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Abstract
The tumor suppressor adenomatous Polyposis Coli (APC) is a multifunctional protein that inhibits
the Wnt/beta-catenin signaling pathway and regulates the microtubule and actin cytoskeletons.
Using conditional knockout (CKO) mice in which the APC gene is inactivated in glial fibrillary
acidic protein (GFAP)-expressing cells, we show a selective and critical role for APC in
maintaining the morphology and function of cerebellar Bergmann glia. APC-CKO mice developed
Bergmann glia normally until the accumulation of beta-catenin started around postnatal day 10
(P10). Their radial fibers then became shortened with a marked reduction of branching collaterals
and their cell bodies translocated into the molecular layer followed by loss of their pial contact and
transformation into stellate-shaped cells by P21. Purkinje neurons were normal in appearance and
number at P21, but there was significant loss of Purkinje neurons and cerebellar atrophy by middle
age. Outside the cerebellum, neither beta-catenin accumulation nor morphological changes were
identified in GFAP-expressing astroglia, indicating region-specific effects of APC deletion and an
essential role for APC in maintaining the unique morphology of Bergmann glia as compared with
other astroglia. These results demonstrate that loss of APC selectively disrupts the Bergmann glial
scaffold in late postnatal development and leads to cerebellar degeneration with loss of Purkinje
neurons in adults, providing another potential mechanism for region-specific non-cell autonomous
neurodegeneration.
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Introduction
Bergmann glia in cerebellar cortex are a specialized type of astroglia that display a radial
glial morphology. The radial processes of Bergmann glia guide the migration of granule
cells during development and their endfeet form the superficial glia limitans. In addition to
these radial glial features, Bergmann glia extend numerous collateral branches from their
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main radial fibers and these collaterals ensheath almost all synapses on Purkinje cell
dendrites to regulate ionic homeostasis and synaptic activity (Grosche et al. 1999; Iino et al.
2001; Lippman et al. 2008; Yamada et al. 2000). Thus, Bergmann glia play various
important roles in both the developing and adult cerebellar cortex. Consistent with this
notion, the dysfunction of Bergmann glia is implicated in some neurodegenerative disorders
(Custer et al. 2006; Shiwaku et al. 2010). There is compelling evidence that cell-to-cell
interaction is crucial for the differentiation of Bergmann glia and several signaling pathways
have been identified to regulate the process (Belvindrah et al. 2006; Eiraku et al. 2005; Lin
et al. 2009). However, molecular mechanisms in maintaining such a unique morphology of
this cell type remain unclear.

The tumor suppressor adenomatous polyposis coli (APC) was originally identified as a
causative molecule of human familial adenomatous polyposis syndrome and a negative
regulator of the canonical Wnt signaling pathway (Kinzler et al. 1991; Nishisho et al. 1991).
APC induces the degradation of beta-catenin, a downstream effecter of the Wnt pathway, to
prevent the nuclear translocation of beta-catenin and the activation of its target genes.
Moreover, APC regulates the microtubule and actin cytoskeletons by either binding to
microtubule plus ends and EB1 or modulating Rho-GTPase through Asef and IQGAP1
(Aoki and Taketo 2007; Hanson and Miller 2005; Nathke 2004). APC is particularly
abundant both in the developing and adult central nervous system (CNS)(Bhat et al. 1994),
and it contributes to a variety of brain functions including axon outgrowth, postsynaptic
assembly, neuronal differentiation, and embryonic radial glial polarity (Ivaniutsin et al.
2009; Temburni et al. 2004; Yokota et al. 2009; Zhou et al. 2004; Imura et al. 2010). In the
present study, we demonstrate that APC deletion from GFAP-expressing astroglia
selectively disrupts the unique cellular architecture of Bergmann glia during the late
postnatal period followed by a significant loss of Purkinje cells by middle age. APC is thus
required to maintain a unique morphology of Bergmann glia and Bergmann glial scaffold is
essential for the survival of Purkinje cells.

Materials and Methods
Mice

APC-CKO mice were generated as previously described (Imura et al. 2010). Briefly,
mGFAP-Cre mice of line 73.12 were cross-bred with APC580S mice on a C57BL/6
background to obtain mGFAP-Cre/ APC580S/580S (APC-CKO) mice. APC580S mice in
which Exon 14 of the APC gene is flanked by the two loxP sites was kindly provided by Dr.
Tetsuo Noda, the Cancer Institute, Tokyo, Japan. Cre-mediated recombination leads to a
frameshift mutation at codon 580 and generates a C-terminally truncated protein lacking the
binding domains for its major partners (Shibata et al. 1997). mGFAP-Cre mice, generated
using a 15 kb mouse GFAP promoter cassette (clone 445), have been shown to selectively
target Cre activity in GFAP-expressing cells including astroglia and adult neural stem cells
in forebrain (Garcia et al. 2004; Herrmann et al. 2008). Littermate mice carrying no
mGFAP-Cre (APC580S/+ and APC580S/580S mice) were used as controls unless otherwise
noted. mGFAP-Cre mice were also cross-bred with the Cre enhanced green fluorescent
protein (GFP) reporter mice kindly provided by Dr. Jun-ichi Miyazaki, Osaka University to
monitor Cre-mediated recombination at the single cell level (Kawamoto et al. 2000).
mGFAP-Cre/GFP/APC580S/580S mice are indicated as APC-CKO reporter mice and
mGFAP-Cre/GFP/APC+/+ mice from the same breeding colony are indicated as control
mGFAP-Cre reporter mice. Mice were housed in a 12 h light/dark cycle in an SPF facility
with controlled temperature and humidity and allowed ad libitum access to food and water,
and experiments conducted according to protocols approved by the Committee for Animal
Research, Kyoto Prefectural University of Medicine, Japan, and the animals were handled in
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accordance with the guidelines for the Care and Use of Laboratory Animals of Kyoto
Prefectural University of Medicine.

Behavioral analysis—The footprint pattern was obtained from middle-aged CKO mice
and their littermate controls. After coating of hindfeet with nontoxicink, mice were allowed
to walk through a tunnel (50 cm long,8 cm wide) with paper lining the floor. Motor
coordination was also assessed by the bar cross test. Middle-aged CKO mice and their
littermate controls were placed in the middle of a narrow bar (8 mm in width) at a height of
~40 cm above the cage floor to discourage jumping. The time each mouse can stay on the
bar before falling off (maximum 60 sec) was measured.

Histological procedures—Mice were perfused transcardially with buffered 4%
paraformaldehyde under deep anesthesia. The brains were removed, post-fixed, and
cryoprotected in buffered 30% sucrose. Frozen sections were prepared using a cryostat
microtome (Leica). In some cases, fixed tissues were embedded in paraffin and paraffin
sections at 4 micrometer thickness were cut with a microtome. Primary and secondary
antibodies used for immunohistochemistry were as follows; mouse anti-GFAP (Sigma, St,
Louis, MO), rabbit anti-GFAP (Chemicon, Temecula, CA), mouse anti-S100beta (Abcam,
Cambradge, UK), rabbit anti-S100 (Dako, Glostrup, Denmark). mouse anti-NeuN
(Millipore, Billerica, MA), mouse anti-beta-catenin (BD Bioscience, Franklin, Lakes, NJ),
rabbit anti-beta-catenin (Sigma), mouse anti-parvalbumin (Swant, Bellinzona, Switzerland),
rabbit anti-caspase-3 (ASP175) (Cell signaling, Beverly, MA), rabbit anti-BLBP (Abcam),
rat anti-GFP ( Nacalai, Osaka, Japan ), rabbit anti-GFP (Invitrogen, Carlsbad, CA), mouse
anti-nestin (Chemicon), mouse anti-calbindin D-28 (Swant), rabbit anti-laminin (Abcam),
rabbit anti-Iba1 (Wako, Osaka, Japan), mouse anti-CD31 (BD Bioscience). Fluorescence
immunohistochemistry was performed using AlexaFluor tagged secondary antibodies Alexa
488, Alexa 568, or Alexa 633 (Invitrogen). Nuclei were counterstained with either 4′,6-
diamidino-2-phenylindole (DAPI; Invitrogen) or TOPRO-3 (Invitrogen). Bright-field
immunohistochemistry was performed using Histofine Simplestain Max-PO (Nichirei), and
diaminobenzidine (Sigma) as the developing agents. Stained sections were examined and
photographed using bright-field and fluorescence microscopy (Olympus), and scanning
confocal laser microscopy (FV1000; Olympus). Stacks of 0.5-μm or 0.8-μm-thick optical
slices were collected through the z axis of tissue sections of regions to be analyzed.

Morphometric and statistical evaluation
For quantification of S100-positive cells in the Purkinje cell layer (PCL) and molecular layer
(MOL), three sagittal cerebellar sections (4 μm thickness) at identical levels (approximately
200 μm apart) per mouse were selected and the three counting frames (500 μm in lateral
diameter) containing the entire PCL and MOL were applied within lobules III, V, VIII on
each section. Purkinje neurons were easily identified and the PCL was defined as the region
from 5 μm below the bottom to 10 μm above the top of Purkinje cell somata. The number of
S100-positive cells was separately counted in the PCL and MOL, and expressed as cells per
cm PCL. For quantification of Purkinje neurons, three Nissl-stained sagittal cerebellar
sections (4 μm thickness) at identical levels (approximately 200 μm apart) per mouse were
selected and the total number of Purkinje cells was counted and expressed as cells per
section. The number of caspase-3-positive cells was counted in the same way as described
above and expressed as cells per section. For the proportion of GFP-positive neurons in the
granule cell layer, more than 500 NeuN-positive neurons from more than three independent
regions were evaluated per mice and the percentage of NeuN-positive cells that were also
GFP-positive as determined by confocal analysis. Values were shown as the mean + SD and
statistical evaluations were performed using Prism software (GraphPad).
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Quantitative RT-PCR
Total RNA was isolated from each sample using an RNeasy extraction kit with a DNase I
treatment (Qiagen) and cDNA was synthesized from 2 μg of total RNA by SuperScript II
reverse transcriptase (Invitrogen). Quantitative real-time polymerase chain reaction (PCR)
using the Sybr Green I reagent (Takara) was performed with ABI7000 (Applied
Biosystems). The gene-specific primer used for Axin2 [NM_015732;] was; Forward; 5′-
CACTTTGGCACAGCTAGAGG-3′, Reverse; 5′-TGCCTGACCAGCAGCCGAGT-3′.
Control experiments were performed without reverse transcriptase to ensure that the results
were not due to amplifications of genomic DNA. PCR product identity was confirmed by
electrophoresis and by melting-point analysis. The expression value of each gene was
normalized to the amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
and a relative amount of transcript was calculated compared with control samples.

Results
APC CKO mice exhibited ataxia and cerebellar atrophy by middle age (6 months)

We have previously generated mGFAP-Cre/ Apc580S /580S (APC-CKO) mice and have
identified impaired neurogenesis from GFAP-expressing postnatal and adult neural stem
cells that generate restricted sub-populations of neurons in the hippocampus and olfactory
bulb. APC-CKO mice also variably exhibited gut and ocular abnormalities due to APC
deletion from GFAP-expressing enteric glia and lens epithelium, which made a detailed
behavioral analysis difficult in these mice (Imura et al. 2010). Nevertheless, we noticed that
an abnormal gait became apparent in APC-CKO mice by middle age, postnatal day (P) 180.
They displayed a wide-based gait with occasional falling. The footprint patterns of CKO
mice showed a poorly coordinated dragged gait (Fig. 1A). In addition, APC-CKO mice fell
off the narrow bar significantly earlier than littermate controls (26.8+18.2 sec and 52.3+12.3
sec in CKO and control mice, respectively. n=4–6, p<0.05, t test). APC-CKO mice thus
exhibited signs of ataxia, which led us to investigate whether cerebellar abnormalities are
induced by APC deletion.

Macroscopically the cerebella of juvenile (P21) and young adult (P56) APC-CKO mice
were indistinguishable from those of littermate controls (data not shown), whereas in
middle-aged CKO mice the cerebella were visibly smaller (Fig. 1B). Nissl staining showed
that the cerebellar cytoarchitecture of juvenile (P21) and young adult (P56) CKO mice was
indistinguishable from that of littermates (Fig. 1C) and revealed pronounced atrophy and
degenerative changes in the cerebellar cortex of middle aged (P180) CKO mice (Fig. 1C).
Degenerative changes were particularly severe in lobules VI, VII, and VIII, where the
thickness of the molecular layer was markedly decreased (Fig. 1D).

Together, these findings suggest that the basic development of the cerebellar cortex is
preserved in APC-CKO mice and that the pronounced atrophy and degeneration that are
present at middle age occur primarily after development.

mGFAP-Cre (line 73.12) targeted Bergmann glia and astrocytes but not Purkinje neurons in
the cerebellar cortex

To investigate the mechanisms of cerebellar atrophy in APC-CKO mice, we first identified
at the single cell level, those cell types in which Cre-mediated recombination occurred in the
cerebellar cortex using control mGFAP-Cre-reporter mice (Fig 2A–F). In the Purkinje cell
layer, the reporter GFP was expressed exclusively in cells with small somata that extended
radial fibers toward the pial surface with numerous collateral branches (Fig. 2A). All of
these cells were positive for the astroglial markers GFAP and S100 (Fig. 2B, C)
demonstrating that these cells are Bergmann glia. In contrast, GFP was not expressed in any
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calbindin-positive Purkinje neurons (Fig. 2F). In the granule cell layer, GFP was expressed
in stellate-shaped astrocytes that were positive for both GFAP and S100 (data not shown). In
addition, a small portion (7.2%, n=3 mice) of NeuN-positive granule cells expressed GFP
(Fig. 2D), which is consistent with the recent report that some progenitors that give rise to
postnatally born granule cells can express GFAP (Lee et al. 2005; Schuller et al. 2008;
Silbereis et al. 2010). Parvalbumin-positive basket/stellate cells did not express GFP (Fig.
2E). Together, these findings show that in the cerebellar cortex of these transgenic mice,
Cre-recombinase activity is targeted selectively to essentially all Bergmann glia and to no
Purkinje or basket cells, to most stellate astrocytes and to a small sub-population (about 7%)
of granule neurons.

Bergmann glial fibers degenerated during late postnatal development in APC-CKO mice
Since cerebellar cortex was the major site of degeneration in APC-CKO mice, and since
Bergmann glia are the major cell type targeted in the cerebellar cortex of this mouse model,
we next examined whether Bergmann glia were affected by APC deletion. At P3 in control
mice, GFAP was barely detectable, whereas the expression of Nestin, a marker for
embryonic radial glia, was still observed in Bergmann glia. The morphology and distribution
of Nestin-positive Bergmann glia were indistinguishable between APC-CKO and control
mice (Fig. 3A, B), indicating that the early development of Bergmann glia proceeded
normally in APC-CKO mice. At P10 in control mice, GFAP expression was robust in
Bergmann glia and GFAP-positive radial fibers spanned the entire molecular layer to the
pial surface in a manner similar to that observed at P21 and in adult mice (Fig. 3C, E). This
observation is consistent with the notion that GFAP expression in Bergmann glia is elevated
during the first postnatal week (Landry et al. 1990; Weir et al. 1984). At P10 in APC-CKO
mice, the radial scaffold of GFAP-positive fibers was maintained, but the density of fibers
began to decrease slightly in lobules VI, VII, VIII (Fig. 3D). Importantly, at P21 in APC-
CKO mice, Bergmann glial fibers were markedly disorganized, so that radial fibers spanning
the molecular layer had mostly disappeared in the severely affected regions, and stellate-
shaped GFAP-positive cells were present in the molecular layer (Fig. 3F). In marked
contrast, astrocytes in the granule cell layer, the cerebellar white matter, and the pons
displayed no identifiable changes in their distribution and morphology (Fig. 3G–L ). These
findings indicate an essential role for APC in maintaining the unique morphology of
Bergmann glia as compared with other cerebellar astroglia.

Abnormal translocation of Bergmann glia into the molecular layer in APC-CKO mice
The degeneration of radial glial fibers might be attributed either to non-lethal morphological
changes or to the outright cell death of Bergmann glia. To differentiate these possibilities,
we first analyzed and quantified the number of S100-positive glia in both the Purkinje cell
and molecular layers. In control mice at P21, the vast majority of S100-positive cells were
located in the Purkinje cell layer and only a few cells were identified in the molecular layer.
Thus, most of S100-positive cells in these regions are likely to be Bergmann glia. In CKO
mice at the same age, the number of S100-positive cells was significantly decreased in the
Purkinje cell layer compared to that in control mice (47% of controls). However, the number
of S100-positive cells was markedly and significantly increased in the molecular layer (7-
fold increase, Fig. 4A, B) and the number of cells positive for other Bergmann glial markers
BLBP and Sox9 similarly increased in the molecular layer of APC-CKO mice (Fig. 4A).

To determine whether Bergmann glia were undergoing cell death, we next counted the
number of cells undergoing apoptosis, as detected by cleaved caspase-3. The number of
caspase-3-positive cells was not significantly increased in the entire cerebellar cortex of
APC-CKO mice both at P14 and P21. In addition, we found that caspase-3-positive cells
were mostly negative for S100 in the Purkinje cell and molecular layers of APC-CKO mice
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(Fig. 4C). Thus, the death of Bergmann glia is unlikely to play a substantive role in the
degeneration of their fibers. This notion is further supported by our finding that the total
number of S100-positive cells in the Purkinje cell and molecular layers was not significantly
decreased in APC-CKO mice (Fig. 4B). Together, these findings show that in APC-CKO
mice the Bergmann glia did not die but translocated from the Purkinje cell layer into the
molecular layer.

Progressive accumulation of beta-catenin in APC-deficient Bergmann glia
To study the consequence of APC deletion for the canonical Wnt signaling pathway in
Bergmann glia, we examined the distribution and accumulation of beta-catenin in the
cerebellar cortex of APC-CKO mice. Beta-catenin-immunoreactivity was barely detectable
and indistinguishable between APC-CKO and control mice at P3. Beta-catenin accumulation
in the cerebellar cortex of APC-CKO mice became apparent at P10 when the degeneration
of radial fibers started. The majority of beta-catenin-accumulated cells were located in the
Purkinje cell layer at this time point although a few were also observed in the molecular and
granule cell layers. At P21, beta-catenin accumulated cells were broadly distributed in the
molecular layer, whereas the number of them was either unchanged or decreased in the
granule cell layer and the Purkinje cell layer, respectively (Fig. 5A). Beta-catenin-
accumulated cells in the Purkinje cell and molecular layers were positive for GFAP and
S100 but negative for calbindin (Fig. 5B, C). Although APC should be deleted in a portion
(7%) of granule cells as well, no beta-catenin accumulation was identified in NeuN-positive
granule cells or Pax6-positive migrating granule cells (Fig. 5C). Thus, these findings show
that beta-catenin was accumulated selectively in Bergmann glia during the period of their
translocation into the molecular layer.

Morphological transformation of Bergmann glia into stellate-shaped astroglia
We next analyzed the detailed morphological changes of APC-deficient Bergmann glia
during the late postnatal period. At P14, the majority of Bergmann glia still remained in the
Purkinje cell layer and the radial fibers spanned the entire molecular layer (Fig. 6A).
Nevertheless, a significant portion of Bergmann glia began to translocate into the molecular
layer at this time point. Intriguingly, these cells still maintained radial glia morphology.
Their radial fibers became shorter but still reached the pial surface and made contacts with
the basement membrane (Fig. 6B, C). Thus, the translocation of Bergmann glia into the
molecular layer preceded a loss of their pial contact. In addition to becoming shorter, the
radial fibers of APC-deficient Bergmann glia were thick and smooth-surfaced, and fine
collateral branches of the radial fibers that filled the molecular layer markedly decreased
(Fig. 6E) compared to those of controls (Fig. 6D). These affected Bergmann glia
accumulated beta-catenin (Fig. 6F). At P21, Bergmann glia in the molecular layer lost their
radial glia morphology and became hypertrophic with short processes (Fig. 6G, H). They
occasionally extended thick processes to make contacts with blood vessels (Fig. 6I) and their
morphological features were similar to those of reactive astrocytes.

Taken together, these findings indicate that APC deletion leads to shortening and thickening
of Bergmann glial fibers, with a marked reduction of fine branches followed by a loss of
their pial contact and the transformation into reactive astrocyte-like cells.

Regional specificity of morphological changes and beta-catenin accumulation
Our results so far demonstrate that loss of APC leads to the accumulation of beta-catenin
and the degeneration of radial fibers in Bergmann glia. Since APC should be deleted in not
only Bergmann glia but also the entire GFAP-expressing astroglial population in the CNS,
we analyzed the morphology and beta-catenin accumulation in other regions. Beta-catenin
accumulated cells were also distributed in the granule cell layer and were positive for S100
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(Fig. 7A, B, C) as well as GFAP (data not shown). Thus, astrocytes in the cerebellar granule
cell layer also accumulated beta-catenin in response to APC deletion but no obvious
morphological change was detected. In contrast, no increase in beta-catenin-
immunoreactivity was identified in the pons (Fig. 7A, B). Despite the broad distribution of
the reporter GFP and GFAP-positive astrocytes in the pons of CKO reporter mice, they
exhibited neither identifiable morphological change nor beta-catenin accumulation (Fig. 7D,
E). We then examined if radial glia morphology is especially vulnerable to APC deletion.
Besides cerebellar Bergmann glia, the CNS contains several types of GFAP-expressing cells
with a radial morphology such as tanycytes in the hypothalamus and radial astrocytes in the
white matter of the spinal cord. Both cell types expressed the reporter GFP and GFAP in
CKO reporter mice, but their radial morphology was well preserved. Beta-catenin was
apically concentrated in the tanycytes and was barely expressed in the radial astrocytes,
which is indistinguishable from those in controls. (Fig. 7F, G). We also studied the
expression of Axin-2 mRNA, a transcriptional target of beta-catenin (Jho et al. 2002), in
different regions of APC-CKO and control brains. The expression of Axin-2 mRNA was
significantly higher in the cerebellum, but not significantly different in the pons and the
cerebral cortex of APC-CKO mice compared to those of controls (Fig. 7H), which was well
correlated with the distribution of beta-catenin. Taken together, these findings show that the
effects of APC deletion on beta-catenin accumulation, activation of its target gene and on
cell morphology exhibited both cell type and regional specificity among GFAP-positive
astroglia.

Ectopic granule cells in APC-CKO mice
We next examined how the degeneration of the Bergmann glial scaffold affected the
organization of the cerebellar cortex. At P10, the thickness of the external granule cell layer
and the number of migrating NeuN+ granule cells are indistinguishable between control and
APC-CKO mice (Fig. 8A). However, at P21, although the thicknesses of the molecular
layer, the Purkinje cell layer, and the granule cell layer were indistinguishable between CKO
and control mice (Fig. 8A), there was an increased number of NeuN-positive cells in the
molecular layer (Fig. 8A) in addition to the translocated Bergmann glia shown above. Some
of these NeuN-positive neurons occasionally formed small aggregates beneath the pial
surface, but others were separately distributed within the molecular layer. These cells are
likely to be ectopic granule cells since NeuN is shown to specifically label granule cells in
the cerebellar cortex (Weyer and Schilling 2003). In support of this notion, we observed no
difference in the number of parvalbumin-positive basket/stellate cells between CKO and
control mice (data not shown). Since it was possible that APC was deleted in a portion of
granule cells and disturbed their migration, we analyzed the expression of the reporter GFP
in the molecular layer of CKO reporter mice. Almost none of the NeuN-positive granule
neurons was positive for GFP (Fig. 8B), indicating that their migration was disturbed by a
cell non-autonomous mechanism. It is therefore likely that the degeneration of the
Bergmann glial scaffold caused ectopic granule cells. Interestingly, we found almost no
GFP-positive neurons in the granule cell layer of CKO reporter mice as well (Fig. 8B). This
suggests that APC deletion disturbs the differentiation and/or survival of granule cells
derived from GFAP-expressing progenitors, which is consistent with our previous finding
that APC is critical for the function of GFAP-positive postnatal and adult progenitors (Imura
et al. 2010). The importance of the Bergmann glial scaffold as the railway of migrating
granule cells has been well documented. The small number of ectopic granule neurons in the
molecular layer of APC-CKO mice and their distribution in the molecular layer rather than
forming clusters in the proximity of the pial surface, suggested that they had exited the
external granule cell layer but failed to reach their normal destination. These observations
are consistent with the atrophy of Bergmann glial fibers and a loss of their pial contact that
occurred well after the peak of granule cell migration (Fujita 1967).

Wang et al. Page 7

Glia. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Degeneration and loss of Purkinje neurons in APC-CKO mice
Lastly, we investigated whether the degeneration of the Bergmann glial scaffold affected the
survival of Purkinje neurons. At P21, when the Bergmann glial scaffold was already fully
disrupted in APC-CKO mice, the number and dendritic arborization of Purkinje neurons
were indistinguishable between CKO and control mice (Fig. 9A, C). By P180, the number of
Purkinje neurons was significantly fewer in CKO mice as compared to age-matched
littermate controls (Fig. 9B). Purkinje cell loss was particularly severe in lobules VI, VII,
and VIII where the degeneration of the Bergmann glial scaffold was most notable.
Calbindin-immunoreactivity was markedly decreased in the somata and dendrites of the
remaining Purkinje cells (Fig. 9C). In addition, a number of microglial cells had invaded the
cerebellar cortex by this age (P180), whereas the distribution of GFAP-positive glia was
similar to younger age (Fig. 9D). These findings show that the degeneration of Bergmann
glia leads to a pronounced loss of Purkinje neurons and microglial activation by middle age.

Discussion
In the present study, we studied the effects of APC deletion in GFAP-expressing astroglia
and demonstrate that 1) APC is required to maintain the unique cellular architecture of
Bergmann glia; 2) APC deletion induces the accumulation of beta-catenin in combination
with morphological changes in cerebellar Bergmann glia but not in other CNS astroglia; 3)
disruption of the normal Bergmann glial scaffold leads to the cell non-autonomous
neurodegeneration of Purkinje neurons.

Methodological considerations
Previous studies have demonstrated that the mGFAP-Cre line 73.12 used in this study
targets Cre activity selectively to the vast majority of astroglia (and not to other types of
glia) in the forebrain and spinal cord and also to certain postnatal GFAP-expressing neural
progenitors that generate small subpopulations of neurons in the hippocampus and olfactory
bulb (Garcia et al. 2004; Herrmann et al. 2008). For the present study, we conducted a
detailed analysis at the single cell level of the targeting of Cre activity in the cerebellum of
mGFAP-Cre mice of line 73.12 by using Cre-reporter mice. The overwhelming majority of
cells exhibiting Cre-reporter activity were Bergmann glia and astrocytes. In addition a minor
population (about 7%) of granule cells was targeted by Cre-mediated recombination, which
is consistent with the recent reports showing the existence of small numbers of GFAP-
expressing postnatal neural progenitors in this region (Lee et al. 2005; Schuller et al. 2008;
Silbereis et al. 2010). Nevertheless, APC-CKO reporter mice also showed that almost all of
these APC-deficient granule cells disappeared before the late postnatal period, which is
likely to be due to the impaired differentiation and survival of neurons derived from APC-
deficient postnatal neural progenitors as we have recently reported (Imura et al. 2010). It is
unlikely that the profound changes in the Purkinje cell and molecular layers of the cerebellar
cortex in our APC-CKO mice were somehow due to the small and transient population of
APC-deficient granule neurons. We therefore conclude that the changes in the cerebellar
cortex of APC-CKO mice can be attributed to the loss of APC in Bergmann glia. Regarding
astroglia, including Bergmann glia, no definite difference in the proportion of the reporter-
positive cells was observed between control and APC-CKO brains, indicating that APC-
deficient astroglia are generated and survive.

Roles of APC in Bergmann glia
One main finding of the present study is that APC deletion in Bergmann glia led to the loss
of their unique cellular architecture and radial scaffold structure. The contact with the pial
basement membrane is an important feature of the Bergmann glial scaffold, and loss of this
contact is implicated in the degeneration of Bergmann glial fibers in some genetically
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modified mouse models (Belvindrah et al. 2006; Lin et al. 2009). On the other hand, APC-
deficient Bergmann glia maintained their radial morphology as well as the contract with the
pial surface during the early phase of their changes in cellular structure while their radial
fibers shortened and thickened with reduced collateral branching. Thus, the major role of
APC in Bergmann glia is likely to be the maintenance of their thin long fibers as well as the
projection of fine braches. The molecular mechanism underlying these effects awaits further
investigation. The regulation of the microtubule and actin cytoskeletons is the most likely
candidate for the action of APC in Bergmann glia (Li et al. 2003; Lippman et al. 2008;
Yokota et al. 2009), but the involvement of a beta-catenin-dependent pathway also remains
possible. Since beta-catenin not only activates the transcription of its target genes but also
regulates the actin cytoskeleton by forming adherens junctions together with cadherins
(McCrea et al. 1991), these two pathways could cooperate to maintain the Bergmann glial
morphology. Our findings also show that the loss of APC not only resulted in the loss of the
typical cellular architecture of Bergmann glia, but that the cells did not die and instead
became more astrocyte-like in appearance. In contrast, the morphology of APC-deficient
astrocytes was not detectably altered. These observations suggest a fundamental role for
APC in maintaining the unique architecture of Bergmann glia that differentiates them from
astrocytes.

Regional differences in the changes of APC-deficient astroglia
Although APC will have been deleted in GFAP-positive astroglia broadly distributed
throughout the CNS in our model, we found neither detectable morphological changes nor
beta-catenin accumulation in astroglia outside the cerebellum. The radial morphology of
both hypothalamic tanycytes and spinal cord radial astrocytes was well maintained. One
possible explanation for these region and/or cell-type specific effects of APC deletion is an
intrinsic property of Bergmann glia. Bergmann glia display a unique morphology that
extends numerous collaterals from its radial fibers to ensheath synapses and these branches
are highly motile and plastic (Iino et al. 2001; Lippman et al. 2008; Yamada et al. 2000). A
requirement for APC may be high in regulating such morphological complexity of
Bergmann glia especially during postnatal development. Alternatively, the effects of APC
deletion could be determined in a region-specific manner. Wnts are expressed and the Wnt/
beta-catenin pathway is active in the postnatal cerebellar cortex, which is implicated in
synaptogenesis, dendritogenesis, and angiogenesis (Daneman et al. 2009; Lucas and Salinas
1997; Salinas et al. 1994; Stenman et al. 2008) add ref. It is possible that Wnts are also
involved in the morphological maturation of Bergmann glia and APC deletion disrupts it.
Lastly, it deserves emphasis that the enormous variability in the effects of APC deletion on
beta-catenin accumulation, activation of its target gene and on cell morphology among
different CNS astroglia not only provides further evidence of the heterogeneity of these cells
at both the regional and local level, but also provides evidence for one of the no doubt many
molecular mechanisms that may underlie such heterogeneity.

Cell non-autonomous neurodegeneration of Purkinje neurons due to APC-deficient
Bergman glia

A second main finding of the present study is that APC-CKO mice exhibited significant cell
non-autonomous degeneration of Purkinje neurons, cerebellar cortical atrophy, and signs of
motor ataxia by middle age (P180) secondary to APC deficiency in Bergmann glia that
resulted in the loss of their normal cellular architecture in late postnatal development. Our
single cell histological evaluations clearly demonstrated that Cre activity and APC deletion
were targeted selectively to essentially all Bergmann glia and to no Purkinje neurons. The
number and morphology of Purkinje cells appeared normal in juvenile mice at P21, by
which time there was substantive disruption of the Bergmann glial scaffold. Nevertheless,
there was no obvious atrophy of the cerebellar molecular layer at P56. Together, these
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observations suggest that the short-term survival and dendritic arborization of Purkinje
neurons were relatively well maintained but that their long-term survival was compromised
without the normal Bergmann glial scaffold. Identification of the precise mechanisms by
which Purkinje neurons degenerate secondary to changes in APC-deficient Bergman glia
will require further investigation. Since the collateral branches of Bergmann glial fibers
ensheath excitatory synapses on Purkinje cell dendrites to control glutamate clearance, one
possibility to explore is that loss of the glial coverage could elicit excitotoxic injury to
Purkinje cells. Such non-cell autonomous Purkinje neuron degeneration has been assumed to
be responsible in several neurodegenerative disorders such as SCA1 and SCA7 (Custer et al.
2006; Shiwaku et al. 2010). Whether or not dysfunction of APC-related mechanisms plays a
role in specific neurological disorders of the cerebellum will also require further
investigation. Nevertheless, our results provide direct evidence that cell non-autonomous
degeneration of Purkinje neurons in adults can be caused by abnormalities of Bergmann glia
that appear in late postnatal development.
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Figure 1.
Motor coordination deficits and cerebellar atrophy of APC-CKO mice by middle age. A. The
footprint patterns of a middle-aged (P180) CKO mouse and a littermate control (Ctrl). B.
Macroscopic appearance of middle-aged CKO and Ctrl brains. Note that the cerebellum of
CKO mouse is smaller compared to that of Ctrl (arrowhead). C. Progressive cerebellar
atrophy in CKO mice by age. Nissl staining shows that the cerebella of CKO mice at P21
and P56 were normal in size and lobulation, whereas that of CKO mice at P180 exhibits a
marked atrophy. D. Magnified views of Nissl-stained lobule VIII. The cerebellar cortex of
CKO mice at P180 is severely disorganized with a marked reduction in MOL thickness,
whereas the cerebellar cytoarchitecture of P21 and P56 CKO mice is indistinguishable from
that of Ctrl except for an increased cell density in the MOL. Scale Bar: C, 300 μm; D, 100
μm. P, postnatal day; PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell
layer.
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Figure 2.
mGFAP promoter directs Cre activity to Bergmann glia and a small sub-population of
granule cells in the cerebellar cortex. The reporter protein GFP is expressed in the cells
whose somata are located in the PCL and radial fibers span the entire MOL with numerous
collateral branches in adult control mGFAP-Cre reporter mice (A). They are positive for
both GFAP (B) and S100(C). A scattered GFP+ cells are also distributed in the GCL (A) and
some of them are positive for a granule cell marker NeuN(D). No GFP expression is
identified in parvalbumin(PV)-positive stellate/basket cells (E) and calbindin(Calb)-positive
Purkinje cells (F). Scale bar: A, B, C, F, 10 μm; D, E, 5 μm. PCL, Purkinje cell layer; MOL,
molecular layer; GCL, granule cell layer.
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Figure 3.
Degeneration of Bergmann glial fibers in APC-CKO mice during the late postnatal period.
Representative images of the cerebellar cortices (A–F) and their magnified views (A′–F′)
stained by either Nestin or GFAP in control (Ctrl) and CKO mice at different postnatal ages.
At P3, Bergmann glia are positive for an embryonic radial glia marker Nestin and their
radial fibers are indistinguishable between Ctrl (A) and CKO mice (B). At P10, the radial
fibers are positive for GFAP and the density of GFAP+ fibers is only slightly decreased in
CKO mice (D) as compared to that in Ctrl(C). At P21, the radial fibers are markedly
decreased, whereas stellate-shaped GFAP+ cells are present in the MOL of APC-CKO mice
(F). In contrast, the distribution and morphology (inset) of GFAP-positive astrocytes in the
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granule cell layer (G, H), the cerebellar white matter (I, J), and the pons (K, L) are
indistinguishable between Ctrl and CKO mice at P21. Scale Bar: 30 μm. P, postnatal day;
PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell layer; WM, cerebellar
white matter.
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Figure 4.
Translocation of Bergmann glial cell bodies into the MOL in APC-CKO mice. A. The cells
positive for Bergmann glial markers S100, BLBP, and Sox9 are predominantly localized in
the PCL and only a few are found in the MOL of control mice (Ctrl) at P21. In contrast, a
number of Bergmann glial markers-positive cells are distributed within the MOL of CKO
mice at the same age (arrow). B. Quantification of S100+ cells in the PCL and MOL. The
number of S100+ cells is significantly lower in the PCL but significantly higher in the MOL
of CKO mice compared to those of Ctrl, whereas the total number of S100+ cells in the
MOL and PCL is not significantly different. n=5, **p<0.01, ***p<0.001 versus controls, t
test. C. No increase in glial cell apoptosis in the cerebellar cortex of CKO mice.
Representative images and quantification of caspase-3+ cells in the cerebellar cortex. The
number of caspase-3+ cells is not significantly different between Ctrl and CKO mice at P14
and P21. n=3–4. Note that caspase-3+ cells are S100-negative (arrowhead). Scale Bar: A, C,
10 μm. P, postnatal day; PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell
layer.
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Figure 5.
Progressive accumulation of beta-catenin in Bergmann glia during postnatal development.
A. Representative images of the cerebellar cortex of control (Ctrl) and APC-CKO mice
stained by beta-catenin. No accumulation of beta-catenin is identified in CKO mice at P3.
Accumulation of beta-catenin becomes apparent but the vast majority of beta-catenin+ cells
are located in the PCL at P10 (arrow), whereas many beta-catenin+ cells are distributed
within the MOL at P21 (arrow). Note that a few beta-catenin+ cells are also identified in the
GCL (arrowhead). B. Double immunofluorescence staining shows that beta-catenin
accumulated cells are positive for astroglial markers GFAP and S100. C. None of beta-
catenin+ cells is positive for a granule cell marker NeuN, an early granule cell progenitor
marker Pax6, and a Purkinje cell marker calbindin (Calb). Scale bar: A, 20 μm, B, 5 μm, C,
10 μm. P, postnatal day; PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell
layer.
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Figure 6.
Morphological transformation of APC-deficient Bergmann glia. Representative images of
the reporter GFP-positive cells in the cerebellar cortex of APC-CKO reporter mice. At P14,
many GFP-positive Bergmann glia situate in the PCL and their radial fibers span the MOL
to the pial surface (A). A portion of GFP-positive cells still retain radial glia morphology as
well as the contact with the pial surface (B, C), but their fibers shorten and the cell bodies
translocate into the MOL with beta-catenin accumulation (B, F). The radial fibers of APC-
deficient Bergmann glia are thick and smooth with a marked reduction of collateral branches
(E) in comparison to those of control reporter mice (D). At P21, the majority of GFP-
positive cells loses the pial contact and transforms into a stellate morphology (G, H) with the
prominent perivascular endfeet (I). Scale bar: A, C, F, G, H, 5μm; B, D, E, I, 2 μm. P,
postnatal day; PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell layer.
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Figure 7.
APC deletion from astroglia induces beta-catenin accumulation and morphological changes
in a region-specific manner. Representative images of sagittal sections of APC-CKO mouse
brains at P21 stained by beta-catenin (A, B). B shows a magnified image of the boxed area in
A. In contrast to apparent beta-catenin accumulation in the cerebellar cortex, no increase in
beta-catenin immunoreactivity is observed in the pons. Note that beta-catenin+ cells are
identified not only in the MOL/PCL but also in the GCL (arrow in B). Beta-catenin+ cells in
the GCL are positive for an astroglial marker S100 (C). The reporter GFP+ and GFAP+ cells
are broadly distributed in the pons of CKO reporter mice, but they do not accumulate beta-
catenin (D, E). GFP+ tanycytes in the hypothalamus (F) and GFAP+ radial astrocytes in the
white matter of the spinal cord (G) maintain their radial morphology and show no
accumulation of beta-catenin in CKO reporter mice. Note that beta-catenin is apically
concentrated (arrow head) in GFP+ tanycytes (inset in F) but is not accumulated within the
nucleus (blue). Quantitative RT-PCR analysis shows that the expression of Axin-2 mRNA
significantly increases in the cerebellum, but neither in the pons nor in the cerebral cortex of
CKO mice at P21 compared to those of controls (H). **p<0.01, t test. n=4–6. Scale bar: A,
300 μm; B, 50 μm; C, D, E, 5 μm; F, G, 10 μm. P, postnatal day; PCL, Purkinje cell layer;
MOL, molecular layer; GCL, granule cell layer.
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Figure 8.
Ectopic granule cells in the molecular layer of APC-CKO mice. A. Representative images of
the cerebellar cortices of control (Ctrl) and CKO mice stained by Nissl and a granule cell
marker NeuN. The thickness of the EXL and the number of migrating NeuN+ granule cells
are indistinguishable between Ctrl and CKO mice at P10. The number of Nissl-stained cells
in the MOL increases and a portion of them are positive for NeuN in CKO mice at P21,
whereas only a few NeuN+ cells are identified in the MOL of Ctrl at the same age. B.
Ectopic granule cells in the MOL are negative for GFP in CKO reporter mice at P21 (left
and middle panels). Note that almost no GFP-positive granule cell is identified in the GCL
as well (right panel). Scale bar: A, 25 μm; B, 10μm. P, postnatal day; PCL, Purkinje cell
layer; MOL, molecular layer; GCL, granule cell layer; EXL, external granule cell layer.
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Figure 9.
Cell non-autonomous neurodegeneration of Purkinje neurons and microglial activation in
middle-aged APC-CKO mice. A, B. Representative images of the PCL of control (Ctrl) and
CKO mice stained by Nissl and quantification of Purkinje cell number. At P21, the
alignment of Purkinje cells in CKO mice is well preserved and the number is not
significantly different (p=0.49). At P180, the loss of Purkinje cells becomes apparent and the
number is significantly fewer in CKO mice. n=5, **p<0.01 versus controls, t test. C.
Representative images of Purkinje neurons of Ctrl and CKO mice stained by calbindin. At
P21, the dendritic arborization of Purkinje neurons in CKO mice is indistinguishable from
that in Ctrl. At P180, in addition to a decrease in cell number, calbindin-immunoreactivity
was markedly reduced in the remaining Purkinje cells. D. Representative images of the
cerebellar cortices of Ctrl and CKO mice at P180 stained by Iba1 and GFAP. Iba1+

microglial cells are broadly distributed in the cerebellar cortex of middle-aged CKO mice.
The distribution of GFAP+ astroglia remains unchanged in comparison to younger ages but
GFAP-immunoreactivity moderately increases. Scale bar: : A, B, 15 μm; C, 20 μm; D, 50
μm. P, postnatal day; PCL, Purkinje cell layer; MOL, molecular layer; GCL, granule cell
layer.

Wang et al. Page 22

Glia. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


