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The Wnt/�-catenin signaling pathway plays crucial roles in early hindbrain formation, and its constitutive
activity is associated with a subset of human medulloblastoma, a malignant childhood tumor of the posterior
fossa. However, the precise function of Wnt/�-catenin signaling during cerebellar development is still elusive.
We generated Math1-cre::ApcFl/Fl mice with a conditional knockout for the Adenomatosis polyposis coli (Apc) gene
that displayed a constitutive activity of Wnt/�-catenin signaling in cerebellar granule neuron precursors. Such
mice showed normal survival without any tumor formation but had a significantly smaller cerebellum with a
complete disruption of its cortical histoarchitecture. The activation of the Wnt/�-catenin signaling pathway
resulted in a severely inhibited proliferation and premature differentiation of cerebellar granule neuron
precursors in vitro and in vivo. Mutant mice hardly developed an internal granular layer, and layering of
Purkinje neurons was disorganized. Clinically, these mice presented with significantly impaired motor coor-
dination and ataxia. In summary, we conclude that cerebellar granule neurons essentially require appropriate
levels of Wnt signaling to balance their proliferation and differentiation.

The development of the murine cerebellum depends on a
well-organized interaction between multiple signaling path-
ways, which control proliferation, migration, and differentia-
tion of a rather limited number of glial and neuronal cell types.
Cerebellar granule neurons outnumber all other types of neu-
rons in the brain, and their proper development crucially de-
termines the overall growth and histoarchitecture of the cere-
bellum (2). Inappropriate development or loss of granule
neurons in mice results in severe cerebellar abnormalities, and
several human disease situations are associated with granule
cell aplasia (33). Appropriate proliferation of granule neuron
precursors proceeds until around postnatal day 15 in mice and
18 months in humans. It is driven mainly by an activated Sonic
hedgehog signaling pathway (35), but other mechanisms, such
as Igf-2 or Sdf-1 signaling, have also been described to be
involved in granule neuron precursor proliferation (12, 18).
Constitutive activation of such pathways may, in a pathological
situation, result in the formation of medulloblastoma, a fre-
quent malignant brain tumor in children, a subset of which is
believed to arise from granule neuron precursors (for a review,
see reference 24).

The canonical Wnt/�-catenin signaling pathway has also
been implicated both in the early development of the cerebel-
lum and in the biology of medulloblastoma. As a part of this

pathway, glycogen synthase kinase 3� (GSK-3�), axin, and
adenomatous polyposis coli (Apc) form an intracellular com-
plex that, in the absence of Wnt ligands, promotes degradation
of �-catenin, the central mediator of this pathway. Binding of
Wnt proteins results in the inactivation of the “destruction
complex,” �-catenin is translocated to the nucleus, and target
gene transcription is activated via TCF/LEF factors. Several
studies have shown that functional alterations of this pathway
may lead to severe abnormalities in brain development. Dele-
tion of �-catenin in Nestin-positive precursors, for instance,
results in severely disrupted cortical layering and impressive
midline defects with hypoplastic structures of the midbrain/
hindbrain region (31). Stabilized �-catenin, in turn, results in
enhanced generation of Nestin-positive neural precursors and
massively enlarged brains (4). In line with this, activating mu-
tations of the �-catenin-encoding CTNNB1 gene occur in a
subset of human medulloblastomas (19, 36), and this distinct
subset is further characterized by overexpression of Wnt target
genes, such as DKK1 and AXIN2 (20, 34).

Adenomatous polyposis coli (Apc) protein, as a part of the
intracellular destruction complex, directs the proteolysis of
�-catenin and consequently inhibits Wnt signaling. In the co-
lon, Apc therefore acts as a classical tumor suppressor, and
mutations of APC contribute to the formation of colorectal
adenomas and carcinomas (29). Germ line mutations of APC
cause familial adenomatous polyposis or Turcot’s syndrome,
which is characterized by both adenomatous polyps of the
colorectum and malignant tumors of the central nervous sys-
tem (CNS), e.g., medulloblastoma (10). In the cerebellum,
expression of Apc has been reported in granule neurons (3)
with a continuous decrease in expression levels during devel-
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opment (17). Also, sporadic medulloblastomas were found to
carry APC mutations, though in a clearly lower frequency than
in colon cancer (14). Despite those tight connections between
Wnt signaling, cerebellar development, and formation of
medulloblastoma, the functional role of Apc during cerebellar
development and its contribution to the proliferation of gran-
ule neuron precursors have not been investigated. Homozy-
gous mutations of Apc result in embryonic lethality (7), making
the analysis of postnatal cerebellar development impossible.
Thus, we used the Cre-loxP system to generate conditional Apc
knockout mice with a deletion of exon 16 within the Apc gene.
We show here that activation of Wnt signaling through loss of
Apc in Math1-expressing cerebellar granule neuron precursors
resulted in early inhibition of cell proliferation, premature
differentiation, and a severely diminished number of granule
neurons. This, in turn, resulted in impressive abnormalities of
the cerebellar histoarchitecture, including the development of
Purkinje neurons. Our results suggest essential roles for Apc
during granule neuron precursor proliferation and cerebellar
development. A conditional knockout of Ctnnb1 exon 3, which
results in a failure to phosphorylate and degrade �-catenin,
uncovered similar changes in Math1� granule neurons, sug-
gesting that our results mirror consequences from a constitu-
tive activation of Wnt signaling rather than changes that are
specific for the loss of Apc. Together, these aspects of Wnt/�-
catenin signaling may have important implications for the un-
derstanding of cerebellar disease settings related to granule
neuron biology.

MATERIALS AND METHODS

Transgenic mice. The generation of mice carrying a loxP-flanked exon 16 of
the Apc gene and of mice carrying a loxP-flanked exon 3 of the Ctnnb1 gene
has been described previously (11, 26). Math1-cre::ApcFl/Fl mice and
Math1-cre::Ctnnb1(ex3)Fl/� mice were created by crossing mice with floxed alleles
to Math1-cre mice (32) and kept in the animal care facility under standard
conditions. Genotyping was performed by standard PCR using Cre-specific prim-
ers (5�-TCCGGGCTGCCACGACCAA-3� and 5�-GGCGCGGCAACACCATT
TT-3�), Apc-specific primers (5�-TAGGCACTGGACATAAGGGC-3� and 5�-G
TAACTGTCAAGAATCAATGG-3�), and Ctnnb1-specific primers (5�-CGTGGA
CAATGGCTACTCAA-3� and 5�-TGTCCAACTCCATCAGGTCA-3�). Intense
monitoring of mutant mice included observation of weight and size control, symp-
toms of slow or impaired movement, and any hints of the development of brain or
intestinal tumors.

Clinical testing. To examine the motor performance of mice, we used a
RotaRod system (V4.1.1; TSE Systems). The examiner was blinded for the group
membership of the tested animals. Initially, mice were trained for 5 days with
three trials per day. The RotaRod system accelerated the speed from 0 to 30 rpm
over a period of 180 s. On the sixth day, animals were tested with an accelerating
speed up to 50 rpm over a period of 300 s. During test trials, each animal was
placed individually on the cylinder. Three trials with a cutoff at 10 s were
recorded by a computer-based light barrier. The latency between each trial was
at least 40 s. To assess the motor coordination and gait, we used a footprint test.
To obtain footprints, the hind- and forepaws of the mice were coated with black
and green nontoxic paint, respectively. The animals were then allowed to walk
along a 40-cm-long, 8-cm-wide tunnel which was placed in a box with 20-cm-high
walls on either side. A fresh sheet of white paper was placed on the floor of the
runway for each mouse. The footprint patterns were analyzed by measuring the
deviation from a proposed path, and the average distance was measured from
the left or right front footprint to the hind footprint. When the center of the hind
footprint fell on top of the center of the preceding front footprint, a value of zero
was recorded. When the footprints did not overlap, the distance between the
center points of the footprints was recorded. At least five values were measured
from each trial, excluding footprints made at the beginning and end of the
runway, where the animal was initiating and finishing its movements, respec-
tively. The mean value of each set was used.

Histology/immunostaining. Standard hematoxylin-and-eosin (H&E) staining
was applied to all brain sections. For immunohistochemistry, sections were sub-
jected to heat antigen retrieval at 99°C in 10 mM sodium citrate buffer for 10 min
for all antibodies. Staining was performed using the following primary antibod-
ies: anti-Pax6 (1:50; Developmental Studies Hybridoma Bank), anti-E-cadherin
(36B5, undiluted; Novocastra), anti-Cmyc (Y69, 1:100; Epitomics), anti-cyclin
D1 (RM-9104, 1:100; Labvision), anti-Axin2 (ab32197, 1:200; abcam), anti-Cre
(PRB106C, 1:3,000; Covance), anti-Ki-67 (M7249, 1:25; Dako), anti-cleaved
caspase 3 (9664, 1:100; Cell Signaling Tech), anti-�-catenin (610154, 1:1,000;
BD), anti-BrdU (347580, 1:100; BD), anti-green fluorescent protein [GFP]
(sc-8334, 1:50; Santa Cruz), anti-NeuN (MAB377, 1:300; Chemicon), and anti-TuJ1
(MMS435P, 1:500; BABCO). Use of antibodies against BrdU required treatment
with 4 N HCl for 10 min and neutralization with 0.1 M sodium borate buffer for
5 min instead of heat retrieval. For the detection of Cmyc, epitope unmasking
using TUF Target unmasking fluid (Pan Path) was necessary. Primary antibodies
were detected using the avidin-biotin-peroxidase complex (ABC)/3,3�-diamino-
benzidine (DAB) method for light microscopy and using fluorescence-coupled
secondary antibodies (Alexa Fluor 488 goat anti-rabbit [Molecular Probes],
A11008, 1:200, and Alexa Fluor 546 goat anti-mouse [Molecular probes],
A11003, 1:200) for double labelings. Cell nuclei were visualized by hematoxylin
when using the DAB method and by 4�,6-diamidino-2-phenylindole (DAPI)
when using fluorescence-labeled antibodies.

Cell culture. Cerebellar granule neuron precursor cultures were generated as
described previously (16). Briefly, cerebella of postnatal day 7 (P7) pups were
taken out and prepared in Hanks buffered saline solution (HBSS) (Gibco) with
added glucose. Meninges and plexus tissue were carefully removed. Dissociation
of pooled cerebella was triggered by trypsin-EDTA-DNase. For the experiments
shown in Fig. 5, HBSS was replaced by culture medium containing Dulbecco’s
modified Eagle medium (DMEM)-F12 (Gibco), 25 mM KCl, N2 supplement
(Gibco), penicillin-streptomycin (Pen-strep), and 10% fetal calf serum (FCS)
(Sigma) after centrifugation, cells were plated at a concentration of 3 million/ml
in poly-L-ornithine (Sigma)-precoated wells and incubated at 37°C for 6 to 12 h
to recover. Then, medium was changed to serum-free culture medium containing
Shh (R&D systems) at a concentration of 0.6 �g/ml. For the experiments shown
in Fig. 8B, cells were cultured under serum-free conditions from the beginning
with phosphate-buffered saline (PBS) as a control, Shh (0.6 �g/ml; R&D sys-
tems), Shh and Igf2 (200 ng/ml; R&D systems), or Shh and Sdf1a (1 �g/ml).
After 24 h, cells were transduced with filtered virus supernatant (as described
below) for 2 h, followed by another 24 h of incubation in serum-free medium plus
PBS as a control, Shh, Shh and Igf2, or Shh and Sdf1a. Cells were pulsed with
BrdU 2 h prior to fixation with 4% paraformaldehyde.

Production of IRES-GFP and Cre-IRES-GFP virus was carried out as previ-
ously published (16). Briefly, 293 packaging cells (Invitrogen) were grown in
DMEM–10% FCS–Pen-strep–300 �g/ml G418 and transfected with 10 �g of
each virus construct, as well as vsv-g and gag-pol plasmids, using the Fugene 6
transfection reagent (Roche). Virus collection medium (without G418) was col-
lected every 24 h for three consecutive days, pooled, and stored at �80°C
until use.

Nucleic acid extraction and PCR analyses. Genomic DNA from primary
cultured murine granule neuron precursors was isolated using the peqGOLD
tissue DNA minikit (Peqlab), following the manufacturer’s instructions. Geno-
typing was performed using Apc-specific primer 1 (5�-AACTTCTGAGTATGA
TGGAGG-3�), primer 2 (5�-TAGGCACTGGACATAAGGGC-3�), and primer
3 (5�-GTAACTGTCAAGAATCAATGG-3�). Primers to detect sequences in
exon 16 were 5�-TTCATACCTCCCAGGACGAC-3� and 5�-AGGGTTTCATT
TGGCCTCTT-3�. Total RNA from cell cultures and from tissues was extracted
using the TRIzol reagent (Invitrogen). To determine whether RNA was sufficient
in concentration and quality to suit further analysis, the NanoDrop system was
deployed. For reverse transcription, the SuperScript III First-Strand kit (Invit-
rogen) was applied according to the manufacturer’s protocol. Reverse transcrip-
tion-PCR (RT-PCR) was performed using the LightCycler 480 System (Roche)
and the SBYR green detection format. Due to its consistent expression in murine
granule neuron precursors, the beta-2-Microglubolin (B2m) gene was used as a
housekeeping control. The following primers were used: B2m, 5�-CCTGGTCT
TTCTGGTGCTTG-3� and 5�-TATGTTCGGCTTCCCATTCT-3�; Axin2, 5�-G
CGACGCACTGACCGACGAT-3� and 5�-GCAGCAGGTTCCACAGGCGT-
3�; Shh, 5�-ACCGGGACCGCAGCAAGTACG-3� and 5�-CACGCGGTCTCC
GGGACGTAAGT-3�; Sdf1a, 5�-TGGACGCCAAGGTCGTCGC-3� and 5�-AC
CGGCAGGGGCATCGGTAG-3�; Igf2, 5�-TGCTGCATCGCTGCTTACGG
C-3� and 5�-CGACGGTTGGCACGGCTTGAA-3�. For each primer set,
postamplification melting curves were analyzed with the LightCycler 480 soft-
ware to verify the specific amplification of the expected PCR product.
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Quantifications and statistics. Analysis of phenotypes from conditional
knockout mice was performed for at least three mice of each genotype that were
all taken from different litters. For quantifications, the number of granule cells
per mm external granular layer (EGL) and the percentage of �-catenin- and
Ki-67-positive granule cells were determined in three randomly selected loca-
tions for three cerebella of each genotype. This was done for the anterior and
posterior part of each cerebellum, using the fissure as an arbitrary border be-

tween anterior and posterior. In cerebella of p21 mice, granule cells per mm2

internal granular layer (IGL) were counted. For statistical analysis, the Student
t test was used for the evaluation of granule cells per area, whereas the Fisher
exact test was used for the assessment of the percentage of �-catenin- and Ki-67
positive cells. For LightCycler assessment, all experiments were done with three
mice per genotype, each in triplicate, and statistical analysis was performed using
the REST (Relative Expression Software Tool) calculator software program.

FIG. 1. Math1-cre::ApcFl/Fl cerebella displayed severe histomorphological abnormalities. The scheme shows the Apc wild-type (WT) allele, as
well as the Apc allele with loxP sites before and after exposition to Cre recombinase (A). PCR of isolated cerebellar DNA from P7 mice was carried
out using all three primers indicated in panel A and showed a band for the floxed allele (380 bp) and for the recombined allele (450 bp) in
Math1-cre::ApcFl/Fl and Math1-cre::ApcFl/� mice but not in the wild-type situation (B). In the wild-type situation, primers 2 and 3 amplified an 87-bp
fragment, while the DNA fragment between primers 1 and 3 was not amplified due to its large size. Size and weight of P21 Math1-cre::ApcFl/Fl

cerebella (n � 6) were largely diminished compared to those for controls (n � 4; P � 0.001, Student’s t test). All values were normalized to total
brain weight (C to F). Arrowheads in panels C and D delineate corresponding anatomic landmarks. H&E histology revealed a dramatic depletion
of granule neurons and a severely disrupted cortical architecture in rostral parts of Math1-cre::ApcFl/Fl cerebella compared to findings for controls
both in sagittal (G to M and L to N) and in horizontal sections (J and K). Note the failure of Purkinje cells to form the typical monolayer in
cerebella with Apc-deficient granule cells (arrows in panel L). Hypomorphic caudal areas revealed clusters of granule cells that failed to migrate
inwardly (O to Q, arrows). IGL, internal granular layer; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter. Enlarged views of boxed
areas in panels D, G, H, I, and O are presented in other panels, as indicated.
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Proliferative activity in virus-treated granule neuron precursor cultures was mea-
sured in at least three independent culture preparations with three wells of a
24-well plate and at least 300 GFP� cells counted in each well of each condition
in each preparation. The accumulation of nuclear �-catenin was assessed by
counting more than 500 cells, with at least 150 cells in each count. For the
experiment shown in Fig. 8, a minimum of 300 cells were counted per condition.
Results were analyzed using the Fisher exact test, and P values of �0.05 were
considered significant. All obtained results, including those from clinical testing
of the mice, were analyzed using the Prism4 software program (GraphPad).

RESULTS

In order to investigate the function of Apc and Wnt/�-
catenin signaling in cerebellar granule neuron precursors, we
took advantage of the Cre-loxP system and generated condi-
tional knockout mice with a deletion of Apc in granule neuron
precursors. To this end, we used Math1-cre mice with specific
expression of functional Cre recombinase in granule neurons
(32). In these mice, the function of Cre recombinase is first
detected at embryonic day 12.5 (E12.5) in granule cell precur-
sors giving rise to granule cells that predominantly populate
the anterior lobes of the adult cerebellum and later in those
populating more caudal lobes, until labeling of all granule cell
precursors is complete by E17 (23). Such mice were inter-
crossed with ApcFl/Fl mice, which carried loxP sites flanking
exon 16 of the Apc gene, including the mutational cluster
region (26, 30). Successful recombination of exon 16 was dem-
onstrated by PCR and electrophoresis of cerebellar DNA from
postnatal day 7 (P7) control and mutant mice (Fig. 1A and B).

Hypoplastic cerebella, loss of granule neurons, and im-
paired migration due to Apc deficiency. Compared to the
situation in control Math1-cre::ApcFl/� mice (Fig. 1C), mac-
roscopic analysis of adult Math1-cre::ApcFl/Fl cerebella dis-
played dramatic anatomical abnormalities, which were de-
tectable by an irregular blood vessel pattern as well as a
severely diminished size of the cerebellum (Fig. 1D and E).
Math1-cre::ApcFl/Fl mice (n � 4) showed a 23.5% reduction
of the cerebellar weight compared to Math1-cre::ApcFl/�

mice (n � 6; all values were normalized to total brain
weight; P � 0.001) (Fig. 1F). As seen on H&E stains of
sagittal and horizontal sections from adult (P21) control and
Math1-cre::ApcFl/Fl cerebella, the reduction in size and
weight was explained by a dramatic loss of granule cells,
mainly in rostral parts where Math1-cre activity has been
described to occur first (23) (Fig. 1G to M). High-power
magnifications of rostral lobes of adult Math1-cre::ApcFl/Fl

cerebella demonstrated diffusely distributed Purkinje cells,
which failed to establish the typical monolayer and which
were located close to the cerebellar white matter due to the
lack of a proper internal granule cell layer (Fig. 1L, arrows).
While granule neurons were barely detectable in rostral
parts of Math1-cre::ApcFl/Fl cerebella, caudal parts included
ectopic islands of uniformly shaped remnants in superficial
parts of the molecular layer (Fig. 1N to P). As displayed in
Fig. 1Q and O, these islands were not found in control mice.
Immunohistochemistry revealed that cells within these is-
lands did not express nuclear �-catenin (Fig. 2B, arrows),
and PCR analysis of microdissected islands confirmed the
presence of Apc exon 16 sequences which should be deleted
after successful homozygous recombination (data not
shown). We therefore concluded that the failure of these

cells to migrate inward was most likely a secondary effect
rather than a consequence of Wnt activity. In order to see
whether these cells would represent proliferating progeni-
tors, we assessed the proliferative activity of these cells by
analysis of Ki-67 expression and found that all cells within
such clusters had left the cell cycle (Fig. 2D). Furthermore,
strong expression of Pax6 and NeuN in these cells suggested
that they represented mature granule neurons (Fig. 2F and
H). In summary, layering and migration of both mutant and
wild-type neurons were disturbed in Math1-cre::ApcFl/Fl

mice, which in turn resulted in dramatic alterations in the
cerebellar histoarchitecture.

Wnt activation and loss of granule neurons in mice with
Math1-driven deficiency of Apc starts around birth. In order
to identify the time point of Wnt activation and possible func-
tional consequences in Math1-cre::ApcFl/Fl cerebella, we first
looked at cerebella from E16.5. However, H&E-stained sagit-
tal sections of Math1-cre::ApcFl/� and Math1-cre::ApcFl/Fl cer-
ebella did not reveal any differences between the two geno-
types at this point (Fig. 3A and C). In particular, no significant
differences could be observed regarding the number of granule
neurons per mm EGL (Fig. 3Q). Although Cre expression was
already detectable at E16.5 (Fig. 3B and D), expression of the
�-catenin protein was absent from granule cell nuclei and
Axin2 was absent completely in Math1-cre::ApcFl/� (Fig. 3E

FIG. 2. Characterization of ectopic cell clusters in the molecular
layer of Apc-deficient cerebella. Cells in the molecular layer of P21
Math1-cre::ApcFl/� cerebella did not express nuclear �-catenin (A),
Ki-67 (C), NeuN (E), or Pax6 (G). Similarly, ectopic cell clusters in
Math1-cre::ApcFl/Fl cerebella (arrows) did not accumulate �-catenin in
cell nuclei (B) (arrows). Furthermore, they did not express Ki-67
(D) (arrows). However, strong expression of NeuN (F) (arrows) and
Pax6 (H, arrows) indicated granule neuron identity.
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and F) and in Math1-cre::ApcFl/Fl (Fig. 3G and H) mice. This
indicated that the Wnt signaling pathway was not active yet
(e.g., in consequence of Apc loss; see the introduction). Look-
ing at the number of granule neurons at P0, however, did for
the first time reveal significant differences between controls
(Fig. 3I) and conditional knockout mice (Fig. 3K). While 733
granule cells per mm EGL were visible in rostral parts of
control mice, only 393 cells were counted in Math1-cre::ApcFl/Fl

mice (Fig. 3R) (P � 0.001). No significant differences were

seen in caudal parts (Fig. 3R). At P0, Cre expression (Fig. 3J
and L) was detectable along with the proof of nuclear
�-catenin and Axin2 in Math1-cre::ApcFl/Fl (Fig. 3O, P, and S)
mice but not in control mice (Fig. 3M, N, and S). This indi-
cated that Wnt signaling was active at this point, similar to the
situation in several types of cancer, including colon cancer (27)
and medulloblastoma (5), where �-catenin is detectable in
tumor cell nuclei. No nuclear �-catenin was detected outside
the EGL of Math1-cre::ApcFl/Fl mice. As a next step, further

FIG. 3. Constitutive Wnt signaling in granule neuron precursors of Math1-cre::ApcFl/Fl mice was first visible at P0. At E16.5, H&E stainings did
not reveal any morphological differences between cerebella of Math1-cre::ApcFl/� and Math1-cre::ApcFl/Fl mice (A, C, and Q). Although Cre
recombinase was strongly expressed in cerebellar granule neuron precursors at this age (B and D), Wnt signaling was not active yet, as
demonstrated by a failure to detect expression of nuclear �-catenin (E and G) and Axin2 (F and H). However, at P0, the number of granule neuron
precursors was significantly diminished in Math1-cre::ApcFl/Fl mice (I, K, and R) (P � 0.001), both Cre and �-catenin were found in the nuclei of
Apc-deficient granule neurons (J, L, M, O, and S), and Axin2 was upregulated in the EGL of Math1-cre::ApcFl/Fl mice (N and P). All images are
taken from sagittal sections. EGL, external granular layer. Enlarged views of boxed areas in panels A, C, I, and K are presented in other panels,
as indicated.
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analyses were performed on older mice in order to see how the
observed changes at P0 would develop over time. At P3, the
Math1-cre::ApcFl/Fl cerebella were already smaller than those of
littermate controls, and the number of granule neurons was sig-
nificantly reduced in both rostral and caudal parts (Fig. 4A to C).
Compared to 4% in controls, almost 20% of all EGL cells in
conditional knockout animals displayed a nuclear accumulation
of �-catenin (Fig. 4D to F) (P � 0.0001). At P7, a stage that is
normally characterized by maximal proliferation of granule neu-
ron precursors in superficial parts of the premature cerebellar
cortex, the foliation of rostral parts of the cerebellum was almost
completely absent in Math1-cre::ApcFl/Fl mice (Fig. 4G and H),
again due to a significant loss of granule neurons (Fig. 4I). Similar
to the situation at P3, remaining granule neurons in the external
granular layer showed a nuclear accumulation of �-catenin which
was present in significantly more cells with Apc deficiency (Fig.
4K) than in control granule cells (Fig. 4J and L).

Wnt activation in cerebellar granule neuron precursors in-
hibits proliferation and enhances differentiation. Having ob-
served that loss of Apc in granule neuron precursors resulted

in Wnt activation and in a significant reduction of granule
neurons, we examined the impact of Wnt signaling on the
proliferation and apoptosis of cerebellar granule neuron
precursors. As expected due to missing Wnt activity (Fig. 3),
we did not detect any differences regarding expression of
Ki-67 or cleaved caspase 3 in cerebella of controls (Fig. 5A,
B, and E) and Math1-cre::ApcFl/Fl mice (Fig. 5C to E) at
E16.5. However, at P0, P3, and P7, the fraction of granule
neuron precursors expressing Ki-67 was significantly re-
duced in Math1-cre::ApcFl/Fl mice (Fig. 5H, J, M, O, R, and
T) compared to that in Math1-cre::ApcFl�l mice Fig. 5F, J, K,
O, P, T). This was true in rostral and in caudal areas.
Enhanced numbers of apoptotic cells were not observed at
any developmental stage (Fig. 5B, D, G, I, L, N, Q, and S).

Although the function of Math1-cre has previously been
described to differ in rostral and caudal parts of the devel-
oping cerebellum (see above) (23), our findings raised the
possibility that an activation of Wnt signaling has region-
dependent effects during cerebellar development. We there-
fore asked whether granule cell precursor proliferation

FIG. 4. Severe morphological alterations at P3 and P7 after constitutive Wnt activation in cerebellar granule neuron precursors. From P3 on,
consequences of activated Wnt signaling in the EGL were clearly visible on H&E stainings (sagittal sections [A and B]). While control animals
exhibited a thick EGL consisting of proliferating granule neuron precursors, Math1-cre::ApcFl/Fl mice had only single granule neurons in the EGL.
These changes were very clear in rostral parts but were still significant in caudal areas (C). Expression of �-catenin was membranous in control
mice (D) but nuclear in almost 20% of granule neurons in rostral parts of Apc-deficient cerebella (E and F). At P7, cerebellar foliation was hardly
visible on H&E sections of Math1-cre::ApcFl/Fl cerebella (H) compared to findings for control mice (G). The number of granule cells was
significantly reduced (I), and nuclear �-catenin was still prominent in Apc-deficient granule cells (K and L). EGL, external granular layer; PC,
Purkinje cells. Enlarged views of boxed areas in panels A, B, G, and H are presented in other panels, as indicated.
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FIG. 5. Reduced proliferation and enhanced differentiation in Apc-deficient granule neurons. While the fraction of Ki-67-positive granule
neuron precursors was similar in control mice and Math1-cre::ApcFl/Fl animals at E16.5 (A, C, and E), significant changes appeared at P0 (F, H,
and J) and were still present at P3 (K, M, and O) and P7 (P, R, and T). These changes were prominent in rostral parts but were also detectable
in caudal parts of the cerebellum. An altered number of apoptotic granule cells that expressed cleaved caspase 3 was not detected at any time point
analyzed (B, D, G, I, L, N, Q, and S). Regional differences of Cre expression in Math1-cre cerebella were obvious, since approximately 75% of
granule neuron precursors expressed Cre in rostral parts of Math1-cre::ApcFl/� and Math1-cre::ApcFl/Fl cerebella but only about 25% did so in
caudal parts (U to Z and G’). Interestingly, Cre-expressing granule neuron precursors coexpressed Ki-67 in control animals (A’ to C’) but not in
Math1-cre::ApcFl/Fl cerebella (D’ to F’). EGL, external granular layer; PC, Purkinje cells. Enlarged views of boxed areas in panels U and X are
presented in other panels, as indicated.
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was directly related to the expression of Cre recombinase
rather than to the anatomical localization. As shown by
immunolabeling using antibodies against Cre recombinase
for both Math1-cre::ApcFl/� mice (Fig. 5U to W) and
Math1-cre::ApcFl/Fl mice (Fig. 5X to Z), the vast majority of
granule neuron precursors in rostral parts of the cerebellum
expressed high levels of Cre, but clearly fewer cells were
stained within the EGL of caudal parts (Fig. 5G’) (P �
0.0001). This mirrored the previously described phenome-
non of region-specific Math1 promoter activity (23, 28) and
suggested that regional differences in phenotype penetrance
resulted from incomplete recombination in caudal parts of
the cerebellum rather than from different susceptibilities to
Wnt signaling. We further performed colocalization studies
with antibodies against Cre recombinase and Ki-67. While
granule neuron precursors that showed an activation of the
Math1 promoter proliferated and expressed Ki-67 in control
mice (Fig. 5A’ to C’), expression of Cre and that of Ki-67
were mutually exclusive in Math1-cre::ApcFl/Fl cerebella (ar-
rows in Fig. 5D’ to F’). This was true for rostral and caudal
parts of the cerebellum. We therefore concluded that con-
stitutive Wnt signaling cell-autonomously inhibited prolifer-
ation of cerebellar granule neuron precursors and prevented
regular expansion of premature granule neurons in all parts
of the cerebellum, yet to various degrees.

Next, we aimed to see whether Apc deficiency in cerebellar
granule neuron precursors would go along with a change in
lineage identity or differentiation. We analyzed the expression
of Pax6, NeuN, and TuJ1 in control and Apc-deficient granule
neurons (Fig. 6A to F). Pax6, which is known as a marker of
the granule cell lineage (6), was expressed by all cells within the
EGL of both control and Math1-cre::ApcFl/Fl cerebella (arrows
in Fig. 6A and D). NeuN and TuJ1 normally show weak or no
expression in outer parts of the EGL (arrows in Fig. 6B and C),
while protein expression becomes strong as soon as granule
cells migrate into deeper parts of the EGL, where differenti-
ation is initiated. However, both markers were strongly ex-

pressed in superficially located cells of Math1-cre::ApcFl/Fl cer-
ebella (arrows in Fig. 6E and F), indicating that Wnt activity
through loss of Apc did not change lineage identity but in-
duced premature neuronal differentiation in cerebellar granule
cells. We further asked whether cyclin D1 and Cmyc, encoded
by two well-described target genes of Wnt signaling, were ex-
pressed in Apc-deficient granule neurons. While cyclin D1 is
expressed by superficial neuronal precursors in the EGL of P7
control cells (Fig. 6G), no such strong expression could be
detected in Math1-cre::ApcFl/Fl cerebella (Fig. 6J). Conversely,
Cmyc was not detected in controls (Fig. 6H), while several
superficially located cells expressed Cmyc in conditional
knockout mice (Fig. 6K). To see whether expression of E-
cadherin was involved in the described consequences of Wnt
activation in granule neurons, we used antibodies against E-
cadherin, but we did not find significant upregulations (Fig. 6I
and L).

As a next step, we aimed to investigate whether we could
confirm the above-described results of reduced granule neuron
proliferation due to constitutive Wnt activity by in vitro exper-
iments. We therefore cultured primary cerebellar granule neu-
ron precursors from P7 ApcFl/Fl pups and acutely deleted Apc
by transducing cells with either IRES-GFP or Cre-IRES-GFP
viruses. All measurements were done 24 h after virus applica-
tion. First, genomic DNA was extracted from cultured granule
neuron precursors, and PCR confirmed correct recombination
and excision of Apc exon 16 after Cre-IRES-GFP virus appli-
cation (Fig. 7A and B). Second, colabeling of GFP and
�-catenin was performed to demonstrate membranous
�-catenin staining in successfully transduced, GFP� control
cells (Fig. 7C to E), and nuclear �-catenin staining was used as
an indicator of Wnt activity in successfully transduced GFP�

cells with Cre-mediated loss of Apc (arrows in Fig. 7F to I). In
addition, Wnt activity was measured quantitatively by deter-
mining the relative expression of Axin2, a well-known target
gene of Wnt signaling (22). As shown in Fig. 7J, expression of
Axin2 was upregulated almost 2.5-fold in mRNA from ApcFl/Fl

granule neuron precursors transduced with Cre-IRES-GFP vi-
ruses compared to results for cells transduced with IRES-GFP
viruses (P � 0.012, Student’s t test). Finally, incorporation of
BrdU was measured to estimate the proliferate activity of
granule neuron precursors. As shown in Fig. 7K to Q, incor-
poration of BrdU was reduced from 55.2 � 4.9% in cells that
were transduced with IRES-GFP viruses to 36.4 � 4.8% in cells
that were transduced with Cre-IRES-GFP control viruses (P �
0.015, Student’s t test). We therefore concluded that the acute
loss of Apc in cultured cerebellar granule neuron precursors
caused an immediate activation of Wnt signaling and a signif-
icant inhibition of Sonic hedgehog (Shh)-induced prolifera-
tion.

Proliferation of cerebellar granule neuron precursors is reg-
ulated not only by Shh but also by Igf2 and Sdf1a (12, 18). It
therefore appeared possible that reduced proliferation of cer-
ebellar granule neuron precursors after Wnt activation was
caused by reduced activity of Igf2 or Sdf1a. With this idea in
mind, we first used RT-PCR analyses to determine the expres-
sion levels of Shh, Igf2, and Sdf1a in cerebella from P0 control
and Math1-cre::ApcFl/Fl mice. In addition, levels of Axin2 were
measured to control for upregulated Wnt signaling pathways in
these mice. As shown in Fig. 8A, levels of Axin2 were about

FIG. 6. Granule neuron identity and enhanced differentiation of
superficially located mutant granule neurons. Granule neuron identity
and differentiation were suggested by expression of Pax6 (A and D,
arrows), NeuN (B and E, arrows), and TuJ1 (C and F, arrows). Com-
pared to control cells (G), most of the Apc-deficient cells did not
express cyclin D1 (J). Cmyc was not expressed in control cells (H) but
was expressed in mutant cells (K, arrows), and E-cadherin was ex-
pressed neither in control (I) nor in Apc-deficient (L) cells. All images
are taken from representative areas of the rostral cerebellum.
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2-fold upregulated, as expected (P � 0.001), but neither Shh,
Igf2, nor Sdf1a was downregulated. In fact, Igf2 was almost
2-fold upregulated (P � 0.05), consistent with reports on Igf2
being a target gene of Wnt signaling (1). As a second experi-
ment to check whether Igf2 and Sdf1a would still function in

Wnt-activated granule neurons, we treated primary cultured
granule neuron precursors with and without Wnt activity with
Shh, Shh plus Igf2, or Shh plus Sdf1a. However, Wnt activity
did not have any impact on the synergistic effect of Igf2 or
Sdf1a on Shh-induced proliferation of granule cell precursors

FIG. 7. Acute loss of Apc resulted in significantly reduced proliferation of primary cultured cerebellar granule neuron precursors. The scheme
shows the Apc wild-type (WT) allele, as well as the Apc allele with loxP sites before and after exposition to Cre recombinase (A). PCR of isolated
DNA from ApcFl/Fl granule neuron precursors that were cultured at P7 and transduced with either IRES-GFP or Cre-IRES-GFP virus was carried
out using all three indicated primers. The gel shows successful recombination resulting in a fragment of 450 bp after treatment with Cre-IRES-GFP
virus (B). Primers flanking the right loxP insertion site produced a fragment of 380 bp in both Cre-IRES-GFP- and IRES-GFP-treated cultures from
ApcFl/Fl mice but not in WT animals, where only 87 bp were amplified (B). Note that the DNA fragment between primers 1 and 3 was not amplified
in unrecombined cells due to its large size. Granule neuron precursor cells were cultured from ApcFl/Fl mice at P7 and transduced with either
Cre-IRES-GFP or IRES-GFP virus. Staining with antibodies against �-catenin featured nuclear accumulation in only 0.35% of cells transduced with
IRES-GFP (C to E and I) but in 6.5% of cultured cells treated with Cre-IRES-GFP (G and H, arrows; I; P � 0.0001, Fisher exact test). Quantitative
RT-PCR revealed a significant increase in the transcriptional activity of the Wnt target gene Axin2 in cultures from ApcFl/Fl mice treated with
Cre-IRES-GFP virus (J) (P � 0.012, Student’s t test). Statistical analysis of subsequent immunocytochemical stainings using antibodies against
BrdU revealed significantly fewer proliferating cells under conditions with Cre-IRES-GFP virus treatment (N to Q) than under control conditions
(K to M and Q; P � 0.015, Student’s t test). Values in panel Q are shown as means � SEM from 3 independent experiments.
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(Fig. 8B). We therefore concluded that the Wnt-associated
inhibition of granule cell precursor proliferation was not me-
diated by an impairment of Igf2 or Sdf1a function.

Conditional stabilization of �-catenin in granule neuron
precursors has effects similar to those of loss of Apc. In order
to determine whether the morphological alterations observed
in Math1-cre::ApcFl/Fl mice represented specific consequences
of an Apc deficiency or whether they represented general al-
terations that occurred due to an activated Wnt signaling in the
cerebellum, we crossed Math1-cre mice to mice with a condi-
tional allele with loxP sites flanking exon 3 of the Ctnnb1 gene
(11). Loss of this exon causes a failure of �-catenin to be
phosphorylated and degraded by the “destruction complex”
(see the introduction). Subsequent translocation of �-catenin

to, and an accumulation in, the cell nucleus ultimately results
in target gene activation and gain of function. Analysis of H&E
stainings from sagittal sections of early postnatal (P0, Fig. 9A
to C; P7, Fig. 9D to K) and adult cerebella (P21, Fig. 9L and
M) of Math1-cre mice and Math1-cre::Ctnnb1(ex3)Fl/� mice
revealed that both the loss of granule neurons in rostral parts
of the cerebellum with high Cre activity and the impaired
migration of granule cells in caudal parts of the cerebellum
with low levels of Wnt activity were similar to the findings
observed for Math1-cre::ApcFl/Fl mice. In particular, prolifera-
tion was similarly impaired in granule neuron precursors of P7
Math1-cre::Ctnnb1(ex3)Fl/� mice, as revealed by immunohisto-
chemistry using antibodies against Ki-67 (Fig. 9H, J, and K).
We therefore concluded that the described phenotypic altera-
tions mirrored consequences of an activated Wnt/�-catenin
signaling pathway in cerebellar granule neuron precursors, in-
dependent of how this activation was initiated.

Clinical deficits but no tumor development in adult
Math1-cre::ApcFl/Fl mice. Apc acts as a classic tumor suppressor
and is involved in both the generation of colon cancer and
medulloblastoma (see the introduction). We asked whether, in
the long term, mice with a Math1-driven deletion of Apc would
develop tumors and observed Math1-cre::ApcFl/Fl mice (n � 20)
for a period of up to 6 months. None of the mice died or
showed any histological sign of tumor development in the CNS
or the colon (data not shown), but all of the tested mutant mice
displayed clinical abnormalities. Motor and balance coordina-
tion was tested in a RotaRod apparatus and, after five training
days, Math1-cre::ApcFl/Fl mice performed significantly worse
than control mice (P � 0.01, Student’s t test) (Fig. 10A).
Similar results were obtained from a gait test, which was per-
formed to assess ataxia and impairment of fine control of
movements. As measured by the distance between forepaw and
hindpaw and by the deviation from a proposed path,
Math1-cre::ApcFl/Fl mice again performed significantly worse
than wild-type mice (P � 0.005 and P � 0.02, respectively)
(Fig. 10B).

DISCUSSION

The first studies that indicated relevant roles of Wnt signal-
ing for the development of the cerebellum appeared almost 20
years ago (25). However, mechanistic details on how Wnt sig-
naling and single pathway components contribute to the con-
trol of proliferation and differentiation in granule neuron pre-
cursors of the cerebellum are not yet understood. In this study,
we provide evidence that a physiological regulation of Wnt
signaling is essential for the appropriate proliferation and dif-
ferentiation of cerebellar granule neuron precursors. Our re-
sults shed new light on the role of Wnt signaling in the early
development of the brain, and they will be crucial for the
understanding of the distinct roles that Wnt signaling may play
in different cellular compartments.

Wnt signaling during cerebellar development. Apc is well
known for its tumor-suppressive roles in various types of can-
cer, including medulloblastoma, and all of these tumors exhibit
features of an activated Wnt signaling pathway. Similarly, a
constitutive activation of Wnt signaling during neural develop-
ment has been reported to cause an expansion of precursor
populations and a massively enlarged brain (4). In line with

FIG. 8. Impact of activated Wnt signaling on expression and func-
tion of Shh, Sdf1a, and Igf2. Both Axin2 and Igf2 mRNA are about
2-fold upregulated in Math1-cre::ApcFl/Fl cerebella compared to find-
ings for Math1-cre::ApcFl/� cerebella. No significant changes were de-
tected with respect to Shh and Sdf1a expression levels. All tissue
samples were from P0 mice (A). Granule neuron precursor cells from
P7 ApcFl/Fl mice were cultured and treated either with PBS (control),
with Shh, with Shh plus Igf2, or with Shh plus Sdf1a. Both under
control conditions (filled bars; cells transduced with IRES-GFP Vi-
ruses) and in cells with an activated Wnt signaling pathway (empty
bars; cells transduced with Cre-IRES-GFP Viruses), Igf2 and Sdf1a
acted synergistically on Shh-induced proliferation of granule neuron
precursors (B). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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this, inhibition of Wnt signaling has been linked to an inap-
propriate proliferation of neural precursor cells and severe
brain malformations in several studies (4, 25, 31). These results
appear to be in contrast to our data from the current study,
which propose that Apc is required for the proliferation of
cerebellar granule neuron precursors. We found that loss of
Apc leads to an activation of Wnt signaling, and this in turn
blocks precursor cell proliferation. However, it is important to
note at this point that all of the above-mentioned studies either
used conventional knockout mice, transgenes expressed under
the control of Nestin promoter sequences, or conditional
knockout mice with expression of Cre recombinase that is
driven by Nestin promoter sequences. Since we used Math1
promoter sequences to delete Apc and activate Wnt signaling,
it appears possible that Wnt activation at different time points
of development has different or even opposing effects. Indeed,
this hypothesis is supported by recent findings that described a
conditional inactivation of Apc in proliferating cerebral corti-
cal cells and their descendants (15). As opposed to the en-
hanced progenitor cell proliferation in the Nestin	90�-cat
mice (4), Ivaniutsin and coworkers described a significant de-
crease in the proliferation of cerebral precursor cells when
using an Emx1-cre line to conditionally knock out Apc (15).

Emx1-cre::ApcFl/Fl mice show a perfect activation of Wnt sig-
naling, but this does not occur before E10.5, a time point long
after activation of the Nestin promoter used by Chenn and
Walsh (4). Furthermore, in vitro activation of Wnt signaling in
E11.5 neural precursors by expression of Wnt7a also resulted
in enhanced neuronal differentiation (13). Similarly, previous
data indicate that the Math1 promoter which we used is acti-
vated no earlier that E12.5 in granule neuron precursors with
a rostral-to-caudal sequence (23), and we ourselves did not see
any nuclear accumulation of the �-catenin protein before P0
(Fig. 2).

Implications for brain tumor development. The molecular
characterization of Turcot’s syndrome approximately 15 years
ago first implied a causative relation between alterations in the
APC gene and the formation of medulloblastoma, a malignant
childhood tumor that arises in the posterior fossa (10). As
revealed in the course of time, up to 20% of human medullo-
blastomas are characterized by a nuclear accumulation of
�-catenin and a distinct gene expression profile that indicates
the activation of Wnt signaling (9, 20). Many of these tumors
carry mutations of Wnt signaling pathway components (e.g.,
CTNNB1 or APC), and it appears plausible that a pathological
activation of Wnt signaling, for instance caused by APC muta-

FIG. 9. Math1-cre::Ctnnb1(ex3)Fl/� cerebella displayed severe histomorphological abnormalities similar to those of cerebella of
Math1-cre::ApcFl/Fl mice. At P0, the sizes of the cerebella were still comparable between Math1-cre (A) and Math1-cre::Ctnnb1(ex3)Fl/� (B) mice,
but the EGL was already thinned out in rostral parts of Math1-cre::Ctnnb1(ex3)Fl/� cerebella (B, arrows in inset) with significantly fewer granule
neurons per mm EGL (C). At P7, the overall size of the mutant cerebellum was reduced (D and E), the EGL was severely diminished in rostral
parts of the cerebellum (F, G, and I, arrows), and Purkinje neurons were diffusely distributed within the cerebellar cortex (I, arrowheads).
Compared to Math1-cre cerebella (H), Ki-67 labeling was restricted to very few cells in the Math1-cre::Ctnnb1(ex3)Fl/� EGL (J and K). At P21,
Math1-cre::Ctnnb1(ex3)Fl/� cerebella (M) were much smaller than those of controls (L). No granule cell layer was visible in rostral parts of the
knockout cerebellum (M), and caudal parts displayed clusters of ectopic granule neurons that were stuck within superficial parts of the molecular
layer (M, inset, arrowheads; N). All panels represent stainings from sagittal sections. EGL, external granule cell layer; IGL, internal granular layer;
ML, molecular layer; PCL, Purkinje cell layer. Enlarged views of boxed areas in panels D and E are presented in other panels, as indicated.
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tions, may result in the formation of medulloblastoma. The
most convincing evidence for this theory is represented by
Turcot’s syndrome (see above), but researchers have failed
until now to exactly model this situation in mice. Neither
Apc�/min mice nor any other mouse model for Wnt-associated
cancer has ever been reported to develop brain tumors. Even
the expression of a stabilized form of �-catenin in cerebellar
granule neurons under the control of a murine PrP promoter
fragment does not result in the formation of medulloblastoma
(21). Similarly to the work by Kratz et al (21), we have shown
here that a conditional knockout of Apc in Math1-expressing
granule neuron precursors did result in an accumulation of
�-catenin in neuronal nuclei but not in the formation of
medulloblastoma. In fact, we observed a dramatic inhibition
of cell proliferation and a severely reduced size of the cerebel-
lar cortex. This was not described by the previous study and
may be caused by the fact that we used Math1 instead of PrP
promoter sequences to activate Wnt signaling.

Taken together, our results suggest that Wnt-associated
medulloblastomas do not stem from granule neuron precur-

sors but from other neural precursors, which express neither
PrP nor Math1. Indeed, very recent results published by
Gibson and colleagues indicated that Wnt-associated
medulloblastoma may arise from neuronal precursors in the
dorsal brainstem (8). Interestingly, these authors also used
Math1-cre::Ctnnb1(ex3)Fl/� mice to search for possible for-
mation of Wnt-associated tumors in the cerebellar EGL. In
line with our findings, they showed less proliferation in
cultured granule neuron precursors transduced with Ctnnb1
mutants than was found with controls (see supplemental
Fig. 8P for reference 8), but unfortunately, they did not
describe respective findings in vivo and only stressed that
they did not find tumors in more than 20 mice examined.
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