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y-Secretase Component Presenilin Is
Important for Microglia f-Amyloid
Clearance

Dorit Farfara, MSc, Dorit Trudler, BSc, Niva Segev-Amzaleg, MSc, Ronit Galron, BSc,
Reuven Stein, PhD, and Dan Frenkel, PhD

Objective: The cleavage of amyloid precursor protein by y-secretase is an important aspect of the pathogenesis of
Alzheimer's disease. y-Secretase also cleaves other membrane proteins (eg, Notch), which control cell development and
homeostasis. Presenilin 1 and 2 are considered important determinants of the y-secretase catalytic site. Our aim was to
investigate whether y-secretase can be important for microglial phagocytosis of Alzheimer’s disease f-amyloid.
Methods: We investigated the role of y-secretase in microglia activity toward f-amyloid phagocytosis in cell culture
using y-secretase inhibitors and small hairpin RNA and presenilin-deficient mice.
Results: We found that y-secretase inhibitors impair microglial activity as measured in gene expression, protein
levels, and migration ability, which resulted in a reduction of soluble f-amyloid phagocytosis. Moreover, microglia
deficient in presenilin 1 and 2 showed impairment in phagocytosis of soluble f-amyloid. Dysfunction in the y-
secretase catalytic site led to an impairment in clearing insoluble f-amyloid from brain sections taken from an
Alzheimer’s disease mouse model when compared to microglia from wild-type mice.
Interpretation: We suggest for the first time, a dual role for y-secretase in Alzheimer's disease. One role is the
cleavage of the amyloid precursor protein for pathologic f-amyloid production and the other is to regulate microglia
activity that is important for clearing neurotoxic fi-amyloid deposits. Further studies of y-secretase-mediated cellular
pathways in microglia may provide useful insights into the development of Alzheimer's disease and other
neurodegenerative diseases, providing future avenues for therapeutic intervention.
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Izheimer’s disease (AD) is the most common type of

dementia and affects more than 18 million people
worldwide. The main role of the f-amyloid (Af) peptide
as a mediator in AD is derived from the fact that it accu-
mulates in the brain several decades before the disease is
evident.! The accumulation of extracellular and intracel-
lular Af can adversely affect distinct molecular and cellu-
lar pathways, thereby facilitating tau phosphorylation,
aggregation, and accumulation of neurofibrillary tangle
(NFT) formation.” Af and NFT exhibit synergistic
effects that accelerate neurodegenerative mechanisms
involved in metabolism, cellular detoxification, mito-
chondrial dysfunction, and energy deficiency, resulting in
neuritic plaque formation.”

Most cases of AD are sporadic and less than 5% are
carly-onset familial AD (EOFAD) that occur before the age

of 65 years.4 Most genetic cases of AD (75%) relate to the
presenilin 1 (PS1)° and presenilin 2 (PS2)° genes, located
on chromosome 14 and 1, respectively. PS1 and PS2 are
considered important determinants of the y-secretase cata-
lytic site that processes the amyloid precursor protein
(APP) to Ap toxic isoforms.” It is believed that familial AD
mutation leads to a higher production of toxic oligomeric
and fibrillar forms of AB peptide.® One promising thera-
peutic application is a y-secretase inhibitor (GSI). In cell
cultures and animal models of AD, when GSIs are given,
A production and accumulation are significantly reduced.”
Nevertheless, in rodents, GSIs may cause abnormalities in
the gastrointestinal tract, thymus, and spleen.” y-Secretase
cleavage activity of type I membrane proteins, including
Notch receptors, is important for development and homeo-
stasis.” In clinical trials where GSIs were given at mild to
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moderate stages of AD, no clear effect was observed.” The
activation of microglia cells in the central nervous system
(CNS) is the first defense mechanism against the pathologic
abnormalities in neurodegenerative diseases."’ Dysfunction
of microglia cells, which alters their sense of the environ-
ment, may lead to the development of neurologic diseases
such as AD."" Mutations that affect activation of microglia
in transgenic mouse models of AD promote Af deposition
and increase mortality in these mice.'”'* Thus, impairment
in microglia cell activity toward degrading Af may be a
factor in the pathogenesis of AD."

Because presenilin mutations™® accelerate AD pa-
thology, dysfunction of microglia in clearing Aff may be
linked to y-secretase activity. We found that GSIs
impaired microglia activity, as seen in gene expression,
and reduced Aff by phagocytosis. Depletion of the y-sec-
retase catalytic site of PS1 and PS2 impaired soluble Af
phagocytosis and clearing of Af insoluble plaques.

Subjects and Methods

Animals

PS2-deficient (PS27/7) mice of the C57BL/6G background were
received from Prof. Bart De Strooper.'> Mice were housed and
maintained in the animal facility of Tel Aviv University, and all
experiments complied with protocols approved by the univer-
sity’s animal care committee.

GSis

N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT; Sigma D5942) or Z-IL-CHO (Calbiochem
565773) was dissolved with 0.1% dimethylsulfoxide (DMSO)
and added to cell cultures at final concentrations of 1uM
DAPT' or 25uM Z-IL-CHO."> A structurally related com-
pound, 1uM N-(3,5-difluorophenacetyl)-L-alanine t-butyl ester
(DAT),' and a cell culture medium with 0.1% DMSO served

as control.

Cell Cultures

We used the N9'® murine microglia cell line, maintained in a
Roswell Park Memorial Institute (RPMI) supplement contain-
ing L-Glut (Biological INTD 01-100-1A) with an additional
10% heat-inactivated fetal bovine serum (Biological INTD 04-
127-1A) and 1% Pen-Strep (Biological INTD 03-032-1B) in
5% CO, atmosphere at 37°C.

Preparations of Microglia Isolated from Primary
Mixed Glial Cell Cultures
Primary mixed cultures of wild-type (WT) and PS2™'~ mice

were prepared from postnatal 1-3-day-old mice and cultured as
described.”

Isolation of Adult Microglia

Adult microglia were isolated from 12-week-old WT or PS2~/~
mice brains and cultured as described.'®
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Measurement of Nitrite Levels
Nitric oxide (NO) production was measured in the supernatant
using the Quantichrom Nitric Oxide assay kit (DINO-250).

Evaluation of Ap (1-42) Phagocytosis by
Microglia

N9 cells were incubated with 0.01ug/ml lipopolysaccharide
(LPS) for 16 hours, followed by 2-hour incubation with
0.12uM HilyteFlour TM488-Af (1-42) (ANASPEC #69479).
Microglia were labeled with anti-CD11b antibody (BD Pharmi-
gen 557397) as described" and the percentage of Af (1-42)
phagocytosis was analyzed by fluorescence-activated cell sorting

(FACS).

RNA Analysis

Microglia were analyzed for quantified messenger RNA
(mRNA) expression via reverse transcription followed by real-
time polymerase chain reaction (RT-PCR) using TagMan as
described and compared with f-actin (ACTB) RNA levels."”

Transfection of Microglia with PS1 Small
Hairpin RNA

Transfection of microglia with small hairpin RNA (shRNA) was
performed according to the Sigma shRNA protocol (Sigma-
Aldrich). Isolation of microglia expressing PS1 shRNA was
done with 2ug/ml puromycin. For control we used shRNA
against green fluorescent protein. To evaluate the protein level
of PS1 (Epitomics 2094-1) in transfected cells we performed
western blot analysis as described.*

Intrahippocampal Injections

WT and PS2™'" mice were anesthetized using isoflurane and
immobilized in a stereotaxic apparatus. One injection of 0.1ug/
ml LPS with 0.12uM HilyteFlour TM488-Af; (1-42) in a vol-
ume of 2ul of phosphate-buffered saline (PBS) was delivered
over a 2-minute period into each hippocampus as described."
Mice were sacrificed after 2 days for immunohistologic analysis.

Cell Migration Assay

Cell migration was done as described.?!

In Situ AB Plaque Clearance

Sagittal brain sections (10um) were prepared from 9-month-old
APP/PS1 mice? using a cryostat. Adult microglia (2 x 10°)
were plated on brain sections and incubated at 37°C for
3 days. Quantification of hippocampus and thalamus Af bur-
den was done as described.”® Staining was performed on 5 con-
secutive sections per animal and repeated 4 times per group in
a blinded fashion using Imaging Research software from the
National Institutes of Health in an unbiased stereological
approach.

In Vivo AB (1-42) Phagocytosis by Peritoneal
Macrophage
Calcium-free and magnesium-free PBS (0.5ml) was injected in-

traperitoneally into 12-week-old C57BL/6 male mice overnight
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FIGURE 1: GSIs reduce phagocytosis of A by N9 microglia cell line. (A) Incubation with GSls significantly reduces
phagocytosis of A by N9 cells, as measured by FACS: 1uM DAPT (n = 6) and 25uM Z-IL-CHO (n = 6) vs control (co-
stimulation of cells with 0.01ug/ml LPS and 0.12uM Ap). (B) Incubation with GSls reduces nitrite levels in cell culture
supernatant 1M DAPT (n = 8) and 25uM Z-IL-CHO (n = 8). (C) Analysis of gene expression iNOS, (D) CD11b, (E) TNF-«, (F)
SRA, and (G) CCR2 in N9 microglia following incubation with and without GSls. Results are presented as relative expression
of the gene of interest vs mouse ACTB RNA levels and compared to untreated (n = 4). Results are presented as mean = SEM.

*p < 0.05; **p < 0.005; ***p < 0.0005.

(n = 8). Then, 0.5ug HilyteFlour TM488-Af (1-42) in 0.5ml
PBS was injected intraperitoneally for 2 hours. Mice were eu-
thanized with CO; and peritoneal macrophages were collected
with 10ml ice-cold PBS. FACS analysis was used to determine
the percent of Af uptake by macrophages (CD11b").

Statistical Analysis

Data were compared using either a 2-tailed Student # test when
2 groups were compared or with l-way analysis of variance
analysis (Bonferroni test) when 3 or more groups were ana-
lyzed. Statistical significance was considered at p < 0.05.

Results

GSlIs Reduce Phagocytosis of A by Microglia
We first investigated whether treatment with DAPT™
and Z-IL-CHO" could affect phagocytosis of Af by
microglia compared to DAT.'* As shown in Figure 1A
and Supporting Figure SIA, phagocytosis of A (1-42)
was significantly reduced, 43% with DAPT and 59.5%
with Z-IL-CHO compared to nontreated cells or DAT-
treated cells used as controls. Although this effect was
magnified in the presence of LPS, it was not LPS-de-
pendent because GSIs also reduced phagocytosis of Afs
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(1-42) when microglia were incubated without LPS
(Supporting Fig S2). GSIs also reduced phagocytosis of
fluorescent latex beads by N9 cells with and without LPS
incubation (Supporting Fig S3). We repeated FACS anal-
ysis of fluorescent Afi uptake by N9 cells following incu-
bation with trypan blue that quenched the extracellular
fluorescence®® and had similar results as when quenching
was absent, suggesting that the fluorescent Aff was being
phagocytosed to the microglia cell. We believe that y-sec-
retase is required for microglia phagocytosis activity.

An elevated level of NO is a marker of microglia ac-
tivity and may be operative in neurodegenerative diseases
such as AD.” Because NO may be in different oxidative
stages, we oxidized the cell supernatant to nitrite to provide
a better indication of total NO production by microglia.
As shown in Figure 1B, following co-stimulation with
0.01ug/ml LPS and Af (1-42), nitrite levels were signifi-
cantly reduced, 25% with DAPT and 54% with Z-IL-
CHO. No significant effect was obtained using DAT.

To investigate microglia gene expression, we used
quantitative RT-PCR measurements of microglia following
co-stimulation with LPS and Af (1-42) (as control) or
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with GSIs. We found (see Fig 1C) that in correlation
with the reduction of NO levels in the presence of GSIs
toward soluble Afi (1-42), a reduction occurred in the in-
ducible nitric oxide synthase (iNOS)-relative expression vs
untreated cells: 68% with DAPT and 74% with Z-IL-
CHO vs control. CD11b is a marker for MAC-1 integrin
that plays a role in migraton of microglia. CD11b expres-
sion (see Fig 1D) was reduced in the presence of GSIs as
measured by relative expression vs untreated cells: 40%
with DAPT and 40% with Z-IL-CHO vs control.

As shown in Figure 1E, the expression of microglia
activation marker, tumor necrosis factor-o. (TNF-o), was
significantly reduced in the presence of GSIs: 80%
reduction with DAPT and 86% reduction with Z-IL-
CHO vs control. Previous reports indicated the elevation
of scavenger receptor A (SRA)*® in mediating phagocyto-
sis of Af by microglia. We found (see Fig 1F) a signifi-
cant reduction of 80% in the expression of SRA in
microglia in the presence of DAPT and Z-IL-CHO vs
control.

C-C chemokine receptor 2 (CCR2) is the main re-
ceptor for C-C chemokine ligand 2 (CCL2), a major
chemotactic peptide for microglia and monocytes. In
CCR2™'™ mice, microglia fail to migrate toward Aﬁ.12
We found (see Fig 1G) a dramatic reduction of 90% in
expression of CCR2 in microglia in the presence of
DAPT and Z-IL-CHO vs control.

The inhibitory effects of GSIs on microglia activity
were also observed in protein levels shown by enzyme-
linked immunosorbent assay, FACS, and Western blotting
(Supplementary Fig S4). No evidence for toxicity was appa-
rent after incubation with GSIs as measured by methylthio-
tetrazole and by levels of control mRNA gene (ACTB)
(Supporting Fig S5), suggesting that a reduction in micro-
glia activity relates to an impairment in y-secretase activity.

PS2 Deficiency Leads to Impairment in the
Phagocytosis of AB by Primary Microglia

Because PS2 is an important component in the y-secre-
tase active site, we compared PS2™'" to WT microglia.
PS2~'~ mice are viable and fertile and develop only mild
pulmonary fibrosis.'” Although mixed glial cell cultures
include astrocytes and oligodendrocytes, perhaps affecting
microglia activity, mixed cultures better mimic the physi-
ologic environment than isolated microglia cultures. In
both mixed glial cultures of PS27'~ and WT, the per-
centage of microglia (CD11b™) was 12% as indicated by
FACS analysis, demonstrating that PS2™/~
affect the number of microglial cells in the brain (Sup-
porting Fig S6). We used FACS to determine the per-

does not

centage of Af (1-42) phagocytosis by microglia
(CD11b™). As shown in Figure 2A and Supporting Fig-
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ure SI1B, WT microglia (CD11b") that phagocytosed
soluble Afi were reduced 50% compared to microglia
from PS2™'~ animals. To evaluate y-secretase activity, we
repeated the experiment in the presence of Z-IL-CHO.
We found (see Fig 2A) reductions of 58% and 39% in
CD11b"Af (1-42)+ from WT and PS27'", respectively.
These results suggest that PS2 is important for y-secretase
activity; however, other essential components of y-secre-
tase, such as PS1, may also facilitate its activity.

To further assess microglia activity in PS27" vs
WT mice, we measured the percent of fold decrease in
nitrite following stimulation in the presence of GSIs. Fig-
ure 2B shows the significant reduction of nitrite secretion
in PS27'~ vs WT, which demonstrated less activation of
pPS2/~ microglia. Incubation in the presence of GSIs
resulted in a 63% reduction of nitrite in WT microglia
and no significant reduction in PS2~/~ microglia.

Using FACS, we isolated the microglia (CD11b™)
population that phagocytosed fluorescent Af and investi-
gated the gene expression profile as relative expression vs
untreated cells. As shown in Figure 2C, gene expression
of activation markers was significantly different between
WT vs PS27", with 91% and 47% reductions, respec-
tively, in interleukin 6 (IL-6) and TNF-o (see Fig 2D).
Incubation with a GSI resulted in an 86% reduction in
the expression of IL-6 in WT and a 54% reduction in
pPS2~/~ microglia. We found a 55% reduction in the
expression of TNF-o in WT microglia but no significant
reduction in TNF-o expression in PS2~/~ microglia.

As shown in Figure 2E and F no significant differ-
ence was found between WT and PS27/~ microglia in
CD11b and SRA gene expression. These results might be
related to the uniqueness of the sorted population,
CD11b"AB™ in both cases. However, we found a signifi-
cant reduction in the presence of GSI, in both WT and
pPS2/~ microglia.

A 92% and 59% reduction of CD11b gene expres-
sion was found in WT microglia and PS27/~ microglia,
respectively. In the presence of a GSI, we found (see Fig
2F) a 90% reduction in SRA gene expression in WT
microglia but only a 68% reduction in PS2™/~ micro-
glia. Levels of control mRNA genes remained unchanged
in microglia from WT and PS2'~ mice, suggesting that
differences between WT and PS2 7/~ relate to the activa-
tion status of microglia. Similar results were obtained in
microglia activation from PS27/~ vs WT mice without
LPS incubation (Supporting Fig S7).

PS1 Silencing Reduces Phagocytosis of Af
To investigate the effects of PS1 depletion on microglia
cells, we used the shRNA approach because the PS1

knockout gene is lethal in mice. We received 5 different
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FIGURE 2: PS2 deficiency leads to impairment in phagocytosis of soluble A by microglia. Primary glial mixed cultured cells
were activated by 0.1ug/ml LPS with and without GSI (25uM Z-IL-CHO) overnight. Following overnight activation with Ag, FITC
was added to cells for 2 hours. Results are presented as mean = SEM. (A) FACS analysis of phagocytosis of fluorescent Ag by
WT vs PS27/~ microglia (CD11b™) (n = 4). (B) Nitrite (uM) levels as measured from primary glial cell culture supernatant of WT
vs PS27/~ mixed glial cell culture (n = 5). (C) Analysis of gene expression IL-6, (D) TNF-«, (E) CD11b, and (F) SRA of WT vs
PS2~/~ microglia (n = 4). Results are presented as relative expression vs untreated of the gene of interest and compared to

mouse ACTB RNA levels. Results are presented as mean =
isothiocyanate.

shRNA vectors (Sigma) targeted against PS1. To test
whether the gene was silenced, western blotting deter-
mined that transfected N9 cells demonstrated a 33%
silencing (Fig 3A, B). As shown in Figure 3C and Sup-
porting Figure S1C, PS1 silencing reduced microglia
phagocytosis of soluble Af (1-42) by 33.1% vs control.
To evaluate y-secretase activity in shRNA PS1-transfected
microglia, we repeated the experiment in the presence of
DAPT. We found (see Fig 3C) a further 16.7% reduc-
tion of CD11b*Ap * from shRNA PS1-transfected
microglia. These results suggest that although PS1 is im-
portant for y-secretase activity, other components such as

PS2 that facilitate this activity are also important.

A GSI or Dysfunction in the Catalytic Site
Impairs Microglia Migration

Microglia were tested for their ability to migrate toward
CCL2, in the presence and absence of GSIs. As shown in
Figure 4A and Supporting Figure S8A, both GSIs signifi-
cantly reduced the migration of N9 cells, 67.7% in
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SEM. *p < 0.05; **p < 0.005; ***p < 0.0005. FITC = fluorescein

DAPT and 68.2% in Z-IL-CHO. As shown in Figure
4B and C and Supporting Figure S8B and C, the migra-
tion ability of PS27'" microglia and microglia trans-
fected with PS1 shRNA was reduced by 62.44% and
48.3%, respectively.

PS2 Deficiency Reduces Microglia Activation
and Ap Clearance In Vivo

To test the effect of PS2 on the ability of microglia cells to
phagocytize soluble Af (1-42) in vivo, fluorescent Aff (1-
42) was injected into the hippocampus of WT and PS27/~
mice. After 48 hours, a significant increase was seen in
microglia activation in WT mice compared to PS2/~
mice (Fig 5). A 40% reduction in the clearance of Aff in
PS2~'~ mice compared to WT mice was also seen.

Adult Mouse Microglia Clear Insoluble Ap
Plaques in an In Situ Assay
To determine the difference between WT and PS27/~

adult microglia and their response to brain Af deposits,

Volume 69, No. 1
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we isolated adult microglia as described.”> We plated section, whereas microglia from PS2™'" mice reduced
adult microglia from WT or PS2~'~ on unfixed insoluble only 17% of insoluble Af (see Fig 6B and C). We
APP-rich brain sections from transgenic mice expressing obtained similar results for other brain regions, such as
human APP? (Fig 6A). We discovered that microglia the lateral posterior thalamic nucleus; WT microglia
from WT mice reduced 43% of insoluble Af in the cleared 56% and PS27'~ microglia cleared only 8% of
hippocampus brain region compared to the untreated insoluble Af5.
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the online issue, which is available at wileyonlinelibrary.com.]

To investigate the profile gene expression in adult
microglia, we performed RT-PCR (Fig 7). We focused on 3
different gene expression profiles linked to microglia func-
tion toward Af: activation markers (CD11b, iNOS, TNE-
o, IL-6, SRA, and Toll-like receptor 2 [TLR-2])'% migra-
tion marker (CCR2)"%; and expression of enzymes that de-
grade AB such as insulin-degrading enzyme (IDE)*” and
matrix metalloproteinase-9 (MMP-9).** In PS2™'" micro-
glia compared to WT microglia, significant downregulation
in activation markers occurred: reductions of 53% in
CD11b, 81% in iNOS, 39% in TNF-o, 36% in IL-6, 50%
in SRA, and 40% in TLR-2. A 48% reduction occurred in
expression of CCR2, a crucial cell migration marker, in
PS27"" vs WT. Microglia reportedly express Af-degrading
enzymes””’; therefore, we investigated whether PS2 defi-
ciency can influence the expression of those genes. We

obtained reductions of 45% in IDE and 63% in MMP-9 in
adult microglia from PS2~/~ vs WT mice.
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PS2 is Important for Phagocytosis of Soluble Ap
by Peritoneal Macrophages In Vivo

Peripheral monocyte migration to the CNS was consid-
ered important for clearance of amyloid plaques.”’ We
investigated differences between WT and PS2™/~ macro-
phage activity toward soluble Af. We investigated the
in vivo uptake of soluble Af (1-42) by peritoneal macro-
phages.32 Although in our experimental design (Fig 8A)
other cell types may affect phagocytosis of Af by macro-
phages, our paradigm more closely mimics the true phys-
iologic environment as opposed to an experiment that
includes only isolated peritoneal macrophages. We found
(see Fig 8B and Supporting Fig 1D) a 48% reduction in
phagocytosis of Af in PS27/~ vs WT peritoneal macro-
phages. We found a 64% reduction in CCR2 and a 65%
reduction in IDE in PS2™'" macrophages vs WT (sce
Fig 8C, D). These results demonstrate that y-secretase is

essential for macrophage migration and Aff phagocytosis.
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brain sections from a mouse model of AD for 72 h. Ap level was measured by staining with anti-Ap antibodies. (A) Scheme of
in situ assay of insoluble Ap degradation by adult microglia. (B) Adult mouse microglia from WT mouse show increased
degradation of hippocampal insoluble Ag plaques in the in situ assay as compared to microglia from a PS2~/~ mouse (n = 7)
(original magnification x10). Statistical analysis of Ap degradation by microglia from (C) hippocampus and (D) lateral posterior
thalamic region (LPL) (n = 7). Results are presented as mean = SEM. *p < 0.05; **p < 0.005; ***p < 0.0005. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Discussion

We have demonstrated for the first time a dual role for
y-secretase in the pathogenesis of AD. Although a previ-
ous publication” showed the importance of y-secretase in
the formation of neurotoxic Aff, we demonstrated the
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role of y-secretase in mediating microglia activity in
phagocytosis and clearing Aff from the brain.

Activated microglia represent the major source of
brain inflammatory factors in neurodegenerative discases
such as AD."" In addition, microglia have the ability to
clear and dispose of foreign materials in the brain, such as
toxic Af. Human brains containing high amyloid loads
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FIGURE 7: y-Secretase dysfunction reduces adult microglia

gene expression. Real-time PCR analysis of adult microglia
from WT vs PS27/~ mice. Relative expression analysis of the
gene of interest (CD11b, iNOS, TNF-2, TLR2, SRA, CCR2,
IDE, and MMP-9) from PS27/~ microglia vs WT adult
microglia and compared to mouse ACTB RNA levels (n = 4).
Results are presented as mean = SEM. *p < 0.05; **p <
0.005; ***p < 0.0005.
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demonstrate a significantly higher degree of microglia dys-
trophy than nondemented, amyloid-free control brains.*
This suggests that the degeneration of microglia is a factor
in the pathogenesis of AD. We hypothesize that a dysfunc-
ton of microglia may be linked to y-secretase activity in
the same way presenilin mutations accelerate AD pathology.
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FIGURE 8: PS2 is essential for activation of peritoneal macrophages to phagocytize Ap in vivo. (A) Scheme of in vivo assay of
soluble Ap phagocytosis by peritoneal macrophages. (B) Macrophages from P$2~/~ mice (n = 9) show significant reduction in
uptake of A vs macrophages from WT mice (n = 9) as measured by FACS. (C) Relative expression analysis of the gene of
interest, CCR2, and (D) IDE from PS2~/~ macrophages vs WT macrophages and compared to mouse ACTB RNA levels. Results

are presented as mean = SEM. **p < 0.005; ***p < 0.0005.

To assess this, we used 2 types of GSIs: DAPT, a
transition state analog inhibitor,'* and Z-IL-CHO, a small
peptide-based inhibitor."> GSIs impair microglia activity, as
indicated by gene expression. This impaired activity leads
to a reduction of Afi phagocytosis. GSIs lead to a reduction
in y-secretase activity and may also affect other intramem-
brane aspartyl proteases, such as signal peptide peptidase
(SPP), which may be also involved in microglia activity.

As part of the regulated intramembrane proteolysis
process, y-secretase cleaves, besides APP, other type 1
transmembrane proteins such as Notch and CD44,
which modulate microglia activity.>**> In line with our
results, emerging evidence suggests that inhibition of -
secretase activity may interfere with the immune sys-
The ability of GSIs to modulate Notch signaling
may prove beneficial for treating other clinical conditions

’[Cm.36

such as acute multiple sclerosis®” and ischemic stroke.’®
These results suggest that GSIs have a role in reducing
proinflammatory T cells. Studies by Weggen and col-
leagues39 demonstrate that a subset of nonsteroidal anti-
inflammatory drugs (NSAIDs) can modulate y-secretase,
leading to a change in the Af40/42 ratio. In addition,
some NSAIDs (eg, ibuprofen) decrease the numbers of

. . .. . 40
microglia activations in an AD mouse model.
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PS1 and PS2 are part of the y-secretase catalytic site.
Adult microglia isolated from animals bearing a specific
depletion in the y-secretase catalytic site (eg, PS2™'~ mice)
have a significantly reduced ability to clear soluble Af in
vivo and insoluble Af§ plaques in situ. Interestingly, although
no evidence was found for impairment in early development
of microglia from PS2™'" primary mixed glial cultures,
microglia activity was significantly reduced. This suggests
that PS2 is involved in the activation of microglia from the
surveying stage. Consistent with this phenomenon, Behba-
hani and colleagues®' showed that PS2 plays a role in mito-
chondrial membrane potential activity and cell calcium levels
that may result in activity impairment. PS1 associates with
microtubules and microfilaments and PS1 dysfunction may
reduce cytoskeletal association.*? Therefore, PS dysfunction
may result in changes in microglia cytoskeleton leading to
alterations in microglia endocytosis of Af.

We found a significant reduction in gene expres-
sion, protein levels, and migration ability, both from the
use of GSIs and a specific impairment in the y-secretase
catalytic site (PS1 or PS2).

In EOFAD, the genetics of PS1 and PS2 are
linked to point mutations and not depletion.* Never-

theless, the cross between APP mice with PS1% or
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PS2** bearing human-specific point mutations resulted
in accelerated amyloid deposition. This may also be
linked to a deficiency in Af phagocytosis given the role
of microglia in the clearance of amyloid."" Furthermore,
Lee and colleagues™ found that the effect of overexpres-
sion of human PS1 mutations in microglia cells results
in a proinflammatory response. A recent report suggests
that the Notch pathway plays an important role in con-
trolling inflammatory reactions in the CNS.>* Previous

studies >

suggested that proinflammatory microglia are
impaired during phagocytosis activity, possibly linked to
an impairment in the y-secretase catalytic site.*® Micro-
glia ability to phagocytize A was previously linked to
expression of scavenger receptors such as SRA.® There-
fore, alteration in y-secretase activity reduce SRAs, which
may then reduce microglia Af phagocytosis.

Microglia have many similarities to macrophages
and are thought to originate from the same lineage. A
recent report’’ suggests that blood-derived microglia
have a greater ability than their resident counterparts to
eliminate amyloid deposits by cell-specific phagocytic
mechanisms. We found that PS2 deficiency leads to the
impairment of peritoneal macrophage migration and
phagocytosis of Aff in vivo.

We suggest for the first time a dual role of y-secre-
tase in AD. The cleavage of APP by 7-secretase is impor-
tant in the pathogenesis of AD and amyloid accumula-
tion. Thus, y-secretase is a target for development of AD
therapies and GSIs. As we demonstrated, y-secretase
mediates microglia activity. A mutation in presenilin that
affects y-secretase activity may result in microglia dys-
function and enhance amyloid accumulation. Because
GSIs may impair microglia activity, the next step is to
design unique GSIs that specifically reduce APP cleavage
yet minimize their effect on receptors that might affect
microglia phagocytosis activity.

Microglia cells do not have uniform properties and
different microglia phenotypes probably have the poten-
tial to be beneficial or harmful in AD. The investigation
of 7y-secretase-mediated cellular pathways in microglia
may provide useful therapeutic intervention targets for

neurodegenerative diseases such as AD.
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