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Abstract

Presenilin 1 (PS1) and Presenilin 2 (PS2) are the enzymatic component of the c-secretase complex that cleaves amyloid
precursor protein (APP) to release amyloid beta (Ab) peptide. PS deficiency in mice results in neuroinflammation and
neurodegeneration in the absence of accumulated Ab. We hypothesize that PS influences neuroinflammation through its c-
secretase action in CNS innate immune cells. We exposed primary murine microglia to a pharmacological c-secretase
inhibitor which resulted in exaggerated release of TNFa and IL-6 in response to lipopolysaccharide. To determine if this
response was mediated by PS1, PS2 or both we used shRNA to knockdown each PS in a murine microglia cell line.
Knockdown of PS1 did not lead to decreased c-secretase activity while PS2 knockdown caused markedly decreased c-
secretase activity. Augmented proinflammatory cytokine release was observed after knockdown of PS2 but not PS1.
Proinflammatory stimuli increased microglial PS2 gene transcription and protein in vitro. This is the first demonstration that
PS2 regulates CNS innate immunity. Taken together, our findings suggest that PS2 is the predominant c-secretase in
microglia and modulates release of proinflammatory cytokines. We propose PS2 may participate in a negative feedback
loop regulating inflammatory behavior in microglia.
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Introduction

The development of specific and effective therapies for

neurodegenerative disease will benefit from a clear understanding

of the underlying pathogenic mechanisms. Significant clues to

pathogenesis have come from the discovery of causative mutations

in familial forms of sporadic disease. Mutations in the genes

encoding presenilin 1 (PS1) and presenilin 2 (PS2) cause early-

onset familial Alzheimer disease (AD). However, despite extensive

efforts since their identification, how PS mutations cause

neurodegeneration remains unclear.

PS are intramembrane proteases that form the catalytic

component of the c-secretase complex. More than 50 putative

c-secretase substrates have been identified which regulate a variety

of cellular mechanisms including inflammation, development, and

synaptic plasticity [1]. Many PS mutations lead to decreased

generation of PS cleavage products including amyloid-beta 40

(Ab40) and the Notch intracellular domain [2,3,4,5] demonstrat-

ing that disease associated PS mutations may result in loss of

normal function. Premature truncation mutations in PS have been

reported in early onset-AD cases, supporting haploinsufficiency or

dominant negative actions as a possible pathogenic mechanism in

the development of CNS disease [6,7]. Conditional double PS

knockout mice (PScDKO) further support the hypothesis that loss

of PS function contributes to neurodegeneration. These mice

develop behavioral and neuropathological features typical for AD,

including synaptic loss, neuronal loss, and neuroinflammation

[8,9,10]. Thus, loss of PS function may be an important

contributor to the observed neuropathology.

One potential biological function that may be impacted by loss of

normal PS function is neuroinflammation. Regulation of PS during

inflammation both in vivo and in vitro has been previously reported

[11,12]. In addition, mutant PS expressing and PScDKO mice both

show abnormal neuroinflammatory responses suggesting that PS may

function to regulate the innate immune response in the CNS [9,13].

Since those PScDKO mice lack PS1 only in forebrain neurons, the

findings may relate to the loss of PS2 in other cell types. However,

how PS influences neuroinflammation has yet to be elucidated.

Recent studies have demonstrated that PS2 is co-regulated with

NFkB and immune signaling molecules in the Toll-like receptor

(TLR) system including TLR4 and Myd88 suggesting a specific role

for PS2 in established innate inflammatory pathways [11,12].

It is widely accepted that microglia and the innate immune

system are participants in the process of neurodegeneration
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[14,15,16,17,18]. Microglia can be both protective and injurious,

causing neuronal injury through release of inflammatory cyto-

kines, neurotoxins and excitotoxins [19,20,21,22,23]. While the

variety of pathogen-associated molecular pattern (PAMPs) and

damage- associated molecular pattern (DAMPs) microglial acti-

vating signals continue to be characterized, it is clear that TLR

pathways mediate important signals that regulate microglia

behavior in CNS disease [16,21,24,25]. TLR activation initiates

intracellular signaling resulting in activation of transcription

factors such as AP-1 and NFkB and subsequent induction of

inflammatory cytokines [25,26]. Elevated proinflammatory cyto-

kine serum levels are associated with both the acquisition of

neurodegeneration and progression of cognitive decline [27,28].

We demonstrate here that c-secretase inhibition and specific loss

of PS2 expression results in an exaggerated cytokine response by

microglia. In microglia, PS1 and PS2 demonstrate compensatory

regulation where knockdown of one leads to upregulation of the

other, but only PS2 depletion correlated with decreased c-secretase

function. Taken together these studies support the hypothesis that

microglial PS2 functions in a manner distinct from PS1 to

downregulate proinflammatory cytokine release and thus may act

as a novel molecular modulator of microglia behavior. Abnormal

activity of PS2 either through mutation, or secondary to changes in

the aging brain may lead to unchecked proinflammatory behavior

with subsequent neuronal injury contributing to neurodegeneration.

Materials and Methods

Mice
All animals were housed and all experiments conducted

according to the University of Washington IUCAC guidelines

and approved by University of Washington IUCAC, Protocol #
2856-01. C57Bl/6 and PS2 knockout mice, B6.129P-Psen2tm1-

Bdes/J, were purchased from Jackson Laboratories.

Microglia cell culture
Cortical tissue from postnatal day 3 or 4 (P3 or P4) wild-type or

PS2 KO mice was dissected and cut into small pieces (,1 mm3).

Tissue pieces were incubated with 0.125% trypsin at 37uC for

25 min, followed by 1 mg/ml soybean trypsin inhibitor. Cells

were dissociated by trituration in NeurobasalTM (Gibco, Great

Island, NY) media containing 10 mM HEPES and 100 mg/ml

DNase I. Glial cells were cultured in DMEM containing 10%

horse serum and 20% L929 conditioned medium and incubated at

37u and 5% C02 for 9–14 days before microglia were detached

from the astrocyte layer via gentle tapping of flasks.

BV-2 cells were cultured in DMEM with 10% FBS. BV2 cell-

lines stably expressing PS1 or PS2 shRNA were cultured in

DMEM, 10% FBS and 5 mg/ml puromycin selection antibiotic.

Five PS1 and 5 PS2 shRNA constructs were purchased from

Sigma-Aldrich and two different shRNA sequences resulted in PS1

or PS2 knockdown. PS1 shRNA sequences: TRCN0000054503:

CCGGCAAGCATGTCATCATGCTCTTCTCGAGAAGAG-

CATGATGACATGCTTGTTTTTG and TRCN0000054504:

CCGGCGTTACAGTAGCACTCCTAATCTCGAGATTAG-

GAGTGCTACTGTAACGTTTTTG PS2 shRNA sequences:

TRCN0000030525:CGGGCAGGCTTACCTTATTGTGATC-

TCGAGATCACAATAAGGTAAGCCTGCTTTTT and TRC-

N0000030528:CCGGCCTCGTGGTACTCTACAAGTACTC-

GAGTACTTGTAGAGTACCACGAGGTTTTT. Stably ex-

pressing lines were created per manufacturer’s protocol. Briefly,

56104 cells per 35 mm dish were infected with one of 5 PS1 or

PS2 shRNA lentiviral constructs. Twenty-four hours later,

lentiviral containing media was replaced with standard BV2

culture media for another 48 hours then replaced with 5 mg/ml

puromycin in DMEM 10% FBS. Antibiotic resistant single cells

were selected and expanded.

Western blot analysis
Primary cells were plated at 36105 per 35 mm dish in DMEM

with 10% horse serum overnight. BV2 and virally transduced

clonal cell line microglia were plated at 105 per 35 mm dish in

DMEM with 10% FBS. Cells were lysed in a protein extraction

buffer containing 50 mM Tris-HCl; 150 mM NaCl; 5 mM

EDTA, pH 7.4; 1% Na deoxycolate; 0.1% SDS; 1% Triton X-

100; 1 mM PMSF; 7 mg/ml pepstatin; 5 mg/ml aprotinin; 5 mg/

ml leupeptin; and 160 mM sodium orthovanadate, separated by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), transferred to PVDF membrane (Bio-Rad, Hercules CA).

Membranes were exposed to primary anti-PS2 Loop antibody

(1:1000 Calbiochem, #529594, San Diego CA), anti-PS1 CTF

loop antibody 3109 (1:1000, kind gift of Dr. Jochen Walter) and

mouse anti-bactin (1:100,000, Vector Laboraties) overnight at

4uC, then exposed to appropriate secondary antibody (1:1000 anti-

mouse or 1:1000 anti-rabbit HRP conjugated, Amersham,

Pittsburgh, PA) for 1 hour at room temperature. Proteins were

visualized with Enhanced Chemiluminescence (Pierce, Rockford,

IL). Quantification of protein was performed employing Image J

software (NIH). TACE expression was evaluated using goat anti-

TACE (1:500, Santa Cruz Biotechnology, #6416, Santa Cruz,

CA) primary antibody and donkey anti-goat (1:5000, # 2056,

Santa Cruz biotechnology, Santa Cruz, CA) secondary.

RT-PCR
Primary microglia were cultured for 24 hours, then stimulated

with 10 u/ml IFNc for 24 hours after which RNA was collected

using the Roche RNA isolation kit (Roche Diagnostics, Indiana, IN).

PSEN2 expression was measured by real-time-PCR using TaqMan

Gene Expression Assay on Demand (Applied Biosystems, Carlsbad,

CA), and analyzed with Step-One Plus software from ABI.

Cytokine measurement
Primary microglia plated at 56104 cells per well in poly-D-lysine

coated 96 well plates were cultured overnight followed by

stimulation with vehicle, 10 u/ml IFNc (R&D systems, Minneapolis

MN), 100 ng/ml lipopolysaccharide (LPS) (catalog # L2654, strain

026:B6 Escherichia coli, Sigma-Aldrich, St. Louis, MO) or amyloid-b
(1–42) (catalog #62-0-80, American Peptide, Sunnyvale, CA) for

24 hours. Amyloid-b 1–42 (Ab42) was reconstituted in sterile water

to a stock concentration of 350 mM and stored at 220 prior to use.

Fibrillar Ab42 was prepared as previously described [29,30]. Ab42

peptides were incubated at 37u for 3 days and used at a final

concentration of 10 mM. BV2 and shRNA expressing clones were

plated at 104 per well and stimulated as above. Conditioned media

was then collected and subjected to TNFa or Il-6 ELISA analysis

per manufacturer’s protocol (R&D systems). Multiplex cytokine

analysis was performed on conditioned media collected from

primary microglia and evaluated using Millipore bead array and

analyzed via Luminex 100IS system (n = 3 separate experiments).

To evaluate effect of c-secretase inhibition cells were first exposed to

the pharmacological c-secretase inhibitor, N-[(3,5-Difluoropheny-

l)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT)

for 12 hours prior addition of IFNc or LPS for 24 hours.

c-secretase activity assay
Two constructs were employed to measure c-secretase activity

in primary and cell line microglia. The APP-Gal4-VP16 and

PS2 Modulates Microglia Activation
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Gal4-Luc-GFP constructs have been previously described [2] and

were subcloned into the pSL6 lentiviral shuttle vector [31].

Primary microglia were transduced with lentivirus which results in

high efficiency and without induction of microglia proinflamma-

tory activation [32]. Lentivirus was prepared through the Fred

Hutchinson lentiviral core facility (Seattle, WA, NIH Grant DK

56465). Primary and cell line microglia were plated at 104 cells per

well in 96 well plates. Four hours after plating, microglia were

incubated with lentiviral c-secretase assay constructs at MOI of 1-

3 for 18 hours followed by replacement with fresh culture media.

c-secretase activity was determined by luciferase activity and

measured 72 hours after initial infection. Cells were lysed and

subjected to luciferase assay as recommended by manufacturer’s

protocol (Promega, Madison, WI).

Results

c-secretase Inhibition Augments the Microglia
Proinflammatory Response

To study the role of the c-secretase complex in CNS resident

innate immune cells, we employed a pharmacological inhibitor to

block c-secretase activity in cultured primary murine microglia and

assessed microglia proinflammatory responses. We first confirmed

the presence of an intact c-secretase complex that is repressible by

the pharmacological c-secretase inhibitor, DAPT. The c-secretase

activity luciferase reporter assay has been previously described and

validated [2]. Briefly, c-secretase mediated cleavage of an APP-

Gal4VP16 fusion protein results in release of the intracellular C-

terminal fragment (analogous to the C-terminal fragment of

endogenous APP) that subsequently initiates transcription of a

luciferase gene which is downstream of a promoter containing Gal4

binding sites. Cells transduced with the reporter constructs were

exposed to DAPT or vehicle control (DMSO) for 24 hours followed

by collection of lysate for luciferase assay. DAPT inhibits c-secretase

mediated cleavage of APP in a dose dependent manner (Fig. 1A).

In the diseased brain microglia can be stimulated by a variety of

sterile and pathogenic stimuli. We chose to stimulate primary

microglia with the canonical TLR4 stimulus, lipopolysaccharide

(LPS) to examine the interaction between TLR stimulation and c-

secretase. We incubated primary microglia with DAPT or vehicle

control (DMSO) for 12 hours prior to 24 hour stimulation with LPS

then measured the release of TNFa and IL-6, two proinflammatory

cytokines increased in neuroinflammatory and neurodegenerative

processes [33] by ELISA. Incubation with DAPT resulted in an

augmented cytokine response to LPS (Fig. 1B). The increase in

TNFa release was dose dependent and statistically significant

(p,0.01 by ANOVA) while the IL-6 response was maximal at both

doses of DAPT tested (p,0.05 by ANOVA) (Fig.1C). Treatment

with DAPT alone (in the absence of LPS) does not induce detectable

cytokine release from microglia (data not shown) suggesting that c-

secretase inhibition modulates proinflammatory responses rather

than independently inducing a non-specific noxious injury. Similar

results were found using the c-secretase inhibitors L-685,458 and

Compound E. These findings suggested that c-secretase enzymatic

activity participates in the microglia proinflammatory response and

that inhibition of the c-secretase complex leads to an exaggerated

proinflammatory state in microglia.

Presenilin knockdown leads to compensatory increase of
the other Presenilin

The c-secretase complex is comprised of APH-1, nicastrin, Pen-2

and either Presenilin 1 or Presenilin 2 [34]. To further dissect the

potential mechanism by which the c-secretase complex influences

cytokine release it is necessary to determine if one or both

presenilins direct c-secretase activity in the manner described

above. Presenilins have overlapping, though distinct c-secretase

activity [35,36]. The PS1 knockout mouse is embryonic and

Figure 1. Pharmacological c-secretase inhibition enhances
proinflammatory cytokine release in primary microglia. Microg-
lia were infected with luciferase reporter c-secretase assay constructs
and exposed to vehicle control (DMSO), 1 mM or 10 mM of the
pharmacological c-secretase inhibitor, DAPT. A) DAPT suppresses c-
secretase activity as measured by luciferase reporter assay. Data are
means 6SEM of 3 independent experiments. Primary cultured microglia
were pre-incubated with DMSO, 1 mM or 10 mM DAPT for 12 hours
followed by addition of 100 ng/ml LPS. (B) TNFa and (C) IL-6 release
were measured after LPS stimulation in DAPT or DMSO treated cultures.
There is a significant effect of DAPT on TNFa (**p,0.01 by ANOVA) and
IL-6 (*p,0.05 by ANOVA) release. Data represent the mean 6 SEM of 3
independent experiments.
doi:10.1371/journal.pone.0015743.g001
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neonatal lethal with severe developmental defects. Therefore

isolation of PS1 knockout primary microglia to study the impact

of PS1 absence on microglia function is not practical. To

circumvent the lack of an available source of PS1 knockout primary

microglia, we used short hairpin loop RNAs (shRNA) to silence PS1

and PS2 in BV2 cells, a murine microglia cell line. Lentiviral

constructs expressing shRNA against PS1 and PS2 and a puromycin

resistance gene were employed to generate stable shRNA expressing

BV-2 clones. To control for lentivirus infection and shRNA off-

target effects, two unique shRNA sequences for each gene were used

to generate multiple knock down clones. BV2 cells were also

infected with a lentivirus expressing a non-target shRNA (control

shRNA) against prokaryotic genes. Clonal cell lines were evaluated

for PS1 and PS2 protein expression by Western blot analysis

(Fig. 2A) and those lines expressing at least a 50% decline were

employed for subsequent functional studies. There was no

measurable effect on viability for any of the control, PS1 or PS2

knockdown cell lines. Previous work has suggested that PS1 and PS2

likely exist in a co-regulated balance [37]. We indeed found PS1

knockdown clones showed increased PS2 levels compared to non-

target shRNA control lines while PS2 knockdown clones had mildly

increased levels of PS1 compared to control lines (Figs. 2A and 2C).

We found a similar compensatory increase of PS1 in the primary

PS2 knockout microglia compared to controls (Figs. 2B and 2C).

These findings demonstrate that in microglia, PS1 and PS2

expression levels are complementary to each other, such that

reduction in one PS results in a compensatory increase of the other.

PS2 is the predominant c-secretase in microglia
To determine the impact of PS knockdown on functional

enzymatic activity we measured c-secretase activity by the above

described luciferase reporter assay [2]. Surprisingly, we found a

disparate impact of specific PS knockdown on c-secretase activity.

PS1 knockdown led to dramatically increased c-secretase activity

(Fig. 3A). On the contrary, PS2 knockdown resulted in marked

decrease in cleavage of APP in spite of elevated levels of PS1

(Fig. 3B). Similarly, primary PS2 KO microglia express more PS1

than wild type microglia, but have significantly impaired c-

secretase enzymatic activity compared to control (Fig. 3C). These

novel findings indicate that while suppression of either PS leads to

a compensatory increase in expression of the alternate PS,

functional enzymatic activity of the c-secretase complex as

measured by APP cleavage in microglia is predominantly

mediated by PS2.

Deficiency of PS2 but not PS1 results in an augmented
proinflammatory response

We determined that c-secretase inhibition leads to increased

proinflammatory cytokine release in microglia and that PS2 is the

primary mediator of microglial c-secretase activity. We therefore

expected that PS2 knockdown microglia may demonstrate a

similar augmentation of proinflammatory cytokines as was

observed in response to pharmacological c-secretase inhibition.

Uninfected BV2 cells, control shRNA infected clones and PS1 and

PS2 knockdown cell lines were compared for their response to the

proinflammatory stimulus, LPS for 24 hours. As would be

expected if PS2 was the more functionally relevant PS in

microglia, PS2 knockdown cell lines secreted more TNFa and

IL-6 into conditioned media compared to control shRNA infected

BV2 clones, uninfected BV2 controls and PS1 knockdown cell

lines (Fig. 4A). To account for clone specific effects, three unique

clones expressing one of two different PS2 shRNA sequences were

Figure 2. Decreased expression of one PS results in compensatory increase of the other PS. A) PS1 C-terminus migrating at ,18 kDa and
PS2 C-terminus migrating at ,20 kDa are shown in representative western blot analyses of lysates prepared from non-target shRNA expressing
control clone (CC) and 2 BV2 clonal cell lines (1A, 1B) stably expressing PS1 shRNA and 2 BV2 clonal cell lines (2A, 2B,) stably expressing PS2 shRNA.
The panel of protein bands are taken from the same gel with irrelevant lanes removed from the figure. B) Western blot analysis of lysates prepared
from primary microglia isolated from wild-type (WT) or PS2 knockout mice (PS2 KO). Antibodies to C-termini of PS1 and PS2 show protein bands at
approximately 18 kDa and 20 kDa respectively. C) Densitometric analysis of Western blots measuring relative PS protein levels (normalized to actin)
in PS knockdown cells and in PS2 KO cells. Data represent the mean 6 SEM of 3 independent experiments (*p,0.05 by Student’s t-test).
doi:10.1371/journal.pone.0015743.g002
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averaged together for analysis of PS2 knockdown and two unique

clones expressing two different PS1 shRNA sequences were

averaged together for analysis of PS1 knockdown. Three

independently derived non-target control shRNA clones were

averaged together for analysis. At baseline, none of the knockdown

cell lines or uninfected BV2 cells release proinflammatory

cytokines above the limit of detection (data not shown). The effect

of PS2 knockdown on TNFa and IL-6 response release after

stimulation with LPS was significant (respectively, p,0.005 and

p,0.02 by ANOVA). In contrast, there was no significant effect of

PS1 knockdown on the TNFa response to LPS (Fig. 4A) despite

the marked reduction in PS1 protein. Interestingly, IL-6 release

was markedly reduced in PS1 knockdown cells and t-test analysis

revealed a statistically significant decrease in IL-6 in PS1

knockdown cells compared to naı̈ve BV2 cells (p,0.02).

Since TNFa release can be induced by increased cleavage of its

membrane associated precursor, we addressed the possibility that

PS2 might regulate TNFa release by reducing the expression of

the TNFa converting enzyme (TACE). We evaluated the effect of

PS2 knockdown on TACE expressing using Western blot analysis

and observed no significant effect of PS2 knockdown on TACE

expression (Fig. S1). This suggests that PS2 does not alter TNFa
release by impacting TACE protein levels. Future studies are

aimed at measuring TACE activity in the context of PS2

knockdown and knockout.

PS2KO primary microglia also demonstrated reduced c-

secretase activity, suggesting that if c-secretase activity modulates

the pro-inflammatory response, then PS2 knockout microglia

would behave like the PS2 knockdown BV2 cell clones and DAPT

treated microglia. As predicted, PS2KO primary microglia

demonstrated increased proinflammatory cytokine release. We

observed that PS2 KO microglia released significantly increased

levels of IL-6 (Fig. 4B). To determine if IL-6 is an isolated cytokine

regulated by PS2 expression in primary cells we performed

multiplex cytokine analysis on conditioned media from wildtype

and PS2 KO microglia. We found that in addition to IL-6, IL-12

levels were increased after 24 hours LPS stimulation in PS2 KO

cells compared to wildtype. PS2KO microglia did not release

significantly increased TNFa compared to wildtype microglia as

had been observed with PS2 knockdown (Table S1). To determine

if IL-12 is also increased in PS2 KD cells we assayed IL-12 levels in

BV2 cells after LPS stimulation. We did not detect any measurable

IL-12 in BV2 cells or BV2 cell line clones. In total, PS2 deficiency

impacts multiple proinflammatory cytokines as measured in our

assay. Taken together these results further suggest that PS2 likely

regulates a general pattern of proinflammatory cytokine response.

To determine whether an AD relevant stimulus would reveal a

similar augmentation of TNFa by PS2 knockdown, we employed

10 mM Ab42 to activate microglia. While LPS alone can induce

measurable cytokine release in BV2 cells, Ab42 stimulation

required priming by IFNc, an established component of classical

activation of monocytes [38,39]. Stimulation with Ab42 alone did

not induce cytokine release and incubation with IFNc did not

result in a significant difference in TNFa release between PS1

knockdown, PS2 knockdown and non-target clones (data not

shown). IFNc primed PS2 knockdown cells released significantly

higher levels of TNFa compared to primed non-target controls

(p,0.05 by ANOVA) after 24 hours stimulation with Ab42

(Fig. 4C). These data suggest that PS2 participates in the

regulation of the microglia response to LPS, a canonical TLR4

ligand as well as to Ab42 a molecule known to play a role in

neurodegenerative disease.

Proinflammatory Stimuli Increase Presenilin-2 Protein in
Cultured Microglia

Our findings suggest that PS2 acts to downregulate the

proinflammatory response in microglia as PS2 deficiency is

associated with a heightened release of proinflammatory cytokines

in response to LPS stimulation. Whether PS2 expression itself

could be regulated by proinflammatory stimuli remained un-

known. We hypothesized that PS2 participates in a negative

feedback loop in the proinflammatory response, and therefore its

expression in microglia may be modulated by LPS induced

stimulation. However, we observed that PS2 expression was not

altered in primary microglia stimulated with LPS for 24 hours

(Fig. 5A). While TLR4 signaling is an important component to the

innate immune response in CNS disease pathogenesis, it is one of

multiple inflammatory pathways mediating the microglial response

to damage and pathogen stimuli. Interferon-c (IFNc), a mononu-

clear cell regulatory cytokine proposed to play a role in

neurodegeneration, induces monocytes to adopt an activation

state characterized by release of proinflammatory cytokines and

Figure 3. c-secretase activity correlates with PS2, not PS1 protein expression. c-secretase cleavage of an APP-Gal4 construct that induces
luciferase expression was measured by determining luciferase activity in uninfected BV2 (NI), control non-target clone (CC) three PS2 shRNA
expressing BV2 cell lines (PS2 KD) and two PS1 shRNA expressing BV2 lines. A) c-secretase activity is approximately 10 fold increased in PS1 shRNA
expressing BV2 clones. Data represent the mean 6SEM of 3 independent experiments (***p,0.001 by Tukey’s post-test analysis). B) c-secretase
activity is significantly decreased in PS2 shRNA expressing BV2 clones Data represent the mean 6SEM of 3 independent experiments (*p,0.01 by
Tukey’s post-test analysis). C) c-secretase activity as measured by APP-Gal4 cleavage induction of luciferase activity in WT and PS2 KO microglia
demonstrating markedly impaired enzymatic activity in PS2KO cells. Data represent the mean 6SEM of 3 independent experiments (**p,0.005, by
Student’s t-test).
doi:10.1371/journal.pone.0015743.g003
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cytotoxic molecules [38,40]. Mononuclear cells isolated from AD

patients secrete higher levels of IFNc compared to controls [41]

and IFNc mediates a diverse set of inflammatory responses in

animal models of neurodegeneration and neuroinflammation

[42,43,44,45]. Therefore we evaluated the impact of IFNc
stimulation of microglia on PS2 expression. Western blot analysis

of lysates prepared from cultured primary microglia stimulated

with IFNc or control for 24 hours demonstrated statistically

significant increased PS2, but not PS1 expression (Fig. 5A–B).

Regulation of PS2 protein levels may be transcriptional or

posttranslational; therefore we measured PS2 gene expression

via real-time PCR assay. We found that IFNc induces increased

PS2 transcript, demonstrating that increased PS2 expression, at

least in part, results from induction of gene expression. These data

suggest that while PS2 appears to interact with TLR4 mediated

pathways in microglia its expression is sensitive to inflammatory

signaling by IFN-c. We hypothesize therefore that dysregulated

proinflammatory signals during neurodegeneration may concur-

Figure 4. PS2 deficiency is associated with increased proinflammatory cytokine release. A) 100 ng/ml LPS stimulation results in
significantly more TNFa and IL-6 release in three PS2 knockdown cell lines (PS2 KD) versus controls (CC). Data represent the mean 6 SEM of 3
independent experiments (**p,0.01 by Tukey’s post-test analysis). B) Cultured PS2 KO primary microglia stimulated with LPS for 24 hours released
elevated levels of IL-12 and IL-6 compared to wild-type control cells as measured by multiplex cytokine array. Data represent the mean 6 SEM of 3
independent experiments. (*p,0.05, **p,0.01 by Student’s t-test). C) Twenty-four hour stimulation with 10 mM Ab42 results in significantly increased
TNFa release in PS2 KD cells versus non-target control (CC) Data represent the mean 6 SEM from 3 independent experiments (*p,0.05).
doi:10.1371/journal.pone.0015743.g004

PS2 Modulates Microglia Activation
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rently contribute to neurotoxicity while also specifically inducing

PS2 expression as a counter-regulatory mechanism to dampen the

proinflammatory response.

Discussion

Here we describe a novel functional role for PS2 in the

modulation of microglia behavior. Our study identifies PS2 as the

predominant c-secretase in microglia, an observation not

previously reported. Our findings also support the hypothesis that

PS2 (via its function as a c-secretase) is a molecular modulator of

microglia activation by acting as a repressor of proinflammatory

responses. Furthermore, we present evidence that PS2 expression

can be regulated by inflammatory stimuli. Therefore PS2 could

participate in a negative feedback loop whereby increased

expression of PS2 by inflammatory stimuli leads to increased

PS2 mediated c-secretase activity and subsequent dampening of

the proinflammatory response.

In the healthy CNS microglia constantly monitor their local

environment. During neurodegeneration the loss of factors that

normally repress microglia may initiate microglial ‘‘activation’’

behaviors [21]. How microglia initiate these behaviors in response

to environmental signals has not been elucidated clearly. Studies

have begun to identify both extracellular signals and signal

transduction pathways that lead to the diversity of microglial

behavior, although there are likely many regulators of microglial

function yet to be identified. We have discovered that PS2 is a

mediator of microglia proinflammatory cytokine release.

There are several potential mechanisms through which PS2 may

act in microglia. c-secretase substrates include numerous proteins

known to regulate innate immune responses including notch, low-

density lipoprotein receptor-related protein 1 (LRP1), interleukin-1

(IL-1) receptor type 1, IL-1 R2, CX3CL1, CXCL16, and the MHC

class I protein, HLA –A2 [46,47,48,49,50,51]. The notch family of

proteins are c-secretase substrates and well known transcriptional

regulators [52] that influence the innate immune system [53,54,55].

Downregulation of notch signaling in microglia leads to enhanced

levels of proinflammatory cytokines [56]. Macrophage activation

induces notch signaling through its transcriptional target, Hes-1, to

act as a negative feedback inhibitor of IL-6 transcription [55].

However, the regulation of c-secretase activity in these studies was

not the focus of investigation nor is it clear whether PS1 or PS2 was

acting as the predominant c-secretase in those cell types. These

reports are consistent with our finding that interference with c-

secretase activity either pharmacologically or through decreased

PS2 expression leads to an exaggerated proinflammatory response.

Based upon our data, it is possible that PS2 specific enzymatic

activity may be the upstream regulator of the notch pathway in

microglia. There is also evidence that PS modulates cytokine release

in immune cells independent of notch transcriptional signaling

pathways, though these pathways have not been evaluated in

microglia [57]. Thus, while notch is a candidate mediator of

microglia regulation by PS2, it is only one of several possible

substrates.

We have shown that PS2 not only modifies the innate immune

behavior of microglia but that PS2 is in turn regulated by the innate

immune response. The PS2 promoter has potential binding sites for

the transcription factors AP-1, NFkB and hypoxia-inducible factor-

1 (HIF-1), all of which are induced in response to CNS injury or

inflammation [58,59,60]. PS2 mRNA is significantly upregulated in

human neural cell lines after exposure to inflammatory cytokines

[61]. Further studies are needed to determine the mechanisms by

which inflammatory stimuli lead to increased microglial PS2 protein

expression. What role modulation of PS2 expression may have on

the proteolytic cleavage of other c-secretase substrates was not

specifically addressed in these studies. Future experiments are aimed

at identifying additional substrates for PS2 mediated cleavage in

microglia.

In addition to demonstrating that PS2 expression in microglia is

regulated by inflammatory signals, we have discovered that PS

expression in microglial cells show compensatory regulation,

where PS1 knockdown leads to increased PS2 and vice versa.

Since germline absence of PS2 also leads to increased expression of

PS1 in primary microglia cells, the observed compensation is

unlikely to be secondary to the use of a transformed microglia cell

line or an off-target effect of shRNA. This compensation occurs in

a bi-directional fashion even though only PS2 knockdown or

knockout results in decreased c-secretase activity in microglia. Our

finding that c-secretase enzymatic activity correlates specifically

with the level of PS2 expression suggests the novel hypothesis that

PS2 is the predominant functioning c-secretase in microglia. It is

Figure 5. PS2 protein is increased in microglia activated by IFNc. A) Western blot analysis demonstrating the PS2 C-terminus migrating at
,20 kDa. Twenty-four hour stimulation with 10 u/ml IFNc induces increased levels of PS2 expression in lysates prepared from primary microglia,
while 100 ng/ml LPS does not induce PS2 expression. B) Quantitative densitometry on Western blots of lysates from 4 independent cultures shows
significantly increased induction of PS2 by IFNc. Data represent the mean 6 SEM of 4 independent experiments (*p,0.05; Student’s t-test). C)
Twenty-four hour stimulation of primary microglia with IFNc results in significantly increased PS2 mRNA. Data represent the mean 6 SEM of 3
independent experiments (** p,0.01 by Student’s t-test).
doi:10.1371/journal.pone.0015743.g005
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known that PS1 and PS2 have distinct expression patterns [62]

and thus we speculate that the two proteins may possess distinct

functions. It is possible that the two presenilins mediate distinct cell

type specific functions in the CNS. PS2 may play the predominant

role in regulating microglia while PS1 may have an analogous or

distinct function in other cell types.

In patients with PS1 mutations, abnormal PS1 may still impact

microglia function. Expression of mutant PS1 in a knock-in mouse

model results in accentuated inflammatory behavior in microglia

[13] and conditioned media from PS1 mutant expressing

microglia negatively impact hippocampal neurogenesis [63].

However, it is possible that proinflammatory consequences of

PS1 mutation may also be secondary to PS2 dysfunction [13]

because studies have demonstrated that mutant PS1 can interfere

with PS2 function or alter the dynamics of PS2 c-secretase

complex assembly [64,65].

We observed that the impact of PS2 deficiency on microglia

cytokine release was more dramatic than the pharmacological

inhibition of c-secretase activity. The role that PS2 c-secretase

independent mechanisms may influence microglia behavior was not

specifically addressed in this study. It is known that PS2 has non-

canonical (c-secretase independent) mechanisms of action [1,66,67].

It is possible that c-secretase independent functions specific to PS2

are mediated by interactions with unique binding partners not

shared with PS1, such as the PDGF receptor [64]. PS2 deficiency

may also have secondary impacts on microglia activation by

influencing the regulation of intracellular calcium [68,69,70]. We

observed slight differences in the repertoire of upregulated cytokines

in PS2 knockdown versus PS2 KO microglia. There are multiple

biological reasons that may potentially explain these observations.

First, primary microglia are a heterogeneous population whereas

the BV2 cell line is likely to behave more uniformly in response to

stimuli. Second, because the PS2 KO cells are germline knockout

and are completely deficient in PS2 compared to partial knockdown

of PS2 in cell lines, the two cell types are not complete parallels. In

aggregate, however, our data show that c-secretase inhibition and

PS2 deficiency induce an exaggerated proinflammatory response in

both cultured microglia paradigms. Future studies are needed to

investigate whether PS2 may also modulate microglia behavior via

one of its non-canonical functions.

Our findings have potentially significant implications to current

pharmacological therapeutic efforts using c-secretase inhibitors

(GSI) or modulators. We have demonstrated that c-secretase

inhibition in microglia leads to exaggerated proinflammatory

cytokine release which may be detrimental to the local CNS

environment. While these studies were not performed in vivo, they

do underscore the potential impact of GSI’s of the CNS innate

immune system. Therapeutics designed to reduce Ab deposition

through inhibition of c-secretase may paradoxically result in

further neuronal injury secondary to an exaggerated proinflam-

matory CNS milieu. Additionally, while evaluating the efficacy

and safety of c-secretase inhibition and modulation for AD and

other diseases it may be beneficial to be aware of potentially

adverse impacts on the central and systemic immune system.

In summary, we report that PS2 is the predominant c-secretase

in microglia and that PS2 deficiency leads to an exaggerated

proinflammatory microglial phenotype. Microglia have increased

PS2 protein in response to proinflammatory stimuli in vitro,

suggesting that PS2 expression may be upregulated by inflamma-

tory stimuli as part of a negative feedback loop to downregulate

microglial inflammatory processes. Further studies are underway

to identify the mechanisms by which PS2 regulates microglia

behavior as well as to determine whether PS1 and PS2 may

mediate distinct roles in other neural cells or inflammatory cells

outside the CNS. For patients with neurodegenerative diseases

exacerbated by neuroinflammation, there are currently no

available disease modifying therapies. Thus, further elucidation

of PS2 function in microglia may provide novel and specific targets

for therapeutic intervention for diseases of the CNS.

Supporting Information

Figure S1 TACE expression is not impacted by PS2
knockdown. Lysates were prepared from non-infected BV2 cells

(NI), non-target expressing control cell lines (CC), PS2 shRNA

expressing cell lines and primary microglia, were separated by

electrophoresis and transferred to PVDF membrane which was

probed for TACE protein seen at approximately 85 kDa. There

was no difference in TACE expression between BV2, non-target

cells and PS2 shRNA expressing cells.

(TIF)

Table S1 Multiplex analysis results. Multiplex analysis of

conditioned media from primary wildtype and PS2 KO microglia

stimulated with LPS for 24 hours. Values shown are the result of 3

independent experiments. Wildtype and PS2 KO microglia release

KC, Rantes and TNFa in addition to IL-6 and IL-12.

(DOCX)

Acknowledgments

The authors would like to thank Drs. Sean Murphy and William

Berrington for thoughtful discussions and review of the manuscript. We

thank Dr. Nicole Nesser and Stephanie Hopkins for technical assistance.

Author Contributions

Conceived and designed the experiments: SJ JCW RSM TM GAG.

Performed the experiments: SJ AC AJE HN JP JCW JS TM. Analyzed the

data: SJ TM GAG RSM. Contributed reagents/materials/analysis tools:

JCW JS TM RSM. Wrote the paper: SJ GAG TM.

References

1. Hass MR, Sato C, Kopan R, Zhao G (2009) Presenilin: RIP and beyond. Semin

Cell Dev Biol 20: 201–210.

2. Wiley JC, Hudson M, Kanning KC, Schecterson LC, Bothwell M (2005)

Familial Alzheimer’s disease mutations inhibit gamma-secretase-mediated

liberation of beta-amyloid precursor protein carboxy-terminal fragment.

J Neurochem 94: 1189–1201.

3. Walker ES, Martinez M, Brunkan AL, Goate A (2005) Presenilin 2 familial

Alzheimer’s disease mutations result in partial loss of function and dramatic

changes in Abeta 42/40 ratios. J Neurochem 92: 294–301.

4. Shen J, Kelleher RJ, 3rd (2007) The presenilin hypothesis of Alzheimer’s disease:

evidence for a loss-of-function pathogenic mechanism. Proc Natl Acad Sci U S A

104: 403–409.

5. Heilig EA, Xia W, Shen J, Kelleher RJ (2010) A presenilin-1 mutation identified

in familial Alzheimer’s disease with cotton wool plaques causes nearly complete

loss of {gamma}-secretase activity. J Biol Chem.

6. Tysoe C, Whittaker J, Xuereb J, Cairns NJ, Cruts M, et al. (1998) A presenilin-1

truncating mutation is present in two cases with autopsy-confirmed early-onset

Alzheimer disease. Am J Hum Genet 62: 70–76.

7. Jayadev S, Leverenz JB, Steinbart E, Stahl J, Klunk W, et al. (2010) Alzheimer’s

disease phenotypes and genotypes associated with mutations in presenilin 2.

Brain 133: 1143–1154.

8. Saura CA, Choi SY, Beglopoulos V, Malkani S, Zhang D, et al. (2004) Loss of

presenilin function causes impairments of memory and synaptic plasticity

followed by age-dependent neurodegeneration. Neuron 42: 23–36.

9. Beglopoulos V, Sun X, Saura CA, Lemere CA, Kim RD, et al. (2004) Reduced

beta-amyloid production and increased inflammatory responses in presenilin

conditional knock-out mice. J Biol Chem 279: 46907–46914.

10. Feng R, Wang H, Wang J, Shrom D, Zeng X, et al. (2004) Forebrain degeneration

and ventricle enlargement caused by double knockout of Alzheimer’s presenilin-1

and presenilin-2. Proc Natl Acad Sci U S A 101: 8162–8167.

PS2 Modulates Microglia Activation

PLoS ONE | www.plosone.org 8 December 2010 | Volume 5 | Issue 12 | e15743



11. Saban MR, Nguyen NB, Hammond TG, Saban R (2002) Gene expression

profiling of mouse bladder inflammatory responses to LPS, substance P, and
antigen-stimulation. Am J Pathol 160: 2095–2110.

12. Yagi T, Giallourakis C, Mohanty S, Scheidig C, Shen J, et al. (2008) Defective

signal transduction in B lymphocytes lacking presenilin proteins. Proc Natl Acad
Sci U S A 105: 979–984.

13. Lee J, Chan SL, Mattson MP (2002) Adverse effect of a presenilin-1 mutation in
microglia results in enhanced nitric oxide and inflammatory cytokine responses

to immune challenge in the brain. Neuromolecular Med 2: 29–45.

14. Wyss-Coray T (2006) Inflammation in Alzheimer disease: driving force,
bystander or beneficial response? Nat Med 12: 1005–1015.

15. Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, et al. (2000) Inflammation
and Alzheimer’s disease. Neurobiol Aging 21: 383–421.

16. Lehnardt S (2010) Innate immunity and neuroinflammation in the CNS: the role
of microglia in Toll-like receptor-mediated neuronal injury. Glia 58: 253–263.

17. Lee JK, Tran T, Tansey MG (2009) Neuroinflammation in Parkinson’s disease.

J Neuroimmune Pharmacol 4: 419–429.
18. Mrak RE (2009) Neuropathology and the neuroinflammation idea. J Alzheimers

Dis 18: 473–481.
19. Bamberger ME, Landreth GE (2002) Inflammation, apoptosis, and Alzheimer’s

disease. Neuroscientist 8: 276–283.

20. Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile
effector cells in the normal and pathologic brain. Nat Neurosci 10: 1387–1394.

21. Ransohoff RM, Perry VH (2009) Microglial physiology: unique stimuli,
specialized responses. Annu Rev Immunol 27: 119–145.

22. Colton CA (2009) Heterogeneity of microglial activation in the innate immune
response in the brain. J Neuroimmune Pharmacol 4: 399–418.

23. Town T, Nikolic V, Tan J (2005) The microglial ‘‘activation’’ continuum: from

innate to adaptive responses. J Neuroinflammation 2: 24.
24. Walter S, Letiembre M, Liu Y, Heine H, Penke B, et al. (2007) Role of the toll-

like receptor 4 in neuroinflammation in Alzheimer’s disease. Cell Physiol
Biochem 20: 947–956.

25. Okun E, Griffioen KJ, Lathia JD, Tang SC, Mattson MP, et al. (2009) Toll-like

receptors in neurodegeneration. Brain Res Rev 59: 278–292.
26. Akira S, Takeda K (2004) Toll-like receptor signalling. Nat Rev Immunol 4:

499–511.
27. Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, et al. (2009)

Systemic inflammation and disease progression in Alzheimer disease. Neurology
73: 768–774.

28. Tarkowski E, Andreasen N, Tarkowski A, Blennow K (2003) Intrathecal

inflammation precedes development of Alzheimer’s disease. J Neurol Neurosurg
Psychiatry 74: 1200–1205.

29. Floden AM, Li S, Combs CK (2005) Beta-amyloid-stimulated microglia induce
neuron death via synergistic stimulation of tumor necrosis factor alpha and

NMDA receptors. J Neurosci 25: 2566–2575.

30. Coraci IS, Husemann J, Berman JW, Hulette C, Dufour JH, et al. (2002) CD36,
a class B scavenger receptor, is expressed on microglia in Alzheimer’s disease

brains and can mediate production of reactive oxygen species in response to
beta-amyloid fibrils. Am J Pathol 160: 101–112.

31. Barry SC, Harder B, Brzezinski M, Flint LY, Seppen J, et al. (2001) Lentivirus
vectors encoding both central polypurine tract and posttranscriptional regulatory

element provide enhanced transduction and transgene expression. Hum Gene

Ther 12: 1103–1108.
32. Balcaitis S, Weinstein JR, Li S, Chamberlain JS, Moller T (2005) Lentiviral

transduction of microglial cells. Glia 50: 48–55.
33. Maccioni RB, Rojo LE, Fernandez JA, Kuljis RO (2009) The role of

neuroimmunomodulation in Alzheimer’s disease. Ann N Y Acad Sci 1153:

240–246.
34. De Strooper B (2003) Aph-1, Pen-2, and Nicastrin with Presenilin generate an

active gamma-Secretase complex. Neuron 38: 9–12.
35. Lai MT, Chen E, Crouthamel MC, DiMuzio-Mower J, Xu M, et al. (2003)

Presenilin-1 and presenilin-2 exhibit distinct yet overlapping gamma-secretase

activities. J Biol Chem 278: 22475–22481.
36. Mastrangelo P, Mathews PM, Chishti MA, Schmidt SD, Gu Y, et al. (2005)

Dissociated phenotypes in presenilin transgenic mice define functionally distinct
gamma-secretases. Proc Natl Acad Sci U S A 102: 8972–8977.

37. Thinakaran G, Harris CL, Ratovitski T, Davenport F, Slunt HH, et al. (1997)
Evidence that levels of presenilins (PS1 and PS2) are coordinately regulated by

competition for limiting cellular factors. J Biol Chem 272: 28415–28422.

38. Gordon S (2003) Alternative activation of macrophages. Nat Rev Immunol 3:
23–35.

39. Gifford GE, Lohmann-Matthes ML (1987) Gamma interferon priming of mouse
and human macrophages for induction of tumor necrosis factor production by

bacterial lipopolysaccharide. J Natl Cancer Inst 78: 121–124.

40. Blasko I, Ransmayr G, Veerhuis R, Eikelenboom P, Grubeck-Loebenstein B (2001)
Does IFNgamma play a role in neurodegeneration? J Neuroimmunol 116: 1–4.

41. Huberman M, Shalit F, Roth-Deri I, Gutman B, Brodie C, et al. (1994)
Correlation of cytokine secretion by mononuclear cells of Alzheimer patients and

their disease stage. J Neuroimmunol 52: 147–152.
42. Mastrangelo MA, Sudol KL, Narrow WC, Bowers WJ (2009) Interferon-

{gamma} differentially affects Alzheimer’s disease pathologies and induces

neurogenesis in triple transgenic-AD mice. Am J Pathol 175: 2076–2088.
43. Yamamoto M, Kiyota T, Horiba M, Buescher JL, Walsh SM, et al. (2007)

Interferon-gamma and tumor necrosis factor-alpha regulate amyloid-beta

plaque deposition and beta-secretase expression in Swedish mutant APP

transgenic mice. Am J Pathol 170: 680–692.
44. Lees JR, Golumbek PT, Sim J, Dorsey D, Russell JH (2008) Regional CNS

responses to IFN-gamma determine lesion localization patterns during EAE

pathogenesis. J Exp Med 205: 2633–2642.
45. Chakrabarty P, Ceballos-Diaz C, Beccard A, Janus C, Dickson D, et al. (2010)

IFN-{gamma} Promotes Complement Expression and Attenuates Amyloid
Plaque Deposition in Amyloid {beta} Precursor Protein Transgenic Mice.

J Immunol.

46. Schulte A, Schulz B, Andrzejewski MG, Hundhausen C, Mletzko S, et al. (2007)
Sequential processing of the transmembrane chemokines CX3CL1 and

CXCL16 by alpha- and gamma-secretases. Biochem Biophys Res Commun
358: 233–240.

47. Zurhove K, Nakajima C, Herz J, Bock HH, May P (2008) Gamma-secretase limits
the inflammatory response through the processing of LRP1. Sci Signal 1: ra15.

48. Pocivavsek A, Mikhailenko I, Strickland DK, Rebeck GW (2009) Microglial low-

density lipoprotein receptor-related protein 1 modulates c-Jun N-terminal kinase
activation. J Neuroimmunol 214: 25–32.

49. Elzinga BM, Twomey C, Powell JC, Harte F, McCarthy JV (2009) Interleukin-1
receptor type 1 is a substrate for gamma-secretase-dependent regulated

intramembrane proteolysis. J Biol Chem 284: 1394–1409.

50. Kuhn PH, Marjaux E, Imhof A, De Strooper B, Haass C, et al. (2007) Regulated
intramembrane proteolysis of the interleukin-1 receptor II by alpha-, beta-, and

gamma-secretase. J Biol Chem 282: 11982–11995.
51. Carey BW, Kim DY, Kovacs DM (2007) Presenilin/gamma-secretase and

alpha-secretase-like peptidases cleave human MHC Class I proteins. Biochem J
401: 121–127.

52. Kopan R, Ilagan MX (2009) The canonical Notch signaling pathway: unfolding

the activation mechanism. Cell 137: 216–233.
53. Palaga T, Buranaruk C, Rengpipat S, Fauq AH, Golde TE, et al. (2008) Notch

signaling is activated by TLR stimulation and regulates macrophage functions.
Eur J Immunol 38: 174–183.

54. Monsalve E, Perez MA, Rubio A, Ruiz-Hidalgo MJ, Baladron V, et al. (2006)

Notch-1 up-regulation and signaling following macrophage activation modulates
gene expression patterns known to affect antigen-presenting capacity and

cytotoxic activity. J Immunol 176: 5362–5373.
55. Hu X, Chung AY, Wu I, Foldi J, Chen J, et al. (2008) Integrated regulation of

Toll-like receptor responses by Notch and interferon-gamma pathways.
Immunity 29: 691–703.

56. Grandbarbe L, Michelucci A, Heurtaux T, Hemmer K, Morga E, et al. (2007)

Notch signaling modulates the activation of microglial cells. Glia 55: 1519–1530.
57. Ong CT, Sedy JR, Murphy KM, Kopan R (2008) Notch and presenilin regulate

cellular expansion and cytokine secretion but cannot instruct Th1/Th2 fate
acquisition. PLoS One 3: e2823.

58. Terai K, Matsuo A, McGeer EG, McGeer PL (1996) Enhancement of

immunoreactivity for NF-kappa B in human cerebral infarctions. Brain Res 739:
343–349.

59. Pennypacker KR, Fuldner R, Xu R, Hernandez H, Dawbarn D, et al. (1998)
Cloning and characterization of the presenilin-2 gene promoter. Brain Res Mol

Brain Res 56: 57–65.
60. Semenza GL (1998) Hypoxia-inducible factor 1: master regulator of O2

homeostasis. Curr Opin Genet Dev 8: 588–594.

61. Satoh J, Kuroda Y (1999) Constitutive and cytokine-regulated expression of
presenilin-1 and presenilin-2 genes in human neural cell lines. Neuropathol Appl

Neurobiol 25: 492–503.
62. Lee MK, Slunt HH, Martin LJ, Thinakaran G, Kim G, et al. (1996) Expression

of presenilin 1 and 2 (PS1 and PS2) in human and murine tissues. J Neurosci 16:

7513–7525.
63. Choi SH, Veeraraghavalu K, Lazarov O, Marler S, Ransohoff RM, et al. (2008)

Non-cell-autonomous effects of presenilin 1 variants on enrichment-mediated
hippocampal progenitor cell proliferation and differentiation. Neuron 59: 568–580.

64. Kang DE, Yoon IS, Repetto E, Busse T, Yermian N, et al. (2005) Presenilins

mediate phosphatidylinositol 3-kinase/AKT and ERK activation via select
signaling receptors. Selectivity of PS2 in platelet-derived growth factor signaling.

J Biol Chem 280: 31537–31547.
65. Placanica L, Tarassishin L, Yang G, Peethumnongsin E, Kim SH, et al. (2009)

Pen2 and presenilin-1 modulate the dynamic equilibrium of presenilin-1 and
presenilin-2 gamma-secretase complexes. J Biol Chem 284: 2967–2977.

66. Wolozin B, Iwasaki K, Vito P, Ganjei JK, Lacana E, et al. (1996) Participation of

presenilin 2 in apoptosis: enhanced basal activity conferred by an Alzheimer
mutation. Science 274: 1710–1713.

67. Takeda T, Asahi M, Yamaguchi O, Hikoso S, Nakayama H, et al. (2005)
Presenilin 2 regulates the systolic function of heart by modulating Ca2+
signaling. FASEB J 19: 2069–2071.

68. Cheung KH, Shineman D, Muller M, Cardenas C, Mei L, et al. (2008)
Mechanism of Ca2+ disruption in Alzheimer’s disease by presenilin regulation of

InsP3 receptor channel gating. Neuron 58: 871–883.
69. Lee SY, Hwang DY, Kim YK, Lee JW, Shin IC, et al. (2006) PS2 mutation

increases neuronal cell vulnerability to neurotoxicants through activation of
caspase-3 by enhancing of ryanodine receptor-mediated calcium release.

FASEB J 20: 151–153.

70. Tu H, Nelson O, Bezprozvanny A, Wang Z, Lee SF, et al. (2006) Presenilins
form ER Ca2+ leak channels, a function disrupted by familial Alzheimer’s

disease-linked mutations. Cell 126: 981–993.

PS2 Modulates Microglia Activation

PLoS ONE | www.plosone.org 9 December 2010 | Volume 5 | Issue 12 | e15743


