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Summary

The fragile X mental retardation 1 gene (Fmr1) is polymorphic for CGG trinucleotide repeat
number in the 5’-untranslated region, with repeat lengths <45 associated with typical development
and repeat lengths >200 resulting in hypermethylation and transcriptional silencing of the gene
and mental retardation in the fragile X Syndrome (FXS). Individuals with CGG repeat expansions
between 55 and 200 are carriers of the fragile X premutation (PM). PM carriers show a phenotype
that can include anxiety, depression, social phobia, and memory deficits. They are also at risk for
developing fragile X—associated tremor/ataxia syndrome (FXTAS), a late onset neurodegenerative
disorder characterized by tremor, ataxia, cognitive impairment, and neuropathologic features
including intranuclear inclusions in neurons and astrocytes, loss of Purkinje cells, and white matter
disease. However, very little is known about dendritic morphology in PM or in FXTAS.
Therefore, we carried out a Golgi study of dendritic complexity and dendritic spine morphology in
layer 11/111 pyramidal neurons in primary visual cortex in a knock-in (K1) mouse model of the PM.
These CGG KI mice carry an expanded CGG trinucleotide repeat on Fmr1, and model many
features of the PM and FXTAS. Compared to wild-type (WT) mice, CGG KI mice showed fewer
dendritic branches proximal to the soma, reduced total dendritic length, and a higher frequency of
longer dendritic spines. The distribution of morphologic spine types (e.g., stubby, mushroom,
filopodial) did not differ between WT and KI mice. These findings demonstrate that synaptic
circuitry is abnormal in visual cortex of mice used to model the PM, and suggest that such changes
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may underlie neurologic features found in individuals carrying the PM as well as in individuals
with FXTAS.
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The fragile X mental retardation gene (Fmr1) is located on the long arm of the X
chromosome at position q27.3. The gene codes for the fragile X mental retardation protein
(FMRP), which is critical for normal synapse formation and synaptic plasticity (Braun &
Segal, 2000; Huber et al., 2002; Antar et al., 2006; Bassell & Warren, 2008). The gene
contains a CGG trinucleotide repeat expansion of variable length in the 5’-untranslated
region (5’-UTR), with normal individuals having repeat lengths between 5 and 45 CGG
repeats and normal levels of FMRP. Individuals with CGG repeat expansions >200, referred
to as full mutation (FM) carriers, have an absence of FMRP due to hypermethylation and
transcriptional silencing of Fmr1. These individuals develop fragile X syndrome (FXS)
associated with abnormal development of the nervous system and mental retardation. In
between normal individuals and carriers of the full mutation are premutation (PM) carriers,
who have CGG repeat expansions between 55 and 200. PM carriers are relatively common
in the general population, with approximately 1 in 178-250 females and 1 in 400-800 males
(Jacquemont et al., 2004; Hagerman, 2008; Hantash et al., 2011).

Premutation carriers were originally thought be unaffected by the premutation. However, it
is now established that they show a wide range of neurologic and psychological problems,
including anxiety, depression, and subtle motor and cognitive impairments (Berry-Kravis et
al., 2007b; Bourgeois et al., 2009; Keri & Benedek, 2010; Kogan & Cornish, 2010;
Lachiewicz et al., 2010; Basuta et al., 2011; Goodrich-Hunsaker et al., 2011a,b,c). They also
show an increased incidence of seizure disorders (Chonchaiya et al., 2012). In addition,
approximately 30% of male PM and 8-11% of female PM carriers older than the age of 50
will develop the neurodegenerative disorder fragile X-associated tremor/ ataxia syndrome
(FXTAS), meaning that as many as 1 in 3,000 male individuals in the general population
may develop clinical features of FXTAS at some point in their lives (Jacquemont et al.,
2004; Hagerman & Hagerman, 2008). FXTAS represents the most severe clinical
presentation associated with the PM. Core features include intention tremor and/or ataxia
and gradual cognitive decline beginning with memory and executive function leading to
dementia and early death in some patients. The majority of patients develop
neuropsychiatric problems including depression, anxiety, and cognitive impairment
(Hagerman et al., 2001; Berry-Kravis et al., 2007a; Bourgeois et al., 2007; Leehey et al.,
2008). Female PM carriers also present with FXTAS, although the movement disorder is
less severe, presumably due to the protective effect of the second normal X chromosome
(Hagerman et al., 2004; Jacquemont et al., 2004).

Neuropathology includes the presence of intranuclear protein inclusions in neurons and
astrocytes in postmortem brain tissue from FXTAS and PM patients. Systematic analysis of
these inclusions shows the presence of >20 proteins including ubiquitin, molecular
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chaperone Hsp40, 20S proteasome complex, and DNA repair-ubiquitin-associated HR23B,
but never FMRP (Tassone et al., 2004; lwahashi et al., 2006). Of interest, the inclusions
contain FMR1 RNA, but not FMRP (lwahashi et al., 2006). There is also Purkinje cell loss
in the cerebellum, and evidence of white matter disease in major fiber tracts (white matter
hyperintensities in T,-weighted magnetic resonance imaging [MRI] (Brunberg et al., 2002;
Greco et al., 2006; lwahashi et al., 2006). Molecular findings in PM carriers with and
without FXTAS include three- to eight-fold elevations in Fmrl mRNA in leukocytes and
less than threefold in brain tissue, whereas FMRP levels are only slightly reduced by 10—
30% (Hessl et al., 2005). Elevated Fmr1 mRNA has led to the proposal that FXTAS results
from a toxic “RNA gain of function” (Hagerman et al., 2001; Jin et al., 2003; Handa et al.,
2005), where neuropathology thought to result from the sequestration of RNA-binding
proteins important for normal cellular functions (e.g., protein trafficking, alternative
splicing, microRNA processing) by the elevated Fmrl mRNA (Willemsen et al., 2011).
However, cellular mechanisms responsible for elevated Fmrl mRNA levels and the
pathways that lead to toxicity remain largely unknown (Raske & Hagerman, 2009).

To investigate the pathologic and behavioral consequences of the fragile X premutation, a
transgenic CGG knock-in (KI) mouse was developed in which a native eight CGG repeat in
the endogenous murine Fmr1 gene was replaced via homologous recombination with an
expanded 98 CGG repeat of human origin. The CGG repeat expansion shows modest
instability across generations, so that separate lines of CGG KI mice have been generated
with repeat expansions ranging from 70 to >300 (Willemsen et al., 2003; Berman &
Willemsen, 2009). As summarized in Table 1, these mice model much of the
pathophysiology and behavioral deficits found in the PM and FXTAS patients, including
two- to threefold elevated Fmrl mRNA levels in brain and 10-30% reduction in FMRP
expression (Bontekoe et al., 2001; Tassone et al., 2007; Brouwer et al., 2008). In addition,
both human FXTAS patients and the CGG KI mouse show ubiquitin-positive intranuclear
inclusions in neurons and astrocytes (Fig. 1), a key neuropathologic feature of FXTAS in
humans (Greco et al., 2006; Wenzel et al., 2010).

Although a great deal is known about the gross neuropathology associated with PM carriers,
little is known about abnormal dendritic and synaptic morphology that may underlie some of
the cognitive deficits associated with the PM and FXTAS. Therefore, the present study used
a modified Golgi-Cox impregnation to examine dendritic branching complexity and spine
density and morphology associated with the PM and FXTAS in the visual cortex of a CGG
KI mouse model of the PM (Willemsen et al., 2003; Van Dam et al., 2005). Compared to
WT mice, CGG KI mice showed fewer dendritic branches proximal to the soma, reduced
total dendritic length, and longer dendritic spines. The distribution of morphologic spine
types (e.g., stubby, mushroom, filopodial) did not differ between WT and KI mice. These
findings demonstrate that synaptic circuitry is abnormal in visual cortex of mice used to
model the fragile X premutation, and suggest that such changes may underlie some of the
neurologic features found in individuals carrying the premutation as well as in individuals
with FXTAS.
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The CGG KI mice used in this study were bred at UC Davis and were congenic on a
C57BL/6J background. They were generated by backcrossing mice initially on a mixed
FVB/N x C57BL/6J onto a C57BL/6J background over >12 generations (Willemsen et al.,
2003; Wenzel et al., 2010). Mice were housed in same-sex groups with three or four mice
per cage in a temperature- and humidity- controlled vivarium on a 12 h light-dark cycle.
Mice had ad libitum access to food and water. All experiments were conducted under a
research protocol approved by the Institutional Care and Use Committee at the University of
California Davis.

Genotyping of CGG Kl and WT mice was carried out on DNA extracted from tail snips.
Briefly, tails were incubated overnight at 55°C with 10 mg/ml Proteinase K (Roche
Diagnostics, Mannheim, Germany) in 300 ul lysis buffer containing 50 mm Tris—HCI, pH
7.5, 10 mwm ethylenediaminetetraacetic acid, 150 mm NaCl, 1% sodium dodecyl sulfate. One
hundred microliters saturated NaCl was then added and the suspension was centrifuged. One
volume of 100% ethanol was added and gently mixed, and the DNA was pelleted by
centrifugation and the supernatant discarded. The DNA was washed and centrifuged in 500
ul 70% ethanol. The DNA was then dissolved in 100-ul MilliQ-H,0. CGG repeat lengths
were determined by polymerase chain reaction (PCR) using the Expanded High Fidelity
Plus PCR System (Roche Diagnostics, Indianapolis, IN, U.S.A.). Briefly, approximately
500- 700 ng of DNA was added to 50 ul of PCR mixture containing 2.0 pw of each primer,
250 pum of each dNTP (Invitrogen, Tigard, OR, U.S.A.), 2% dimethyl sulfoxide (Sigma-
Aldrich, St. Louis, MO, U.S.A.), 2.5 w Betaine (Sigma-Aldrich), 5 U Expand HF buffer with
mg (7.5 pw). The forward primer was 5-GCTCAGCTCCGTTTCGGTTTCACTTCCGGT-3
and the reverse primer was 5-AGCCCCGCACTTCCACCACCAGCTCCTCCA-3. PCR
steps were 10 min denaturation at 95°C, followed by 34 cycles of 1 min denaturation at
95°C, annealing for 1 min at 65°C, and elongation for 5 min at 75°C to end each cycle. PCR
ends with a final elongation step of 10 min at 75°C. DNA CGG repeat band sizes were
determined by running DNA samples on a 2.5% agarose gel and staining DNA with
ethidium bromide. Genotyping was performed twice on each animal, once using tail snips
taken at weaning and again on tail snips collected at the time of sacrifice. In all cases the
genotypes matched.

Golgi analysis and neuronal reconstruction

Neuronal architecture was assessed on tissue processed for Golgi stain by a modified Golgi-
Cox impregnation method using the FD RapidGolgi stain kit according to manufacturer’s
instructions (FD NeuroTechnologies, Columbia, MD, U.S.A.). Briefly, 5-10 mm blocks of
tissue were isolated following rapid removal of brain from scull and immersed in a mercuric
chloride, potassium dichromate, and potassium chromate solution for approximately 2
weeks at room temperature in the dark. Subsequently, tissue blocks were vibratome
sectioned at 80-100 puw thickness, mounted onto glass slides, and stained by exposure to
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NH4OH solution. A total of 26 neurons from eight CCG KI mice and 27 neurons from eight
WT control mice were used for quantitative analysis.

Dendritic complexity and the neuronal spine density of layer 11/111 neurons in primary visual
cortex of CGG KI and littermate WT mice was measured from whole cell reconstructions
using Neurolucida software (MBF Bioscience, Williston, VT, U.S.A.) on a Zeiss Axioscope
100 microscope (Carl Zeiss, Thornwood, NY, U.S.A.) with motorized stage and a color
CCD camera. Dendrites were drawn at high magnification through a Zeiss Apochromat
100x, 1.4 NA, oil immersion lens. A total of 50 cells from 16 animals (eight CGG KI and
eight WT littermate controls) were processed for measures of dendritic complexity. Neurons
were chosen for analysis based on the following criteria: (1) the quality of Golgi
impregnation; (2) the relative isolation of impregnated neurons compared with neighboring
impregnated cells; and (3) the position of neurons within primary visual cortex (V1) and
layer 11/111 as determined by reference to Nissl-stained tissue sections from littermate
animals. Complete reconstructions of apical and basilar dendritic fields were performed
using Neurolucida for each neuron, and measures of dendritic length, volume, tortuosity,
and branch order were obtained. Branch order was assigned using the centrifugal scheme. In
addition, dendritic complexity was assessed by Sholl analysis (Sholl, 1953). Here, a series of
concentric rings of consistently increasing size are centered over the cell soma and the
number of dendritic crossings is measured at each ring. Dendritic trees with more branches
will have increased numbers of ring crossings, thus providing a quantitative assessment of
complexity.

To measure spine densities, complete reconstructions from separate cells of single apical and
basal dendritic branches with spines marked were obtained from five CGG KI and six
littermate WT mice. Dendritic branches were drawn at high magnification (Zeiss
Apochromat 100x%, 1.4 NA, oil immersion lens) using Neurolucida software along the whole
dendrite from the cell soma to the tips of branches, and spines were classified according to
their morphology (filipodial, stubby, or mushroom). In total, 1,096 spines from five CGG KI
mice and 1,310 spines from five WT littermate control mice were measured and data
regarding length, volume, and number of spines were obtained.

Western blot analysis of FMRP

Mice were sacrificed by cervical dislocation, and brains were rapidly removed, frozen, and
stored at —80°C. WT (n = 5) and CGG KI (n = 12) mice with CGG repeat lengths ranging
between 84-210 (mean 138.6 + 12.0) were used. Samples were homogenized in N-2-
hydroxyethylpiperazine-N’-2-ethane sulfonic acid buffer with protease inhibitor cocktail
(Roche Diagnostics). Protein concentrations were determined and 60 g of the protein
extracts were diluted with Laemmli sample buffer (Bio-Rad, Hercules, CA, U.S.A.), heated
for 5 min at 98°C and loaded onto an 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gel. The proteins were transferred onto nitrocellulose membranes. The
membranes were blocked with LiCor Odyssey Imaging System (LiCor Biosciences,
Lincoln, NE, U.S.A.) blocking buffer for 2 h. They were incubated overnight at room
temperature with primary antibodies specific for FMRP (1:20,000, polyclonal chicken host,
(Iwahashi et al., 2009). Immunoreactivity against beta actin (1:10,000, monoclonal mouse
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host; Sigma-Aldrich, St. Louis, MO, U.S.A.) served as a loading control and was used to
normalize protein concentrations between gels and lanes. Membranes were incubated for 1 h
at room temperature with secondary antibodies (donkey anti-chicken 800 IR-Dye 1:10,000
and goat antimouse 680 IR-Dye 1:10,000; LiCor Odyssey Imaging System), followed by
several washes. The levels of FMRP and Actin were quantified using the LiCor Odyssey
Imaging System software.

Fmrl mRNA levels quantified by quantitative reverse-transcription polymerase chain

reaction

RNA isolation from whole brain was performed according to Brouwer et al. (2008). RNA
concentration and purity was determined using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Thermo Scientific, Wilmington, DE, U.S.A.). RNA (1 ng) was
reverse transcripted using an iScript kit (Bio-Rad) according to manufacturer’s instructions.
Quantitative gPCR (qPCR) was performed on a TagMan real-time PCR instrument (ABI
7900; Applied Biosystems, Foster City, CA, U.S.A.) using TagMan PCR chemistry that
specifically utilizes the 5’-nuclease activity of the Taq polymerase to cleave a reporter probe
to release a fluorescent dye from its quencher molecule. The change in fluorescence can be
measured in real-time. Each gPCR was performed in duplicate with three starting RNA
concentrations (25, 12.5, and 6.25 ng), for both the target gene (Fmr1) and a housekeeping
gene glucoronidase (GUS) (a total of 12 reactions). Five microliters of complimentary DNA
(cDNA) was then used as template in a qPCR reaction with the following TagMan probes:
Forward-FMR1 5-GCA GAT TCC ATT TCA TGA TGT CA-3 and Reverse-FMR1, 5'-
ACC ACC AAC AGC AAG GCT CT-3'. Forward-GUS, 5-CTC ATT TGG AAT TTT
GCC GAT T-%; reverse-GUS, 5-CCG AGT GAA GAT CCCCTT TTT A-3’ (ABI PRISM
7900 HTA FAST Sequence Detector System). A pool of mRNA from adult WT mice was
used as an internal and interplate control. C; values of GUS were subtracted from the C;
value of Fmr1 gene for each sample, which gives the AC;. AC; of WT was then subtracted
from AC; of CGG mice, which is designated as the AAC;. 2-AAC; then gives fold change.
Samples were standardized in an intraplate manner and interplate manner.

Data analysis

Data are expressed as means * standard error of the mean (SEM). For quantitative measures
of dendritic reconstructions, traces were exported into Neuroexplorer (MBF Bioscience).
Statistical significance of grouped dendritic and spine measures between CGG Kl and WT
mice were determined using a two-tailed Student’s t-test. For comparisons of differences
using the Sholl analysis, the number of intersections at defined distances from the soma was
compared between CGG Kl and littermate WT mice using a two-tailed Student’s t-test.
Significance in the cumulative distribution plots for spine densities was determined using
the nonparametric two sample Kolmogorov-Smirnov test (Stratford et al., 1997). Fnmrl
mRNA expression and FMRP levels were analyzed statistically using a one-way ANOVA.
The minimum level of statistical significance for all tests was set at a = 0.05.
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Individual layer I1/111 pyramidal neurons in visual cortex were visualized using a Nikon
E600 brightfield microscope with a 100x oil immersion objective and motorized stage.
Soma and apical and basilar dendrites were then traced for selected neurons using
Neurolucida software (MBF Bioscience) as shown in Fig. 2 for a representative WT mouse
with a normal 8-10 CGG repeat length and a representative CGG KI mouse with a 156
CGG repeat expansion. Dendritic complexity was quantified by Sholl analysis by counting
the number of branch intersections with concentric rings progressively increasing by 20 um.
As shown in Fig. 3, the number of ring intersections was generally lower in CGG KI mice
compared to WT mice, and significantly lower at 40 pm (p < 0.05). Dendritic length was
also calculated from Neurolucida reconstructions (Fig. 4). When calculated across both
apical and basilar dendrites, total dendritic length was significantly shorter in CGG KI mice
compared to WT mice. However, when examined separately, the decrease in dendritic
length was found to be significant for apical but not basilar dendrites.

Spine length was also quantified in layer I1/111 pyramidal neurons in primary visual cortex
for both basilar and apical dendritic spines (Fig. 5). Spine length is expressed as the
cumulative frequency of spine lengths binned in 0.4-um segments. The range of spine
lengths observed in pyramidal neurons ranged between 0.4 and 5.0 um. As shown in Fig. 5,
the cumulative frequency of basilar spine lengths for CGG KI mice was shifted significantly
to the left (p < 0.05), demonstrating an increase in the frequency of longer dendritic spines
compared to WT mice. In contrast, there was no difference in distribution of spine lengths
for apical spines.

As shown in Fig. 6, spine density was also quantified for all spines visualized as well as for
three different spine submorphologies, based on a modification of previous classification
schemes described earlier (Irwin et al., 2001). The three morphologic subgroups were stubby
and mushroom shape reflecting mature spines, and long and spindly filipodial spines for
immature appearing spines. However, there were no significant differences in spine density
when summed across all spines or when examined within mature or immature spine groups.

A characteristic molecular finding in the brains of CGG Kl mice is a 1.5-3 fold increase in
brain Fmrl mRNA expression, and a 15-50% reduction in brain levels of FMRP due in part
to translational inefficiency of Fmrl mRNA bearing an expanded CGG repeat expansion
(Brouwer et al., 2008). Therefore, Fmr1 mRNA expression and FMRP levels in whole brain
were quantified in a separate group of CGG Kl and WT mice of similar age to those used for
Golgi analysis in order to establish that the mice bred for use in this study showed the
expected molecular features. As shown in Fig. 7, average Fmrl mRNA expression was
increased by approximately 1.4 fold in the brains of mice compared to WT mice (p < 0.05),
whereas levels of FMRP were reduced by 28% in the brains of CGG KI mice versus WT
mice.
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Discussion

Pyramidal neurons in layers 11/111 of primary visual cortex of CGG KI mice showed less
complex dendritic branching patterns, reduced total dendritic length (apical dendrites), and
longer dendritic spines on basal dendrites. These results extend earlier studies showing
histopathology in CGG KI mice (e.g., intranuclear inclusions) to include abnormalities in the
fine structure of dendrites and dendritic spines. They also suggest that dendritic branching
and spine morphology may be abnormal in PM carriers and FXTAS patients, although this
has not yet been demonstrated. These findings are important because reduced dendrite
complexity and altered spine morphology could underlie, at least in part, behavioral
impairments reported in CGG KI mice. These impairments include processing of visual
spatial information (Hunsaker et al., 2009), temporal information (Hunsaker et al., 2010),
and poor visual-motor coordination in a test of locomotor coordination (Hunsaker et al.,
2011).

The present in vivo results are consistent with in vitro data showing less complex dendritic
branching patterns in primary cultures of hippocampal neurons from CGG KI mice versus
WT mice (Chen et al., 2010). Altered patterns of dendritic arborization and spine
morphology may also reflect abnormal embryonic cortical development reported earlier by
Cunningham et al. (2011) who documented abnormal migration and differentiation of
embryonic neocortical precursor cells in CGG Kl mice compared to WT mice.

A second mouse model of the PM has been described by Qin et al. (2011). This KI mouse
also shows elevated Fmr1l mRNA and reduced FMRP, although the reduction in FMRP in
the Qin model is markedly greater than that observed in the KI mice used in the present
study (i.e., 80-90% vs. 15-30% in the present CGG mouse model). The reasons for these
differences between models are currently unknown, but clearly raise important new
questions about the mechanisms underlying the reduction in FMRP associated with CGG
repeat expansions on Frmr1. Consistent with the present findings, Qin et al. (2011) found
reduced dendritic complexity in layer Il pyramidal neurons in medial prefrontal cortex,
CA3 region of the hippocampus, and basolateral amygdala, and increased dendritic spine
length on both basal and apical dendrites in medial prefrontal cortex, hippocampus, and
amygdala.

The molecular mechanisms underlying abnormal morphology of neurons in the CGG K
mice are unclear, but are likely to be associated with the elevated Fmr1 mRNA and reduced
FMREP in brain that characterize the fragile X premutation (Berman & Willemsen, 2009;
Willemsen et al., 2011). Support for a role of FMRP in abnormal dendritic and spine
morphology comes from human postmortem studies of the FXS and animal studies in the
Fmrl KO mouse used to model FXS. Patients with FXS show complete or nearly complete
absence of FMRP due to hyper-methylation of Fmr1 resulting in silencing of transcription
(Bell et al., 1991). These individuals develop mental retardation, and previous Golgi
analyses of postmortem tissues from these individuals show abnormal dendritic spine
density and spine morphology in temporal and visual neocortical pyramidal neurons (Hinton
etal., 1991; Irwin et al., 2001). Fragile X patients showed an increase in dendritic spine
density and an increase in the frequency of spines with immature “filipodial” morphology.

Epilepsia. Author manuscript; available in PMC 2015 February 04.



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

1duosnuely Joyny vd-HIN

Berman et al.

Page 9

These morphologic features have been suggested to underlie impaired cognitive function
associated with FXS (Irwin et al., 2002). Similarly, increased density and abnormal spine
morphology have been found in the Fmr1 KO mouse cortex (Irwin et al., 2002) and
hippocampus (Grossman et al., 2010). Levenga et al. (2011) labeled dendritic spines of 25-
week-old Fmrl KO mice with fluorescent Dil and also found more immature filipodia-like
spines in hippocampal CAL, but not in CA3. Of interest, this abnormal spine morphology as
well as abnormal sensory gating measured by prepulse inhibition (PPI) could be rescued by
treatment with MPEP, an mGIuR5 antagonist (de Vrij et al., 2008). The increase in spine
density and immature spines suggests that both synaptic pruning and synapse maturation
during development may be impaired in FXS. Additional support for a role for a reduction
in FMRP in abnormal dendritic branching and spine morphology comes from studies
showing that loss of FMRP is associated with defects in axonal growth cone dynamics and
synaptic plasticity, as well as the fact FMRP appears to be located both presynaptically and
postsynaptically (Antar et al., 2006; Bassell & Warren, 2008).

The present results show both similarities and differences from studies in Fmr1 KO mice.
Specifically, we find greater numbers of longer dendritic spines in layer 11/111 visual cortex
in CGG KI mice compared to WT mice, and this is consistent with human (Hinton et al.,
1991; Irwin et al., 2001) and rodent studies (Irwin et al., 2002; McKinney et al., 2005;
Grossman et al., 2006, 2010). Our results differ from observations in Fmr1 KO mice in that
we did not find a specific increase in the proportion of immature filipodia-type spines (Irwin
et al., 2001; McKinney et al., 2005; Grossman et al., 2010). In addition, we found significant
reduction in the complexity of dendrite branching patterns, and this is not found in the Fmrl
KO mouse (Irwin et al., 2002). To our knowledge dendritic branching patterns have not been
examined in postmortem tissues from carriers of the PM or FXTAS patients, or in the FXS.
We also found a decrease in total dendritic length in CGG KI compared to WT mice that
appeared to be associated primarily with apical dendrites, and this morphologic difference
has not been reported in FXS cases or Fmr1 KO mice.

The argument that dendritic branching and spine anomalies may be due, wholly or in part, to
a lack of FMRP is weakened by differences in the types of morphologic changes in dendrites
and spines between CGG KI mice with only reduced levels of FMRP and the fragile X KO
mouse completely lacking FMRP. Specifically, neocortical pyramidal neurons in both CGG
KI mice and Fmrl KO mice show longer spines, suggesting that reduced FMRP in both
mouse models could contribute to spine anomalies. However, increased spine density
reported in FXS (Irwin et al., 2001) and in the Fmrl KO mouse (McKinney et al., 2005) was
not seen in the present study in CGG KI mice. In addition, reduced complexity in the
branching of dendritic arbors seen in CGG KI, and in hippocampal neurons in culture
isolated from CGG KI mice (Chen et al., 2010), has not been found in Fmr1 KO mice when
examined (Irwin et al., 2002; de Vrij et al., 2008), and has not been reported in postmortem
tissues from FXS. Therefore, it is possible that reduction in FMRP may underlie spine
anomalies, whereas elevated Fmr1 mRNA seen in the fragile X premutation, FXTAS, and
CGG KI mice may contribute to abnormal dendritic branching patterns, but may not be as
involved in abnormal development of dendritic spines. Indeed, elevated levels of FMR1
MRNA have led to the proposal that the PM phenotype and FXTAS results from a toxic
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“RNA gain of function” (Hagerman et al., 2001; Jin et al., 2003; Handa et al., 2005), where
neuropathology is thought to be due to increased levels of expanded CGG mRNA
sequestering specific RNA-binding proteins (e.g., Pur-a, hnRNPA2/ B1, CUGBP1, Sam68)
that are important for normal cellular functions (e.g., mRNA transport, protein trafficking,
alternative splicing, and microRNA processing) (Willemsen et al., 2011). Elegant studies
have provided evidence of direct RNA toxicity by demonstrating at least partial rescue of
the WT phenotype by overexpressing the sequestered protein candidates in the context of the
expanded CGG-repeat RNA (Sellier, et al., 2011).

In conclusion, dendritic arborization and dendritic spine morphology appear to be abnormal
in layer 11/111 of the primary visual cortex of the adult CGG KI mouse model of the PM and
FXTAS. This includes a general decrease in the branching complexity of dendrites of
pyramidal neurons, a decrease in total dendritic length, particularly for apical dendrites, and
an increase in the proportion of longer dendritic spines. The longer dendritic spines were not
specifically associated with immature- or mature-appearing spines. Dendritic spine density
did not differ between WT and CGG KI mice. These results in CGG KI mice suggest that
neuropathology in FXTAS reported in previous studies (e.g., loss of Purkinje cells, presence
of intra nuclear protein inclusions, loss of myelination) may also include dendritic and spine
abnormalities. Such studies have not been carried out in human postmortem tissues from
FXTAS patients, but should be undertaken in the future. The relative roles of elevated Fmr1
mMRNA and decreased FMRP in pathology remain unclear, but differences in the
morphologic changes seen between CGG KI mice with only slightly reduced levels of
FMRP and CGG KO mice without any FMRP, suggest a role for elevated Fmrl mRNA in
the observed dendrite and spine pathology. The present results are limited to primary visual
cortex, and it is likely that other brain regions—including the hippocampus, amygdala, and
cerebellum—uwill show abnormal dendritic and spine morphologies and that these studies
also need to be undertaken to better understand the scope of pathology in the nervous system
of CGG KI mice, and by analogy FXTAS. Finally, it is tempting to ascribe sensory, motor,
and cognitive impairments in the PM and FXTAS to abnormal synaptic structure. However,
this relationship has not yet been firmly established, and will probably require development
of new mouse models of these disorders that will allow for direct experimenter control of
Fmrl mRNA expression and levels of FMRP over the course of development of the nervous
system, and such models are currently being developed.
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Figure 1.
Immunofluorescent photomicrographs of ubiquitinpositive intranuclear inclusions (arrows)

immunolabeled in red. (A) Pyramidal neurons in motor cortex (green immunolabel for
Kv2.1 potassium channels), (B) lamina I neocortical astrocytes (green immunolabel for
GFAP), and (C) Bergmann glia (green immunolabel for GFAP) of CGG KI mice. In (B),
note several intra-nuclear inclusions in adjacent neurons (arrowheads). Nuclei were stained
with DAPI. (Adapted from Wenzel et al., 2010).
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B CGG Kl (156 CGG)

Figure2.
Dendrite branching complexity. Representative reconstructions of dendritic arborization in

layers I1/111 of primary visual cortex from WT (A) and CGG KI (B) mice with 10 (normal)
or 156 CGG repeats (expanded) on Fmrl, respectively. Subsequent quantitative measures
were made on similar reconstructions using Neurolucida software, including Sholl analysis
for dendritic complexity (Sholl, 1953). Bar = 50 pm.
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Figure 3.
Branching complexity of apical and basilar dendrites were quantified by Sholl analysis as

the number of ring intersections by dendritic branches with ring diameter set at 20 pm (i.e.,
ring intersections/20 pm). The overall pattern of branching was less complex for CGG Kl
mice, and dendrites at 40 pm showed significantly fewer branches in CGG KI mice
compared to WT mice (p < 0.05).
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Figure 4.
Representative photomicrographs of Golgi-Cox stained pyramidal neurons in layer 11/111 of

primary visual cortex of WT (A, B, C) and CGG KI mice (D, E, F) at progressively higher
magnification. Total dendritic length was calculated from reconstructed dendritic arbors
using Neurolucida software. Total dendritic length (G) was reduced for all dendrites (p <
0.05), but was only significantly reduced for apical dendrites (p < 0.05) when apical (H) and
basilar (I) dendrites were analyzed separately. Magnification: A & D — 4%, B & E - 20x, C
& F - 100x.
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Dendritic spine length for basilar (A) and apical (B) dendrites graphed as cumulative
frequency distributions across spine lengths (0.4-5.2 um). Overall mean spine lengths were
significantly longer for CGG KI mice versus WT mice for basilar, but not apical dendrites (p

< 0.001; Kolmogorov-Smirnov test).
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Figure®6.
Dendritic spines were classified according to shape (i.e., stubby, mushroom, filipodial) and

spine density for each shape was determined for basilar (A) and apical (B) dendrites. There
were no significant differences between CGG KI and WT mice in spine density.
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Wildtype
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(A) Frrl mRNA expression levels were significant elevated by approximately 1.5-fold in
adult male CGG KI mice compared to WT mice (*p < 0.05). (B) Whole brain levels of
FMRP were decreased in CGG KI mice by approximately 28% compared to WT mice (*p <

0.05).
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Core pathology Human FXTAS

CGG K1 mouse

CGG trinucleotide repeat 55-200 CGG repeat length, repeat instability
expansion length on FMR1

Elevated FMR1 mRNA expression  2-8-fold increase

FMRP levels Reduced in several brain regions

Motor impairment Tremor/ataxia, postural sway, parkinsonism

Cognitive impairment Poor working memory, anxiety, depression,
social phobia

Intranuclear inclusions Neurons and astrocytes, highly correlated with
CGG repeat length, frequency increases with
aging

70-300 CGG repeat length, modest repeat instability

1.5-3.0-fold increase
Reduced in several brain regions
Impaired on Rotorod, ladder rung task

Spatial memory deficits, anxiety in elevated plus
maze

Neurons and astrocytes, related to length of CGG
repeat, frequency increases with aging

aAdapted from Berman & Willemsen, 2009.
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