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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late adult-onset neurodegenerative disorder
caused by a premutation CGG-trinucleotide repeat expansion (55-200 CGG repeats) within the 5-untrans-
lated region of the FMR1 gene. Although FXTAS generally affects premutation carriers over 50 years of
age, cognitive and psychological symptoms can appear in carriers during childhood, suggesting that the
FMR1 premutation affects brain function early in life. Recent work with cultured hippocampal neurons
from a premutation (Fmr1 CGG knock-in) mouse model revealed impaired development of early postnatal
neurons, consistent with the developmental clinical involvement of premutation carriers. In the current
work, we show that the presence of premutation CGG-repeat expansions in the mouse Fmr1 gene alters
embryonic neocortical development. Specifically, embryonic premutation mice display migration defects in
the neocortex and altered expression of neuronal lineage markers. The current data demonstrate that premu-
tation alleles of the Fmr1 gene are associated with defects in developmental programs operating during pre-
natal stages of brain formation and provide further evidence that the FMR1 premutation has a
neurodevelopmental component.

INTRODUCTION 1:250 males and 1:130 females carrying premutation alleles
Fragile X-associated tremor/ataxia syndrome (FXTAS) is a (12—14). However, only a subset of carriers will develop

late-onset, neurodegenerative disorder that affects carriers of
premutation CGG-repeat alleles (55—200 repeats) of the
fragile X mental retardation 1 (FMRI) gene. Core features
of the disorder include progressive gait ataxia and intention
tremor with associated cognitive decline and executive dys-
function, peripheral neuropathy, dysautonomia and Parkinson-
ism (1-7). Larger CGG-repeat expansions (full mutation;
>200 CGG repeats) give rise to fragile X syndrome, the
most common inherited form of cognitive impairment
(8—11). Moreover, premutation alleles of the FMRI gene are
quite common in the general population, with as many as

FXTAS (15), with both clinical and neuropathological features
being a function of the number of CGG repeats (16—19).
The apparent absence of FXTAS cases in the full mutation
CGG-repeat range, where the FMRI gene is transcriptionally
silent (absence of FMRI and mRNA protein), coupled with
marked elevation of FMRI mRNA in the premutation range
(20-22), has led to the proposal that FXTAS is caused by a
toxic gain-of-function effect of the FMRI mRNA (23). Con-
sistent with this hypothesis, characteristic intranuclear
inclusions found in neuronal and glial cells of FXTAS cases
(16,24) have been found to contain FMRI mRNA (25).
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Furthermore, formation of the intranuclear inclusions in cell
culture requires only active expression of the CGG-repeat
region as RNA (26), and expression of CGG repeats in Pur-
kinje neurons produces intranuclear inclusions, neurodegen-
eration and motor deficits (27).

To facilitate detailed studies of brain functioning in FMRI
premutation, a mouse model has been developed by replacing
the native 9—10 CGG repeats in the mouse Fmrl gene with
approximately 100 CGG repeats (28) (hereafter premutation
mouse). The premutation mouse model shares many key fea-
tures observed in human premutation carriers, both with and
without FXTAS. Both adult premutation mice and adult pre-
mutation humans exhibit upregulated FMRI/Fmri mRNA,
normal to slightly decreased levels of fragile X mental retar-
dation protein (FMRP), intranuclear inclusions in neurons
and glia and neurodegeneration (28—32). Chen et al. (32)
recently demonstrated that hippocampal neurons that were
obtained from premutation mice shortly after birth and
grown in culture display early functional and morphological
impairments that precede neurodegeneration (32), providing
further evidence that the FMRI premutation impacts CNS
functioning during early stages of development. In this
regard, FMR I mRNA has been reported in the human embryo-
nic neocortex (33), and FMRP protein has been shown in the
human (34) and mouse embryonic neocortex (35). These data
suggest that FMR1 gene expression could impact normal and
pathogenic developmental processes in the typically develop-
ing and premutation embryonic brain.

We used in utero retroviral cell labeling and immunostain-
ing methods in premutation mice and wild-type littermate con-
trols to assess whether Fmrl premutation impacts the
regulation of developmental processes in the embryonic neo-
cortex. We show here that (i) precursor cells and immature
neurons express FMRP in the wild-type embryonic neocortex,
(i1) that neocortical neurons exhibit a migration defect in
embryonic premutation mice and (iii) that there is a significant
increase in the number of cells that express the precursor cell
marker Pax6 and a significant decrease in the number of cells
that express the neural precursor cell marker Tbr2 in premuta-
tion mice. These data are consistent with the hypothesis that
premutation CGG expansions of the Fmrl gene impact
migration and differentiation in the embryonic brain and
reinforce the concept that the FMRI premutation impacts
brain development earlier than previously described. There-
fore, the defects in neocortical development that we observe
in premutation mice may provide the basis for the clinical
observations that children who carry the FMRI premutation
exhibit psychological symptoms, attention deficit hyperactiv-
ity disorder (ADHD) and autism spectrum disorders (3,36,37).

RESULTS

FMREP is expressed in the embryonic neocortex

To examine FMRP expression in the embryonic brain, coronal
sections of the neocortex obtained from wild-type littermates
of premutation mice at embryonic day (E) 16 were immunos-
tained with anti-FMRP antibodies. Two anti-FMRP antibodies
were utilized: a commercially available mouse monoclonal
antibody (clone 1C3, Millipore) and a chicken polyclonal
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antibody (38). The commercial antibody produced a stronger
overall pattern of immunoreactivity (IR) in the embryonic
brain, but this may be due in part to cross-reactivity with
related FXR proteins that are also expressed in the embryonic
brain (35). The chicken polyclonal antibody produced a more
restricted pattern of IR in the embryonic and postnatal brain
and was used for our analysis with both enzymatic and fluor-
escent secondary antibody staining. Strong FMRP-IR was
noted in the cortical plate (CP) and subplate in dorsolateral
regions of the E16 neocortex (Fig. 1A). The upper intermedi-
ate zone was relatively free from labeling. FMRP-IR was also
present in the ventricular zone (VZ) and subventricular zone
(SVZ) and there was a particularly strong band of FMRP-IR
near the edge of the ventricle in the dorsolateral cortex
(Fig. 1A, open arrowheads). The regional patterns of
FMRP-IR in the embryonic cerebral cortex did not vary
between wild-type and premutation mice. Positive controls
produced staining patterns that matched previous descriptions
of FMRP-IR in the postnatal brain (39), whereas negative con-
trols, including FmrI-KO embryonic neocortex (Fig. 1B), pre-
immune serum (Fig. 1D) and absence of primary antibody
(data not shown), lacked IR. FMRP-IR at the edge of the ven-
tricular lumen of embryonic rodent neocortex has been shown
in previous studies (35), and the presence of FMRI mRNAs in
the VZ, SVZ and CP has been reported in the fetal human neo-
cortex (33). Our results confirm these findings.

To determine which cell types expressed FMRP in the
embryonic neocortex, cortical tissue was double-immunostained
with antibodies against FMRP and antibodies that label neural
precursor cells or immature neurons. To test whether precursor
cells expressed FMRP, sections of wild-type embryonic neo-
cortex were double-labeled with antibodies directed against
FMRP and antibodies that detect the phosphorylated form of
vimentin (4A4). Phosphorylated vimentin is present in embryo-
nic precursor cells only during M-phase of division (40,41) and is
expressed by all radial glial cells undergoing division in the
embryonic VZ and by intermediate progenitor cells undergoing
division in the SVZ (41,42). FMRP expression was observed
in the VZ along the edge of the ventricular lumen where radial
glial precursor cells divide (Fig. 1C; white asterisks). FMRP is
primarily a cytoplasmic protein (39,43), and expression was
observed in the very thin rim of cytoplasm that surrounds the
densely packed nuclei of dividing radial glial cells in the VZ
(Fig. lE—I). FMRP expression was also noted in the proximal
portion of the pial fiber of radial glial cells (Fig. 1E and F;
white arrowheads). 4A4-1R is reduced at the end of cytokinesis
and ceases altogether as cells transition from M-phase into G1/
GO-phase (44). FMRP expression in radial glial cells appeared
stronger in those cells that were passing from M-phase to G1/
GO0-phase (Fig. 1I). In addition, FMRP expression was observed
in mitotic cells undergoing division away from the surface of the
ventricle in the SVZ (Fig. 1J). In particular, cytoplasmic FMRP
expression was noted in neural precursor cells in the SVZ that
expressed the nuclear transcription factor Tbr2 (Fig. 1K).
FMRP was also strongly expressed by cells expressing the imma-
ture neuronal marker Tujl in the embryonic proliferative zones
(Fig. 2). These data demonstrate that immature neurons and pre-
cursor cells express FMRP during embryonic stages of brain for-
mation. Furthermore, these data suggest that FMRP is expressed
in the embryonic neocortex in a regional and cell-specific
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Figure 1. FMRP expression in the embryonic neocortex. (A) Enzymatic anti-FMRP immunostaining shows strong FMRP immunoreactivity (IR) in the cortical
plate (CP), subplate (SP, black arrow), ventricular zone (VZ) and subventricular zone (SVZ). A strong band of FMRP-IR is present at the edge of the lateral
ventricle in the dorsolateral neocortex (open arrowheads). (B) Fmrl KO mouse neocortex lacks FMRP-IR. (C) Double immunostaining with antibodies
against FMRP (green) and phosphorylated vimentin (4A4, red). 4A4 labels mitotic radial glial precursor cells that divide at the edge of the lateral ventricle
(white asterisks). The 4A44 RG cells have pial fibers that course radially away from the ventricle toward the pial surface. (D) Negative control immunofluor-
escent staining of embryonic neocortex with preimmune antibodies. (E and F) FMRP-IR (green) is present in the pial fiber (white arrowheads) of the 4A4+ cells
(red). Merge panel shows colocalization (yellow). (G—I) FMRP-IR (green) is present as a thin rim of cytoplasm surrounding the nuclei of mitotic 4A4+ cells
(red) dividing at the edge of the lateral ventricle. Merge panel shows colocalization of proteins (yellow). (J) Precursor cells in the embryonic subventricular zone
express FMRP. FMRP-IR (green) is present in the soma (large arrowhead) and process (small arrowheads) of a 4A4+ cell (red). Cell nuclei are labeled with 4°,6-
diamidino-2-phenylindole (DAPI) (blue). (K) Tbr2+ neural precursor cells (red) in the subventricular zone also express FMRP (green). DAPI staining (blue)
confirms Tbr2 nuclear localization (white arrowheads). White dotted line delineates perimeter of the FMRP+ cell. All panels are single optical planes of coronal
sections taken on a confocal microscope. Scale bars: (A and B) 100 pm; (C and D) 10 pm; (E-1) 5 pm; (J) 5 pm; (K) 10 pwm. White arrows in (J) indicate dorsal
(D) and medial (M), and apply to (K).

manner that could impact normal and pathogenic developmental a recent study has shown that hippocampal neurons in young
processes in typically developing and premutation individuals, premutation mice display abnormal morphology (32), we
respectively. examined the morphology of precursor cells and neurons in
embryonic premutation mice and wild-type littermates. Het-
erozygous premutation female mice were crossed with wild-

Morphology of embryonic neocortical cells appears normal type males to generate littermates that included male and

in the premutation mouse

FMRP expression was observed in immature neurons and
neural precursor cells in the embryonic neocortex, and since

female wild-type embryos and male Fmrl premutation
embryos. We used 13 wild-type mouse embryos (defined as
~10 CGG repeats) and 14 premutation mouse embryos
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Figure 2. Neuronal cells express FMRP in the embryonic neocortex. (A)
FMRP immunoreactivity (green) in the ventricular zone (VZ) and subventricu-
lar zone (SVZ) of the embryonic neocortex in wild-type E16 mice. (B) Tujl
immunoreactivity (red) labels immature neurons in the same section shown
in the top panel. (C) Colocalization of FMRP and Tujl (yellow). White arrow-
heads highlight examples of FMRP-expressing Tujl+ immature neurons in
the VZ. Each image is the same single optical plane obtained on a confocal
microscope. (A—C) Scale bar = 50 pwm.

(~150 CGQG) for our analysis. Experimental animals were
compared with litter and age-matched wild-type embryos. Pre-
cursor cells and immature neurons in the embryonic neocortex
were labeled through in utero intracerebral injections of a
replication incompetent retrovirus encoding enhanced green
fluorescent protein (eGFP). This approach labels the entire
cell body, cytoplasm and processes of infected embryonic pre-
cursor cells and their progeny with the eGFP reporter, permit-
ting detailed studies of the morphology and function of labeled
precursor cells and neurons (42,45—49). Three days after in
utero injection, embryos were sacrificed and perfused intracar-
dially with 4% paraformaldehyde. Coronal sections were pre-
pared from the neocortex of the embryos and eGFP-labeled
cells were imaged with a laser-scanning confocal microscope.
The genotype, CGG repeat number and gender of embryos
were determined through PCR, and embryos were assigned
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Figure 3. Cells in the embryonic neocortex of premutation mice display
normal morphological properties. (A) Lower magnification image showing a
GFP+ cell migrating toward the cortical plate (CP). (B and C) Higher mag-
nification image of migrating neurons in the embryonic neocortex of wild-type
and premutation mice exhibit the stereotypical tear-drop shape with a leading
process (arrowheads) and a short trailing process (arrows). Scale bar: (A)
100 pm, (B—C) 10 wm. VZ, ventricular zone; SVZ, subventricular zone.

Premutation

to the premutation (~150 CGG repeats) or wild-type (~10
CGG repeats) groups after analysis was completed in a
blinded manner.

Embryonic neocortical cells possess a few main processes
and do not exhibit complex branching patterns
(41,42,45,46,50—52). The morphology of eGFP-labeled radial
glial cells and immature neurons in the premutation mice was
indistinguishable from that of eGFP-labeled cells in wild-type
littermates. Migrating neurons in both groups exhibited a
characteristic tear-drop shape (50), with a distinct leading
process extending from the soma and a fine trailing process
(Fig. 3). The length of the leading process for ventricular and
pial directed cells in premutation and wild-type littermates
was not significantly different. Leading processes extended
33.0 + 4.3 wm from the soma in wild-type embryos (n = 72
cells) and 29.4 + 5.7 pum in premutation embryos (n =52
cells). We found no difference in the number of processes ela-
borated by immature neurons in control brains (1.53 + 0.35
processes) versus those in the premutation brains (1.57 +
0.21 processes) (P = 0.87; three animals each group, 128
cells analyzed). We also quantified cell size in both groups.
Control neurons were slightly larger (168.9 + 24.2 um~) than
premutation neurons (146.1 + 22.1 wm?), but this difference
was not statistically significant (P = 0.3; three animals each
group, 128 cells analyzed). In addition, the morphology of
embryonic neurons in premutation and wild-type mice
matched descriptions of embryonic neurons labeled with the
eGFP reporter or fluorescent labels in wild-type animals in pre-
vious publications (41,42,45,46,51,52). We also compared the
thickness of the embryonic neocortex between groups. The
thickness of the neocortex was slightly greater in E16 wild-type
embryos (578 + 37 wm) than in E16 premutation mice (557 +
35 wm), but this difference was not significant (P = 0.53; five
animals per group). These findings demonstrate that certain
aspects of embryonic brain development proceed normally in
premutation mice.
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Figure 4. Migrating neurons in the wild-type embryonic neocortex express FMRP. (A) A newly born cell near the surface of the lateral ventricle in the ven-
tricular zone (VZ) labeled with a GFP-expressing retrovirus. Panels on the right show the morphology of the GFP-labeled cell (green) and FMRP expression
(red), and the merged panel demonstrates colocalization (yellow). (B) A ventricular oriented neuron in the subventricular zone (SVZ) labeled with a
GFP-expressing retrovirus. Panels on the right show the morphology of the GFP-labeled cell (green) and FMRP expression (red), and the merged panel demon-
strates FMRP expression (yellow). (C) A neuron migrating radially through the cortical plate (CP) labeled with a GFP-expressing retrovirus. Panels on the right
show the morphology of the GFP-labeled cell (green) and FMRP expression (red), and the merged panel demonstrates FMRP expression (yellow). White arrow-
heads indicate the boundary of the GFP-labeled cells. (A—C) Scale bar = 50 um. MZ, marginal zone.

Migration of embryonic neocortical cells is impaired in the
premutation mouse

We next investigated whether Fmrl premutation impacts the
migration of neurons in the embryonic neocortex. During ges-
tation, excitatory cortical neurons are produced in the dorsal
proliferative zones that line the lateral ventricle. Newborn
neurons migrate away from the ventricle along a radial trajec-
tory toward their destination in the overlying CP (50,53), but
migrate in distinct stages through a process involving predict-
able changes in cell morphology and orientation (46).
Newborn neurons first migrate to the SVZ where they
acquire a multipolar morphology (54), and repeatedly extend
and retract multiple processes (46,55,56). The immature
neurons then elaborate a single process that extends towards
the lateral ventricle and in many cases transiently migrate
toward the ventricle (46). Finally, the young neurons extend
a new leading process that is directed in the opposite direction
toward the overlying CP and commence the radial stage
of migration (46,57). We confirmed that the eGFP-labeled
migrating cells expressed FMRP during the various stages of
migration through FMRP immunostaining (Fig. 4).

The morphology and orientation of retrovirally labeled
eGFP+ neurons were quantified and compared between pre-
mutation and wild-type embryos. In utero retroviral injections
were performed on embryos from three pregnant dams at E14
and the embryos were sacrificed 72 h later. The number of
CGG repeats and gender of the embryos were determined
through PCR and embryos were assigned to groups after
analysis was complete. The embryos were perfused with 4%
paraformaldehyde and sectioned coronally on a vibratome.
Freely migrating cells were imaged on a confocal microscope
and were classified by their orientation with respect to the ven-
tricular surface in a blinded fashion as either: (i) directed
toward the VZ; (ii) directed toward the pia; or (iii) no clear

orientation/multipolar (Fig. 5A—C). This classification
scheme included greater than 98% of the freely migrating
eGFP-labeled cells in the experimental and control brains
(three embryos per group, n =309 cells). The remaining
cells could not be classified and were excluded from further
analysis. In wild-type mice, roughly 18% of the migrating
cells were oriented toward the ventricle; 40% were multipolar
with no clear orientation and the remaining 42% were oriented
toward the pia. In contrast, in the premutation mice, approxi-
mately 7% of the migrating cells were oriented toward the
ventricle; approximately 43% were multipolar with no clear
orientation and approximately 50% were oriented toward the
pia. The number of cells classified in each of the three cat-
egories was compared between the premutation and wild-type
embryos and found to be significantly different (y* = 7.35;
d.f.=2; P<0.03, see Fig. 5D). The proportion of labeled
cells that were oriented towards the ventricle was also signifi-
cantly different between groups: fewer cells were oriented
toward the ventricle in the premutation group (P < 0.01,
t-test). Thus, cortical neurons in premutation mice displayed a
subtle yet significantly different orientation compared with cor-
tical neurons in wild-type littermates. Relevant variables were
controlled in these experiments including time of mating, date
of retroviral injection, gestational day when the retroviral injec-
tions were performed (E14.0), length of time between retroviral
injection and embryo sacrifice (72 h) and the region of the brain
analyzed (dorsolateral somatosensory cortex). These results are
consistent with the hypothesis that premutation of the Fmrl
gene is associated with a disturbance in the normal pattern of
neuronal migration in the embryonic neocortex.

Since migrating cells displayed an abnormal orientation in the
neocortex of premutation mice, we tested whether the eGFP cells
migrated toward their appropriate destination. The distribution
of eGFP+ migrating cells was compared in the embryonic
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Figure 5. The orientation and distribution of migrating neurons are altered in the embryonic neocortex of premutation mice. (A) GFP-expressing cells in the
embryonic neocortex of wild-type and premutation mice. Fewer migrating cells are oriented toward the ventricular zone (VZ) in the premutation mice compared
with wild-type controls. White dotted line indicates the margin of the lateral ventricle. (B) Examples of migrating cells in the cortical plate of premutation and
wild-type mice. (C) A similar proportion of cells exhibited a multipolar morphology in the subventricular zone of wild-type and premutation mice. (D) Histo-
gram displaying the proportion of migrating GFP-labeled cells in wild-type mice (light grey bars) and premutation mice (dark grey bars) that are oriented toward
the ventricular zone (VZ), that are oriented toward the pia or that have no discernible orientation (multipolar). Fewer cells are oriented toward the ventricle in the
premutation group, and similar proportions of cells are multipolar or oriented toward the pia in each group. A Chi-square test shows a significant difference
between groups (x> = 7.35; d.f. = 2; P < 0.03, double asterisk), and a r-test shows that fewer GFP-labeled cells are oriented toward the ventricle in the pre-
mutation group (P < 0.01, asterisk). (E) The distribution of GFP+ migrating cells in premutation mice differs from wild-type controls. Fewer GFP+ cells
were located in the SVZ of premutation mice. A Chi-square test shows a significant difference between premutation and wild-type embryos (x> = 10.06;
d.f. = 3; P=0.018, double asterisk). Error bars show SEM. Scale bar: (A) 25 pm; (B) 10 pm; (C) 10 pm.

neocortex of premutation and wild-type mice. The number of
GFP+ migrating cells located in the VZ, SVZ, IZ or CP was
quantified in each group and found to be significantly different
(x* = 10.06; d.f. =3; P=0.018). There were more GFP+
cells located in the SVZ of wild-type mice and a slight but not
significant increase in the number of GFP+ cells located in the
1Z, CP and VZ of premutation mice (Fig. S5E).

Differentiation of embryonic neocortical cells is altered in
premutation mice

Embryonic cells in the neuronal lineage progress along a
differentiation pathway that is marked by sequential changes

in the expression of transcription factors. To examine the
differentiation of neocortical cells in premutation mice, we
immunostained coronal sections of the neocortex obtained
from premutation mice and wild-type littermates at E16 with
antibodies that label transcription factors specific to distinct
populations of embryonic neural precursor cells. Radial glial
cells in the VZ express the transcription factor Pax6, and inter-
mediate progenitor cells in the SVZ express the transcription
factor Tbr2 (58). The number of cells that expressed Pax6 or
Tbr2 was quantified in 200 pm wide bins that stretched
from the ventricle to the pial surface in the dorsal neocortex
of five premutation and five wild-type mice. The number of
cells that expressed the transcription factor Pax6 was
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Figure 6. Expression of the transcription factors Pax6 and Tbr2 is altered in embryonic premutation neocortex. (A) Pax6 is expressed by precursor cells in the
embryonic ventricular zone (VZ). Pax6+ cells in wild-type and premutation mice are displayed in 200 wm wide radial sections of neocortex that span from the
ventricle to the pial surface. (B) Tbr2 is expressed by neural precursor cells in the embryonic subventricular zone (SVZ). Tbr2+ cells in wild-type and premuta-
tion mice are displayed in 200 pm wide radial sections as described above. (C) The number of Pax6+ cells is significantly increased by 15% in premutation mice
(P < 0.05, asterisk). In contrast, the number of Tbr2+ cells is significantly reduced by 17% in the premutation mice (P < 0.05, asterisk). (D) The change in
Pax6+ and Tbr2+ cell numbers is not produced by an alteration in proliferation. The number of 4A4+ mitoses does not differ in the VZ or the SVZ of wild-type
(light grey) and premutation (dark grey) littermates. Error bars show SEM. (A—B) Scale bar = 50 pwm.

approximately 15% greater in the premutation neocortex:
298.2 + 17.6 Pax6+ cells per 200 wm bin in the wild-type
neocortex versus 345.2 + 40.9 Pax6+ cells per 200 wm bin
in the premutation embryos (five embryos per group, 19 730
cells, Fig. 6A and C). Comparison of the means revealed a
statistically significant difference between groups (P < 0.05,
Student’s ¢-test). In addition, the number of neocortical cells
that expressed the transcription factor Tbr2 was approximately
17% lower in premutation mice: 179.4 + 10.1 Tbr2+ cells per
200 pm bin in the wild-type neocortex and 149.0 +9.9
Tbr2+ cells per 200 wm bin in the premutation neocortex
(five embryos per group, 4,598 cells, Fig. 6B and C). Compari-
son of the means revealed a statistically significant difference
between groups (P < 0.05, Student’s #-test).

Alterations in several developmental parameters could
increase the number of Pax6+4 cells and decrease the

number of Tbr2 cells in the embryonic premutation neocortex,
including increased proliferation of Pax6 cells, decreased pro-
liferation of Tbr2 cells and/or increased cell death among Tbr2
cells. To test for these possibilities, we first quantified and
compared the level of proliferation in the embryonic neocortex
of premutation and wild-type mice. Coronal sections of the
embryonic E16 neocortex were immunostained with the 4A4
antibody, which labels all mitotic precursor cells in the
embryonic neocortex (41) and counterstained with the DAPI
nuclear marker. 4A44 or DAPI mitotic cells were counted
in 200 wm wide bins of the dorsal somatosensory neocortex
that stretched from the ventricle to the pia. Analysis included
mitotic cells at the ventricular surface, which represent Pax6+
radial glial cell divisions, and mitotic cells away from the ven-
tricle, which represent Tbr2+ intermediate progenitor cells in
the SVZ (59). The total number of mitotic cells (4A4+ or
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DAPI) did not differ between groups. Furthermore, the
number of ventricular mitoses and the number of abventricular
mitoses did not differ between groups (five embryos per group,
384 4A4+ cells, 464 DAPI cells, Fig. 6D and Supplementary
Material, Fig. S1). This result suggests that increased numbers
of Pax6 cells and decreased numbers of Tbr2 cells in the pre-
mutation neocortex did not result from altered proliferation.
Since FMRI premutation is associated with Purkinje cell
degeneration (60) and since viability of premutation hippo-
campal neurons is reduced after 3 weeks in culture (32), we
tested whether there was an increase in cell death in the pre-
mutation neocortex. A TUNEL reaction was performed on
neocortical tissue prepared from E16 premutation and wild-
type mice to label apoptotic and necrotic cells. The number
of TUNEL+ cells was quantified in the dorsolateral somato-
sensory neocortex and no difference was observed between
groups (three embryos per group, 509 cells, Supplementary
Material, Fig. S2). This indicates that increased cell death
did not decrease the number of Tbr2 cells in the premutation
mice. Since the premutation embryos were males and wild-
type embryos included males and females in our experiments,
we investigated whether gender impacts the developmental
processes under study. The level of proliferation was com-
pared across gender and no significant differences were
found in the number of DAPI mitoses in wild-type males
versus wild-type females (data not shown). Together, these
data indicate that other mechanisms that influence cellular
differentiation are responsible for the change in Pax6+ and
Tbr2+ cell numbers. Indeed, the total number of Pax6+
cells plus Tbr2+ cells per embryo in wild-type and premuta-
tion littermates did not differ between groups (448.1 £+ 26.0
cells in wild-type embryos versus 488.4 + 37.3 in premutation
embryos), suggesting that delayed differentiation of the
Pax6+ cell population in the premutation neocortex may
have produced a shift in cell numbers toward more Pax6-+
cells and fewer Tbr2+ cells.

FMRP expression is reduced in the embryonic neocortex of
premutation mice

Previous publications have found that FMRP levels are
reduced in lymphocytes obtained from juveniles and adults
with the FMRI premutation (20,61) and in homogenates pre-
pared from whole brains of adult premutation mice (29). To
explore whether the level of FMRP expression was reduced
in the neocortex of embryonic premutation mice, we analyzed
the comparative level of FMRP expression in the embryonic
telencephalon in wild-type and premutation mice through
SDS—PAGE followed by western blotting. The ratio of
FMRP expression to the loading standard beta-actin was
reduced in the premutation embryonic telencephalon by 42%
compared with wild-type (Fig. 7). Since previous reports
have described the presence of intranuclear inclusions in
neurons and glial cells in the cerebral cortex of human
FMRI premutation and the premutation mice (16,24,31), we
tested whether intranuclear inclusions were present in the
embryonic neocortex. Cortical tissue was stained with anti-
ubiquitin antibodies, but no evidence for ubiquitin+
inclusions in the embryonic neocortex was found. This
suggests that inclusion formation does not begin in
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Figure 7. FMRP levels in the telencephalon of premutation embryos (six
embryos, 94—167 CGGs) compared with wild-type embryos (three embryos,
9-15 CGGs). Histograms display the ratio of densitometric measurement of
FMRP-IR bands corrected to the loading standard beta-actin-IR bands. Premu-
tation mice show a reduced level of FMRP that is approximately 58% of wild-
type levels (P < 0.05, asterisk). Inset shows two representative samples. Error
bars show SEM.

premutation mice before birth, consistent with previous
reports that found few inclusions in premutation mice
younger than 12 weeks of age (31) and in neurons cultured
from postnatal day 1 premutation mice (32).

DISCUSSION

In the present study, we tested whether the Fmr/ premutation
impacts brain development during gestation. We show that
neuronal migration is impaired in embryonic premutation
mice. Migrating neurons in the embryonic premutation neo-
cortex exhibit an altered orientation and distribution in com-
parison to controls. We also show that the expression of
transcription factors that identify VZ and SVZ precursor
cells is altered in premutation mice. Finally, we show that
FMRP expression is slightly reduced in the embryonic brain.
Together these results support the hypothesis that FMRI pre-
mutation impacts prenatal brain development.

FMREP is expressed by neural precursor cells and neurons
in the embryonic neocortex

We show strong FMRP expression in the embryonic CP, in
migrating neurons and in proliferative precursor cells in the
embryonic neocortex of wild-type mice (Fig. 1). Expression
of FMRI mRNA and FMRP in the developing prenatal brain
has been reported in previous studies. Abitbol et al. (33)
labeled the human telencephalon with probes against FMRI
mRNA and reported strong expression in the proliferative
zones and in immature cells with the apparent morphology
of migrating neurons at 8 and 25 weeks of gestation (33).
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FMRP expression has been shown in the fetal human (34), and
rodent neocortex (35), with marked expression in the prolif-
erative zone at the edge of the ventricle (35). Our immunohis-
tochemical results confirm these previous findings and
demonstrate that altered FMRI mRNA and/or FMRP
expression could impact a wide range of developmental pro-
grams in the prenatal brain. Examination of human neocortical
tissue from premutation subjects with FXTAS has not revealed
gross pathological defects (16), and our data indicate that the
embryonic premutation neocortex is not significantly thinner
than wild-type cortex. Despite the lack of gross pathological
findings in FXTAS or mouse premutation brains, recent
studies have provided compelling evidence to suggest that
FMRI1/Fmrl premutation is associated with abnormalities in
the morphology and/or function of neurons in the developing
brain. Children with the FMRI premutation are more likely
to suffer from psychological symptoms, ADHD and autism
spectrum disorders (3,36,37,62,63), and recent work shows
that hippocampal neurons obtained from Fmrl premutation
mice shortly after birth and grown in culture display abnorm-
alities in dendritic morphology and synapse formation (32).
Together, these findings support the concept that FMRI pre-
mutation impacts embryonic developmental programs.

Fmrl premutation is associated with a migration defect in
the embryonic neocortex

We find that the migration of cortical neurons is impaired in
embryonic Fmrl premutation mice. Neuronal migration
relies upon cellular interactions with extrinsic signals and
intracellular mechanisms that drive the elaboration of filopodia
or leading processes. Time-lapse studies show that migrating
neocortical neurons explore their local environment by extend-
ing multiple filopodia or processes to probe the surrounding
environment, especially when the migrating cells are located
in the SVZ (46,55,56,64). The migration of cortical neurons
does not proceed along a straight trajectory, but instead
involves multiple stages that can be identified based on the
morphology and orientation of the migrating cell (46). Our
data show that migrating neurons in the premutation neocortex
display an altered orientation and distribution in comparison to
their wild-type littermates. Fewer cells in the premutation
mice were oriented toward the ventricle (Fig. 5D), and fewer
cells were located in the SVZ (Fig. 5E). The significance of
changes in orientation during migration has not been deter-
mined, but the behavior of migrating cells in the wild-type
cortex suggests that the migratory pause in the SVZ provides
neurons with appropriate signals that direct radial migration
and perhaps the development of synaptic connectivity (65).
During migration, many neocortical neurons pause in the
SVZ for periods of 1 day or longer before resuming radial
migration toward the CP (46,66). The immature neurons in
the SVZ acquire a multipolar morphology as they extend
and retract multiple processes in a manner that suggests a
search for environmental cues (46,55). Fewer GFP-labeled
cells were located in the SVZ of premutation mice, indicating
that immature neurons in the premutation mice spend less time
in the SVZ compared with wild-type neurons. This suggests
that premutation neurons may not receive or correctly
process the same extrinsic signals as wild-type neurons in

the SVZ. This abnormal signaling could play a role in the
altered orientation of premutation neurons during embryonic
development and could impact connectivity of the cortical
neurons later during development. The impaired ability of
immature neurons to extend dendrites in premutation mice
(32) may be associated with the migration defect we observed
in the embryonic premutation mice since common signaling
pathways are involved in neuronal migration and dendritic
process extension in some cases. For example, the protein
semaphorin 3A regulates both the radial migration of cortical
neurons (67) and the elaboration of new dendrites by cortical
neurons (68,69). Thus, if the Fmrl premutation interrupts only
one signaling pathway in young neurons, it could nonetheless
impact multiple processes in the developing brain.

Despite the disturbance in orientation and distribution we
observe in the embryonic premutation mice, evidence from
adult FXTAS subjects showing a lack of gross cortical neuro-
pathology (16) suggests that cortical neurons may ultimately
reach their target destination. Nonetheless, the subtle change
in distribution of immature neurons in the premutation mice
could alter patterns of cell—cell contact that are thought to
presage neuronal connectivity (70), which could subsequently
alter cognitive functioning. While migrating neurons in the
premutation and control mice exhibited differences in orien-
tation and distribution, the migration of many neurons in the
premutation neocortex appeared indistinguishable from that
in wild-type brains. Thus, the Fmrl premutation may primar-
ily affect a subpopulation of migrating cells. Evidence
suggests that as few as 5% of neocortical neurons in FXTAS
patients display the intranuclear inclusions that are a hallmark
of FMRI premutation neuropathology (16), and the proportion
of neurons that exhibit intranuclear inclusions in the premuta-
tion mouse parallels results from human subjects (29,31).
These results support the idea that the FMRI/Fmrl premuta-
tion impacts a subpopulation of cortical neurons. Accumulat-
ing evidence suggests that migration defects are associated
with autism spectrum disorders (71), and the presence of
autism among premutation carriers suggests that
premutation-associated RNA toxicity (10,60) may also
extend to early developmental dysregulation involving
altered neuronal migration. Furthermore, periventricular
nodular heterotopia has been reported in the brains of FXS
subjects who lack FMRP (72), which suggests that FMRP
may also play a role in neuronal migration. Our data
showing a decrease in FMRP expression in premutation
mice (Fig. 7) and abnormal patterns of neuronal migration in
Fmrl premutation mice (Fig. 5) are consistent with this idea.
These findings suggest that further examination of neocortical
tissue from subjects with FMRI premutation alleles is
warranted.

Differentiation of neocortical neurons is altered in the
premutation neocortex

We find a significant increase in the number of cortical cells
that express the Pax6 transcription factor and a significant
decrease in the number of cells that express the Tbr2 transcrip-
tion factor in embryonic premutation mice. These alterations
were not likely the result of increased proliferation or cell
death during prenatal cortical development since the number
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of mitotic cells and apoptotic cells did not differ between
groups (Fig. 6D and Supplementary Material, Fig. 2). Ablation
of Tbr2 expression in the embryonic rodent neocortex pro-
duces a vast reduction in the level of proliferation and in the
number of cortical neurons produced (73). We find a 17%
reduction in the number of cells that express Tbr2 in the pre-
mutation neocortex, which is apparently not sufficient to
produce a measureable decrease in cortical proliferation. A
recent study by Tervonen et al. (74) reported increased Tbr2
expression in embryonic Fmrl KO mice. However, that
study reported increased Tbr2 expression at E17, but not at
E16, the gestational age at which we found decreased Tbr2
expression. The difference in findings between our study and
that of Tervonen et al. (74) likely result from the different
mouse models under study. The Fmrl KO does not express
Fmrl mRNA with elevated CGG repeats, which are expressed
in the premutation mice, nor does it express FMRP, which is
also present in the premutation mice. A comparison of these
studies suggests that expression of expanded CGG repeats in
the Fmrl gene may underlie the altered number of Pax6 and
Tbr2 expressing cells in premutation mice. However, it
should be noted that the increased number of Pax6-expressing
cells we observed could have impacted the number of
Tbr2-expressing cells. Pax6-expressing radial glial cells
produce Tbr2-expressing precursor cells (58). Fmrl premuta-
tion may alter precursor cell numbers by producing a delay
in the differentiation of Pax6-expressing cells, which could
be expected to increase the number of Pax6+ cells at the
expense of Tbr2+ cell numbers. This apparent change in pre-
cursor cell fate may represent a delay that is resolved at later
stages of development, but could nonetheless impact the func-
tional properties of cortical cells produced during prenatal
development. Decreased Tbr2 expression itself may contribute
to the migration abnormalities observed in the premutation
mice. Tbr2 acts to inhibit cell cycle exit (73), and it also regu-
lates the migration of GABAergic neurons (75) and epiblast
cells (76). Tbr2 is thought to down-regulate the expression
of cell adhesion molecules (76), thereby freeing migratory
cells to move toward their destination. Decreased Tbr2
expression in premutation mice may therefore interfere with
the ability of cortical neurons to regulate adherence with
their migratory substrate, contributing to the altered orien-
tation of migrating cells in the Fmrl premutation brain.

Functional implications of Fmrl premutation

Premutation expansion of CGG repeats in the Fmrl gene may
impact neuronal development and function through several
mechanisms. The level of FMRI/Fmrl mRNA is elevated in
both human premutation carriers (20,77) and premutation
mice (28,29,78). The number of CGG repeats is correlated
with the level of mRNA expression and the number of intra-
nuclear inclusions (16,20). These findings support the RNA
toxicity model of FXTAS (60,79,80), which suggests that
the elevated level of FMRI mRNA is responsible for inducing
the characteristic cellular changes associated with premuta-
tion. It has yet to be determined whether increased levels of
FMRI mRNA produces cytotoxicity, or rather if increased
lengths of the CGG trinucleotide repeat is sufficient to initiate
premutation dysfunction. Recent work by Arocena et al. (26)
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supports the latter hypothesis. Cultured neural progenitor
cells transfected with a plasmid encoding a CGGgg repeat
induced cellular changes similar to those described in the
Fmrl premutation mice, including intranuclear inclusions.
Furthermore, Hashem ef al. (27) found that induced expression
of a CGGy, repeat in Purkinje neurons produced intranuclear
inclusions, neurodegeneration and motor deficits similar to
those found in FXTAS. Expanded CGG repeats form large
intranuclear RNA aggregates that recruit RNA binding pro-
teins such as the splicing-regulatory protein Sam68 in both
the mouse premutation model and also in FXTAS patients
(81). The sequestered Sam68 thereby loses its regulatory func-
tion. In addition to splice regulation, Sam68 also plays a role
in developmental processes that include cell migration (82).
Expanded trinucleotide repeats in other genes also exert cyto-
toxic effects. For example, an expanded CUG repeat in the
DMPK gene is thought to exert cytotoxic effects through non-
coding trinucleotide transcripts that sequester proteins and
impair RNA transcription, splicing and export to produce the
cellular dysfunction associated with myotonic dystrophy (83).

Premutation alleles of FMR1/Fmrl can also reduce the level
of FMRP protein (20,29,61). FMRP is a selective RNA
binding protein that binds up to 4% of total mouse brain
mRNAs (84). Absence of FMRP in Fmr! KO mice or in
FXS may lead to abnormally high levels of translation for
FMRP-associated mRNAs (85). Furthermore, FMRP interacts
with a number of mRNAs including Semaphorin 3F (86),
which is important for axon pathfinding (87), and has also
been shown to regulate neuronal migration in some model
systems (88). Our results indicate that FMRP expression is
reduced in the embryonic premutation neocortex by approxi-
mately 42%. Thus, decreased levels of the FMRP may play
a modifying role in the phenotype we describe in the embryo-
nic premutation neocortex. Recent publications have reported
that FMRP plays a role in the regulation of precursor cell pro-
liferation and differentiation in the adult murine brain (89) and
in Drosophila (90). However, in the present study, we did not
observe a change in proliferation in premutation mice that
have reduced levels of FMRP. This suggests either that
FMRP plays a significant regulatory role only in adult precur-
sor cells or perhaps that since FMRP expression is reduced,
but not silenced, in the embryonic premutation mice
(Fig. 7), its function is retained and proliferation not measur-
ably disturbed. The distinct contributions of mRNA overex-
pression and reduced FMRP expression to the premutation
phenotype remain to be differentiated. Nonetheless, the
present findings provide strong evidence that downstream
effects of the Fmrl premutation are present in the prenatal
brain.

Conclusions and clinical implications

We show that Fmrl premutation is associated with develop-
mental impairments in the embryonic neocortex. We show
that: (i) FMRP is expressed in the neocortex by mitotic precur-
sor cells and migrating neurons in the normal embryonic
mouse; (ii) neural migration is impaired in the embryonic cer-
ebral cortex of premutation mice; (iii) there is a significant
change in the number of cells in embryonic premutation
mice that express the transcription factors Pax6 and Tbr2;
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and (iv) FMRP expression is reduced in the embryonic brain
of premutation mice. Premutation alleles of the FMRI gene
produce distinct clinical and pathological outcomes that are
dependent on length of the CGG repeat in the gene. The
present results obtained from premutation mice with CGGysy
repeats are consistent with the hypothesis that cytotoxic
levels of Fmrl mRNA containing CGG repeats, possibly in
combination with decreased levels of FMRP, produce devel-
opmental deficits in the cerebral cortex. These data suggest
that the FMRI premutation allele impacts the developing
brain during gestation, earlier than previously realized. With
recent advances in the detection of FMRI premutation (91),
it may be feasible to identify those at risk prior to birth, and
to explore treatment strategies that are appropriate for infant
carriers of the premutation.

MATERIALS AND METHODS
Animals

The expanded CGG trinucleotide repeat knock-in mouse
model of the Fragile X premutation (referred to as premutation
mouse) was generated and described previously (28,92).
Briefly, a region of the 5'-UTR of the mouse Fmrl gene that
contains approximately eight CGG trinucleotide repeats was
replaced with a length of 98 CGG repeats of human origin
by homologous recombination. This region of CGG trinucleo-
tide repeats demonstrated mild instability with contractions
and expansions of the number of CGG repeats occurring
across breedings. Animals were only examined if the
number of CGG repeats was within the Fragile X premutation
range, defined as between 55 and 200 CGG repeats (28,29).
Heterozygous premutation female mice were crossed with
wild-type males to generate litters consisting of wild-type
males and females, heterozygous females and premutation
male embryos. Embryos were manipulated, and genotyping
was performed post hoc. We used 13 wild-type mouse
embryos (defined as ~10 CGG repeats) and 14 premutation
mouse embryos (~ 150 CGG) for our analyses. All experimen-
tal animals were compared with age-matched wild-type litter-
mates. Premutation breeders and pregnant mice were housed
under a 12/12 h light—dark cycle with food and water ad lib.
All experiments were conducted in compliance with the NIH
Guide for Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee
of the University of California at Davis.

Genotyping

DNA was extracted from embryonic mouse tails by incubating
with 10 mg/ml Proteinase K (Roche Diagnostics) in 300 pl
lysis buffer containing 50 mm Tris—HCL, pH 7.5, 10 mm
EDTA, 150 mm NaCl and 1% SDS overnight at 55°C. One
hundred microliters of saturated NaCl were then added and
the suspension was centrifuged. One volume of 100%
ethanol was added, gently mixed, the DNA was pelleted by
centrifugation and the supernatant discarded. The DNA was
washed and centrifuged in 500 pl of 70% ethanol. The DNA
was then dissolved in 100wl double-distilled water
(MilliQ-H,0). The numbers of CGG trinucleotide repeats for

the wild-type and premutation embryos were characterized
by PCR using the Expanded High Fidelity Plus PCR System
(Roche Diagnostics). Briefly, approximately 500—700 ng of
DNA was added to 50 pl of PCR mixture containing 2.0 um
of each primer, 2% PCR Grade DMSO (Sigma), 25 mm
dNTP mix (Fermentas), 5™ Betaine (Sigma), 10 nl 5X
Expand High Fidelity Plus Buffer with Mg (Roche) and 1 pl
of Expand High Fidelity Plus PCR System Enzyme (Roche).
The forward primer used was 5'-CGGAGGCGCCGCTG
CCAGG-3' and the reverse primer was 5-TGCGGGCG
CTCGAGGCCCAG-3'. The PCR reaction commenced with
a 10 min denaturation at 95°C, followed by a program
(repeated for 34 cycles) that included denaturation for 1 min
at 95°C, annealing for 1 min at 65°C, and elongation for
5 min at 75°C. The PCR reaction ended with a final elongation
step of 10 min at 75°C. DNA CGG band sizes were deter-
mined by running DNA samples on a 2.5% agarose gel and
staining DNA with ethidium bromide. For gender analysis,
DNA was extracted from embryonic mouse tails as above
and gender determined by using Platinum PCR Supermix
(Invitrogen). Briefly, 1 .l of DNA was combined with 1 pl
of each primer for a final concentration of 200 nm along
with 10 pl of Platinum PCR Supermix. The primers used ori-
ginated from the exon coding for Sry protein. The forward
primers used were Sry-1 5-TGGGACTGGTGACAATTG
TC-3' and IL3-1 5-GGGACTCCAAGCTTCAATCA-3'". The
reverse primers used were Sry-2 5-GAGTACAGGTGTG
CAGCTCT-3' and 113-2 5-TGGAGGAGGAAGAAAAG
CAA-3.

Preparation of retrovirus

Replication-incompetent pantropic retrovirus encoding the
eGFP reporter gene pseudotyped with the vesicular stomatitis
virus (VSV)-G glycoprotein was produced from the 293gp
NIT-GFP stably transfected packaging cell line (generous
gift of Drs Fred Gage and Theo Palmer). Briefly, cells from
the packaging line were cultured to ~90% confluence and
transiently transfected with pVSV-G. Supernatant was col-
lected from cells at 48—72 h post-transfection, centrifuged
and viral particles were concentrated, collected and stored at
—80°C until use. The retroviral construct was engineered to
be replication incompetent, to instruct host cells to express
eGFP protein (driven by the cytomegalovirus promoter)
rather than retroviral proteins (93) and was pseudotyped to
initiate virus entry into mammalian cells through interaction
with ubiquitous membrane elements (94).

Animal surgery

Timed pregnant mice were anesthetized with 5% isoflurane, a
laparotomy was performed and the uterine horns were
removed. For experiments involving GFP-expressing retro-
virus, in utero intracerebral injection of low titer retrovirus
(1 x 10° cfu/ml) into the lateral ventricles as described pre-
viously (45) was performed on E14 mouse embryos. Introdu-
cing low titer retrovirus into the lateral ventricle reduced the
likelihood that the processes of the eGFP-labeled cells under
study would overlap those of other nearby eGFP-labeled
cells, allowing us to study the morphology of eGFP+ cells
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in fine detail (42,45,46). After injection, the peritoneal cavity
was lavaged with warm artificial cerebrospinal fluid the
uterine horns were replaced and the wound was closed.
After the surgery, pregnant animals were monitored and
given buprenophine (0.5 mg/kg) as an analgesic. The
embryos were allowed to survive for 3 days, after which
they were removed, tails clipped for genotyping and transcar-
dially perfused with 4% paraformaldehyde. Animal surgeries
were approved by the Institutional Animal Care and Use Com-
mittee of the University of California at Davis.

General tissue preparation

Embryos resulting from premutation matings were removed
from anesthetized pregnant females, the tails were clipped
for genotyping and the embryos were transcardially perfused
with 4% paraformaldehyde. Brains were removed, post-fixed
for 2 h in 4% paraformaldehyde and cryoprotected overnight
in 30% sucrose. Cryoprotected brains were stored at —80°C
until they were sectioned at 30 wm on a cryostat (Microm)
or at 300 wm on a vibratome (Ted Pella) and mounted on
glass slides or floated in 24 well plates.

Immunohistochemistry

Embryos were removed, fixed and cryostat/vibratome sec-
tioned and mounted on glass slides or collected in 24 well
plates as above. Antigen retrieval was performed by boiling
sections for 15 min in 10 mm citrate buffer (pH 6.0) in a
microwave. Endogenous peroxidase (for immunoperoxidase
reactions) was quenched by incubating sections in 0.3%
H,0, for 30 min. Sections were incubated in blocking buffer
that contained 10% donkey serum, 0.1% Triton X-100 and
0.2% gelatin for 1 h at RT. Sections were then incubated over-
night at RT in primary antibody buffer containing 2% donkey
serum, 0.02% Triton X-100 and 0.04% gelatin and primary
antibodies that included mouse anti-4a4 1:1000 (MBL Intl),
mouse anti-FMRP 1:200 (clone 1C3, Millipore), rabbit
anti-Tbr2 1:1000 (Abcam), mouse anti-Pax6 supernatant 1:1
(DSHB), rabbit anti-Pax6 1:150 (Covance), mouse anti-Tujl,
1:1000 (Covance), and/or chicken anti-FMRP, 1:2000 for
immunofluorescent reactions, 1:20 000 for immunoenzymatic
reactions (38). For immunofluorescence, sections were rinsed
and incubated in fluorescent conjugated donkey anti-mouse
(1:200), donkey anti-rabbit (1:200) or donkey anti-chicken
(1:200) secondary antibodies (Jackson Labs) for 1-2h at
RT. Sections were rinsed, incubated in DAPI (1:1000) for
10 min and mounted in Mowiol. For DAB immunoperoxidase
reactions, sections were rinsed and incubated in biotin-
conjugated goat anti-chicken (1:200) secondary antibodies
(Vector) for 1 h. Sections were rinsed and the immunoenzy-
matic reaction was visualized with an ABC horseradish peroxi-
dase kit using DAB or Nova Red (Vector) as the chromagen.
Sections were dehydrated in consecutive 5 min ethanol treat-
ments of 50, 75, 95 and 100% EtOH treated with two 15 min
periods of Safeclear (Fisher) and mounted. Positive controls
for chicken anti-FMRP antibody were performed by comparing
embryonic staining patterns to those obtained in the cerebral
cortex and hippocampus of tissue from postnatal wild-type
animals. Negative controls for chicken anti-FMRP included
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omission of the primary antibody, immunostaining of embryo-
nic and adult Fmrl KO neocortical tissue, and incubation of
wild-type embryonic cortical tissue with preimmune serum at
1:1 and 1:2000 in place of the primary antibody.

Confocal microscopy

Slices were viewed and imaged on a Fluoview FV1000 Con-
focal Microscope (Olympus). Single optical planes were
used for analysis of co-expression. Analysis and quantification
were performed on the Olympus software and in Photoshop
CS3 (Adobe). Images were cropped, contrast adjusted and
false color applied in Photoshop.

Morphological analysis of retrovirally labeled cells

After retroviral injection and later perfusion, brains from pre-
mutation and wild-type mice were sectioned at 300 wm on a
vibratome and equivalent, age-matched sections from three pre-
mutation and three wild-type mice were compared. The three
premutation mice were male, and two of the three wild-type
embryos were female. We tested for gender differences and
found none (see proliferation analysis below). All cells that
expressed GFP in the developing dorsal cortical wall were
imaged on an Olympus FV1000 confocal microscope. The
orientation of migrating cells were analyzed with reference to
the ventricular surface and categorized as either: (i) oriented
toward the ventricle; (ii) oriented toward the pia; or (iii) multi-
polar with no clear orientation. Distribution of cells (located in
VZ, SVZ, 1Z or CP), polarity (unipolar, bipolar or multipolar)
and expression of Tbr2 were also noted for each cell.

Pax6 and Thr2 analysis

To determine whether the number of cells expressing the
radial glial marker Pax6 or the intermediate progenitor cell
marker Tbr2 differed between premutation mice and wild-type
embryos, coronal sections were immunostained and imaged on
a confocal microscope as described above. Bins 200 pm wide
that stretched from the ventricular surface to the pial surface of
the embryonic brain were created. One bin was created for
each hemisphere in the coronal sections. All Pax6- or
Tbr2-positive cells in the bin in a single optical plane were
counted. Results were averaged from three coronal sections
per embryo. Comparable rostrocaudal and dorsoventral
regions of somatosensory cortex were analyzed in each
embryo. The average number of Pax6+ cells was obtained
from three wild-type (two males and one female) and three
premutation (three males) littermates. The average number
of Tbr2+ cells was obtained from five wild-type (two
females and three males) and five premutation (five males)
age-matched mice, eight of which were littermates. We
tested for gender differences and found none (see proliferation
analysis below).

Proliferation analysis

Premutation versus wild-type. To determine whether the level
of proliferation differed in wild-type versus premutation
embryos, the number of mitoses was quantified based on
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DAPI and 4A4 immunostaining. For DAPI analysis, the mor-
phology of condensed chromatin (as characteristic of
M-phase) was used to identify mitoses in DAPI-stained sec-
tions of wild-type and premutation mice. Equivalent sections
from wild-type and premutation neocortex were incubated in
DAPI (1:1000) for 10 min, sections were imaged on a confocal
microscope and 200 wm wide bins were created that stretched
from the ventricular surface to the pia in one optical plane of
section. Mitoses were categorized based on location (at ventri-
cular surface or at least one cell body away from ventricular
surface). In addition, we compared the number of 4A4+
cells, which labels mitotic neural precursor cells (41), in wild-
type and premutation embryos in 200 pm wide bins of neo-
cortex. Three sequential coronal sections were quantified for
each embryo to generate an average number and embryos
were statistically compared across groups.

Male wild-type versus female wild-type. To determine whether
the level of proliferation differed between genders, the number
of mitoses was quantified in DAPI-stained sections of male
and female wild-type mice. Equivalent sections of the neo-
cortex from males and females were incubated in DAPI
(1:1000) for 10 min, sections were imaged on a confocal
microscope and 200 wm wide bins were created that stretched
from the ventricular surface to the pia in one optical plane of
section. Mitoses were categorized based on location (ventricu-
lar surface or at least one cell body away from ventricular
surface). Three sequential coronal sections were quantified
for each embryo to generate an average number and
embryos were statistically compared across groups.

TUNEL assay

To determine whether the numbers of cells undergoing apop-
tosis or necrosis differed in the premutation and wild-type
animals, a TUNEL assay was performed according to the man-
ufacturer’s instructions (Roche). Briefly, litter-matched con-
trols and premutation embryos were removed, genotyped,
fixed and cryostat sectioned as above. Sections were washed
in 0.1 M PBS for 30 min and permeabilized in 0.1% Triton
X-100 in 0.1% sodium citrate for 2 min on ice. Sections
were then incubated in TUNEL reaction containing terminal
deoxynucleotidyl transferase (TdT) and fluorescein-
conjugated nucleotides for 1 h at 37°C. For negative controls,
the TdT enzyme was omitted. For positive controls, the slices
were incubated with 10 U/ml DNAse I (Roche) in 50 mm
Tris—HCI, pH 7.5, 1 mg/ml BSA for 10 min at RT prior to
treatment with the TUNEL reaction to induce free 3’-OHs
on DNA characteristic of apoptosis. Slides were washed,
cover slipped and imaged with a confocal microscope as
described above.

Analysis of FMRP expression levels by western blotting

E15 embryos were removed from the uterus and tails clipped
for genotyping to determine CGG repeat numbers (see Geno-
typing above). Brains were removed, the telencephalon iso-
lated and frozen on dry ice. When CGG repeat numbers
were obtained, telencephalons were homogenized with a
dounce homogenizer in RIPA buffer containing protease

inhibitors complete tablet (Roche). After homogenization,
protein concentrations were determined using a BCA protein
assay (Pierce). Fifty micrograms of protein were boiled for
5 min in 2X sample buffer and loaded onto a 4—-20% SDS-—
PAGE gradient gel (Lonza). Three wild-type (10 CGQ),
three 100 CGG and three 150 CGG samples were loaded
into individual lanes on the gel. The gel was run at 10 mA
for 2 h to resolve individual proteins. The proteins were trans-
ferred onto a PVDF membrane (Millipore). The membrane
was stained with Ponceau S (Sigma-Aldrich) to determine
electrophoresis and transfer efficiency. The membrane was
blocked by incubating in 5% non-fat milk solution for 2 h at
RT. The membrane was incubated in chicken anti-FMRP
(1:20 000) and mouse anti-beta-actin (1:4000, Abcam) in 5%
non-fat milk solution, overnight at 4°C. Three washes of
15 min each followed by two washes of 5 min each were per-
formed using wash buffer (0.1% Tween 20 in PBS). The mem-
brane was then incubated in secondary antibody solution
(donkey anti-chicken IR 800, 1:10 000, Licor; and goat anti-
Mouse 680, 1:10000, LiCor) in 5% non-fat milk solution,
for 1 h at RT. The membrane was washed (three washes for
15 min each, followed by two washes for 5 min each) in
wash buffer. The blot was then scanned using Odyssey Infra-
red Imager (Licor Biosciences, Lincoln, NE, USA). Densito-
metric analysis of western blot bands was performed using
Image J. Statistical analysis was performed using Instat.

Statistical analysis

The genotype of tissue obtained from embryos was blinded
before the orientation of eGFP-labeled migrating cells, the
number of mitotic cells (4A4+ or DAPI), the number of
Pax6+4 or Tbr2+ cells or the number of TUNEL+ cells
were quantified. #-Tests were performed to statistically
compare the number of Pax6+ cells, Tbr2+ cells, mitotic
DAPI or 4A4+ cells and the number of TUNEL+ cells
between the premutation and wild-type littermate groups
using GraphPad Instat (GraphPad Software, Inc.). The
number of migrating cells that were classified as ventricular-
directed, pial-directed or multipolar was statistically compared
between the premutation and wild-type littermate groups with
a Chi-square test (GraphPad Instat). The number of eGFP+
cells that were located in the VZ, SVZ, 1Z or CP was statisti-
cally compared between groups with a Chi-square test (Graph-
Pad Instat).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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