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Fragile X Syndrome (FXS) is the most common single gene cause of inherited mental impairment, and
cognitive deficits can range from simple learning disabilities to mental retardation. Human FXS is caused by a
loss of the Fragile X Mental Retardation Protein (FMRP). The fragile X knockout (FX KO) mouse also shows a
loss of FMRP, as well as many of the physical and behavioural characteristics of human FXS. This work aims
to characterize the anatomical changes between the FX KO and a corresponding wild type mouse. Significant
volume decreases were found in two regions within the deep cerebellar nuclei, namely the nucleus
interpositus and the fastigial nucleus, which may be caused by a loss of neurons as indicated by histological
analysis. Well-known links between these nuclei and previously established behavioural and physical
characteristics of FXS are discussed. The loss of FMRP has a significant effect on these two nuclei, and future
studies of FXS should evaluate the biochemical, physiological, and behavioral consequences of alterations in
these key nuclei.
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Introduction

The most common inherited form of mental retardation, Fragile X
Syndrome (FXS), affects approximately 1 in 4000 males and 1 in 8000
females (Crawford et al., 2001; Visootsak et al., 2005). FXS results
from a trinucleotide repeat expansionmutation in the X-linked Fragile
X Mental Retardation 1 (FMR1) gene. Methylation of the FMR1
promoter causes gene silencing and loss of expression of the protein
product, fragile Xmental retardation protein (FMRP). Individuals with
FXS exhibit a range of symptoms, including mild to moderate mental
retardation, anxiety, hyperactivity, autistic-like behaviours and
seizures (O'Donnell and Warren, 2002). Common physical character-
istics include a long narrow face, large protruding ears and enlarged
testicles (Visootsak et al., 2005).

The FMR1 knockout mouse (FX KO), first created in 1994 (Dutch-
Belgium Fragile X Consortium, 1994), is the most common animal
model used to study FXS. The FX KO does not express FMRP and
displays many characteristics associated with FXS in humans
including learning deficits, hyperactivity, seizures and enlarged
testicles (Musumeci et al., 2000; Oostra and Hoogeveen, 1997;
Pacey et al., 2009). Both humans and mice also exhibit an abundance
of long, thin immature dendritic spines in the cerebral cortex,
hippocampus and cerebellum, suggesting abnormal synaptic devel-
opment and/or maturation in the absence of FMRP (Grossman et al.,
2006; Irwin et al., 2000; Koekkoek et al., 2005). The first brain
abnormality reported in a Magnetic Resonance Imaging (MRI) study
of human FXS carriers was underdevelopment of the cerebellar
vermis (the tissue connecting the right and left hemisphere of the
cerebellum) (Reiss et al., 1988). Abnormalities in the development of
the cerebellar vermis have been mentioned in a large number of
studies, and are thought to be directly related to some of the
behavioural deficits in fragile X syndrome, since the vermis has
connections to the amygdala and hippocampus (Hessl et al., 2004).
Other MRI studies have shown abnormalities in the fourth ventricle
(Mostofsky et al., 1998; Reiss et al., 1991), the hippocampus (Reiss et
al., 1994), and the amygdala (Reiss et al., 1995). Diffusion Tensor
Imaging (DTI) has also found lower Fractional Anisotropy (FA) values
in fronto-striatal pathways and in parietal sensory motor tracts
(Barnea-Goraly et al., 2003) indicating a loss of order/structure in
those pathways.

A previous MRI study on the FX KO mouse did not find any
volume changes in the brain (Kooy et al., 1999); however, the
analysis was performed on very large brain structures and the
resolution was quite low. The purpose of this paper was to
determine if there are any detectable anatomical and/or white
matter structural changes in the FX KO mouse model when
compared to the wild type (WT) mice using high-resolution MRI
and DTI. Furthermore, we assess changes to the craniofacial
structure with high-resolution micro-CT in order to look for skeletal
changes due to the known facial dismorphism associated with
human FXS.
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Materials and methods

Specimen preparation

Fourteen, fixed C57BL6mouse brains left in the skull (7 FX KOmice
and 7 WT mice) were examined at age P30 (postnatal day 30). P30
was chosen because this is the age where the FX KO mice were the
most susceptible to the audiogenic seizures associated with the
mouse model (Musumeci et al., 2000; Pacey et al., 2009). Initially the
mice were anesthetized with ketamine/xylazine and intracardially
perfused with 30 mL of 0.1 M PBS containing 10 U/mL heparin
(Sigma) and 2 mM ProHance (a Gadolinium contrast agent) followed
by 30 mL of ice cold 4% paraformaldehyde (PFA) containing 2 mM
ProHance (Spring et al., 2007). Perfusions were performed with a
Pharmacia minipump at a rate of approximately 100 mL/h. After
perfusion, mice were decapitated and the skin, lower jaw, ears, and
the cartilaginous nose tip were removed. The brain and remaining
skull structures were incubated in 4% PFA+2 mM ProHance over-
night at 4 °C then transferred to 0.1 M PBS containing 2 mM ProHance
and 0.02% sodium azide for at least 7 days prior to MRI scanning.

Magnetic resonance imaging

A7.0 TeslaMRI scanner (Varian Inc., Palo Alto, CA)with a 6-cm inner
bore diameter insert gradient (max gradient 100G/cm)was used for all
MRI scans. Three custom built solenoid coils were used to image three
brains in parallel (Bocket al., 2005). Parameters used for anatomicalMRI
scans were optimized for high efficiency and gray/white matter
contrast: T2-weighted, 3D fast spin echo, with a TR of 325 ms, and TEs
of 10 msper echo for 6 echoes,with the centre of k-space being acquired
on the 4th echo, four averages, field-of-view of 14×14×25 mm3 and
matrix size of 432×432×780 giving an image with 0.032 mm isotropic
voxels. Total imaging time for this MRI sequence is ∼12 h (Henkelman
et al., 2006).

DTI scanning was performed with a 3D diffusion-weighted fast
spin echo sequence. Parameters used in the DTI sequence: echo train
length of 6, TR of 325 ms, first TE 30 ms and a TE of 6 ms for the
remaining 5 echoes, ten averages, field-of-view of 14×14×25 mm3

and a matrix size of 120×120×214 yielding an image with 0.117 mm
isotropic voxels. One b=0 image (with minimal diffusion weighting)
and 6 high b-value images (b=1956 s/mm2) were acquired in six
different directions [(1, 1, 0),(1, 0, 1),(0, 1, 1),(−1, 1, 0),(−1, 0, 1),(0,
1,−1)] of (Gx, Gy, Gz). Total imaging time for this sequence was ∼16 h.
Fractional Anisotropy (FA) maps were then calculated (Le Bihan et al.,
2001).

Computed tomography

After the MRI scans were completed the fixed mouse brains in
skulls were scanned for craniofacial abnormalities. Three-dimensional
CT images were acquired using a MS-9 micro-CT scanner (GE Medical
Systems, London, Ontario, Canada) with the X-ray source set at
80 kVp. Craniofacial imageswere acquired in ∼3 hwith 720 views and
reconstructed on a 0.02-mm isotropic grid. The computed images
show calcified bone as highly intense against a relatively uniform dark
background.

Registration and analysis

To visualize and compare any changes in the FX KO mouse, the
brains (from the anatomical scan as well as the b=0 images from the
DTI scans) and the skulls from the CT are linearly (6 parameters
followed by 12 parameters) and nonlinearly registered towards a pre-
existing atlas (Dorr et al., 2008) for theMRI scans and a wild type skull
for the CT scans, and a transform is created for each mouse. All scans
are then resampled with the appropriate transform and averaged to
create a population atlas representing the average anatomy or skeletal
structure of the study sample. All registrations are performed using
the mni_autoreg tools (Collins et al., 1994). The result of the
registration is to have all scans deformed into exact alignment with
each other in an unbiased fashion. This allows for the analysis of the
deformations needed to take each individual mouse's anatomy into
this final atlas space, the goal being to model how the deformation
fields relate to genotype (Lerch et al., 2008; Nieman et al., 2006). The
determinants of the deformation fields were then calculated as
measures of volume at each voxel. Significant volume and shape
changes can then be calculated by warping a pre-existing classified
MRI atlas onto the population atlas (Dorr et al., 2008), which allows
the volume of 62 segmented structures encompassing cortical lobes,
large white matter structures (i.e. corpus callosum), ventricles,
cerebellum, brain stem, and olfactory bulbs (Dorr et al., 2008) to be
assessed in all 14 brains. Since the mice at P30 are still developing, the
62 volumes were calculated as a percentage of total brain volume;
furthermore, the voxel-wise analyses were also corrected for total
brain volume. For the DTI data set, the transformations applied to the
b=0 images during the registration process were applied to the
calculated FA map for each brain, from which average FA maps were
calculated for both the FX KO and the WT mouse. The intensities (i.e.
the FA values) of the FA maps were then compared. FA differences
were assessed on a voxel by voxel basis constrained by the white
matter structures in the classified atlas (Dorr et al., 2008), and by
measuring the mean FA values of the same white matter regions
assessed in the anatomical MRI measurements. Multiple
comparisons were controlled for using the False Discovery Rate
(FDR) (Genovese et al., 2002).

Immunohistochemistry

The 14 fixed mouse brains were removed from the skull and
paraffin embedded. 32 consecutive coronal slices (thickness 5 µm)
were taken from each of the 14 mice through the cerebellum which
included contributions from the dentate nucleus, fastigial nucleus,
and nucleus interpositus. The vestibulocerebellar nucleus was not
quantified. 8 slices each were stained with the following four
antibodies: rabbit anti-Glial Fibrillary Acidic Protein (GFAP, 1:100,
SIGNET), mouse anti-Neuronal Nuclei (NeuN, 1:100, Chemicon),
rabbit anti-Vesicular GABA Transporter (VGAT, 1:1000, Synaptic
Systems), and mouse anti-Vesicular Glutamate Transporter 1
(VGLUT1, 1:500, MediMabs). The slides were digitized by using a
slide scanner at 40× resolution for each of the 4 stains. The dentate
nucleus, fastigial nucleus, and nucleus interpositus were manually
outlined (blinded to genotype) on the 32 sections per brain (Fig. 1A).
A neural net classifier (Zijdenbos et al., 2002) was then trained to
discriminate between active stain (GFAP, NeuN, VGAT, or VGLUT),
counter stain (DAPI), and background (Fig. 1B, C). The same
classification rules were applied to each and every slide of the same
stain. The proportion of pixels stained by the active stain was then
measured within each of the nuclei and used for subsequent
quantitative analyses.

Results

The first step in our analysis was to examine the volume of the 62
different anatomical regions in the mouse brain usingMRI (Dorr et al.,
2008), as well as the total brain volume. Of the 62 segmented regions,
one yielded significance: the arbor vita of the cerebellum, which is
composed of the white matter in the cerebellum as well as the deep
cerebellar nuclei; trends were found in the striatum, and the cerebral
cortex of the parieto-temporal lobe. Table 1 lists the volume
measurements (in % total brain volume) for the FX KO and WT
mouse. The arbor vita of the cerebellum and the striatum both
decreased in size in the FX KOmice, whereas the cerebral cortex of the



Fig. 1. Histological methodology. (A) The manual outlining of the specific nuclei. (B) A high-resolution image of the dentate nucleus in a WT mouse showing the active stain in blue
(in this case VGAT), counter stain in yellow, and background in gray. (C) Same image as in B after classification.
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parieto-temporal lobe increased when compared to the WT mice. The
arbor vita of the cerebellum was a highly significant change with a q
value of 0.02.

The significance of the volume change in the arbor vita led us to
examine the cerebellum on a voxel by voxel basis in order to determine
where the changes were located. Fig. 2A highlights the areas
demonstrating significant decreases in FX KO mice, with the t-statistic
in colour thresholded to a FDR of b10%. Fig. 2B shows a 3D
representation of those significant areas in the cerebellum and shows
specific localized volume changes that seem to be located within the
deep cerebellar nuclei in the arbor vita. Based on these results, the
dentate nucleus, the fastigial nucleus, the nucleus interpositus, and the
vestibulocerebellar nucleus were hand segmented onto the registered
anatomical average (Fig. 3), and the volumes of those 4 nuclei (total
volume included the left and the right nuclei for each) were calculated
for each brain after first resampling the cerebellar segmentation to each
individual scan using the non-linear transforms created earlier. Fig. 3
plots the volumes of the individual cerebellar nuclei (in % total brain
volume) for both the FXKOandWTmouseand shows the location of the
4 nuclei. Significant decreases in the volumes of the fastigial nucleus
(q=0.07) and nucleus interpositus (q=0.02) were found in the FX KO
mice compared to WT.

DTI revealed no significant changes in the white matter structures
of the FX KO compared to the WT mouse. Furthermore, the
craniofacial images which were acquired using the micro-CT also
did not reveal any statistically significant skeletal deformities.
Immunohistochemistry

Since the MRI results indicated specific volumetric changes in the
fastigial nucleus and nucleus interpositus, histology was performed
on these regions, plus the dentate nucleus, in order to interpret these
volumetric changes. The same 14 brains were analyzed by immuno-
histochemistry and stained for the astrocyte marker GFAP, the
neuronal marker NeuN, the glutamate transporter VGLUT1 and the
Table 1
Volume measurementsa for significantly different or trending regions in the fragile X
knockout mouse and the wild type control mouse.

Region Fragile X knockout Wild type p-value q-value

Arbor vita of the cerebellum 1.98±0.03 2.04±0.03 0.0002 0.02
Parieto-temporal lobe 17.78±0.26 17.36±0.33 0.0077 0.16
Striatum 4.48±0.12 4.56±0.09 0.0076 0.16

a Volume measurements are listed in % total brain volume.
GABA transporter VGAT. GFAP and NeuN were chosen to determine
the contributions of astrocytes and neurons within the cerebellar
nuclei. VGAT and VGLUT1were chosen because of previously reported
increases in inhibitory synaptic transmission that have been shown in
mouse models of autism (Tabuchi et al., 2007).

The histological data were analyzed by first looking for correla-
tions between the proportions of active stain within the individually
segmented cerebellar nuclei versus the corresponding volume
changes in those cerebellar nuclei assessed by MRI (Fig. 4). A linear
model of the normalized MRI volumes of the cerebellar nuclei versus
the proportion stained of each of the 4 stains within each of those
individual cerebellar nuclei revealed that ∼50% (R2=0.454, with
p=0.00115) of the variance in the MRI volumes can be explained by
the histology performed. Fig. 5 shows the differences in proportion
stained in each of the three regions for each of the 4 histological stains
performed between the WT and FX KO. A significant increase in the
proportion of GFAP staining (qb0.01) and a significant decrease in the
proportion of NeuN staining (qb0.01) was found in the examined
deep cerebellar nuclei in the FX KOmouse compared with theWT. No
significant changes in the proportion stained by VGAT and VGLUT1
were found between genotype.

Discussion

The volume differences found in the deep cerebellar nuclei of FX
KO mice are the most intriguing finding in this study. It would seem
that the loss of volume, reported from the MRI measurements, in the
fastigial nucleus and the nucleus interpositus may be related to the
decrease in the proportion of neurons within the nuclei found in the
histology. These findings suggest that the absence of FMRP results in a
loss of neurons in the deep cerebellar nuclei. FMRP is highly expressed
in the cerebellum (Nimchinsky et al., 2001) and it is unclear whether
the neuronal loss seen in our study is a product of the absence of FMRP
in deep cerebellar nuclei neurons or results from changes in
surrounding cells, such as Purkinje cells, which exhibit altered spine
morphology in the absence of FMRP (Koekkoek et al., 2005). In
addition, recent evidence suggests the loss of FMRP may result in
excess excitatory signaling in a number of brain regions (Curia et al.,
2009; Gruss and Braun, 2001, 2004; Pacey et al., 2009). This could lead
to excitotoxicity and neuronal loss in the deep cerebellar nuclei.
Further studies are needed to determine the mechanism by which the
loss of FMRP results in volume changes in the deep cerebellar nuclei.

Histological analysis also noted an increase in the proportion of
GFAP staining in the cerebellar nuclei indicating an increase in the
proportion of astrocytes in these regions. This increase could result
from reactive gliosis in response to the neuronal loss. However, FMRP



Fig. 2. (A) Significant volume decreases are highlighted (represented by their t-statistic) in the cerebellum of the fragile X knockout mouse when compared to the wild type. (B) 3D
representation of the significant regions (red) in the cerebellum (blue). The regions highlighted in both A and B have a false discovery rate of b10%. This figure has been smoothed by
tri-linear interpolation.
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has also been recently shown to be expressed in astrocytes during
development (Pacey and Doering, 2007) and loss of astrocytic FMRP
affects neuronal morphology and dendritic branching in co-culture
experiments (Jacobs and Doering, 2009). These findings suggest that
the absence of FMRP in both neurons and astrocytes could contribute
to the anatomical changes observed in the cerebellum.

Morphological and functional changes have been described previ-
ously in cells of the cerebellum in FX KO mice. A recent paper by
Koekkoek et al. (2005) demonstrated immature dendritic spines in the
Fig. 3. Bar graphs representing the % total brain volume of the four cerebellar nuclei (nuclei v
95% confidence interval. The volumes of the nucleus interpositus and the fastigial nucleus w
when comparing the fragile X knockout mouse (KO) and the wild type (WT).
Purkinje cells in the cerebellum of FX KO mice. That paper also noted a
learning deficit in eye-blink conditioning in both FMR1 knockout mice
and Purkinje cell-specific FMR1 knockouts. The eye-blink paradigm is
controlled largely by structures such as the interpositus nucleus
(Freeman and Nicholson, 2000; Thompson and Steinmetz, 2009). This
learning deficitmay, therefore, be a correlate of the volume changes and
corresponding neuronal loss found in this study in the FX KO mouse.

Much of the attention on cerebellum changes in the human FXS as
well as in autism spectrum disorders (ASDs) has been on changes in
olume is the summation of corresponding left and right nuclei). Error bars represent the
ere found to be significantly different (*), with p-values of 0.002 and 0.038 respectively,



Fig. 4. Scatter plots showing the proportion of active stain in the 3 specific deep cerebellar nuclei, namely the fastigial nucleus, the dentate nucleus, and the nucleus interpositus,
versus the normalized volume of those same 3 nuclei for each of the 4 stains used. Glial Fibrillary Acidic Protein (GFAP); Neuronal Nuclei (NeuN); Vesicular GABA Transporter
(VGAT); Vesicular Glutamate Transporter 1 (VGLUT).
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the cerebellar vermis (Courchesne et al., 1988; Reiss et al., 1988),
which has been found to be underdeveloped and decreased in size in
both disorders. The cerebellar vermis has known connections with the
amygdala and hippocampus (Sacchetti et al., 2005) as well as the
fastigial nucleus (Yamada and Noda, 1987). Therefore, the decrease in
size in the fastigial nucleus seen here in the FX KO mouse could be
correlated with changes seen in the cerebellar vermis in the human
work.

The decrease in the striatal volume and the increase in the cerebral
cortex of the parieto-temporal lobe found in the FX KOmouse are also
interesting findings. Recent studies in 84 children and adolescents
with FXS have revealed an increase in size of the caudate nucleus, as
well as a decreased in the size of the cerebellar vermis, amygdala, and
superior temporal gyrus (Gothelf et al., 2008). This increase in the
caudate nucleus in human FXS; however, is in contrast to what was
found here with a decrease in the striatum for FX KO mice.
Furthermore, Stanfield et al. determined that the cerebral hemi-
spheres increase in autism by analyzing several previous studies in a
meta-analysis (Stanfield et al., 2008), which might also be related to
the changes found in the cerebral cortex of the parieto-temporal lobe
found in the FX KO model in this study. Volume differences in the FX
KO mouse were originally examined in 1999 (Kooy et al., 1999),
where the volume of 3 structures were reported (total brain volume,
cerebellum, and 4th ventricle), as well as the surface area of mid-
sagittal slices of the total brain, cerebellum (anterior and posterior),
4th ventricle, subcortical gray matter, and the hippocampus. In the
Kooy study the cerebellum volume in the FX KO mouse, while found
to be smaller (70±3 mm3) than the WT (74±7 mm3), was not
significant. Further, the authors found no significant differences in any
of the structures examined. The resolved voxel in the Kooy study was
quite large (4.2×10−3 mm3) compared with this current work
(3.3×10−5 mm3), probably accounting for the lack of any significance
in that study.

With the changes in the arbor vita of the cerebellumand the changes
in the deep cerebellar nuclei, the expectation was that changes in the
whitematter tracts would be visible with DTI. The DTI results, however,
did not show any changes in thewhitematter structure between the FX
KO andWTmouse in either a voxel by voxel comparison or in themean
FA values of the 62 different anatomical structures. FA values between
WT and FX KO were very similar in all white matter regions, for
example: corpus callosum—WT, FA=0.42±0.01 (mean±standard
deviation) and FX KO, FA=0.42±0.02; fimbria—WT, FA=0.52±0.01



Fig. 5. Shows the proportion stained for the wild type (WT) and fragile X knockout (KO) in each 3 cerebellar nuclei examined for each of the four stains used. Error bars represent a
95% confidence interval. Glial Fibrillary Acidic Protein (GFAP); Neuronal Nuclei (NeuN); Vesicular GABA Transporter (VGAT); Vesicular Glutamate Transporter 1 (VGLUT).
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andFXKO, FA=0.52±0.04; anterior commisure—WT, FA=0.47±0.02
and FX KO, FA=0.45±0.03. Previously, FA changes have been found in
human fragile X patients in the fronto-striatal and parietal sensory
motor pathways (Barnea-Goraly et al., 2003; Haas et al., 2009). The
frontal striatal pathway changes may be related to the decrease seen in
the volume of the striatum in the FX KO mouse; however, no changes
were seenwith thewhite matter structure in that areawith current DTI
measures. Fig. 6A depicts an average FAMap for the 7WTmice, Fig. 6B is
the average FA map for the 7 KO mice, clearly there are no noticeable
differences. In order to determine the resolvable FA difference for a
given voxel and region in the current data set, a specific voxel in the
corpus callosum as well as the entire corpus callosum (as an example)
were plotted to a power value of 0.8 against increasing group size
(Fig. 6C). For a single voxel in the corpus callosum any significant
difference would become evident at an FA difference of ±0.05, for the
entire structure of the corpus callosum significant differences would be
resolved at an FA difference of ±0.03 with 7 mice in each group. It is
likely, therefore, that if there are FA differences between the FX KO and
WT, they are very subtle. Some of the other known phenotypes of FXKO
mice, such as the learning deficits, are also subtle and are often
dependent on the background strain of the mice (Dobkin et al., 2000;
Paradee et al., 1999).
Fig. 6. Average Fractional Anisotropy (FA) maps of the wild type (A) and Fragile X knocko
callosum (as an example) to a power value of 0.8 plotted against the number of mice in ea
Wehypothesized that,with the longnarrow facewhich is a hallmark
of FXS, there may be some structural changes in the skull of the FX KO
mouse. However, no changes were seen when compared to theWT. An
example CT image from a single WT mouse used in this study can be
seen in Fig. 7. Craniofacial abnormalities have been found in zebrafish
(Tucker et al., 2006), which are attributed to dysmorphic cartilage
formation. The Meckel's cartilage in the FXS zerbrafish embryo was
found to be both shorter and wider when compared to the normal
embryo (Tucker et al., 2006). No skeletal abnormalities have been found
previously in mouse models of FXS. The lack of any significant finding
may be due to the sensitivity of the method; however, again it is more
likely due to the subtle nature of the mouse model used, since our
methodhas beenable to detect craniofacial changes in amutantmice on
the order of ∼0.1 mm (Nieman et al., 2006).

Conclusions

Through the use of MRI imaging and immunohistochemical
analysis, we have demonstrated anatomical changes the brains of
FMR1 knockout mice (FX KO). These changes correlate with similar
changes in human FXS, indicating that the methodology used in this
study is useful for anatomical phenotyping in mouse models. Of
ut mouse (B). (C) The resolvable FA difference of a given voxel and the entire corpus
ch group.



Fig. 7. 3D rendering of a single wild type mouse taken from our CT data set.
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particular interest is the decreased volume of two deep cerebellar
nuclei—the nucleus interpositus and the fastigial nucleus—in FX KO
mice. Histological analyses of these nuclei suggest neuronal lossmight
account for the reduced volumes of these regions. However, further
studies are needed to examine the effects of the loss of FMRP on the
deep cerebellar nuclei and changes in this region might contribute to
the pathogenesis of Fragile X syndrome.
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