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Abstract The adenomatous polyposis coli gene (APC)
was initially identified through its link to colon cancer. It is
associated with the regulation of cell cycle progression,
survival, and differentiation of normal tissues. Recent
studies have demonstrated that APC is also expressed in
the adult brain at high levels. However, its role in glial cells
under pathological progression remains unclear. In this
study, we evaluated the expression of APC and its asso-
ciation with f-catenin signaling pathway, following the
induction of an excitotoxic lesion by kainic acid (KA)
injection, which cause pyramidal cell degeneration. APC
was predominantly present in oligodendrocytes in the
normal brain, but was specifically associated with activated
astrocytes in the KA-treated brain. Our quantitative anal-
ysis revealed that APC significantly increased from 1 day
post lesion (PI), reached peak values at 3 days PI, and
decreased thereafter. The phospho-GSK3f levels also
showed similar spatiotemporal patterns while [-catenin
expression was reduced at 1 and then increasingly returned
to normal levels at 3, 7 days PI. For the first time, our data
demonstrate the injury-induced astrocytic changes in the
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levels of APC, GSK3p, and ff-catenin in vivo, which may
actively be participate in cell adhesion and in the signaling
pathway regulating cell survivals during brain insults.

Keywords Adenomatous polyposis coli - Astrocytes -
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Introduction

The role of the adenomatous polyposis coli (APC) tumor
suppressor protein in the initiation and progression of colon
cancer has been extensively studied for over a decade.
APC’s role in tumor suppression occurs through antago-
nism of the Wnt pathway and it down-regulates f-catenin
through an association with the APC/Axin/GSK3p
destruction complex. APC loss led to the inappropriate
stabilization of f-catenin, which acts as a transcription co-
activator with the TCF/LEF family of transcription factors
[1, 2]. B-catenin/TCF transcriptional targets included genes
such as c-myc and cyclin D1, which are associated with
proliferation [3, 4]. This supported a model where misre-
gulation of the Wnt pathway through APC mutations pro-
moted tumorigenesis. APC mutations typically occurred
early in the progression of colorectal cancer [5], suggesting
that APC is partially responsible for the initiation of colon
adenomas that could develop into carcinomas. APC was
also important in the maintenance and maturation of
colonic epithelial cells [6, 7].

The highly conserved APC (~312 kDa) contains an
N-terminal oligomerization domain and several binding
sites, including end-binding protein 1 (EB1), axin, f-cate-
nin, glycogen synthase kinase 3 (GSK3pf), APC-stimu-
lated guanine nucleotide exchange factor (Asef), and IQ
motif-containing GTPase activating protein 1 (IQGAPI).
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APC interacted with these proteins and participated in
proliferation, apoptosis, intracellular signaling, cell adhe-
sion, polarization, and migration [7, 8]. Recent studies have
demonstrated that high APC levels were expressed during
the development of the rat central nervous system [9], and
persisted in the adult rat brain [10]. Especially, the
expression of APC in oligodendrocytes is possible that APC
mutation contribute to regulation of the transition from
proliferating precursor to quiescent oligodendrocyte [10]. It
is now generally accepted that APC is an ideal marker for
oligodendrocytes in the mammalian brain since APC was
preferentially localized in these glial cells. Further, APC is
localized in the astrocytic processes to participate in a signal
transduction pathway, and also expressed in neurons for
regulating of neuronal functions with f-catenin and hDLG
[11]. APC localization in astrocytes was reported in some
neuropathological conditions in the human brain [12, 13].

In this sense, kainic acid (KA)-induced brain damage
may provide a suitable model for evaluating the functions
of Akt and GSK3p in reactive gliosis, since the adminis-
tration KA induces excitotoxic brain injury. Furthermore,
KA produces a highly specific pattern of neuronal loss in
the hippocampus, which is accompanied by intense astro-
cyte and microglial reactions [14, 15]. The injury-induced
changes of APC, GSK3J and f-catenin, as a target of APC/
GSK3p regulation in glial cells may contribute to the
mechanism of glial cell protection and adaptation in
response to cell damage, and therefore, these may play an
important role in the evolution of glial response and exci-
totoxic lesion outcome.

Experimental Procedure
Experimental Animals and Lesions

Adult male Sprague-Dawley (SD) rats (8 weeks old, 240-
270 g) were maintained under 12 h light/12 h dark cycles
at 23-25°C. Food and water were available ad libitum.
Animals were handled in accordance with the guidelines
for animal research defined in the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publication 85-23,
1985). Seizures were induced by intraperitoneal (i.p.)
injection of rats with 10 mg/kg of KA (Tocris Cookson,
Bristol, UK) dissolved in normal saline. Seizures were
stopped after 2.5 h with Na phenytoin injections (50 mg/kg
i.p.) [16]. KA-injected animals (n = 24) and saline-injec-
ted control animals (n = 16) were allocated to each of four
groups which were sacrificed at predetermined times
(detailed below) after KA administration. Seizure behavior
following KA injection was staged according to the clas-
sification system of Zhang et al. [17]. Status epilepticus
(SE) rats were injected with KA resulted in development of

wet-dog shakes, head nodding, facial clonus, forelimb
clonus, continued rearing and falling, and generalized
clonic-tonic seizures in all rats at 1-2 h after KA injection.
Stage 4 seizures included rearing with forelimb clonus and
salivation, and stage 5 seizures included falling and loss of
balance. Control rats received equal volumes of saline.

Tissue Preparation

On day, rats were anesthetized with sodium pentobarbital
(50 mg/kg i.p.), and transcardially perfused with heparin-
ized PBS followed by 4% paraformaldehyde in PBS at 1, 3,
and 7 days after KA (n = 4 at each time point) or saline
injections (n = 2). Brains were removed, immersed in
fixative for 4 h, cryoprotected in 30% sucrose solution,
embedded in tissue freezing medium, and frozen rapidly in
2-methyl butane pre-cooled to its freezing point with liquid
nitrogen. Frozen coronal sections (35 pm) were obtained
with a Leica cryostat. Alternating sections were mounted
on gelatin-coated slides or stored free-floating in an anti-
freeze buffer. Sections were mounted on gelatin-coated
slides and stained with cresyl violet for routine histological
examination. The stored free-floating sections were pro-
cessed using immunohistochemical techniques, as detailed
below.

Immunohistochemistry

Parallel free-floating sections were processed immunohis-
tochemically to identify the presence of APC (CC-1).
Sections were treated with blocking buffer (1% fetal
bovine serum in PBS and 0.3% Triton X-100 for 30 min)
after endogenous peroxidase blocking with 1% H,O, in
PBS, then rinsed thoroughly with PBS. Sections were
incubated with the anti-mouse APC primary antibody (CC-
1, #OP80, Calbiochem, USA; diluted in PBS + 0.3%
Triton X-100 at 1:600) for 24 h at 4°C. Tissues were
exposed to the biotinylated anti-mouse IgG and strepto-
avidin peroxidase complex (Vector, USA) for 1 h at room
temperature after rinsing with PBS. Immunostains were
visualized with diaminobenzidine (DAB, Sigma, USA) for
3-5 min and mounted using Polymount (Polysciences,
USA). Double immunofluorescent experiments for APC
were performed using Cy ™2-conjugated anti-mouse IgG
(1:400, Amersham, UK). Sections were further processed
for anti-rabbit glial fibrillary acid protein (GFAP, 1:1,000,
Dako, USA) and anti-rabbit ionized calcium binding
adaptor molecule 1 (iba-1, 1:500, generously provided by
Dr. Shinichi Kohsaka, National Institute of Neuroscience,
Japan) [18]. Tissues were rinsed in PBS and incubated with
Cy™3-conjugated anti-rabbit IgG (1:600, Amersham).
All immunoreactions were observed under an Axiophot
microscope (Carl Zeiss, Germany).
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Western Blot Analysis

On days 1, 3, and 7 after SE onset (n = 4, respectively) and
after saline injection in control group (n = 2), animals
were anesthetized. Brains were removed quickly, and the
hippocampus was dissected on ice and individually
homogenized in lysis buffer (50 mM TrisCl, 150 mM
NaCl, 0.02% sodium azide, 100 pl/ml PMSF, 1 pg/ml
aprotinin, 1% Triton X-100). Supernatant protein concen-
trations were determined after centrifugation with Micro
BCA protein assay kits. Bovine serum albumin was used as
a standard (Pierce Chemical, USA). Aliquots containing
20 pg of protein were boiled in 2x sample buffer (0.8 M
TrisCl, 10% glycerol, 20% f-mercaptoethanol, 10% SDS,
0.02% bromophenol blue) for 5 min and loaded onto a
polyacrylamide gel. Proteins were transferred onto nitro-
cellulose membranes (Amersham Pharmacia Biotech, UK)
after electrophoresis at 250 mA for 1 h. Membranes were
incubated in 5% skimmed milk in PBST (0.3% Triton
X-100 in PBS) for 1 h to block non-specific binding, and
probed with APC (CC-1, 1:1,000), phospho-GSK3/
(1:1,000, Cell signaling, USA), f-catenin (1:1,000, BD
science, USA), and f-actin (1:5,000, Sigma, USA). Mem-
branes were washed 3 times for 10 min in PBST and
incubated for 1 h with peroxidase labeled secondary

Fig. 1 Cresyl violet staining in hippocampal sections of KA-treated
rat hippocampi. In contrast to normal rat tissue (a), pyramidal cell
degeneration was apparent in the CA3 region (arrow) at 1 day post-
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antibody (Vector) diluted 1:2,000 in PBST. Immunolabeled
proteins were detected by chemiluminescence after three
additional washes using a Supersignal ECL kit (Pierce
Chemical) and Biomax Light-1 films (Kodak, USA).
Western blot signals were quantitatively assessed with the
NIH image program (ImageJ) for densitometric measure-
ments. Quantitative data were analyzed with the one-way
analysis of variance (ANOVA) followed by the Newman—
Keuls test. Statistical significance was defined at P
values < 0.05.

Results
Histology of KA-Induced Hippocampus

Cresyl violet stains revealed a selective lesion in the hip-
pocampal region of KA-treated rats. Pyramidal cell
degeneration was not evident in saline-treated control rats
(Fig. 1a) but was apparent in the CA3 region from 1 day
post-injection (PI) rats (Fig. 1b), and glial reactivity were
evident in the CA3 region (Fig. lc, d) at 3 and 7 days PL
Degeneration varied among animals but was most promi-
nent in the CA3 bend; however, there was some cell
sparing in these regions. Pyramidal cell death was also

injection (b). Pyramidal cell loss and glial reactivity were evident
(c, d) at 3 and 7 days post-injection. Scale bar 100 pm
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observed to a lesser extent in the CAl regions and was
excluded from this study. These findings confirmed that the
i.p. KA injections resulted in specific losses of CA3
pyramidal cells, as seen in previous studies [19, 20].

Immunohistochemistry

Adenomatous polyposis coli immunoreactivity was seen in
small hippocampal control cells (Fig. 2a, e). These cells
resembled oligodendrocytes because of their small size and
distribution, as demonstrated by previous studies in the
normal brain [10]. We performed APC immunohisto-
chemistry for the rat brain treated with Na Phenytoin alone,
and obtained a similar staining pattern to the normal brain
(data not shown). APC immunoreactivity was observed
also in small glial cells in KA-treated rat hippocampi, and
small numbers of APC immunoreactive cells were

Fig. 2 APC immunoreactivity in the normal (a) and KA-treated rat
hippocampi at 1 day (b), 3 days (c), and 7 days (d) after treatment.
APC immunoreactivity was identified in the small cells of the
hippocampus (a, e) in control samples. APC immunoreactivity was

observed in the vicinity of the hippocampus at 1 day post-
injection (Fig. 2b, f). These immunoreactive cells
increased significantly and were scattered throughout the
hippocampus at 3 and 7 days after treatment (Fig. 2c, d).
APC immunoreactive cells showed morphology of acti-
vated glial cells at higher magnification that newly
appeared in association with brain injuries (Fig. 2f-h). We
performed double labeling experiments with two different
glial markers to confirm cells types of APC immunoreac-
tive cells (GFAP for astrocytes and iba-1 for microglia).
There were no cells overlapped with two antigens in the
control hippocampi. APC was observed in the perikaryon
of small round cells while GFAP was noted in larger
process-bearing cells (Fig. 3a—c), suggesting that APC-
positive cells are oligodendrocytes, not astrocytes. APC
immunoreactive cells were largely double-labeled with
GFAP in KA-treated hippocampi, except a few APC

also observed in glia-like cells in the KA-treated hippocampi. These
cells appeared 1 day after treatment, increased in number (b—d) and
size (f-h) at 3 and 7 days after treatment. e—h Higher magnification of
rectangular area in a—d. Scale bar a—d = 100 pm, e-h = 20 pm

@ Springer



118

Neurochem Res (2010) 35:114-121

Fig. 3 Double immunofluorescent staining to identify APC-positive
cells in control (a—c) and KA-treated hippocampi (d-i). APC was
localized in the perikarya of small round cells in the control samples
while GFAP was localized in the larger process-bearing cells. No
overlaps were identified between them (a—c), suggesting that APC is
expressed in oligodendrocytes but not GFAP-positive astrocytes in

immunoreactive cells that were not GFAP-positive. These
cells were small and resembled the APC-positive oligo-
dendrocytes which appeared in the control (Fig. 3d—f),
suggesting that APC-positive cells are predominantly
activated astrocytes. The antigens were separately local-
ized in APC/iba-1 double labeling, and cells did not
overlap (Fig. 3g—i1). These suggested that APC was spe-
cifically expressed in activated astrocytes in the KA-treated
rat hippocampi, although oligodendrocytes that remained
in the injured brain still expressed APC.

@ Springer

the normal brain. APC largely overlapped with GFAP (d—f) in the
KA-treated hippocampi except for a few cells that APC-positive only
and GFAP negative (arrows). APC/iba-1 double labeling revealed
that the antigens were separately localized and no cells overlapped
(g—i). Scale bar a-i = 20 um

Western Blot Analysis

The first recognized function of APC was its role in Wnt
Signaling [21, 22]. APC negatively regulates Wnt signaling
by participating in the destruction complex, complex that
targets the key effector -catenin for degradation [23]. So
we examined the relation of APC with GSK3f and
p-catenin in our KA model. Our western blot analysis
showed that APC, phospho-GSK3f, and f-catenin were
constitutively expressed in the normal hippocampus. The
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APC and phospho-GSK3f levels were increased in the
injured brain from 1 day PI, reached peak values at 3 days
PI, and decreased thereafter. Conversely, fi-catenin, which
recognized total protein amounts within cell, was reduced
at 1 and then increasingly returned to normal levels at 3,
7 days PI (Fig. 4a, b).

Discussion

This study demonstrated that glial expression of APC was
different in control and injured rat brains. APC was pri-
marily expressed in oligodendrocytes in control rat brains,
as demonstrated in this study. Our observation was con-
sistent with previous studies which reported that high APC
mRNA and protein levels were expressed in oligodendro-
cytes of the normal adult rat [9, 10], and after spinal cord
injuries [24, 25]. However, during the time course of KA-
induced neuronal degeneration, APC was specifically
expressed in non-oligodendroglia. The majority of these
cells corresponded to reactive astrocytes because of their

antigenic properties and their morphological appearance.
To our knowledge, this is the first report which revealed the
induction of APC (CC-1) in activated astrocytes in KA-
induced excitotoxic brain injury. There have been several
additional studies evaluating the expression of other APC
antibodies in neuropathological conditions, such as Alz-
heimer’s disease patients [12, 13].

Adenomatous polyposis coli exerts its tumor suppressor
effects as a Wnt pathway antagonist. The central region of
the APC protein contains three distinct types of regulation
of Wnt signaling [23 for review]. In unstimulated epithelial
cells, most of the endogenous f-catenin is found at cell
adherens junctions, where it interacts with E-cadherin and
-catenin to help mediated cell adhesion. To ensure its rapid
turnover, the excess newly synthesized cytoplasmic
f-catenin is targeted to a multisubunit destruction complex,
which includes Axin, the APC tumor suppressor, protein
phosphatase 2A (PP2A), and the protein kinase GSK3f and
CKla. Sequential phosphorylation of f-catenin by first at
CK1 and then GSK3p targets it for ubiquitination and
subsequent proteolytic destruction by the proteosome
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APC | ® s sl @9 &8 | q312¢D
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Fig. 4 Western blot analysis displaying the temporal patterns of analysis of variance followed by the Newman—Keuls test.

APC, phospho-GSK3f, and f-catenin expression in control and KA-
induced rats. -actin was used as a loading control (a). Band densities
were analyzed with an image analyzer and were expressed as
percentages of controls. Bars indicated mean [SD] values (b). The
differences between the means were analyzed with a one-way

*#* P <0.01, * P<0.05 vs. control. Amounts of APC and phos-
pho-GSK3f increased progressively from 1 day post-KA injection,
peaked at 3 days post-injection, and decreased thereafter. In contrast,
f-catenin levels decreased at 1-3 days post-injection and returned to
normal levels at 7 days post-injection
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(“off” state) [26]. Binding of Wnt ligand to its receptor
complex triggers a series of events that ultimately disrupts
the APC/Axin/GSK3f complex. Wnt signaling promotes
CK1 and GSK3p mediated hyperphophorylation of LRP5/6
and enhances Dsh phosphorylation, which jointly recruit
Axin to the receptor complex at the plasma membrane
(“on” state), where it undergoes proteolytic degradation.
Unphosphorylated f-catenin is no longer rapidly degraded
and enters the nucleus. The TCF/LEF family of transcrip-
tion factors partner with f-catenin in the nucleus to acti-
vated Wnt target genes such as c-Myc, cyclin D1, and
Axin2 [3, 4].

In summary, since Wnt can inactivate GSK3/ and block
phosphorylation of f-catenin, this leads to the activation of
f-catenin followed by transcription of its target genes. We
have previously observed high protein kinase B (Akt)/
GSK3p expression in activated astrocytes at 3 days after
treatment in a mouse model of KA-induced hippocampal
injury [27]. The Wnt pathway also uses protein kinase to
promote cellular differentiation and survival [28]. Akt is
necessary in pathways that involve Wnt, since Akt inhibits
the activity of GSK3p through phosphorylation of this
protein to promote cell survival [29]. In our system, our
Western blot analysis revealed that APC and phospho-
GSK3f were transiently upregulated at time (3 and 7 days
PI) which glial reactivity were evident, while ff-catenin was
downregulated at 1 day PI and then increasingly returned
to normal levels at 3, 7 days PL. The drop of f-catenin at
1 day PI may be attributable to breakdown of cell mem-
brane due to pyramidal cell loss. The combined inhibition
of GSK3p activity (i.e. increasement of phospho-GSK3p,
which means inactive form of GSK3p) blocks the forma-
tion of the protein complex consisting of GSK3f, Axin,
and APC. Without, the formation of this protein complex,
phosphorylation of f-catenin with its subsequent degrada-
tion does not occur and the accumulation of free ff-catenin
results for translocation to the nucleus. Therefore, this
theory well squares with our results that APC, GSK3f and
p-catenin were upregulated at the time of gilal activation.

The present study shows the possible signaling pathway
from APC/GSK3p to ff-catenin in the astrocytes of excito-
toxically damaged mouse hippocampi. This finding also
means that GSK3f inactivation by Akt-induced phosphor-
ylation may enhance f-catenin level by abrogating the
inhibitory effect of GSK3f. The present study shows that
expressions of phosphorylated APC, GSK3f and f-catenin
play an important role in astrocytic cell death/survival
pathways in response to excitotoxins in vivo.
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