NF1 regulation of RAS/ERK signaling

is required tor appropriate granule neuron
progenitor expansion and migration

in cerebellar development
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Cerebellar development is regulated by a coordinated spatiotemporal interplay between granule neuron progenitors
(GNPs), Purkinje neurons, and glia. Abnormal development can trigger motor deficits, and more recent data indicate
important roles in aspects of memory, behavior, and autism spectrum disorders (ASDs). Germline mutation in the
NF1 tumor suppressor gene underlies Neurofibromatosis type 1, a complex disease that enhances susceptibility to
certain cancers and neurological disorders, including intellectual deficits and ASD. The NF1 gene encodes for
neurofibromin, a RAS GTPase-activating protein, and thus negatively regulates the RAS signaling pathway. Here,
using mouse models to direct conditional NF1 ablation in either embryonic cerebellar progenitors or neonatal GNPs,
we show that neurofibromin is required for appropriate development of cerebellar folia layering and structure.
Remarkably, neonatal administration of inhibitors of the ERK pathway reversed the morphological defects. Thus, our
findings establish a critical cell-autonomous role for the NF1-RAS-ERK pathway in the appropriate regulation of
cerebellar development and provide a basis for using neonatal ERK inhibitor-based therapies to treat NF1-induced
cerebellar disorders.

[Keywords: Neurofibromatosis type 1; cerebellum; granule neuron progenitor; NF1; CNS development; barrel cortex]

Supplemental material is available for this article.

Received June 2, 2014; revised version accepted September 22, 2014.

The cerebellum regulates higher cognitive functions in
the brain, including balance, motor coordination, speech,
memory, and learning (Steinlin 2008; Hatten and Roussel
2011). Cerebellar development in mice initiates during
embryogenesis and continues postnatally (Hatten and
Heintz 1995). The postnatal phase of cerebellar develop-
ment encompasses overt morphogenesis brought about
by a concerted regulation of proliferation, differentiation,
and migration of neural progenitors. It also requires the
coordinated interaction between stem/progenitor cells,
neurons, and glia to refine the structure of the cerebellar
cortex as a three-layered laminar configuration (Roussel
and Hatten 2011). The molecular layer (ML) is an outer
layer that contains the axons of granule neurons, Purkinje
neuron dendrites, Bergmann glia (BG) fibers, and basket
and stellate cells. The middle Purkinje cell layer (PL) is
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composed of the cell bodies of Purkinje neurons and BG.
Last, the innermost internal granule cell layer (IGL)
contains the most abundant cell type in cerebellum, the
granule neurons. Granule neuron progenitors (GNPs) are
generated during embryogenesis at the rhombic lip and
migrate tangentially across the surface of the cerebellar
primordium to form the transient external germinal layer
(EGL), the most superficial cerebellar layer (Alder et al.
1996; Wang et al. 2005). At birth, EGL GNPs actively
divide and migrate inwardly through BG processes and
past Purkinje cells to form the IGL, where they differen-
tiate and mature into glutamatergic neurons (Xu et al.
2013). In mice, GNP migration takes place in postnatal
weeks 1 and 2 and is completed by the third postnatal
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week. By this time, the EGL is no longer present, and the
well-defined cerebellar layers have fully formed.

The NFI tumor suppressor gene encodes for neuro-
fibromin, a RAS GTPase-activating protein (GAP) that
promotes the conversion of an active RAS-GTP-bound
form to an inactive RAS-GDP form and functions to
negatively regulate the activity of RAS effectors, includ-
ing the RAF-MEK-ERK signaling pathway (Cichowski
and Jacks 2001; Zhu et al. 2001). Inactivating germline
mutations in NF1 cause Neurofibromatosis type 1 (NF1),
an autosomal inherited disorder that affects approxi-
mately one in 3000 individuals (Tidyman and Rauen
2009). NF1, along with other related developmental
disorders, has been classified as a neuro-cardio-facial-
cutaneous (NCFC) syndrome or “RASopathy,” where
germline mutations occur within components of the
RAS/ERK signaling pathway (Schubbert et al. 2007;
Samuels et al. 2009; Tidyman and Rauen 2009). In the
brain, the ERK pathway is involved in critical processes
that include development, cell survival, genesis of neural
progenitors, learning, and memory (Samuels et al. 2009).
More than half of the individuals diagnosed with NF1
display cognitive impairment (Costa and Silva 2003;
Samuels et al. 2009). It has been estimated that between
30% and 70% of NFI1 patients have learning disabilities
(Hyman et al. 2005). In addition, ~1% of children with
autism spectrum disorders (ASDs) are eventually diag-
nosed with NF1 (Marui et al. 2004), and more recent
studies indicate a significant incidence of ASDs in NF1
individuals (Garg et al. 2013). Genetically engineered
mouse models (GEMMs) with heterozygous or condi-
tional NF1 inactivation have behavioral phenotypes re-
lated to learning disabilities (Cui et al. 2008). Despite the
clear implications of NF1 in cognition, the developmen-
tal basis and associated cellular and molecular mecha-
nisms are not completely elucidated.

Evidence stemming from clinical studies and GEMMs
has hinted at important functions for NFI in various
aspects of CNS development. It has been shown that
some NF1 patients exhibit brain cortical structure abnor-
malities (Balestri et al. 2003). Mice with targeted ablation
of NF1 in selected brain regions exhibit diverse pheno-
typic consequences. For example, NF1 mutant cortical
radial glia progenitors fail to form cortical barrels in the
somatosensory cortex (Lush et al. 2008). NF1 ablation in
adult hippocampal neural progenitors exhibits enhanced
proliferation and increased generation of new neurons
(Li et al. 2012). NFI inactivation in neonatal neural
progenitors of the subventricular zone (SVZ) exhibited
increased gliogenesis accompanied by reduced neurogen-
esis and an enlarged corpus callosum (Wang et al. 2012).
Collectively, these lines of evidence provide a clear
implication and precedence for NF1 function in CNS
development.

In the present study, we examine the role of NF1 in
mouse cerebellar development. We show a critical role for
NF1 in appropriate GNP proliferation in the EGL and
neuronal migration into the IGL. Thus, NF1 loss disrupts
normal cerebellar folia development. Our data add the
cerebellum as an important CNS target for NFI loss in
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neurofibromatosis and provide evidence that specific
pathway targeted therapeutic strategies may reverse
NF1-related cerebellar defects.

Results

Embryonic NF1 deletion in radial glia disrupts
cerebellar development

Previous studies using the well-characterized human
GFAP-cre transgenic mouse line (hGFAP-cre) (Luikart
et al. 2005; Li et al. 2008) have documented a role for
NFI in the development of several CNS regions, specif-
ically in cortical barrels in the somatosensory cortex
(Lush et al. 2008) as well as the olfactory bulb and corpus
callosum (Wang et al. 2012). hGFAP-cre expression starts
between embryonic day 11.5 (E11.5) and E12.5 and in
telencephalon is first detected in radial glia, which give
rise to both neuronal and glial cells (Zhu et al. 2001). As
such, cre recombinase expression is strong in the fore-
brain (Lush et al. 2008) and later in the cerebellum, as
assessed by LacZ reporter gene expression (Fig. 1A). We
turned to the hGFAP-cre line to examine NF1 function in
cerebellar development. Immunofluorescence studies
performed on sections of 1-mo-old hGFAP-cre transgenic
mice crossed to Rosa26 reporter mice expressing LacZ or
GFP confirmed cre-recombinase activity in granule neu-
rons and glial lineages but not in Purkinje neurons (Fig.
1B). This observation was further confirmed using the
Z/EG reporter line (Supplemental Fig. 1A; Novak et al. 2000;
Lush et al. 2008), demonstrating that the majority of cells
in the cerebellum, excluding Purkinje neurons, had un-
dergone recombination. We then crossed NF1*/°% mjce
into the hGFAP-cre background (hereafter referred to as
NF1"SFAP mice). Western blot analysis of whole cerebel-
lum lysates using anti-NF1 antibody showed ~80% pro-
tein reduction in the NF1"STAY cerebellum (Fig. 1C). The
remaining NF1 protein likely resides in Purkinje neurons
and local oligodendroglia that do not undergo recombi-
nation and residual cre transgene inefficiency (Supple-
mental Fig. 1A).

NF1PSFAP mice displayed enlarged cerebral cortex and
reduced olfactory bulb size, consistent with recent re-
ports (Fig. 1D; Wang et al. 2012). Mutant animals
showed an increased brain to body weight ratio due to
their enlarged cortex, which was apparent by postnatal
day 12 (P12) and further evident at P28 (Fig. 1E). The
NF1PSFAY mice also exhibited a notably smaller cerebel-
lum compared with controls (Fig. 1D). We further
examined the basis of diminished cerebellar size by
histological analysis. Hematoxylin and eosin (H&E)
staining of cerebellar sections indicated that while at
P2 cerebella from control and mutant mice appear
indistinguishable, by P12, the mutant cerebella showed
morphological disorganization with an ill-defined IGL
(indicative of a paucity of granule neurons) (see below)
that became magnified over time. Figure 1F illustrates
the severe misalignment of the cells in the PL and
granule cell layer (GCL) at P28. The NF12SFA? cerebella
retain abnormal cell clusters at the pial surface, the site
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of the neonatal transient EGL, at a time when this outer
region is no longer present in control mice (Fig. 1F).
Immunohistochemical analysis performed in cerebellar
sections of 1-mo-old mice with markers for granule
neurons (NeuN and GABAARa6) and Purkinje neurons
(calbindin) further documented the disorganization of
these neuronal cell types and aberrant alignment of the
corresponding layers in the mutant cerebellum (Fig. 1G).
NF1PSFAY cerebella also displayed higher levels of en-
dogenous GFAP immunoreactivity, indicating reactive
gliosis accompanying the acute folia structural changes.
In addition to misalignment, the Purkinje neurons in 2-
mo-old mutant mice retained immature morphological
characteristics, including decreased dendritic tree width
and length, thus indicating their inability to properly
mature (Supplemental Fig. 1B). Because hGFAP-cre is
not expressed in Purkinje neurons, the observed defect

NF1 regulates cerebellar development

Figure 1. NF1"“FAP mjce exhibit abnormal cerebellum.
(A) X-Gal staining of a 1-mo-old hGFAP-Cre Rosa26*“*
mouse cerebellum. Inset is a high-magnification view of
folium IX. Note that X-Gal staining is present in the
GCL but not the PL. Bars: 1 mm; inset, 100 wm. (B)
Immunofluorescence staining for cre-recombinase ex-
pression, as indicated by GFP, in the neuronal and glial
lineages of a 1-mo-old hGFAP-cre;Rosa26°t" reporter
mouse cerebellum. Bar, 100 pm. (C) Western blotting
and quantification of NF1 in control and NF1"GFA?
whole cerebellar lysates. Molecular weight markers (in

JcControl  kilodaltons) are shown. Mean + SEM; n = 3; (*) P < 0.05.
B NF1"°™" (D) Representative whole-mount images of control and
i NF1"*AP brains. The cerebellum has been circled by red

dashed lines. (E) Analysis of the brain weight to body

weight ratio of control and mutant mice. Mean + SEM;

n =5; (**) P < 0.01. (F) H&E staining of cerebellar

sections from control and NFI1PSPA mice shows dys-
P28 morphology in mutant mice. Red arrows indicate folium
VII at P28. Higher magnification of folium VII is shown
in the adjacent right panels. Note the presence of
abnormally retained cell clusters at the pial surface
(EGL) of the mutant cerebellum (black dotted line boxes
are magnified in the panels at the far right). (G) Immu-
nohistochemistry of control and NF1"SFAF mouse sec-
tions with NeuN (granule neuron), GABAAR«6 (granule
neuron), calbindin (Purkinje neuron), and GFAP (BG)
antibodies indicates defective folia layering and gliosis.
Bar, 100 pm.

in these cells is likely to be secondary to abnormalities
in granule neurons or BG. Taken together, these data
indicate that embryonic NF1 ablation in the cerebellum
alters its proper development by disrupting foliation,
cellular organization, layering, and overall morphology.

NF1"CPAP mice exhibit defective GNP migration
and proliferation

Early postnatal cerebellar development involves a mas-
sive proliferation of GNPs in the EGL and their inward
migration along BG processes, accompanied by differen-
tiation to form the granule neuron IGL (Roussel and
Hatten 2011; Buffo and Rossi 2013). To assess the cellular
mechanisms responsible for the cerebellar defects ob-
served in NF1PSPAP mice, we first sought to assess neuro-
nal migration defects. Control and mutant mice were
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administered bromodeoxyuridine (BrdU) at P7, as GNP
proliferation peaks around this age (Roussel and Hatten
2011}, and the number of BrdU-incorporating cells in the
IGL was examined after a 5-d chase. Immunofluorescence
with BrdU antibody revealed a markedly reduced number
of BrdU-incorporating cells in the mutant IGL compared
with control (Fig. 2A,B). In addition, at P12, an increased
number of BrdU-incorporating cells was retained at the
mutant EGL (Fig. 2A, arrowheads), indicating impair-
ment of GNP migration in NF1PSFAP mice. We next
assessed GNP proliferation by administering BrdU at
P7 and monitoring rapid incorporation in the EGL after
a 2-h chase. At P7, the NF1"FAP EGL exhibited an
approximately twofold decrease in the number of BrdU-
incorporating cells compared with controls (Fig. 2C,D).
NeuN immunostaining and nuclear staining at P7 also
show the severe disorganization of the mutant GCL and
the increased number of cells at the ML (Fig. 2A,C).
Together, these data indicate that the alteration in the
folia layering and structure in NF1PSFA” mice occurs as
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Figure 2. NF1 ablation impairs GNP migration and proliferation.
(A) Tracing of granule neuron migration was assessed in control
and NF1"“FAP mice that were pulsed with BrdU at P7 and chased
until P12. Arrowheads show an increased number of BrdU-
positive cells in the mutant pial surface, indicating impaired
migration. Bar, 100 wm. (B) Quantification of a decreased number
of mutant BrdU-positive cells reaching the IGL. Mean = SEM; n =
4; (***) P < 0.001. (C) Decreased EGL cell proliferation in the
mutant cerebellum. GNP proliferation was evaluated after a short
2-h chase following BrdU administration at P7 in control and
mutant animals. Bar, 50 pm. (D) Quantification of BrdU-positive
cells among total cells in the EGL (identified with DNA staining).
Mean + SEM; n=4; (**) P < 0.01
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the combined consequence of impaired GNP prolifera-
tion and migration.

Postnatal NF1 ablation is sufficient to cause cerebellar
abnormalities

The major constituents of cerebellar development are
GNPs, Purkinje neurons, BG, and oligodendrocytes
(Hatten and Heintz 1995; Mathis et al. 2003; Buffo and
Rossi 2013). In the NF1"FAP mouse model, NF1 is ultimately
deleted in both the glial and neuronal lineages (excluding
Purkinje neurons), commencing very early in develop-
ment. Thus, to better isolate the cell-autonomous role of
NFI in cerebellar GNP and BG development from astro-
cyte and oligodendroglial contributions, we turned to
a well-characterized tamoxifen-inducible GNP-specific
transgene (Nestin-CreER™?) (Supplemental Fig. 2A; Chen
et al. 2009; Li et al. 2012). Nestin-CreERT?;NF1/lox/flox,
R0sa26"%“/YFP animals (hereafter referred to as NF1Nes
mice) and Rosa26 control reporter mice were administered
tamoxifen at birth (PO) to induce cre-mediated recombina-
tion and then stained for 5-bromo-4-chloro-3-indolyl-g-D-
galactopyranoside (X-Gal) at P4 and P12 (Fig. 3A). At P4,
X-Gal staining in control and NF1N® cerebella was found
primarily at the EGL and, by P12, transferred to the IGL,
confirming the appropriate lineage tracing of the GNPs,
although an increased number of X-Gal-positive cells
remained at the mutant EGL (Fig. 3A). B-Galactosidase
immunostaining confirmed the strong cre-recombinase
activity at P4 that is predominantly localized to the EGL
(Supplemental Fig. 2B). Immunofluorescence studies per-
formed with P12 cerebellar sections derived from Nestin-
CreER™; Rosa26°™ reporter mouse brains using markers
for granule neurons (NeuN), Purkinje neurons (calbindin),
and Bergmann/radial glia (BLBP) verified that cre activity
was predominantly present in both GNPs and granule
neurons as well as BG but not Purkinje cells (GFP*NeuN*
cells/NeuN™* cells, 96.14% + 2.16%; GFP*BLBP"* cells/
BLBP* cells, 93.74% = 1.98%) (Fig. 3B). Thus, granule
neurons accounted for the highest proportion of cre-
recombinase-positive cells in the reporter mouse cerebella
(among GFP* cells: GFP*NeuN"* cells, 86.8% = 1.7%;
GFP'BLBP" cells, 11.3% * 0.3%; GFP*calbindin® cells,
0.0%). Western blot analysis further illustrated the marked
reduction of NF1 protein in NF1N¢ cerebella at the ages
examined (Fig. 3C). As previously mentioned, the residual
NF1 protein likely comes from a combination of neurons,
oligodendroglia, and afferent neuronal projections from
other brain regions that do not express cre together with
a small proportion of GNPs that may have escaped
targeted cre recombination.

In contrast to NF1"FA” mutant mice, the cortex size
and olfactory bulb size were relatively unaffected in
NF1N¢ mice (Fig. 3D), as also was their brain to body
weight ratio (Fig. 3E). However, NF1N® animals did
exhibit reduced cerebellar size by P12 that persisted
into adulthood (Fig. 3D,F). Histological analysis further
documented NF1™N® mutant altered cerebellar morphol-
ogy at P12 that included reduced folia size, a disorga-
nized PL, and reduced cellularity in the IGL (Fig. 3G).
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Figure 3. Postnatal NF1 loss impairs cerebellar foliation. (A) X-Gal staining to assess cre-recombinase activity in the cerebella of
Rosa26%°Z reporter mice (control) and NF1N® animals. Tamoxifen was administered at birth (P0). (B) Immunofluorescence staining of
cerebellar sections of Nestin-CreER™; Rosa26T" reporter mice administered tamoxifen at PO and sacrificed at P12. Antibodies to GFP
(cre), NeuN (granule neuron), calbindin (Purkinje neuron), and BLBP (BG) were used to assess cre-recombinase activity in the neuronal
and glial lineages. Arrowheads denote cre-expressing BG. Bar, 100 pm. (C) Quantitative Western blot analysis of NF1 protein in control
and mutant cerebella. Molecular weight markers (in kilodaltons) are shown. Mean = SEM; n = 3; (**) P < 0.01. (D) Representative
whole-mount images of control and NF1N brains. The mutant cerebellum appears smaller than control. Cerebella are circled by red
dashed lines. (E) Analysis of brain weight to body weight ratio shows no differences between control and NF1N® animals. Mean + SEM;
n = 7. (F) Quantitative analysis revealed a 40% reduction in cerebellar area in mutant animals at P12 that was sustained until
adulthood. Mean + SEM; n = 6; (**) P < 0.01. (G) H&E staining of control and NF1N cerebellar sections at different stages throughout
postnatal development. Red arrows indicate folium I of control and mutant P28 mice. High-magnification images of folium III are
shown in the adjacent right panels. Note that the mutant cerebellum has cell clusters that are retained in the pial surface, an increased
number of cells in the ML (black dotted line boxes are magnified in the panels at the far right), and a disrupted PL.

| hGEAP defects in Purkinje neurons occur as a consequence of

Similar to NF mice, high-magnification photomi-
improper GCL formation. Thus, postnatal ablation of

crographs showed residual cell clusters present at the

pial surface in P28 NFI1N®® mice (Fig. 3G). As in the
NF1PSFAP mjce, the NF1N® mutants showed misaligned
Purkinje neurons within the PL and altered dendritic
trees at P30 (Supplemental Fig. 2C), indicating that

NF1 in GNPs and BG is sufficient to bring about
morphological deficits in postnatal development, al-
though less severe than those caused by the earlier and
more broad hGFAP-mediated embryonic ablation.
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Postnatal NF1 ablation impairs GNP proliferation
and migration

Cerebellar expansion, GNP migration, and maturation
occur postnatally (Roussel and Hatten 2011). Thus, GNP-
specific NF1 ablation in NFI™® mice might be expected
to manifest some of the same features as NF1PFAY mice.
Control (NF1°¥/°%) and NFIN® mice were tamoxifen-
induced at birth and administered BrdU at P7 with a 2-h
chase. When compared with controls, the number of BrdU-
incorporating cells in the mutant EGL was reduced to
~25% (Fig. 4A,B). In addition, immunofluorescence for
Atohl, a marker for GNPs, was performed to evaluate the
number of BrdU-incorporating cells among the GNP
population. This analysis revealed a reduction in the
number of BrdU-positive cells among Atohl-positive pro-
genitors in NF1N® mice (Supplemental Fig. 3A,B). As an
alternative approach, proliferation was evaluated by the
expression of the proliferation marker Ki67. The NF1™N¢s
EGL exhibited a decreased number of Ki67-positive cells
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among the total cell population (Fig. 4C,D). In addition,
RT-PCR analysis showed reduced Ki67 mRNA levels in
P7 mutant cerebella (Fig. 4E).

Sonic hedgehog (Shh) is the major mitogen that pro-
motes GNP proliferation in the developing cerebellum
(Wechsler-Reya and Scott 1999). Shh, released from
Purkinje neurons, induces expression of the transcription
factor Glil (Goodrich et al. 1997), which in turn induces
the cell cycle regulator cyclin D1 and the proto-oncogene
MycN (Hatten and Roussel 2011; Roussel and Hatten
2011). To test whether Shh signaling is affected in NF17¢s
mice, we performed RT-PCR analysis from cerebellar
tissue lysates and evaluated the expression of several
genes in this pathway. This analysis showed that while
Purkinje neuron-derived Shh mRNA levels are unaltered
in mutant mice, Glil transcript levels are decreased in
the NF1N® mutant cerebellum at P7 and P12 (Fig. 4E).
MycN, but not Cyclin DI, gene expression is also de-
creased in mutant animals at P7. Western blot analysis

Figure 4. Defective GNP proliferation in the
NF1Nes EGL. (A) Representative confocal im-
ages of BrdU incorporation in the EGL of
control and mutant P7 pups that were sacrificed
2 h after BrdU administration. Bar, 50 wm. (B)
Quantitative analysis revealed a decreased
number of BrdU-incorporating cells among to-
tal cells in the NF1N® EGL. Mean + SEM; n =
4; (****) P < 0.0001. (C) Assessment of pro-
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further showed reduced Glil protein levels in NF1N¢s
mice (Fig. 4F). In addition, Western blotting showed
decreased MycN protein levels and unaltered levels of
Shh; its receptor, Ptchl; and cyclin D1 in P7 mutant mice
(Fig. 4G,H). Ptchl levels in NF1N® mice were decreased
at P12 (Fig. 4G,H), consistent with the reduced number of
granule neurons in the mutant IGL. These results con-
firm that canonical GNP proliferation signaling is altered
in mutant mouse cerebella despite the fact that Purkinje
neuron-derived Shh availability is unaltered (Fig. 4E,G,H).
Thus, it is the GNPs that are deficient in responding
adequately to Shh.

To examine the migratory properties of NF1N¢* GNPs,
control and mutant mice were tamoxifen-induced at birth
and administered BrdU at P7 followed by a 5-d chase
(P12). We then analyzed the number of post-mitotic (p27-
positive) BrdU-incorporating cells in the IGL (Fig. 5A).
When compared with controls, this analysis revealed
a reduced number of BrdU-positive cells in the IGL of
NF1N mice (Fig. 5A,B). Evaluation of the ratio of BrdU-
positive cells in the ML to BrdU-positive cells in the IGL
confirmed that, in controls, the vast majority of BrdU
cells had migrated into the IGL. While NF1N¢* mice
retained >80% of the BrdU-positive cells in the ML, only
a relative minority of BrdU-incorporating cells reached
the IGL (Fig. 5A,C). In P12 NFIN® mice, BrdU-positive
cells accumulated at the vestigial site of the EGL (Sup-
plemental Fig. 3C). Thus, early NF1 loss in either the
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Tam  pulse
A + 12 Sac

NF1Nes - 1 Control

NF1%es- 2

“BrdU/p27/NeuN
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embryonic cerebellum (NF1"SFAP) or early postnatal
GNPs (NF1N%) causes severe GNP proliferative and migra-
tory defects that contribute to a reduction of NeuN-positive
granule neurons in the IGL (Fig. 5D).

In the most severe cases, 3-wk-old NF1"SFAP mutant
cerebella can exhibit reduced cellularity in folium IX and
apparent necrosis (Supplemental Fig. 4A,B). We evaluated
the level of apoptosis in control and NF1PSFAP animals at
P10 by TUNEL staining. Mutant mice showed elevated
levels of apoptosis compared with control animals (Sup-
plemental Fig. 4C,D). Although loss of folia was not
observed in NF1N® mice, these mutant cerebella also
showed increased levels of apoptotic cell death at P12, as
evaluated by activated caspase-3 immunostaining (Sup-
plemental Fig. 4E,F). Because defective migration was
accompanied by apoptosis in both mutant mouse models
by P12, these findings suggest that the primary conse-
quence of deleting NF1 is defective cell proliferation and
migration and that persistent accumulation of GNPs in
the EGL and ML eventually triggers apoptotic cell death.
Furthermore, the broader and earlier NF1 ablation gener-
ated in NF1"SFAY mutants likely causes more complex
neuronal/glial interactions that cause tissue necrosis.

BG abnormalities in NF1"FAY but not NF1Ne
cerebella

BG serve as critical scaffolds for inward-migrating GNPs
in cerebellar development. Their cell bodies localize

Figure 5. Neuronal migration is impaired in NF1Ne
mice. (A) Assessment of neuronal migration via immu-
nostaining with BrdU, p27 (post-mitotic cell marker),
and NeuN (granule neuron marker) performed 5 d (P12)
after BrdU administration (P7). In the mutant IGL, p27
and NeuN staining show a similar disorganized pattern
compared with control. Bar, 50 pm. (B) Quantitative
IGL  analysis showed a reduced number of BrdU and p27
double-positive cells in the NFIN® IGL. Mean = SEM;
n=5; (****) P < 0.001. (C) NFIN® mice exhibited an
increased ratio of BrdU-positive cells in the ML to BrdU-
positive cells in the IGL. Mean = SEM; n=5; (***) P <
0.001. (D) Reduced number of mature neurons in the
A mutant IGL. Mean + SEM; n = 5; (***) P < 0.001.
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adjacent to the Purkinje neurons, and they project radial
fibers into the EGL to provide scaffolds for GNP migra-
tion (Chanas-Sacre et al. 2000; D’Arca et al. 2010; Xu et al.
2013). Because we observed cre-recombinase activity in
BG of both mutant mouse strains, NF1 deficiency in BGs
could, in principle, account for or contribute to the
observed cerebellar defects, including the migration phe-
notype. We thus performed immunofluorescence studies
with the BG markers GFAP and S1008 in control and
mutant animals. This analysis at P8 showed that
NF1PSFAP animals have abnormal BG that contain signif-
icant numbers of fibers lacking contact with the pial
surface at the EGL. These deficient fibers are thin and
exhibit varicosities, and their cell bodies are misaligned
within the PL, as compared with control mice (Fig. 6A).
These BG abnormalities in NF12SFAP mutant mice were
further exacerbated by P12 (Fig. 6B). In contrast, NF17¢s
mice appeared to have normal BG morphology at the ages
examined (Fig. 6C,D). While the alignment of BG in the
PL of the NF1™N¢ cerebellum is similar to control at P12,

Control _____NF1e~ Control Control _____NF{™o~

by P21, at which time GNP migration is completed,
mutant mice show misalignment of BG (Fig. 6D).

To further inspect the architecture of BG in folia, we
performed immunofluorescence with anti-BLBP anti-
body, a lipid-binding protein that is exclusively expressed
in BG and radial glia (Fig. 6E-G; Anthony et al. 2005;
D’Arca et al. 2010). Consistent with the aforementioned
results, BLBP immunostaining showed the classical pal-
isade of BG within the PL in control animals at P12. In
NF1"GFAP mice, the pattern of BLBP immunostaining
revealed disorganized BG cell bodies that were irregularly
located at both the EGL and ML, indicating an abnormal
BG scaffold (Fig. 6E). The BG palisade in NF1N®® mice was
comparable with that of control animals at P12 (Fig. 6F).
However, at P21, NF1N® cerebella exhibited a defective
BG scaffold (Fig. 6G). We also examined the levels of BLBP
by Western blot analysis. BLBP is a direct target of Notch1l
signaling, and its transcription is up-regulated in BG upon
contact by migrating neurons with BG fibers (Anthony
et al. 2005; D’Arca et al. 2010). Figure 6H shows that
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Figure 6. Defective BG in NF1"FAP mice but not NF1N mice. (A-D) Immunofluorescence staining with GFAP and S100B antibodies
to identify BG fibers in control and NF1"SFA? cerebella at P8 (A) and P12 (B) and control and NF1N®® cerebella at P12 (C) and P21 (D).
Arrowheads indicate the location of BG cell bodies. Dashed line boxes encompass magnified regions that are shown in the bottom
panels. Arrows in the bottom panels of A and B indicate abnormal morphology of BG fibers in NF1"SFAP mice. Bars: 50 pm; bottom

panels, 20 um. (E-G) BLBP staining to identify the BG scaffold in the cerebella of control and NF

1PGFAP gnimals at P12 (E) and control

and NF1N® mice at P12 (F) and P21 (G). Arrows indicate mutant BG cell bodies outside of the PL (calbindin staining). Bars, 50 pm. (H)
Western blot analysis indicates that BLBP levels are decreased in P12 NF1PSFAP mijce. Mean + SEM; n = 3; (*) P < 0.05; (n.s.) not

statistically significant.
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while BLBP protein levels were decreased by approxi-
mately twofold in NF1"SFAP mice, no changes in BLPB
expression were observed in NF1N® animals. Quantifi-
cation of BLBP-positive cells in control and NF1"SFAP mjce
(percentage of control: control, 100.00% = 10.38%;
NF1PSFAY 111.59% + 9.96%) shows that BLBP expression
down-regulation, but not a reduction in cell number, is
responsible for the lower BLBP levels observed in NF1PGFAP
mutants. These results support the preceding data and
indicate that BG morphology and signaling are altered in
NF1PSFAP mice but not appreciably in NF1N® animals
during the critical period of GNP migration.

Collectively, these data support the model that the more
severe cerebellar phenotype in NF1PSFA? mice can be
linked to abnormalities caused by broad embryonic cere-
bellar NF1 ablation, including both BG and GNPs and
possibly additional glial types. In contrast, the develop-
mental defects observed in the NF1N* mice are primarily,
if not exclusively, the consequence of cell-autonomous
deficiency in GNPs. Thus, the misalignment of both BG
and Purkinje neurons observed in NF1™® mice is the
consequence of altered neuronal migration and GCL
formation, whereas the altered BG morphology and sig-
naling in NF1"SFAP mice is the consequence of earlier and
broader cre-mediated gene ablation.

NF1 inactivation in GNPs does not alter lineage
differentiation

In the SVZ, ablation of NF1 has been reported to alter
lineage differentiation from predominantly neuronal to
glial (Wang et al. 2012). To determine whether decreased
neurogenesis at the expense of increased gliogenesis could
contribute to the cerebellar phenotype observed here,
lineage tracing studies were performed. After tamoxifen
induction at PO, BrdU was administered to control and
NF1N® mice at P7 and immunofluorescence using
markers for neurons (NeulN), astroglia (GFAP and S100B),
oligodendroglial progenitors (olig2), and mature oligoden-
drocytes (MBP) was performed in cerebellar sections after
a 5-d chase. In control mice, the vast majority (~90%) of
BrdU-positive cells was also NeuN positive (Supplemental
Fig. 5A,D). In contrast, the populations of BrdU-positive
cells that were positive for GFAP and S100B or positive for
Olig2 or MBP accounted for ~10% of the total number
of the BrdU-positive cells (Supplemental Fig. 5B-D). Al-
though NF1N®* mice exhibited an increased number of
NeuN-positive cells among BrdU-incorporating cells in
the ML (Supplemental Fig. 5A), the overall lineage marker
distribution among the BrdU-incorporating cells remained
similar to control (Supplemental Fig. 5A-D). Comparable
results were observed when BrdU was administered at P1
(Supplemental Fig. 5F-I), indicating that terminal differen-
tiation is not altered by NF1 ablation. In addition, RT-PCR
analysis of whole cerebellar tissue lysates showed de-
creased transcript levels of the immature neuronal marker
doublecortin (Dcx) and NeuN, but not S1008, in NF1™N¢
mice (Supplemental Fig. S5E), demonstrating that neuro-
genesis, but not gliogenesis, is impaired. Together, these
data indicate that the proliferation impairment in GNPs

NF1 regulates cerebellar development

results in reduced neurogenesis that is coupled with the
GNP migration defect, resulting in aberrant neuronal
differentiation in the ML. These defects in GNPs ulti-
mately culminate in reduced cerebellar size and abnormal
folia layering. In all, these results strongly support the
notion that NF1 regulates proliferation and migration of
GNPs in the cerebellum.

MAPK signaling underlies the cerebellar phenotype

NFI1 negatively regulates the RAS/ERK and PI3K/AKT
signaling pathways (Klesse and Parada 1998; Hegedus
et al. 2007; Lee et al. 2010). Our laboratory had previously
demonstrated that the ERK, but not AKT, pathway is
constitutively activated in the cortex of NF1PSFAP mice
(Lush et al. 2008). Thus, we tested whether these path-
ways are activated in the cerebellum of the NF1 mutant
mouse lines. Similar to the cortex, the ERK, but not AKT,
pathway is activated in NF12SFAY mouse cerebella, as
shown by immunohistochemistry (Fig. 7A). Likewise,
Western blot analysis showed increased p-ERK levels in
the NF1N® mouse line cerebella, indicating its aberrant
activation (Fig. 7B,C). In addition, analysis of ERK path-
way downstream targets by Western blotting showed
elevated levels of p-ELK and p-CREB but not p-p90RSK
(Fig. 7D,E). To test whether inhibition of the ERK path-
way rescues the cerebellar deficiencies observed in the
NF1 mutant mouse lines, we performed two different
experimental protocols for administration of an inhibitor
of MEK1/2 (U0126). U0126 blocks phosphorylation and
activation of ERK1/2 (Shukla et al. 2007). Control and
NF1"GFAP animals were subjected to either perinatal
(from P1 to P9) or post-GNP proliferation (from P11 to
P20) U0126 administration and analyzed by histology at
P21 (Fig. 7F). Perinatal inhibitor treatment in NF1P¢FAP
mice effectively rescued the cerebellar structure abnor-
mality, as the morphology was comparable with control
animals (Fig. 7G). Western blot analysis confirmed
U0126-induced inhibition of ERK phosphorylation and
showed the reduction of aberrant ELK and CREB phos-
phorylation in mutant cerebella (Supplemental Fig. 6A—
D). In several cases, however, only a partial structural
rescue of the cerebellum was observed, likely due to
ineffective U0126 delivery (Fig. 7G; Supplemental Fig.
6E). In contrast, when using the post-GNP proliferation
U0126 regime (P11-P20), no morphological rescue was
observed (Fig. 7H). Immunohistochemical analysis using
antibodies for GABAAR«6, the ERK downstream target
Erg-1, and GFAP showed that UQ126 treatment in
NF1"SFAP ig able to achieve a partial to complete restora-
tion of the GCL structure, Erg-1 basal levels, and gliosis,
respectively (Supplemental Fig. 6F). Perinatal U0126 ad-
ministration also effectively restored the cerebellar abnor-
malities in NF1™ mice, as the folia layering (Fig. 7I) and
the overall size of the cerebellum (Fig. 7],K; Supplemental
Fig. 7A,B) were similar to control animals. Additionally,
inhibitor treatment in NF1™N°® mice completely reversed
the defective GNP proliferation (Supplemental Fig. 7C,D)
and migration (Supplemental Fig. 7E,F) phenotypes. Con-
sistent with the phenotypic rescue, deficient Glil and
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MycN protein levels in NFIN® mice were restored to
control levels by inhibitor administration (Fig. 7L,M),
suggesting that NF1/ERK signaling may regulate SHH/
PTCH signaling in perinatal GNPs.

To complement our in vivo studies, we generated GNP
cultures derived from NF17°¥/f°X mice to test whether
their proliferation is NF1/ERK signaling-dependent in
vitro. Cultured GNPs were transduced with adenovirus
expressing either GFP (control GNPs) or cre-recombinase
fused to GFP (NF1-depleted GNPs), and cells were then
treated with vehicle or U0126 for 24 h. BrdU was
administered to cells for 2 h to analyze the number of
BrdU-incorporating cells. NF1-depleted GNPs exhibited
lower BrdU incorporation than control GNPs, which was
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jected to trial 1 of U0126 administration.
Control mice treated with U0126 or vehicle
showed similar cerebellar gross morphology.
Red arrows indicate folium VIL Insets show
folium VII layering. Bar: 1 mmy; insets, 100

(H) Cerebellar structural defects in
NF1"FAY mice subjected to trial 2 of U0126
administration. (I-K) Trial 1 paradigm U0126
administration ameliorates folia layering ab-
normalities in NF1N® cerebellum. The bot-
tom panels show high-magnification images
of regions encompassed by dashed lines. (J,K)
Analysis of overall cerebellar size shows res-
toration of mutant cerebella by U0126 treat-
ment. Mean = SEM; n = 3; (*) P < 0.05. (L,M)
Quantitative Western blot examination indi-
cates normal Glil and MycN protein levels
in U0126-treated NFIN cerebella at P7.
Mean = SEM; n = 3; (*) P < 0.05; (**)
P < 0.01. Molecular weight markers (in kilo-
daltons) are shown in B, D, and L.
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effectively restored by U0126 treatment (Supplemental
Fig. 8A,B). Western blot analysis demonstrated increased
ERK phosphorylation in vehicle-treated NF1-depleted
GNPs that was inhibited upon U0126 administration
(Supplemental Fig. 8C). High levels of adenovirus trans-
duction efficiency were achieved in GNP cultures (Sup-
plemental Fig. 8D), resulting in efficient cre-mediated
NF1 recombination (Supplemental Fig. 8E). These results
reiterate that cell-autonomous deficiencies in GNPs,
which are strictly MEK-dependent, results in cerebellar
malformation in NF1N® mutants.

In addition to developing cerebellar deficits, NF
animals have a deficiency in somatosensory cortical
barrel formation that is accompanied by elevated p-ERK

1 hGFAP



levels (Lush et al. 2008). Cortical barrel formation is
triggered by the innervation of thalamic axons into
cortical layer IV of the somatosensory cortex, where
neurons are instructed to form rings (termed barrels)
around the incoming axons (Li and Crair 2011). We sought
to determine whether postnatal pharmacological ERK
inhibition could also rescue the barrel cortex structural
deficiency. U0126 or vehicle was administered daily in
control and mutant mice, and, at P8, animals were
analyzed for the presence of cortical barrels. U0126
administration to NF1"S™A animals resulted in a partial
to complete restoration of the cortical barrels (Supple-
mental Fig. 9A,B), re-establishing the ring-like nucleus
distribution that was completely absent (Supplemental
Fig. 9B,C). Western blot analysis showed the U0126-
induced inhibition of phosphorylated ERK and its down-
stream target, ELK, in NF1"S™A® animals (Supplemental
Fig. 9D,E). These results show an equivalent reversion of
the barrel cortex structural defect by U0126 administra-
tion and that cortical barrel formation is NF1/ERK
signaling-dependent. Taken together, these data indicate
that ERK signaling is critical in postnatal development of
cortical barrels and cerebellar folia and indicate a thera-
peutic window of opportunity in which NF1-mediated
cerebellar deficits can be ameliorated. This window of
opportunity coincides with when GNPs are massively
proliferating and migrating in the cerebellum.

Discussion

The cerebellum has well-established and characterized
functions in motor coordination and learning (Steinlin
2008; Hatten and Roussel 2011). Syndromes such as
ataxia are most commonly attributed to deficiencies in
this structure (Steinlin 2008; Basson and Wingate 2013).
However, more recent human imaging and cerebellar
injury studies have broadened the scope of cerebellar
function to include aspects of cognition, associative learn-
ing, emotional response, and behavior (Timmann et al.
2010). Indeed, studies of ASD have also reported links with
abnormal cerebellar anatomy or function (Courchesne
et al. 2011; Skefos et al. 2014). Mouse models of both of
the tuberous sclerosis complex (TSCI1 and TSC2) genes
have further molecularly linked the function of these
genes and the signaling pathways that they regulate with
autism-like behaviors and cerebellar deficiencies (Tsai
et al. 2012; Reith et al. 2013). It has long been appreciated
that individuals with Neurofibromatosis type 1, caused by
germline mutation of the NFI tumor suppressor, are at
high risk for intellectual and/or cognitive deficits (Costa
and Silva 2003; Hyman et al. 2005; Samuels et al. 2009). In
the past, many of these claims have remained largely
anecdotal; however, recent concerted efforts have con-
firmed these findings (Lorenzo et al. 2013; Costa et al.
2014) and revealed a high incidence of ASD among NF1
individuals (Garg et al. 2013).

Numerous studies using mouse models have shown
important roles for NF1 in diverse but specific aspects
of CNS development and function. NFI inactivation
in the embryonic cortex results in disruption of the
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thalamocortical circuitry, permitting thalamic projec-
tions into the somatosensory cortex but disrupting
proper barrel formation (Lush et al. 2008). Thus, cell-
autonomous NF1 loss affects paracrine interactions with
thalamocortical inputs. Cui et al. (2008) reported that
telencephalic deletion of NF1 during embryonic develop-
ment disrupted GABAA neurotransmitter release and
impaired learning. Depletion of NF1 in adult subgranular
zone (SGZ) stem cells enhanced hippocampal neurogene-
sis that modulated and improved depressive-like behaviors
in mice (Li et al. 2012). Finally, NF1 inactivation in adult
SVZ stem/progenitor cells altered the glia/neuron fate
specification by promoting Olig2. expression (Wang et al.
2012). Therefore, in distinct brain regions, NF1 loss in
neurons or stem cells resulted in abnormal cell-to-cell
communication, neurotransmitter signaling, neurogene-
sis, or cell fate specification.

Champion et al. (2014) recently reported on the comor-
bidity of motor skills and cognition in children with
neurofibromatosis. Whether this observation can be di-
rectly ascribed to cerebellar function was not assessed. The
present study reveals a profound disruption of cerebellar
organization when NF1 is deleted in progenitor cell
populations, leading to additional (to those enumerated
above) cell-autonomous phenotypes for NF1 in the CNS.
These include BG alignment and morphology, disrupted
migration of GNPs, and disrupted proliferation of GNPs.
We used two different cre-recombinase-expressing trans-
genes to probe NF1 function. The hGFAP-cre transgene
promoted recombination early in CNS embryogenesis
and caused NF1 ablation in the precursor cells of cerebellar
progenitors, BG, and associated astrocytes as well as in
cortical barrel-forming neurons. The consequences of this
broad and early NF1 deletion was a severely malformed
cerebellum that likely resulted from abnormal functions
in each of the diverse cell types affected, since each
exhibited morphological defects. In particular, there was
evidence of reactive astrogliosis, misaligned and inade-
quately projected BG, and abnormal localization of
granule cells at the ML. A second cre-expressing trans-
gene, Nestin-cref®™, was subjected to tamoxifen-in-
duced activation at birth (PO) and confined NF1 loss to
neonatal cerebellum, specifically to GNPs in the EGL
and, to a lesser extent, BG. These mice also developed
gross anatomical abnormalities, although less severe
and resulting specifically from NF1 loss in GNPs. The
NF1-deficient BG, whose extensions from the PL to the
EGL had formed prior to PO tamoxifen induction,
appeared structurally normal in these mice. The unique
mature architecture of the mammalian cerebellum is
achieved by a choreographed migration and interplay of
EGL-generated GNPs through the PL to colonize and
form the IGL, at whose outer borders are found the cell
bodies of BG and of the Purkinje cells. The NF1N¢®
mutant mice had cerebellar malformations character-
ized by reduced and inappropriately localized granule
neurons in addition to a disrupted PL. The developmen-
tal analysis indicates that, contrary to the NFI1PGFAP
mutant mice, the NF1N¢ phenotype could be ascribed to
deficiencies in GNP proliferation and migration. The
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misalignment of the PL was a secondary effect of the
abnormal GNP behavior. We anticipated that the cere-
bellar lesions caused by NFI mutations by both transgenes
used in the present study would result in significant
behavioral phenotypes. However, both of the cre trans-
genes exhibit expression in additional brain regions (nota-
bly, the SVZ and SGZ as well as telencephalon in the case
of hGFAP-cre), thus rendering the interpretability of be-
havioral studies inadequate. Indeed, we extended our
findings in the cerebellum to the somatosensory cortex
development, whose cortical barrel formation is also
compromised in NF1PSFAP mijce (Lush et al. 2008). We
confirmed our previous report that the RAS/ERK pathway
is abnormally active and, by analogy to the cerebellum
studies, that pharmacological MEK inhibition can also
reverse these defects.

Neurofibromin is a RAS GAP that regulates both the
AKT and ERK pathways (Cichowski and Jacks 2001; Zhu
et al. 2001). A common theme in studies of NF1 in the
brain is the constitutive activation of the ERK pathway,
but not the AKT pathway, as a function of NF1 ablation
(Lush et al. 2008; Li et al. 2012; Wang et al. 2012). This has
prompted the use of specific ERK inhibitors to success-
fully treat NF1 mutant animals in the effort to restore
normal forebrain development (Li et al. 2012; Wang et al.
2012) or counteract NF1 loss-mediated tumor develop-
ment (Chang et al. 2013; Jessen et al. 2013; Staser et al.
2013; Nissan et al. 2014).

In mouse models, directed NF1 loss in embryonic
cerebellar precursors, cortical progenitors, or neonatal
GNPs can cause severe structural malformations. This
fact emphasizes how, in the setting of heterozygous
germline NFI mutation in humans, spontaneous and
isolated NF1 loss of heterozygosity (LOH) during cere-
bellar or cortical development could generate morpho-
logically subtle, localized anatomical abnormalities that
may underlay cognitive and behavioral sequelae. We
were surprised and encouraged by the dramatic effects of
a first-generation ERK pathway inhibitor (U0126) ad-
ministered after birth in reversing substantially the
anatomical deficits in GNP proliferation and migration
as well as cortical barrel formation, even when the NF1
mutation occurred in embryonic development. These
data provide a proof of principle that, as we better
understand the role of cerebellar and cortical malfunc-
tion in Neurofibromatosis type 1, neonatal treatment
with advanced ERK pathway inhibitors may provide
a significant means of counteracting cognitive and
motor inadequacies.

Materials and methods

Animals

NF1/°x/flox . hGFAP-cre, and Nestin-CreER™? lines were gener-
ated as described (Zhu et al. 2001; Zhuo et al. 2001; Chen et al.
2009). NFp/lex/flox  Npifloxi - and NF17°*, hGFAP-Cre were
phenotypically undistinguishable and used as controls. For in-
ducible experiments, tamoxifen-treated NF10x/flox  Nppflox/+,
and NF17°%/*, Nestin-CreER™ animals served as controls. All

2418 GENES & DEVELOPMENT

mouse manipulations were performed in accordance with pro-
tocols approved by the Institutional Animal Care and Research
Advisory Committee at University of Texas Southwestern
Medical Center.

Detailed descriptions of the animals, GNP culture generation,
tissue preparation for histological analysis and quantifications,
B-galactosidase staining, evaluation of apoptosis, and RT-qPCR
and Western blot analyses are included in the Supplemental
Material.

Tamoxifen administration

The estrogen analog tamoxifen (Sigma) was dissolved in a sun-
flower oil/ethanol mixture (9:1) at 20 mg/mL. Control and NF1™N¢s
animals were administered tamoxifen at birth (PO) through
a single subcutaneous injection at a dosage of 350 mg per kilogram
of body weight.

Histology and immunohistochemistry

H&E staining was performed in paraffin-embedded or frozen
sections. For immunohistochemistry, vibratome sections were
blocked in 5% normal donkey serum prepared in PBS and 0.3%
TritonX-100 for 1 h. Sections were incubated overnight at 4°C
with the following primary antibodies: GFP (1:500; Rockland);
S100B (1:500; Sigma); GFAP (1:400; DAKO); Ki67 (1:400; Thermo);
calbindin, GABAARw6, and BrdU (1:400; Abcam); BLBP (1:2000;
Abcam); NeuN, MBP, and Olig2 (1:400; Millipore); p-ERK and
p-AKT (1:200; Cell Signaling); and p27 and Erg-1 (1:200; Santa
Cruz Biotechnology). Primary antibodies were visualized with
Cy2-, Cy3-, or Cy5-conjugated secondary antibodies (1:500;
Jackson ImmunoResearch). Nuclear counterstaining was performed
with 1 pg/mL DAPIL Paraffin-embedded sections were incubated
with biotinylated secondary antibodies, followed by signal ampli-
fication and visualization with the avidin-biotin complex (ABC)
system and DAB substrate (Vector Laboratories).

BrdU pulse chase assays

BrdU was administered into neonatal mice subcutaneously at
a dosage of 200 pg per gram of body weight. Multiple BrdU pulses
were performed at 2-h intervals. For analysis of cell proliferation,
P7 mice were perfused 2 h after a single BrdU pulse. For the
analysis of neuronal migration, animals were pulsed twice at P7
and sacrificed 120 h after the initial pulse. For lineage tracing
analyses, mice were pulsed twice with BrdU at either P1 or P7
and perfused 264 or 120 h after the initial pulse (P12), respec-
tively. BrdU incorporation was assessed in vibratome or frozen
sections that were incubated with 2 M HCl for 2 h, transferred to
0.1 M sodium borate (pH 8.5) for 20 min, and subjected to anti-
BrdU fluorescence immunohistochemistry.

MEK1/2 inhibitor treatment

Treatment of animals with the MEK1/2 inhibitor U0126 (Cell
Signaling) was performed as described (Shukla et al. 2007). For 10
mM stock, 5 mg of U0126 was dissolved into 0.655 mL of DMSO
and 0.655 mL of PBS (1.31-mL total volume), and aliquots were
prepared and stored at —20°C. For experiments, the stock solution
was further diluted 10 times with water. A daily dose of 5 mg of
U0126 per kilogram of body weight was administered subcutane-
ously as indicated in Figure 7F. Injection of vehicle consisting of
5% DMSO in PBS served as control.

Statistical analyses

Student’s t-tests were used to determine statistical differences in
data with two groups of samples. One-way ANOVA analyses



were used for data comparisons of more than two groups and
were followed by Tukey’s-Kramer post hoc test for significance.
A value of P < 0.05 was deemed statistically significant. Data
were analyzed using GraphPad Prism, version 6.02 (GraphPad
Software).
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