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Abstract

The use of mutant mouse models of neurodevelopmental and neurodegenerative disease is
essential in order to understand the pathogenesis of many genetic diseases such as fragile X
syndrome and fragile X-associated tremor/ataxia syndrome (FXTAS). The choice of which animal
model is most suitable to mimic a particular disease depends on a range of factors, including
anatomical, physiological, and pathological similarities; presence of orthologs of genes of interest;
and conservation of basic cell biological and metabolic processes. In this chapter, we will discuss
two mouse models of the fragile X premutation which have been generated to study the
pathogenesis of FXTAS and the effects of potential therapeutic interventions. Behavioral,
molecular, neuropathological, and endocrine features of the mouse models and their relation to
human FXTAS are discussed.
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14.1 Introduction

The FMRL1 gene is polymorphic for the length of a tandem CGG trinucleotide repeat in the
5" untranslated region (UTR). In the general population there are fewer than 55 CGG repeats
[mean 30 — Hagerman (2008)]. In some individuals there is a repeat expansion wherein the
number of CGG repeats expands beyond 200 repeats in length (i.e., full mutation — FM), and
this is associated with FMR1 promoter and CpG island hyper-methylation and subsequent
gene silencing — leading to no measurable FMR1 transcription and no FMRP translation and
Fragile X Syndrome (FXS; Hagerman and Hagerman 2004). This FM occurs in roughly
1:4,000 males and 1:6,000 females, and virtually all FM males will develop FXS and 60%
of FM women will develop FXS. CGG repeat lengths between those found in the general
population and the FM are called the Fragile X premutation (55-200 CGGs; PM) zone and
occurs in ~1:130-200 females and 1:800 males (Hagerman 2008). CGG trinucleotide repeat
lengths in the PM were historically considered to lack a clinical phenotype, so the PM was
used as a descriptor to emphasize the high probability for the PM to maternally expand into
the FM across subsequent generations (Hagerman 2008; Hagerman and Hagerman 2004;
Jacquemont et al. 2004; Kraff et al. 2007; Leehey et al. 2007, 2008; Senturk et al. 2009).

In 2001, a late onset neurodegenerative disorder called Fragile-X associated tremor/ataxia
(FXTAS) was described in a subset of elderly carriers of PM alleles (Hagerman et al. 2001).
FXTAS patients exhibit gait ataxia, intention tremor, and Parkinsonism, as well as presence
of eosinophillic, ubiquitin-positive intranuclear inclusions in neurons and astrocytes
throughout the brain (Greco et al. 2002, 2006, 2007, 2008; Tassone et al. 2004a). This
finding, along with the findings that elevated FMR1 mRNA levels and concomitant mild
reductions in FMRP levels are associated with the PM (Tassone et al. 2000a,b,c, 2004b,
2007; Tassone and Hagerman 2003), has led to the proposal that FXTAS is the result of an
RNA gain of function resulting in cellular toxicity, similar to myotonic dystrophy (Garcia
and Hagerman 2010; Raske and Hagerman 2009; Sellier et al. 2010; Tassone et al. 2000a).
What remains unclear in FXTAS is the cause of incomplete penetrance of FXTAS within
PM carriers: in PM carriers from known fragile X probands, only 30% of the males and 10—
15% of the females may develop FXTAS, a number that may be lower if samples were
ascertained through non-fragile X probands (Jacquemont et al. 2003, 2004).

14.2 Mouse Models of the Fragile X Premutation and FXTAS

The first mouse models were initially developed to model repeat instability and potential
expansion to FM across generations. However, these transgenic mouse models, both within
and outside the context of the FMR1 gene, did not show instability in the trinucleotide repeat
length (Bontekoe et al. 1997; Lavedan et al. 1997, 1998).

The first model to be reported as a putative model for the PM and potentially FXTAS was
the CGG Knock-In mouse model (CGG KI), which was generated by a homologous
recombination whereby the endogenous mouse CGG repeat (CGG8) was replaced with a
PM length CGG repeat of human origin (CGG98) on the endogenous mouse Fmr1 promoter
(Bontekoe et al. 2001; Willemsen et al. 2003). These CGG KI mice, with minimal changes
to the endogenous mouse Fmr1 promoter, showed moderate instability upon paternal and

Results Probl Cell Differ. Author manuscript; available in PMC 2015 February 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hunsaker et al.

Page 3

maternal transmission, and both expansions and contractions have been observed (Brouwer
et al. 2007). Later, another CGG-CCG knock-in mouse (CGG-CCG mouse) was developed
wherein CGG-CCG repeats (CGG-CCG124) were serially ligated and expressed in the
endogenous mouse CGG repeat on the endogenous promoter (Entezam et al. 2007). This
model also shows a trend toward gradual increases in CGG (or CGG-CCG) repeat lengths.
Furthermore, the CGG-CCG mice show the same general pattern of repeat instability as that
reported in the PM, namely that the paternal mutation shows small repeat expansions, and
this expansion occurs preferentially in mice lacking ATM, with a bias toward greater
expansions in males (Entezam and Usdin 2008, 2009).

Maternally transmitted mutations show larger repeat expansions that occur preferentially in
mice lacking ATR. These results support models proposed in the human PM research
concerning the differential expansion of male—female PM alleles into FM alleles across
generations.

It has recently been reported that there may be environmental contributions to the CGG
repeat instability in humans, or at least a contribution of environmental factors in the time
course of neurodegeneration (Paul et al. 2010). The CGG-CCG mouse has been used to
determine the role of oxidizing agents on CGG-CCG repeat expansion. When a DNA
oxidizing agent is introduced to CGG-CCG mice, there appears to be a higher frequency and
size of repeat expansions (Entezam et al. 2010). The authors suggest that such oxidizing
agents may play a role in CGG repeat expansion seen in the PM and FXTAS.

Recently, another model of FXTAS has been developed in mice (Hashem et al. 2009). These
mice used constructs and promoters either independent of the Fmr1 gene or used non-Fmr1
promoters. These mice specifically express CGG90 RNA in Purkinje cells with either Fmrl
or eGFP. Therefore these models target the implications of CGG90 mRNA overexpression
for FXTAS. These models expressing an expanded CGG RNA without the context of the
Fmr1 gene are very promising for the study of the RNA gain of function hypothesis.

There is another transgenic mouse model, into which a 1,057 bp fragment of genomic DNA
from FMRL1 including the translation initiation site and a repeat of 26 CGG repeats was
cloned (Baskaran et al. 2002). These mice show intergenerational instability during both
male and female transmission. Baskaran et al. (2002) find methylation in lines lacking repeat
expansion and absence of methylation in lines that do show expansion, indicating that
methylation and expansion are potentially independent events. This mouse model will not be
covered in this chapter, as this mouse serves as a better model for Fmr1 CGG repeat
expansion and gene methylation and thus is a better model for FXS than for FXTAS.

14.3 Utility of CGG Kl and CGG-CCG Mice for the Study of FXTAS

As FXTAS is a late onset neurodegenerative disorder, it is difficult to determine precisely
the factors that may contribute to the cellular dysfunctions thought to underlie the disease
progression across the lifespan of any individual. In FXTAS patients we can only study the
end-stage of the disease progression in brain tissue. The benefit of evaluating mouse models
of neurodegenerative disorders is the relative shortness of the mouse lifespan. If a researcher
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wished to determine the natural history of the disease process in FXTAS, both the CGG KI
and CGG-CCG mouse models will serve to provide invaluable insight (see Table 14.1).

The CGG KI mouse has been used to evaluate the hypothesis that FXTAS, a late onset
neurodegenerative disorder, may be the end stage of earlier, perhaps even
neurodevelopmental, effects accumulated across the lifespan (Hagerman and Hagerman
2004; Bourgeois et al. 2011; Cornish et al. 2008a, 2009; Garcia-Arocena and Hagerman
2010). Recently, it has been shown that the CGG KI mouse shows abnormal cortical neuron
differentiation and migration patterns in utero (Cunningham et al. 2011). Furthermore, it has
been demonstrated in vitro, using primary neuronal cultures from the CGG KI mice, that
immature neuronal morphologies predominate (thinner, filapodial dendrites), and reduce
cellular viability (Chen et al. 2010). It has also been shown in vivo that CGG KI mice as
young as 12 weeks of age show ubiquitin-positive intranuclear inclusions in neurons and
astrocytes in the hippocampus and only later similar pathological features appear to develop
in the parietal neocortex (Hunsaker et al. 2009). Similarly, intranuclear inclusions are
present in the internal granule cell layer in the cerebellum at 12 weeks of age (MR
Hunsaker, unpublished observations). These data suggest that there are developmental
influences that may contribute to later neurodegenerative processes, or at least that the
progressive neuropathology begins to form relatively earlier in life than previously thought.

14.3.1 Modeling Molecular Correlates of FXTAS in CGG Kl and CGG-CCG Mice

Both CGG KI and CGG-CCG mice have been used to evaluate the molecular cascades
associated with the PM that potentially underlie FXTAS pathophysiology. The brains of the
CGG KI mouse show elevated Fmrl mRNA levels and reduced Fmrp levels, similar to those
observed in the PM and FXTAS (Tassone et al. 2000a, b, 2004a, 2007; Tassone and
Hagerman 2003; Brouwer et al. 2007, 2008a,b, 20093, b; Entezam et al. 2007). An average
of twofold elevation in Fmrl mRNA levels was detected as early as 1 week of age in CGG
KI mice that persisted throughout development (Willemsen et al. 2003). In contrast to what
was reported for the linear correlation between FMR1 mRNA levels and the repeat size in
human FXTAS patients (Kenneson et al. 2001), the increase in Fmrl mRNA levels was not
correlated with the length of the repeat (Brouwer et al. 2008a). However, the data from the
human patients were not from brain samples, but from blood samples or lymphoblasts.
Entezam et al. (2007) were able to show a direct relationship between CGG-CCG repeat size
and Fmr1 mRNA levels in the brains of the CGG KI mice, although the number of mice
studied for the different repeat sizes was limited. Despite the increase in mRNA levels, both
the CGG Kl and the CGG-CCG mouse strain show an inverse correlation between CGG
repeat length and Fmrp expression in the brain (Entezam et al. 2007; Brouwer et al. 2008c).
One explanation is that the CGG repeat hampers the initiation of translation at the ribosome,
possibly due to secondary structures formed.

14.3.2 Modeling Cellular Dysfunction Associated with FXTAS in CGG Kl and CGG-CCG

Mice

The CGG KI mouse has been used (in concert with engineered human cell lines) to
demonstrate potential interacting partners of the CGG-expanded Fmrl mRNA to directly
test a model that suggest the CGG repeat itself acts to sequester proteins from the cell and by
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that mechanism causes cellular dysfunction (Raske and Hagerman 2009; Garcia-Arocena
and Hagerman 2010). For example, it was demonstrated that Sam68, a splicing factor, is
sequestered by the CGG repeat expansion and thus subsequently titrated out from the rest of
the cell. This results in reduced Sam68-dependent splicing events, which may be involved in
the events leading up to inclusion formation as increasing Sam68 expression can prevent
aggregate formation in mouse and cell lines (Sellier et al. 2010).

The CGG KI mouse has also been used to evaluate more systems level disruptions that may
be present in the PM and FXTAS. In addition, the CGG KI mouse has been used to
demonstrate altered expression of GABA-B receptors in the cerebellum but not neocortex
(D’Hulst et al. 2009), as well as to demonstrate abnormalities along the HPA axis and
amygdala similar to those proposed in PM and FXTAS that might explain the molecular
mechanisms underlying the psychopathology in PM carriers and FXTAS patients (Brouwer
et al. 2008b).

14.3.3 Modeling Pathological Features of FXTAS in CGG Kl and CGG-CCG Mice

Pathologic neuroanatomical features have been demonstrated in the CGG KI mice that
appear to phenocopy human FXTAS. Greco et al. (2006) evaluated gray and white matter of
brain in a number of cases of FXTAS and found a relatively large percentage (1-5%) of
neurons and astrocytes in the brain contained eosinophillic intranuclear inclusions. White
matter pallor and apparent thinning of the gray matter were also reported, as well as Purkinje
cell dropout and axonal pathology such as torpedo axons in the cerebellum. Both the CGG
Kl and the CGG-CCG mouse have intranuclear inclusions in neurons throughout the brain
(Willemsen et al. 2003; Entezam et al. 2007; Hunsaker et al. 2009; Brouwer et al. 2008a,b;
Wenzel et al. 2010) and the CGG KI mouse has further been shown to have intranuclear
inclusions in astrocytes, as well as neurons (Wenzel et al. 2010; Fig. 14.1). In addition to the
presence of intranuclear inclusions in neurons inclusion presence or absence in astrocytes
has not been reported, the CGG-CCG mouse shows reduced numbers of Purkinje cells and
evidence for torpedo axonal morphology similar to that reported in FXTAS (Entezam et al.
2007).

In the CGG KI mouse, the distribution of intranuclear inclusions has been carried out in
mice ranging from 20 to 72 weeks of age (Willemsen et al. 2003). The analysis suggested
that CGG KI mouse displays progressive neuropathological features (i.e., inclusions) that
are most prominent in the rostral cortices, hypothalamus, olfactory nucleus, parafasicular
nucleus of the thalamus, the inferior colliculus, pontine nuclei, vestibular nucleus,
superficial dorsal horn of the spinal cord, and 10th cerebellar lobule. A later study further
quantified intranuclear inclusion presence in the pituitary gland and amygdala (Brouwer et
al. 2008b). Further analysis of CGG KI mice replicated these findings in a limited sample,
but saw a much greater quantity of intranuclear inclusions in the hippocampus, particularly
in the dentate gyrus (Brouwer et al. 2008c; Wenzel et al. 2010). The CGG-CCG mouse
showed similar inclusions, but no regional quantifications were presented (Entezam et al.
2007).

An intriguing pattern can be seen in the distribution of the relatively early presence of
intranuclear inclusions in the more primitive cortical structures, and later presence in more
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evolutionarily recent cortices (cf., Willemsen et al. 2003). A follow-up analysis of the
distribution of intranuclear inclusions undertaken by Wenzel et al. (2010) and to a lesser
extent Hunsaker et al. (2009) demonstrated that granular cells within the olfactory bulb,
cerebellum, and dentate gyrus show the highest quantity of intranuclear inclusions (roughly
50% of neurons), followed by subcortical structures including the hypothalamus, thalamus,
inferior colliculus, septal nuclei, various brainstem nuclei, and the cerebellum. In the cortex,
the paleocortex associated with the amygdala and hippocampus and the entorhinal cortex
(transitional cortex) show the greatest quantity of inclusions, followed by the limbic cortex
and finally the rostral (i.e., sensory and motor cortices) and caudal (i.e. parietal and visual
cortices) neocortex. This pattern suggests the potential for a primarily subcortical and limbic
involvement in the neuropathology that spreads to the neocortex later in life.

Although the CGG KI and CGG-CCG mouse models appear to provide very good models
for the primary neuropathological features present in FXTAS, there are a number of very
important differences between the species that needs to be discussed. In FXTAS, a higher
percentage of astrocytes in both the grey and white matter contain intranuclear inclusions
compared to the local neuron populations (Greco et al. 2002, 2006; Wenzel et al. 2010).
Furthermore, in FXTAS the intranuclear inclusions stain easily for eosin in a hematoxylin
and eosin (H&E) stain, whereas the inclusions in mice are more difficult to stain — requiring
the use of immunocytochemical techniques to identify the presence of intranuclear
inclusions, or at least a careful optimization of H&E staining protocols (cf., Willemsen et al.
2003, Fig. 14.2). The reason for these differences is unclear and most likely does not affect
the interpretation of the findings in the mouse models; the fundamental differences between
species needs to be considered in all studies of comparative neuropathology resultant from
the PM. On the other hand, this may be caused by the fact that we study the end stage of the
disease in FXTAS patients and the mice we studied might not have reached this stage. These
findings highlight the need to study the development of disease progression in the mice
instead of focusing solely on the final stage in patients.

What remains unknown about the role of these neuropathological features in the PM and
FXTAS is the developmental time course of inclusion formation as well as the role of these
inclusions in cellular processing/toxicity. The first of these questions has been preliminarily
addressed, for example, using cellular models (Sellier et al. 2010), but no work to date has
evaluated CGG Kl or CGG-CCG tissue at ages <12 weeks of age. Such work is necessary to
determine a potential age where the brain is free from pathological features to evaluate
preventative treatment strategies. However, the Purkinje cell specific transgenic mice
(Hashem et al. 2009) very nicely show that the formation of inclusions also occurs when
expressing expanded CGG RNA independent of Frmr1 context, suggesting a strong role for
tandem CGG repeat containing RNA toxicity in intranuclear inclusion formation.

14.3.4 Modeling Behavioral Sequelae of FXTAS in CGG Kl and CGG-CCG Mice

Until recently, the PM was thought to be free of behavioral and molecular sequelae
(Hagerman and Hagerman 2004; Cornish et al. 2005, 2008b, 2009). Once it was determined
that there were potential aberrant behavioral and psychiatric phenotypes in the PM prior to
FXTAS, the study of the mouse models were expanded to model these phenotypes.
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Unfortunately, neither the CGG KI nor the CGG-CCG mouse shows classic tremor or ataxia
on basic behavioral assays (Van Dam et al. 2005; Qin et al. 2011). This lack of a clear motor
phenotype suggests that either the mouse models are lacking, or there are differences
between species that prevent potential motor phenotypes from being observed (i.e.,
methodological differences in tests between species, bipedal gait in humans vs. quadrapedal
in mice, etc).

The CGG-CCG mouse has only been preliminarily evaluated for a behavioral phenotype.
The CGG-CCG mouse has been shown to be slightly hyperactive and shows reduced anxiety
in the open field and elevated zero mazes. Furthermore, the CGG-CCG mouse shows
impaired passive avoidance learning and a slight reduction in social interaction (Qin et al.
2011). They interpret these results to indicate a subtle deficit similar to those reported in the
Fmrl KO model of FXS.

The CGG KI mouse has been evaluated for the cognitive deficits present in the PM and
FXTAS. Van Dam et al. (2005) demonstrated a clear age-related worsening of motor
performance on the accelerating rotarod and memory impairments on the water maze. To
further characterize these deficits,Hunsaker et al. (2009) evaluated spatial processing in
CGG KI mice using tasks designed to more specifically evaluate spatial processing than the
water maze. They found that CGG KI mice showed significant deficits in spatial processing
compared to littermate control animals as early as 12 weeks of age. On a similar task
involving learning the relationship between objects and their location in space, the same
mice showed deficits only at 48 weeks of age. Intriguingly, in a separate group of
animals,Hunsaker et al. (2009) evaluated the presence of intranuclear inclusions in the
dentate gyrus in the hippocampus (which subserves performance in the first task) and the
parietal cortex (which subserves performance in the second task) (cf., Goodrich-Hunsaker et
al. 2005, 2008). They found that there were inclusions (albeit low in number) in the dentate
gyrus of the CGG KI mice as early as 12 weeks of age and progressively more with
increasing age. Intranuclear inclusions were only detectable in the parietal cortex at 48
weeks of age. These findings suggest that the development of neuropathology follows a
similar time course as the emergence of behavioral dysfunction in the CGG KI mouse,
implying a potential neuropathological correlate to the spatial processing deficits.

In a subsequent experiment, female CGG KI mice were tested for their ability to learn and
remember short sequences of stimuli. In this task, the mice were presented with three pairs
of visual objects for 5 min each separated by 5 min intervals. Afterward, the mice were
presented with two tests, one for temporal order, wherein the first object and the last object
encountered were presented and the mouse was allowed to preferentially explore. The
second test was for novelty, and the first object encountered and a novel, never before seen
object was presented. Female CGG KI mice showed a CGG-repeat length-dependent deficit
for learning and remembering sequences. Mice with 80-100 CCG trinucleotide repeats
performed worse than wild type littermate mice, but performed better than mice with 140-
190 CGG repeats. All animals performed the novelty task equally well (Hunsaker et al.
2010). These data suggest that temporal processing is deficient in CGG KI mice. What
makes this finding all the more intriguing is that these data were from female mice, who
should be 50% as affected as male mice, and thus should show a more subtle phenotype. As
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such, male mice should show much more profound deficits on the same task; however, this
has yet to be assessed.

To better evaluate the cognitive and behavioral phenotypes in CGG KI mice, there is a need
to develop a number of novel tasks to more precisely evaluate specific behaviors proposed
to be affected by the PM and FXTAS. As it has been suggested previously that the
traditional tasks evaluating motor function often miss subtle pathology, task development is
needed in this arena.

In order to identify and potentially quantify more subtle motor deficits,Hashem et al. (2009)
evaluated mice with expanded CGG repeats expressed from the L7/pcp2 promoter in
cerebellar Purkinje cells on the rotarod measure of motor function. They found that these
mice showed age-related deficits in the rotarod (i.e., the mice fell from the rod at slower
speeds and were unable to stay on the rotating drum as long as controls even at slow
speeds).

These findings suggest motor deficits in the mouse models of FXTAS, but to date such
robust findings using the rotarod have not been found in the other FXTAS mouse models.
However, Van Dam et al. (2005) did find a mild rotarod phenotype in old CGG KI mice.
The Purkinje-specific transgenic mice demonstrate that overexpression of the expanded
CGG RNA in Purkinje cells is sufficient to cause motor dysfunction.

As the primary tremor present in FXTAS is an intention tremor, it may be worthwhile to
evaluate CGG Kl and CGG-CCG mice on a skilled forelimb reaching tasks that allow
precise quantification of limb use. Such tasks may uncover subtle tremor missed on tests of
more gross motor function (Alaverdashvili and Whishaw 2008; Blume et al. 2009; Farr et al.
2006; Farr and Whishaw 2002; Metz and Whishaw 2002, 2009; Ward 1997; Whishaw and
Metz 2002; Whishaw et al. 2010). To better model the gait ataxia, skilled walking tasks
similar to those used in grid walking paradigms could be applied as they are in models of
alcohol intoxication that allow for similarly specific quantification of walking behavior.

Another common cognitive disruption in FXTAS is a sort of dysexecutive syndrome (Brega
et al. 2008) involving cognitive control and attentional processing. Although difficult to
model in mice, tasks such as the five choice serial reaction time task or biconditional
discrimination tasks can be used to model these processes (George et al. 2010; Haddon et al.
2008; Marquis et al. 2007). Similarly, there are attentional tasks in rats that can be modified
for mice that can get at specific attentional processes affected in FXTAS (Ward 1997; Ward
and Brown 1996).

Furthermore, as the parietal lobe appears to be atrophied in FXTAS, tasks specifically
evaluating parietal functions need to be performed in mice [similar to the second task
mentioned above from Hunsaker et al. (2009)]. As the time course for the development of
neuropathological features has been described in the CGG KI mouse, this mouse provides a
unique opportunity to thoroughly evaluate the specific hypotheses concerning the role of
molecular factors that may be underlying the neurocognitive deficits present in the PM and
FXTAS.
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14.4 Utility of CGG Kl and CGG-CCG Mice for Interventional Studies

To date, no therapeutic studies have been performed on any of the FXTAS mouse models,
primarily because there were no clearly defined behavioral outcome measures and no real
biomarkers to speak of. The primary difficulty present in evaluating therapies in the FXTAS
mouse models is the fact that FXTAS is defined as a late onset neurodegenerative disorder
characterized by a motor phenotype. This means that, in theory, animals have to be set aside
for the better part of a year prior to treatment and then the outcome measures (i.e., latency to
fall on the accelerating rotarod) are not all that clear cut. One potential solution to this
problem is to use the mouse models reported by Hashem et al. (2009) for evaluating
treatments of the motor phenotype. In these mice the motor phenotype is specifically
exaggerated in those mice at an age earlier than either the CGG Kl or CGG-CCG mice;
however, these mice are transgenic and express the CGG repeat in Purkinje cells, not all
cells, so this model is incomplete from a clinical perspective.

To better dissect the respective roles of different molecular factors for FXTAS disease
progression, further/new transgenic mouse models need to be generated to identify the
respective roles of different cell types for FXTAS. The development of transgenic mouse
models expressing an expanded CGG RNA in different cell populations at higher levels will
facilitate the design of experiments evaluating sufficiency, necessity, and timing of disease
progression. The generation of inducible mice will facilitate research into treatment options
and outcomes, as well as answer questions concerning the potential reversibility of
neuropathology and aid in developing pharmaco- and gene-targeted therapies.

The CGG KI mouse develops subtle behavioral phenotypes that appear to be present from
ages as early as 12 weeks or earlier [though the animals have not been tested earlier than 12
weeks of age (Hunsaker et al. 2009, 2010)]. This mouse model, however, does not show
motor deficits in the rotarod until advanced ages (Van Dam et al. 2005). A combined
strategy of using the CGG KI and the transgenic mice expressing CGG repeats in Purkinje
cells to model different aspects of the FXTAS disease process may provide valuable insights
into the nature of behavioral and motor problems in FXTAS.

Finally, an additional outcome measure may be to evaluate effect or stress responses in the
CGG KI mouse. As Brouwer et al. (2008b) showed CGG KI mice exhibit abnormal HPA
activity, which correlated with an abnormal stress response in the amygdala. If these
findings extend earlier in life similar to the behavioral measures, then reversing a
dysfunctional HPA axis/stress response may provide benefit to FXTAS.

14.5 Conclusion

The CGG Kl and CGG-CCG mouse models for the fragile X PM and FXTAS provide an
invaluable resource for the translational scientist to generate and evaluate hypotheses into
the molecular correlates of FXTAS disease onset and progression. These mouse models
further provide outcome measures and putative biomarkers that may aid in the development
and evaluation of therapeutic interventions.
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Fig. 14.1.
Astroglial cell containing an ubiquitin positive intranuclear inclusion (white arrow head) in

the motor cortex of a 70 week old female CGG KI mouse with 9, 128 CGG repeats. Green =
GFAP, red = ubiquitin, blue = DAPI
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Fig. 14.2.
(a) H&E stained hippocampus demonstrating an interneuron in the stratum radiatum of CA1

with an intranuclear inclusions (arrow head). (b) H&E stained hippocampus demonstrating
CAL pyramidal cells with intranuclear inclusions (arrow heads). Both images are from a 52
week old female CGG KI mouse with 8, 152 CGG repeats
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Table 14.1

Comparison of FXTAS with CGG Kl and CGG-CCG FXTAS mouse models

FXTAS CGG K1 mouse

CGG-CCG mouse

Molecular measures
CGG Repeat
FMR1 mRNA
FMRP Level
Neuropathology
Inclusions
Gross Pathology
Motor Function
Cognition
Social

Anxiety

Memory

55-200 repeats 70-350 repeats
2-8-fold increase (blood)  3-5-fold increase (brain)

Slightly reduced Slightly reduced

Neurons and astrocytes Neurons and astrocytes
Purkinje cell dropout No gross pathology

Tremor and ataxia Motor deficit with age

Social anxiety -
Anxiety disorders Elevated anxiety

Poor memory Memory impairments

120 to >200 repeats
2-6-fold increase (brain)

Markedly reduced

In cells of brain
Purkinje cell dropout

Normal motor function

Reduced sociability
Reduced anxiety

Memory impairments
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