et
al., 2012; Winarni et al., 2012). This has been particularly evident in female PM carriers,
who were found to be at higher risk for developing autoimmune conditions when compared
with controls (Winarni et al., 2012). Based on a survey study of 344 PM carriers and 72
controls, the incidence of immune-mediated disorders (IMD) was 44.8% in all carriers
studied (n=344) versus 27.8% in controls (n=72). In older women with FXTAS the incidence
was 72.7% versus 46. 5% in carriers without FXTAS and 31.58% in controls. The associated
autoimmune conditions varied, but risk was mostly associated with systemic
autoinflammatory conditions such as fibromyalgia and autoimmune thyroid disease (Winarni
etal., 2012). No similar risk has been identified in male carriers, but this may be related to
gender disparity seen in many autoimmune diseases, which are highly biased towards
females (Ngo, Steyn, & McCombe, 2014). However, the discrepancy may also have resulted
from insufficient power in the study by Winarni, et a/ (Winarni et al., 2012). A reduction in
cytokine production has also been reported in female premutation carriers compared to
controls. This included reductions in the cytokines IL-12(p40) and IL-1a, MCP-1 and INFy,
IL-1a and TNFa in unstimulated monocytes and peripheral blood lymphocytes,
respectively. Subtle immune deficiencies were observed in both female and male CGG KI
mice that were similar to those seen in human female PM carriers, suggesting that human
male carriers may be immunologically affected as well (Careaga et al., 2014). This
hypothesis is supported by observations by Marek et al. who found that male carriers
diagnosed with FXTAS show elevated production of the anti-inflammatory cytokine 1L-10
(Marek et al., 2012). Given the findings in both human and mice, PM carriers and FXTAS
patients of both genders should be monitored with extra attention for the development or
presence of autoimmune disorders.

Pathological Processes Begin Early in Development

In neurodegenerative disorders, such as Alzheimer’s disease, the cellular pathologies and
patient-related symptoms are typically thought to manifest later in life. However,
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developmental studies of CGG KI mice have provided evidence for an earlier disease onset
in FXTAS than was previously thought to occur based on molecular, histological and
behavioral studies. First, elevations of FmrZI mRNA levels seen in adult PM carriers and in
FXTAS patients was detected throughout development from 1 to 72 weeks of age in the
CGG KI mice (Willemsen et al., 2003). This early increase in £mrI mMRNA may lead to
developmental consequences in PM carriers which may, in turn, lead to the pathogenesis of
FXTAS. For example, although gross brain morphology is relatively normal, there are fewer
dendritic branches of reduced length and abnormal synaptic morphology in the cortex and
hippocampus of CGG KI mice (Berman, Murray, Arque, Hunsaker, & Wenzel, 2012; Chen,
2010). Additionally, younger mice have smaller and fewer total numbers of intranuclear
inclusions in neurons compared with older CGG KI mice. This gradual increase in size and
density of inclusions over the lifetime of the mouse may parallel the progressive
development of FXTAS in PM carriers (Jacquemont et al., 2004). Finally, embryonic
development of the cortex in CGG KI mice is abnormal, with aberrant migration and fewer
numbers of neuronal precursor cells within the developing neocortex (Cunningham et al.,
2011). These observations are important because recognition that disease-related processes
and cellular pathologies may occur before the clinical symptoms of FXTAS are seen,
suggests that there may be critical time points earlier in development when drug treatments
would be maximally effective in halting or preventing disease in PM carriers.

Reversibility

Exciting new evidence for reversibility of pathology in the PM and FXTAS has come from
recent studies in a new “inducible” mouse model in which the disease process can be
induced anytime during development under experimental control. Specifically, a CGG repeat
expansion can be activated in these mice, and then turned off by adding or removing the
drug doxycycline to their drinking water, respectively (i.e., dox-inducible mice). This new
mouse model allows for studies to determine when during development activation of the
CGG repeat expansions leads to full expression of disease, and whether the disease
progression can be halted, or possibly reversed by stopping expression of the CGG repeat by
removing doxycycline at various time points during the disease. In a recent study it was
found that activating the expression of a CGG repeat expansion of 90 CGGs in the brains of
dox-inducible mice resulted in the formation of the hallmark FXTAS ubiquitin-positive
intranuclear inclusions in the brain within 8 weeks, with high expression in the hippocampus
and cerebellum. Further study of the inclusion formation identified that expression of the
expanded CGG repeat over a longer period of time led to an increase in the number as well
as the size of the inclusions. Importantly, stopping expression of the expanded CGG90
repeat followed by a period without expression of 12 weeks, resulted in a significant
decrease of both the number and size of the inclusions. However, if the expanded CGG
repeat was expressed for a longer period of 12 or 16 weeks no reversibility was observed,
but only a stop in further disease progression (Hukema et al., 2015). These
neuropathological results were confirmed by testing the animals on the optokinetic reflex, a
cerebellar-dependent movement of the eyes in response to head movement. This eye-reflex
was impaired by expanded CGG repeat expression when animals were on doxycycline and
the impairment worsened over time. However, further progression could be halted by taking
the animals off doxycycline after 8 weeks, thereby halting expression of the expanded CGG
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repeat. These exciting results show that the appropriate pharmacological of gene-targeted
therapy, if given early in development, could prevent or reverse some brain pathology
associated with the PM (i.e., intranuclear inclusions), and may lessen or prevent some
neurological deficits from developing.

Conclusions and Future Directions

Mouse models of the PM and FXTAS have contributed substantially to our understanding of
the molecular mechanisms underlying the disease process in these disorders, and have
provide new information about the accompanying neurobehavioral deficits. Mouse models
have shown that the disease process has its beginning early in development, possibly in the
embryo, and that the elevated ~mrI mRNA and reduced FMRP can be seen early in
development. Ongoing studies on the FMRpolyG peptide may determine that this molecular
is a new potential target for new therapeutic drugs to improve neurological function in PM
carriers and FXTAS patients. Finally, the exciting new evidence of reversibility of pathology
opens the way for development of new gene-based therapeutic strategies. Mouse models are
likely to play an important role in the development and preclinical screening of new
therapeutics for FXTAS.
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Fig. 1.
Intranuclear inclusions in neurons from human postmortem cortex (A) and CGG KI mouse

cortex (B), stained with hematoxylin/eosin and diaminobenzidine, respectively.
Immunofluorescent staining showing intranuclear inclusions (red fluorescent round
structures) in CGG KI mouse neurons (C), astrocytes (D) and cerebellar Bergmann glia (E).
Arrows point to inclusions, and arrow head in D shows an inclusions in an adjacent neuron.
[Adapted from Wenzel, et al., 2010].
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FXTAS compared to the CGG knock-in (KI) mouse model
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Pathology

Human FXTAS

CGG K1 mouse

CGG trinucleotide repeat
Length

Elevated FMRI mRNA
FMRP levels

Intranuclear protein inclusions

FMRpolyG peptide
Motor impairments

Cognitive Deficits

55-199 CGG repeats
Repeat instability

Increased 2-8 fold
Reduced in several brain regions

In neurons and astrocytes, Correlated with CGG
length Frequency increases with age

Found in intranuclear inclusions
Tremor/ataxia, postural sway, Parkinsonism

Poor working memory, anxiety, depression, social
phobia

70-300 CGG repeats
Moderate repeat instability

Increased 1.5-3 fold
Reduced in several brain regions

In neurons and astrocytes Correlated with CGG length
Frequency increases with age

Found in intranuclear inclusions
Impaired on Rotarod & Ladder Rung tasks

Spatial memory deficits, increased anxiety
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