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ABSTRACT

Astrocytes are implicated in the neuropathology of
Alzheimer’s disease (AD) by clustering with other ac-
tivated inflammatory cells at the sites of amyloid beta
(Ap) deposits formed in the cortex and hippocampus.
Astrocytes are known to contribute to the clearance
of Ag in the AD brain. Also, adult but not neonatal
mouse astrocytes are able to clear Ap deposits from
the tissue sections of transgenic AD mice and human
brain ex vivo. Because these findings suggest that cul-
tured neonatal astrocytes may not represent arelevant
cell for modding the function of astrocytes in neu-
rodegenerative diseases, we studied whether neonatal
and adult astrocytes show different responsesin gene
expression when exposed to brain sections burdened
by deposits of human Ap. Whole genome microbar-
rays demonstrated greater alteration of gene expres-
sion in adult astrocytes than in neonatal astrocytes.
When exposed to Ag burdened brain sections adult
but not neonatal astrocytes up-regulated genes re-
lated to peptidase (such as MM P13, MMP12, Phex,
Htral), scavenger receptor (Scarab, Enpp2) and glu-
tathioine transferase (Gstal, Gsta2, Gclm) activity,
suggesting increased ability to degrade and endocytose
Ap peptides and protect against oxidative bursts.
Quantitative RT-PCR analysis confirmed the signifi-
cant alteration in gene expression of key peptidases,
scavenger receptors and cholesterol synthesis. Our
data suggest that adult astrocytesin culture are more
sensitive to disease-relevant stress showing more ex-
tensive genetic response compared to neonatal astro-
cytes. In addition, the identified peptidases and scav-
enger receptors which increase expression selectively
in adult astrocytes suggest their major role in astro-
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cyte-mediated clearance of Ag depositsin AD.
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1. INTRODUCTION

Alzheimer’s disease (AD) is the most common age-related
form of dementia and a devastating neurodegenerative
disease characterized by neurofibrillary tangles and senile
plaques in the neocortex and hippocampus. While AD
usually occurs sporadically, about 2% of the AD cases
are familial being associated with mutations in genes
encoding proteins involved in the production of AS. Af
is generated when amyloid precursor protein (APP) is
subsequently cleaved by f and y-secretases [1]. Even
though there is no correlation between overall Af depo-
sition and disease severity [2-5], soluble Af oligomers
correlate well with behavioural deficits in transgenic (tg)
mouse models of AD [6] and levels of Af oligomers in
the cerebrospinal fluid correlate with the severity of de-
mentia in AD patients [7]. The hypothesis that Af is a
major contributory factor in the neuropathology of AD is
also supported by the observation that in tg mice express-
ing mutated APP, presenilin and tau, AS deposition pre-
cedes the formation of neurofibrillary tangles and cogni-
tive impairment [8]. Moreover, Af immunotherapy in
the same triple tg mice reduces not only Af burden, but
also early tau pathology [9], indicating that targeting A3
pathology could also reduce the effects of abnormally
phosphorylated tau.

In addition to numerous general tasks of supporting
the brain homeostasis and neuronal integrity, such as
synaptic formation and function, brain astrocytes have

L,o% Scientific

+03

%% Research



58 A. Kurronen et al. / World Journal of Neuroscience 2 (2012) 57-67

been suggested to play an important role in AD. Astrocytes
are the most abundant glial cell type in the CNS and
activated astrocytes are found surrounding Af deposits in
the AD brain. During the development of AD astrocytes
adopt inflammatory functions but also represent a source
of neurotrophic factors. Recently, astrocytes have been
found to be potential Ap clearing cells. Astrocytes contain
fragments of Af peptides in aged human brain [10] and
Apsp-positive material originating from local degenerated
dendrites and synapses has been found in astrocytes in
the entorhinal cortex of AD patients [11]. Contrary to
neonatal astrocytes, adult astrocytes are able to clear
human Ap ex vivo from AD mouse brain sections [12-14]
by an apolipoprotein E dependent mechanism [12].
Adult astrocytes clear Af also from postmortem human
AD brain sections and transplanted astrocytes are capable
of internalizing A in vivo in a tg AD mouse model [15].
The difference in Af clearing capacity between neonatal
and adult astrocytes is not surprising, as astrocytes are
known to substantially maturate and adopt adult phenotype
after the first postnatal weeks [16]. The major waves of
rodent brain synaptogenesis occur during the first 2 to 3
weeks of postnatal life [17-19] corresponding to the time
when astrocytes are dynamically growing and reach their
mature morphology. By the 4™ week of postnatal life
astrocytes exhibit refined processes that occupy only
unique spatial domains in the brain space. While the
mechanisms of this postnatal maturation process of
astrocytes are poorly known, the morphology, functions
and mobility are substantially altered by the adulthood
[16].

Because cultured astrocytes represent an important
model to investigate the functions and role of these cells
in brain diseases, such as AD, it is important to clarify
whether the response of these cells to pathological envi-
ronment, such as Af in AD, differ between the astro-
cytes derived from adult and neonatal rodents. A vast
majority of studies in general are performed on neonatal
astrocytes due to ease of culture and yield of cells. In
addition, defining genetic responses underlying the func-
tional differences between the adult and neonatal astro-
cytes in clearing Af in vitro may provide important
clues for understanding the disease mechanisms and
even for identifying potential targets for novel therapeu-
tic approaches. As there are no comprehensive data re-
garding the genes activated in astrocytes during AfS
clearance, we decided to determine the gene expression
patterns in adult and neonatal astrocytes cultured ex vivo
on top of the tg APdE9 AD or wild-type (wt) mouse
brain sections. For this purpose the cultured astrocytes
were isolated from the ex vivo assay before mRNA iso-
lation and accomplishment of the whole genome mi-
croarray analysis.

Copyright © 2012 SciRes.

2. MATERIALSAND METHODS
2.1. Animals

The animal experiments were conducted according to the
national regulations of the usage and welfare of laboratory
animals and approved by the Animal Experiment Com-
mittee in State Provincial Office of Southern Finland. The
mice were group-housed under a 12-h light-dark cycle
and allowed free access to standard rodent chow and
water. Astrocyte cultures were prepared from C57Bl/ 6j tg
mice expressing enhanced green fluorescence protein,
eGFP [20], purchased from Jackson Laboratories (Maine,
USA) and maintained in C57Bl/6j strain in the facilities
of the Lab Animal Center in Kuopio, University of East-
ern Finland.

The mouse brain sections used for ex vivo assays were
prepared from tg APdE9 mouse line (created by co-in-
jection of chimeric mouse/human APPSwe and PS1-dE9
vectors, both controlled by their own mouse prion pro-
tein promoter element (APdE9 mice [21] provided by
Prof. Heikki Tanila) and their wt C57B1/6j littermates. In
the tg APdE9 mouse line, the first Af deposits appear at
4 - 5 months of age.

2.2. Astrocyte Cultures

Hippocampi and cortices were isolated either from 2 to
3-day-old or 6 to 8-week-old tg eGFP mice and the
tissue was suspended in DMEM/F12 (3:1, Gibco BRL,
NY, USA) containing 10% heat-inactivated fetal bovine
serum (Gibco BRL) and 100 U/ml penicillin-streptomycin
(Gibco BRL). The suspension was triturated 10 X and
centrifuged at 1500 rpm for 5 min at RT. After adding
0.25% trypsin-EDTA (Gibco BRL) the suspension was
incubated at 37°C for 30 min. Fresh culture medium was
added and the suspension was centrifuged at 1500 rpm
for 5 min. The cells were treated with Percoll (Sigma-
Aldrich, St. Louis, USA), centrifuged at 1500 rpm for 10
min at RT or until the phases separated clearly and
washed once with fresh culture media. The cells were
plated onto poly-L-lysine coated flasks in DMEM/F12
(3:1) containing 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin-streptomycin and G5 supplement
(Gibco BRL) at the density of 4 x 10* cells/ml. Before
the experiments these mixed glial cell cultures were
shaken to remove microglia at 200 rpm for 2 h. For the
neonatal astrocyte cultures the culture medium was
DMEM (+4500 mg/I glucose, + L-glutamine, -pyruvate,
Gibco BRL) without G5 supplement and the isolation
method included no Percoll treatment.

The cell density for purity analyses was 2 x 10%well
in a 48-well plate. Standard anti-GFAP (anti-glial fibril-
lary acidic protein, 1:500; Dako Cytomation, Glostrup,
Denmark) immunocytochemistry was used to confirm the
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purity of astrocyte cultures. The possible microglial con-
tamination of adult and neonatal eGFP expressing cells
used for ex vivo experiments was evaluated using
anti-Iba (2 pg/ml; Wako, Japan) and anti-CD11b (1:500
dilution; Serotec, UK). The cells were incubated with
biotinylated goat anti-rabbit IgG (1:200 dilution; Vector
Laboratories, CA) secondary antibody and Vectastain
ABC Elite kit was used (Vector Laboratories) according
to manufacturer’s protocol. Hydrogen peroxide (H,O,)
and nickel-enhanced diaminobenzidine (Ni-DAB) were
used to visualize the immunoreactivity. Three fields per
well and at least three wells per cell type were analyzed
for the percentage of Ni-DAB stained cells of all cellular
profiles in the field. Both adult and neonatal astrocyte
cultures contained on average 99.6% + 0.4% GFAP-im-
munoreactive astrocytes. The cultures contained less than
0.4% of microglial cells in all experiments.

2.3. Separating the Cultured Astrocytesfrom
Top of the Mouse Brain Section

We examined the possible differences in gene expression
profiles in eGFP expressing neonatal and adult astrocytes
as depicted in Figure 1. Isolated neonatal or adult astro-
cytes (4 x 10° cells/well) were cultured on top of APdE9
or wt mouse brain sections. Six sections per cell and
section type were processed and before the mRNA isola-
tion process, the astrocyte samples from two sections were
pooled to yield n = 3. After 22 h culture co-incubation of
plated astrocytes and brain sections the medium was
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Figure 1. Configuration of the microarray experiment. Adult
and neonatal eGFP expressing astrocytes were plated and cul-
tured on brain sections either from WT mouse or APdE9 TG
mouse for 22 h. Subsequently, eGFP expressing astrocytes
were removed, mRNA isolated and hybridized to microarrays.
For each sample group three biological replicate arrays were
scanned and the data were normalized with RMA normalize-
tion. Probe-specific fold changes between results from astro-
cytes plated to WT and TG APdE9 brain sections were calcu-
lated.
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removed from the wells and the brain sections with cul-
tured eGFP astrocytes were incubated with 1 X tryp-
sin-EDTA (500 pl/well) for up to 15 min at 37°C. The
detachment (at this point, the astrocytes do not lose the
grip completely) of the astrocytes from the underlying
brain section was carefully monitored with a standard
light microscope. To inactivate trypsin, the brain sections
with cultured astrocytes were carefully removed into a
small Petri dish filled with fetal bovine serum containing
culture medium. Subsequently, the brain sections were
immediately examined with a fluorescence microscope
(Olympus IX-71, Japan). The eGFP expressing astro-
cytes were separated from the underlying brain section
using a special suction hose modified for this purpose
from suction hoses typically used for the microinjection
techniques. One end of the tube contained a pipet tip as a
mouthpiece, the other end a stretched glass capillary
(prepared with a Bunsen burner) and in the middle of the
tube there was a 0.22 pm filter. The eGFP expressing
astrocytes were gently picked up from the underlying
brain section using wavelength 468 nm of the fluores-
cence microscope and simultaneous light microscopy.
Two parallel samples were collected into one 15 ml tube
and the cells were centrifuged at 1500 rpm for 5 min.
The supernatant was removed and the remaining pellet
was resuspended in 1 ml of culture medium. The cell
suspension was removed into an Eppendorf tube and
centrifuged again at 12,000 rpm for 3 min.

2.4. mRNA I solation

Ribopure™ Kit (Ambion, Applied Biosystems, USA)
was used for the total mRNA isolation according to the
manufacturer’s instructions. The cell pellet was lysed by
triturating with 100 pl TRI reagent.

2.5. Microarray Procedure and Analysis

The microarray procedure was performed at Biomedicum
Genomics (BMGen), University of Helsinki, Finland. The
qualities of mRNA samples were evaluated using Bio-
analyzer/Nano RNA assessments. After the samples
passed the quality control criteria, BMGen performed gene
expression analyses using 12 x Affymetrix GeneChip
Mouse Genome 430 2.0 hybridizations (2-Cycle method).
Three replicate arrays for each sample group were used
and scanned with an Affymetrix GeneChip scanner. All
data from arrays passed the quality control (Chipster
v1.4.7; CSC, Finland; [22]) performed according the
manual of the software (http:/chipster.csc.fi/manual/tools.
html’quality). The rest of data analysis was made with
Genespring GX 11.0 (Agilent, Santa Clara, Calif., USA)
by preprocessing the raw data with the robust multi-chip
algorithm [23], normalizing per chip to the median and
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filtering the differentially expressed data of all 12 mi-
croarrays containing 45,101 probes by fold change >2.0
or <0.5. The change in the astrocyte gene expression was
identified according to the sections the astrocytes were
incubated with (wt or tg; Figure 1). The different- tially
expressed probe sets were further processed using statis-
tical analysis with Welch unpaired t-test assuming un-
equal variances (p < 0.05; fold change >2.0 or <0.5).
Benjamini-Hochberg false-discovery rate (FDR) correc-
tion for multiple testing was used to control the number
of false-positives results. By using MS Excel, replicate
probes for individual genes were combined by taking
averages of values and probes without gene annotations
were excluded. Differentially expressed genes were
grouped with their molecular function and biological
process terms of Gene Ontology (GO) annotations by
using visualization program Cytoscape [24] and its
plugin BINGO 2.4.2 (p < 0.05, Benjamini-Hochberg
FDR, whole GO annotation as reference set) [25]. Mo-
lecular function groups were categorized with CateGO-
rizer 3.2.18 [26] by making the classification with modi-
fied Generic GO_slim-list
(http://www.geneontology.org/GO.slims.shtml).

2.6. Comparison of the Dataset to Former
Studies on Astrocyte Microarray

The expression profiles of the astrocytes were compared
to publicly available datasets [27], created by using the
same Affymetrix GeneChip Mouse Genome 430 2.0 Ar-
ray (GEO accession: GSE9566). The additional data con-
sisted of expression data of highly purified brain cells
included astrocytes from early postnatal age at postnatal
day 1, and later postnatal age at day 30 when astrocytes
are morphologically fully differentiated. In addition, the
datasets included expression profiles from neurons and
oligodendrocytes. One dataset was a mixed sample of
mouse forebrain. The additional datasets were loaded as
original CEL files and normalized with the same proto-
col as the present data. The combined datasets were
clustered using standard correlation coefficient.

2.7. Quantitative Real-Time PCR

Synthesis of cDNA was made by using 400 ng of total
RNA, Maxima reverse transcriptase and random hexamer
primers (Fermentas life sciences). Six samples were
prepared for each sample group. The relative expression
levels of mRNA encoding several genes were measured
according to manufacturer’s protocol by quantitative
RT-PCR (StepOnePlus™ Real-Time PCR System; Ap-
plied Biosystems, USA) by using specific assays-on-de-
mand (Applied Biosystems, USA) target mixes. The mean
expression levels were normalized to Beta-2 microglobu-
lin (B2m) and the four relative values representing the
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four sample groups (neonatal or adult astrocytes on wt or
tg APdE9 brain sections) for each gene were scaled to
range 0 - 100 £+ SEM.

2.8. Statistical Analysis

A statistical probability of p < 0.05 using MS Excel
(two-sample t-test) and Genespring GX 11.0 (Welch
unpaired t-test) was considered significant. The results
of the qRT-PCR are represented as the mean + SEM and
other results are shown as basic mean values.

3.RESULTS

3.1. Verifying Microarray Data Homogeneity by
Clustering and Reviewing Marker Genes

To verify that the GFAP-immunoreactive cells analyzed
in microarray experiment were indeed astrocytes, we
compared our data (GEO accession number: GSE29317)
to published microarray data sets of highly purified astro-
cytes, neurons and oligodendrocytes [27]. Our data sets
clustered well with control data of in vivo purified adult
astrocytes and in vitro cultured neonatal astroglia (Fig-
ure 2). Minor deviations observed possibly indicated
difference in culture conditions and ages of tissues used
for cell isolation.

3.2. Differentially Expressed Genesand Gene
Ontology Classification

By comparing expression profiles between the astrocytes
cultured on top of wt and tg APdE9 brain sections, 877
genes in adult and 132 genes in neonatal astrocytes were
differentially expressed two fold or greater (Figure 3(a)).
Up-regulation here means that gene expression in astro-
cytes cultured on tg APdE9 brain section was higher than
in astrocytes cultured on wt section, down-regulation
conversely. While one third of the genes showing altered
expression when cultured on tg APdE9 brain sections
were up-regulations both in adult and neonatal astrocytes,
only 13 genes of the up-regulated and 30 genes of the
down-regulated genes were the identical. To illustrate
the differences in gene expression related to certain cel-
lular functions, the genes with altered expression were
classified with Gene Ontology (GO) annotations (Figures
3(b), (¢); 4(a), (b)). Adult astrocytes up- and down-regu-
lated grossly equal number of genes belonging to cate-
gories of catalytic activity and hydrolase activity when
cultured on top of APdE9 brain sections. However, there
was a clear shift towards up-regulation of peptidase ac-
tivity, scavenger receptor activity and glutathione trans-
ferase activity (Figures 3(b), 5(a)) which are cellular
functions that could enhance clearance of Af or reduce
its toxic effects. Correspondingly, several peptidase in-
hibitors were specifically down-regulated by adult as-
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Figure 2. Microarray results clustered with control data. The data set from microarray was compared to
data (Cahoy et al. 2008) of a study on the same platform that defines genes specific for highly purified
astrocytes (a), neurons (b) and oligodendrocytes (c). The profile of the 4 groups: neonatal (nn) or adult (a)
astrocytes and WT or TG ApdE9 brain section are at the leftmost columns of each cluster group (a, b, ¢).
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Figure 3. Gene Ontology analysis of microarray data. (a) Dif-
ferentially expressed genes of astrocytes cultured on top APdE9
tg brain section compared to astrocytes cultured on wt brain
sections. Adult and neonatal astrocytes altered 877 and 132
genes, respectively. Altogether, there are 30 genes down-regu-
lated (blue ellipse) and 13 genes up-regulated (yellow ellipse)
by both adult and neonatal astrocytes. Four genes were up-
regulated by adult but down-regulated by neonatal astrocytes
(the middle ellipse). (b), (¢) Expression profiles of adult astro-
cytes represented by categorized molecular functions. For

more information, see the text.
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Figure 4. Gene Ontology analysis of microarray data. (a), (b)
Expression profiles of neonatal astrocytes represented by
categorized molecular functions. For more information, see the
text.

trocytes grown on tg APdE9 brain section (Figure 5(a)).
Even though gene expressions of peptidase inhibitors
were down-regulated also in neonatal astrocytes, GO
analysis did not generate any enriched groups of pepti-
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dases or proteases in these cells when cultured on top of
APdE9 brain sections (Figures 4(b), 5(b)). GO class
transferase activity was highly enriched among the genes
down-regulated in neonatal astrocytes (Figure 4(b)) and
most of those genes were related to cholesterol synthesis
(Figure 5(b)). Based on microarray results, neonatal
astrocytes down-regulated but also up-regulated several
genes associated with endocytosis when cultured on top
of APdE9 brain sections (Figure 5(b)). For example, the
array revealed an increased expression level of macro-
phage scavenger receptor 1 (Msr1), which has been shown
to mediate endocytosis of Af in microglia [28].
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Figure 5. Gene Ontology clusters of differently expressed
genes in the microarray study. (a) Enriched GO classes of the
genes with altered expression in adult astrocytes; (b) GO
classes of genes with altered expression in neonatal astrocytes.
Up-regulated and down-regulated genes are colored yellow and
blue, respectively. Positive or negative fold changes are indi-
cated on the right. The genes selected for qRT-PCR are bolded.
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3.3. Quantification of mMRNA Levels by
gRT-PCR

To confirm the results obtained from the microarray
analysis, we selected 13 genes and analyzed their expres-
sion by qRT-PCR. Selection was made by evaluating the
differences and similarities between adult and neonatal
expression profiles as well as selecting genes possibly
related to clearance of Af based on GO analysis and
literature. The genes with very low expression levels in
microarray data were excluded from further study, for
example Cathepsin S (Ctss) had very high fold change
value but expression levels were extremely low.

Adult astrocytes grown on tg APdE9 brain sections
had very high, over 200 fold up-regulation of Scavenger
receptor class A, member 5 (Scara5), which has been
found to mediate phagocytosis of bacterial material and
ferritin bound iron [29,30]. Scara5 was expressed at ex-
tremely low levels in neonatal astrocytes and adult astro-
cytes grown on wt brain section (Figure 6). Apolipopro-
tein E (apoE) has been shown to be the major susceptibil-
ity gene for AD [reviewed in 31-34]. Our microarray re-
sults demonstrated that adult up-regulated apoE over 3
fold, but only down-regulation in neonatal astrocytes was
confirmed by qRT-PCR. However, expression of apoE
was 10 times higher in neonatal than in adult astrocytes
grown on tg APdE9 brain sections (Figure 6). Also,
neonatal astrocytes seemed to down-regulate two genes
encoding enzymes of cholesterol synthesis: 3-hydroxy-3-
methylglutaryl-CoA synthase 1 (Hmgesl) and 24-dehy-
drocholesterol reductase (Dhcr24) in same extent as
apoE (Figure6).

Phosphate regulating gene with homologies to endopep-
tidases on the X chromosome (Phex) has been proved to
degrade synthetic Af4, even though only to minor ex-
tent [35]. When grown on tg APdE9 brain sections, adult
astrocytes up-regulated Phex over 10 fold whereas ex-
pression by neonatal astrocytes was very low (Figure 6).
A member of high temperature requirement family of
serine proteases, Htral, has also been shown to decrease
Ap levels in vitro and cell cultures (Figure 6) [36]. Both
adult and neonatal astrocytes expressed moderate levels
of HtrA serine peptidase 1 (Htral), but only adult astro-
cytes up-regulated this protease on tg ApdE9 brain sec-
tions compared to astrocytes grown on wt mouse brain
sections. Based on microarray results, among all matrix
metallopeptidases and well-known Af degrading en-
zymes, neonatal astrocytes expressed very high level of
matrix metallopeptidase 9 (Mmp9; data not shown).
Quantitative RT-PCR confirmed significant up-regulation
of Mmp?9 in adult astrocytes cultured on tg APdE9 mouse
brain section compared to astrocytes cultured on wt
mouse brain section (Figure 6).
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Figure 6. Quantification of mRNA levels for selected genes, comparison by real time RT-PCR. Sample groups (each n = 6): neonatal
(nn) or adult (A) astrocytes on wt or tg APdE9 brain section. The mRNA levels are presented as mean relative expression levels
normalized to beta-2 microglobulin (B2m) + SEM by two sample t-test (p < 0.05; “p < 0.01).

4. DISCUSSION

Astrocytes are the most abundant cell type in the mam-
malian brain having multiple functions both in healthy and
diseased brain. Because astrocyte cultures can be easily
prepared from neonatal rodent brain, astrocytes of newborn
mice and rats are almost exclusively used as cellular
models for research of astrocyte functions. Considering
that astrocytes in rodents take their mature morphology
by weeks 3 to 4 after extensive and dynamic interaction
with the synapses in developing neurons [16], it is evident
that adult astrocytes may be substantially different from
the neonatal astrocytes, especially in functions related to
neuronal survival and neurodegenerative diseases taking
place in late adulthood and old age. Supporting this
hypothesis we have previously reported that adult but not
neonatal rodent astrocytes clear Af deposits present in
mouse and human brain tissues ex vivo and similar
findings have also been reported by other laboratories
[12-15]. Importantly, the phenotype difference between
neonatal and adult astrocyte appear to remain through
passaging the cells several times, indicating that matu-
ration of astrocytes to adult phenotype requires in vivo
interaction with cells including neurons in the brain. The
major finding of our study is that also genetic response
of adult astrocytes to external Af deposits, a toxic
stimulus implicated in AD, is substantially greater in adult
compared to neonatal astrocytes. In addition, the gene
expression analyses demonstrate differences in genes
related to proteases and scavenging receptors as well as
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genes involved in synthesis of glutathione, the major
intracellular antioxidant in astrocytes [37], which help
understand the ability of adult astrocytes to clear AS and
tolerate that process ex vivo and possibly in vivo.

Our microarray data implicates several changes in
gene expression that may be related to uptake and
degradation of Af. When cultured on top of APdE9 brain
sections, adult astrocytes showed an up-regulation of
four scavenger receptors and 18 peptidases/proteases. In
addition, both adult and neonatal astrocytes showed
down-regulation of several peptidase/protease inhibitors.
Expressions of well known Af degrading proteases such
as neprilysin, endothelin-converting enzyme (ECE-1,
ECE-2) and insulin degrading enzyme (IDE) [38] were
mostly unaltered in our microarray results. It is possible,
but unlikely that expression levels of the main Af de-
grading enzymes would be unchanged and only activation
of those enzymes would be increased in astrocytes exposed
to APdE9 brain sections. Even though it is not completely
clear to which extent the function of up-regulated genes
may be involved in Af clearance and only some of these
expression changes were confirmed by RT-PCR, the
results suggest a distinct phenotype shift of adult astro-
cytes towards Af clearing function whereas no such
alterations were detected in neonatal astrocytes.

Scara5, a member of the scavenger receptor type A
family, was selectively and strongly up-regulated in adult
astrocytes grown on top of APdE9 brain sections. While
members of this scavenger receptor family are known to
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mediate endocytosis of synthetic Af [28,39-41] even by
neonatal mouse astrocytes [39,40], class A scavenger
receptors mediated uptake of A in adult astrocytes has
not determined ex vivo. Amounts of several metal ions,
including ferritin bound ferrous iron are increased and
adhered to AP plaques in AD [42-45]. Scara5 has been
found to endocytose ferritin bound iron [30], implying
importance of Scara$ in the clearance of free iron and
possibly A from the extracellular space.

The increased expression of peptidases/proteases Phex
(phosphate regulating gene with homologies to endo-
peptidases on the X chromosome) and Htral (a member
of high temperature requirement family of serine proteases)
that are known to be able to degrade synthetic A [35,36]
and decrease Af levels in vitro and cell cultures were
confirmed to be up-regulated in adult but not neonatal
astrocytes grown on top of APdE9 sections. It is well
possible that these two genes/peptidases and the pepti-
dases seen to be up-regulated in microarray data but not
confirmed by rt-PCR contribute to the ability of adult
astrocytes to clear Af. However, the role of extracellular
proteases in Af clearance by astrocytes is currently
unclear. Our preliminary studies suggest a minor role for
extracellular proteases in Af clearance by adult astro-
cytes (Pihlaja et al., unpublished data). Interestingly,
Mmp9, a peptidase capable of degrading Ap fibrils [46],
was expressed at over two fold higher levels in neonatal
astrocytes compared to adult astrocytes, although neonatal
astrocytes do not possess Af degrading or clearing capa-
city ex vivo.

Based on our previous studies the uptake and clearance
of Af is apoE-dependent in adult astrocytes [12]. In-
terestingly, we found that adult astrocytes expressed
considerably lower levels of apoE than neonatal astrocytes.
Possibly adult astrocytes compensate the low expression
level of apoE by recycling it, which has been shown to
be apoE-isoform dependent [47]. According to our data,
it is evident that the overall expression level of apoE is
not a limiting factor preventing neonatal astrocytes to
clear Ap.

Under physiological conditions, cholesterol uptake in
the brain is efficiently prevented by the blood-brain
barrier, and mature neurons are thought to rely on glial
cells for their cholesterol supply. Accumulating data sup-
ports the concept that alterations of cholesterol meta-
bolism might influence the development of AD. In
addition, Afs, has been shown to exert an inhibitory
effect on the expression of some cholesterol transporter
in cultured neonatal astrocytes [48]. Brain apoE mediates
also transport of cholesterol from astrocytes to neurons
by forming HDL particles [49-51]. Our finding that
neonatal astrocytes down-regulated genes of cholesterol
synthesis (Dhcr24, Hmgscl) and apoE when cultured on
top of APdE9 brain sections is in line with the results of
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Canepa et al. (2011) [48] suggesting further that choles-
terol synthesis is down-regulated in these cells. Our micro-
array results suggest that several genes involved in
cholesterol biosynthesis were down-regulated also in adult
astrocytes grown on APdE9 brain section (data not
shown). ApoE expression and cholesterol synthesis are
both regulated by oxysterols through LXR transcription
factors [reviewed in 52] and their activity might be
altered in neonatal astrocytes in the presence of Af or
other substances of tg ApdE9 brain section. 24S-hydro-
xycholesterol (240HC) and 27-hydroxycholesterol, are
two most studied oxysterols involved in neurogenerative
diseases and their levels are altered in AD brains [53,
reviewed in 54]. In addition, 24OHC decreases the expres-
sion of genes related to cholesterol synthesis through
transcription factors LXR and SREBP-2 in neuro-
blastoma cells [55].

In conclusion, the genetic response of adult astrocytes
to external Af deposits is substantially greater in adult
compared to neonatal astrocytes and involves genes en-
coding proteases and scavenging receptors as well as
proteins with antioxidant functions. Our data also indi-
cates a distinct phenotype shift of adult astrocytes to-
wards Af clearing function upon exposure to natural
human Ap depostis whereas no such alterations were
detected in neonatal astrocytes. Adult rather than neona-
tal astrocytes should be used as a cell culture model for
AD and possibly other neurodegenerative diseases and
may reveal relevant targets for novel therapeutic ap-
proaches.
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