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Microglia are the main immune cells of the brain, and under some circumstances they can play an important role in
removal of fibrillar Alzheimer amyloid � peptide (fA�). Primary mouse microglia can internalize fA�, but they do not
degrade it efficiently. We compared the level of lysosomal proteases in microglia and J774 macrophages, which can
degrade fA� efficiently, and we found that microglia actually contain higher levels of many lysosomal proteases than
macrophages. However, the microglial lysosomes are less acidic (average pH of �6), reducing the activity of lysosomal
enzymes in the cells. Proinflammatory treatments with macrophage colony-stimulating factor (MCSF) or interleukin-6
acidify the lysosomes of microglia and enable them to degrade fA�. After treatment with MCSF, the pH of microglial
lysosomes is similar to J774 macrophages (pH of �5), and the MCSF-induced acidification can be partially reversed upon
treatment with an inhibitor of protein kinase A or with an anion transport inhibitor. Microglia also degrade fA� if
lysosomes are acidified by an ammonia pulse-wash or by treatment with forskolin, which activates protein kinase A. Our
results indicate that regulated lysosomal acidification can potentiate fA� degradation by microglia.

INTRODUCTION

Extracellular senile plaques containing fibrillar forms of amy-
loid-� peptide (A�) are observed in brains of Alzheimer’s
disease (AD) patients (Selkoe, 2001). The A� peptide is a 39–42
amino acid fragment derived by proteolytic processing from a
larger membrane-spanning glycoprotein called �-amyloid pre-
cursor protein (�APP). A� peptides form fibrillar �-pleated
sheet structures (fA�) that are the major component of senile
plaques. Although there may be multiple initial causes of AD,
inherited mutations in �APP that lead to excess A� production
are strongly associated with familial early onset AD (Selkoe,
2001), indicating that excess A� can be causative for AD. Fur-
thermore, treatments that lead to clearance of fA� in mouse
models of AD have been reported to be associated with some
reversal of behavioral impairments (Morgan et al., 2000; Hartman
et al., 2005).

Net accumulation of fA� is related to the rate of produc-
tion of A� and to its rate of degradation. As the main
immune cells of the brain, microglia would be expected to
play a role in clearing extracellular debris similar to a func-
tion carried out elsewhere by macrophages, a closely related
cell type. Indeed, under some circumstances it has been

shown that microglia can degrade fA�. Immunotherapy
against A� leads to a striking removal of amyloid plaques in
�APP transgenic mice (Schenk et al., 1999), and there is good
evidence that microglia are responsible for plaque clearance
(Bard et al., 2000). In humans, microglia also are frequently
found in regions surrounding amyloid plaques in AD
brains, and A� was found in microglia in a human patient
immunized against A� (Nicoll et al., 2003). The regions
surrounding such microglia were devoid of extracellular
plaques, suggesting that the microglia had removed plaque
material.

Primary mouse microglia in tissue culture do not degrade
fA� even though they internalize it rapidly by receptor-
mediated uptake and deliver it to lysosomes that can de-
grade other endocytosed proteins in the same organelles
(Paresce et al., 1997; Chung et al., 1999). Furthermore, pri-
mary microglia in tissue culture do not degrade fA� when it
is coated with anti-A� antibodies with or without the addi-
tion of complement components (Brazil et al., 2000), al-
though microglia in brain slices could digest some plaques
(Bard et al., 2000). These findings indicate that binding via
immune receptors is not sufficient to trigger degradation of
internalized fA�, but a more complex activation mechanism
is needed to facilitate degradation. This is also supported by
studies in APP transgenic mice in which immunotherapy
effectively reduced fA� deposits even in an FcR� knockout
background (Das et al., 2003).

Primary mouse microglia in tissue culture actually release
macromolecular fA� that had been internalized (Chung et
al., 1999). This suggests that microglia in a nonactivated state
would be unable to clear fA� from the brain, which may
account, in part, for the accumulation of fA�. Consistent with
the release observed in tissue culture, reports based on post-
mortem examination of the relationship between microglia and
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plaques have indicated that microglia could actually contribute
to plaque formation (Wegiel et al., 2001; Wegiel et al., 2003;
Townsend et al., 2005).

In the current study, we examined the effect of activation
of microglia on fA� degradation. We find that some inflam-
matory mediators, which cause the microglia to take on
some macrophage-like properties, enable them to degrade
fA� in the absence of antibodies. We also found that unac-
tivated microglia have weakly acidic lysosomes and that
treatments that increase the ability to degrade fA� also cause
acidification of lysosomes. Preliminary characterization of
the mechanism for increasing the lysosomal acidity indicates
that it requires activation of protein kinase A and the activity
of chloride channels. This lysosomal acidification during
activation of microglia is required for fA� degradation by
microglia.

MATERIALS AND METHODS

Materials
Lipopolysaccharide (LPS), interleukin (IL)-6, macrophage colony-stimulating
factor (MCSF), forskolin, 4,4�-diisothiocyanatostilbene-2,2�-disulfonic acid
(DIDS), and KT 5720 were purchased from Sigma-Aldrich (St. Louis, MO).

Cells
Primary microglial cultures were isolated and maintained as described pre-
viously (Paresce et al., 1997) J774. A1 mouse macrophage-like cells (American
Type Culture Collection, Manassas, VA) were maintained as described pre-
viously (Majumdar et al., 2007).

Treatment of Microglial Cells
Microglial cells were plated 2 d before an experiment in 35-mm coverslip-
bottom dishes in DMEM supplemented with 10% serum and 1% antibiotic
penicillin-streptomycin. For LPS and IL-6 treatments, 200 ng/ml LPS or 200
ng/ml IL-6 was added to the culture media 16 h before an experiment. After
16 h, cells were thoroughly washed with growth medium, and they were
maintained in growth medium throughout the experiment. For the MCSF
treatment of microglial cells, 25 ng/ml MCSF was included in the culture
medium during the isolation of microglia from mixed glial cultures, and cells
were incubated for 5 d in 25 ng/ml MCSF before the start of the experiment
and throughout the experiment.

Cellular Degradation of 125I-fA� and Cy3-fA�
Degradation of 125I-fA� and Cy3-fA� in J774 macrophages and microglia was
measured as described previously (Chung et al., 1999). For Cy3-fA� degra-
dation, the cells were imaged using a Leica epifluorescence microscope with
a cooled charge-coupled device (CCD) camera (Micromax 521BFT; Princeton
Scientific Instruments, Monmouth Junction, NJ, and Roper Scientific, Trenton,
NJ), and the Cy3 fluorescence power was quantified using MetaMorph Im-
aging System software (Molecular Devices, Sunnyvale, CA).

Cellular Degradation of Cy3-fA� Associated with
Forskolin Treatment
To study the effect of activation of protein kinase A (PKA) by forskolin,
Cy3-fA� loaded microglia were exposed to 45-min pulses of 200 �M forskolin
during the 1st, 6th, 24th, and 48th h of a 72-h chase period. After the chase
periods, the cells were imaged as in other degradation experiments.

Immunofluorescence of Treated and Untreated Microglia
To measure the expression of cell surface markers on microglial cells, the cells
were first treated with LPS, IL-6, or MCSF as described above. Cells were then
incubated in culture media for 72 h. After 72-h incubation, microglia were
fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) and then
permeabilized for 15 min with 0.01% saponin in PBS. Fixed and permeabil-
ized cells were incubated in 3% bovine serum albumin for 60 min at room
temperature followed by addition of primary antibody (1:100 dilution). Pri-
mary antibodies, anti-mouse CD11b monoclonal (eBiosciences, San Diego,
CA), anti-mouse major histocompatibility complex (MHC) II monoclonal
(eBiosciences), and anti-mouse CD 45 monoclonal (eBiosciences) were incu-
bated for 60 min at 4°C. Cells were washed three times with PBS, and then
they were incubated with A546-tagged anti-rat IgG secondary antibodies
(Invitrogen, Carlsbad, CA) for 60 min at 4°C. After secondary antibody
incubation, cells were washed and imaged. For each marker, the level of
expression was measured by measuring the fluorescence power/cell.

In Vitro Protease Activity Assay
Lysosomal proteases were assayed as described previously (Tyynela et al.,
2000; Awano et al., 2006).

Lysosomal pH Measurement
The measurement of lysosomal/endosomal pH by confocal microscopy (Presley
et al., 1993; Dunn et al., 1994) is based on the use of the ratio of the pH-sensitive
fluorescein fluorescence to pH-insensitive rhodamine fluorescence. Cells were
incubated for 16 h with 5 mg/ml dextran conjugated to both fluorescein and
rhodamine (70,000 mol. wt.; Invitrogen) in complete growth media. Cells
were washed thoroughly in complete media, and then they were incubated
for another 4 h to chase the dextran to lysosomes. The cells were then washed
with medium 2 (150 mM NaCl, 20 mM HEPES, pH 7.4, 1 mM CaCl2, 5 mM
KCl, and 1 mM MgCl2) and kept in medium 2 for 20 min at 37°C in air. Cells
were then taken for confocal imaging at 37°C. Confocal images were collected
on an LSM510 laser scanning confocal unit (Carl Zeiss, Thornwood, NY)
attached to an Axiovert 100 M inverted microscope (Carl Zeiss) with a 63�
numerical aperture 1.4 plan Apochromat objective (Carl Zeiss). Excitation on
the LSM510 laser confocal microscope was with 25-mW Argon laser emitting
488 nm and a 1.0-mW helium/neon laser emitting at 543 nm. Emissions were
collected using a 505- to 530-nm band pass filter to collect fluorescein emission
and a 560- to 615-nm band pass filter to collect rhodamine emission. Typically,
0.3- to 0.5-�m vertical steps were used with axial resolution �1.0 �m. Using
image processing techniques developed previously (Dunn et al., 1994), lyso-
some fluorescence was quantified, and the ratio of fluorescein to rhodamine
fluorescence was determined for each individual lysosome. Images were
analyzed using MetaMorph image processing software (Molecular Devices).
For all experimental sets, cross-talk of the fluorophores was negligible. Calibra-
tion curves were generated after fixing and equilibrating the fluorescein-rhoda-
mine-dextran–loaded cells to a range of pH buffers. Although the fluorescein/
rhodamine ratio was sensitive to differential photobleaching of fluorescein and
rhodamine fluorescence, the effects of differential photobleaching were mini-
mized by 1) attenuating the laser intensity, 2) minimizing the cells exposure to the
lasers, and 3) rigidly adhering to a standard protocol for image collection for both
living cells and pH-standardized fixed cells. Consequently, the effect of photo-
bleaching on fluorescein-rhodamine fluorescence was negligible and consistent
for all the images.

Degradation of Cy3-fA� by Microglia after Artificial
Lysosomal Acidification
For artificial lysosomal acidification, we used an ammonium chloride pulse-
wash technique (Ohkuma and Poole, 1978). Cells were washed with medium
2, and then they were incubated for 30 min in medium 2 containing 25 mM
ammonium chloride. Cells were washed thoroughly and incubated in me-
dium 2 for another 60 min. After this incubation, cells were transferred to
complete culture medium. For Cy3-fA� degradation with artificial acidifica-
tion, the cells were first loaded with Cy3-fA�, and then they were subjected
to ammonium chloride pulse-wash at the 1st, 6th, 24th, and 48th h during the
72-h chase period. After the chase period, the cells were imaged using a Leica
epifluorescence microscope with a cooled CCD camera (Micromax 521BFT;
Princeton Scientific Instruments and Roper Scientific), and the Cy3 fluores-
cence power was quantified using MetaMorph Imaging System software
(Molecular Devices).

RESULTS

In Vitro Assay of Lysosomal Proteases
From tissue culture studies, we know that J774 macrophages
can degrade the same fA� that is not digested by microglia
(Majumdar et al., 2007). To understand the reason for this
difference, we compared properties of microglia and macro-
phages. First, we compared the levels of key lysosomal
proteases in microglia and in J774 cells. As shown in Table 1,
most of the lysosomal proteases tested actually showed a
higher specific activity in microglial extracts than in extracts
from macrophages. Thus, lack of proteases is not the primary
cause of poor lysosomal hydrolysis of fA� by microglia.

Measurement of Lysosomal pH in Live Cells
The in vitro assays of lysosomal enzyme activity were carried
out at acidic pH. In cells, the activity of lysosomal proteases is
also dependent upon the pH of the lysosomes. Most lysosomal
proteases have acidic pH optima, and many are converted
from proenzymes to their active form in the acidic lumen of
lysosomes. Thus, the pH of lysosomes can greatly influence
their proteolytic power. We compared the lysosomal pH of
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microglia and macrophages by using fluorescence ratio imag-
ing of late endosomes and lysosomes containing endocytosed
fluorescein-rhodamine-dextran (Dunn and Maxfield, 2003). Be-
cause fluorescein fluorescence decreases at acidic pH, whereas
rhodamine fluorescence is pH independent, the fluorescein/
rhodamine ratio is pH dependent (Dunn and Maxfield, 2003).
As shown in Figure 1A, macrophages had an average lysoso-
mal pH close to 5.0, whereas the average microglial lysosomal
pH was �5.9. This difference in lysosomal pH could contribute
significantly to the inability of microglia to degrade fA�.

Degradation of fA� by Activated Macrophage-like Microglia
Because microglia can degrade fA� under some conditions, we
examined the effects of microglial activation by proinflamma-
tory treatments. It has been suggested that there is a continuum
of microglial activation rather than a single activated state
(Town et al., 2005), so we tested a variety of agents that might
increase macrophage-like properties of microglia. MCSF and
IL-6 are proinflammatory molecules that are increased in var-
ious mouse models of AD (Morgan et al., 2005), and they can
differentiate microglia into activated cells that resemble mac-
rophages in the expression of various cell surface proteins
(Santambrogio et al., 2001; Monsonego and Weiner, 2003). IL-6
also plays a role in differentiating monocytes toward the mac-
rophage lineage (Chomarat et al., 2000). LPS was tested because
it is a strong mediator of inflammation that has been reported
to reduce plaque burden in APP transgenic mice (Herber et al.,
2004). We monitored the cell surface expression of CD11b and
MHC II in primary microglia as an index of activation toward
a macrophage-like state (Santambrogio et al., 2001). We also
monitored the cell surface expression of CD45 as an index of
microglial activation (Herber et al., 2006). As shown in Figure 2,
treatment with proinflammatory reagents led to increases in
the surface expression of CD11b, MHC II, and CD45, which
indicates differentiation of activated microglia toward macro-
phage-like properties.

Along with the expression of cell surface markers, these
proinflammatory stimuli decreased the pH of microglial
lysosomes (Figure 1B). The greatest change was seen with
MCSF treatment, which brought the lysosomal pH to about
the same value as seen in J774 macrophages.

If poor lysosomal acidification is the basis for inefficient
degradation of fA�, then this should be overcome by these
treatments. We used an assay for fA� degradation in which
microglia take up fA� labeled with the fluorescent dye Cy3
and deliver it to late endosomes and lysosomes (Chung et al.,

1999). When intracellular Cy3-fA� is degraded, the fluores-
cence is released from the cells, and the degradation kinetics
measured by this loss of fluorescence is very similar to
degradation measured using radiolabeled fA�. We mea-
sured the degradation of Cy3-fA� by microglia with or
without various proinflammatory treatments. As shown in
Figure 3, all of these proinflammatory treatments increased
the ability of microglia to degrade fA�, and MCSF had the
greatest effect. The MCSF-treated microglia were almost as
effective in degrading fA� as J774 macrophage-like cells
were found to be in a similar assay (Majumdar et al., 2007).
To confirm that the loss of cell-associated florescence was due
to degradation as opposed to release of macromolecular fA�,
we examined the properties of material released from the cells.
We had shown previously (Majumdar et al., 2007) that after
125I-fA� was taken up by J774 cells the radiolabeled material
was released mainly as trichloroacetic acid (TCA)-soluble (i.e.,
low-molecular-weight) degradation products. We verified that
�70% of the radiolabeled material released from MCSF-treated
microglia after uptake of 125I-fA� was also TCA soluble (data
not shown). In vitro measurements of lysosomal enzyme ac-

Table 1. Lysosomal enzyme activity in cell lysates

Enzyme

nmol/h/mg cell protein Microglia
activity/

macrophage
activity

Macrophage
activity

Microglia
activity

Tripeptidyl peptidase
(TPP) I

50 238 4.74

Cathepsin B 56 80 1.44
Dipeptidyl peptidase

(DPP) I
1915 7242 3.78

Cathepsin H 563 472 0.84
DPP II 16 79 5.05
Cathepsin D 51 147 2.88

The assay media were buffered as follows: cathepsin D, pH 3.5; TPP
I, pH 4.5; cathepsin B, DPP I and DPP II, pH 5.5; and cathepsin H,
pH 6.8.

Figure 1. Lysosomal pH measurements in live cells. J774 macro-
phages and microglia were loaded with fluorescein-rhodamine-
dextran for 16 h followed by a 4-h chase. Fluorescein/rhodamine
ratio values were measured for individual lysosomes and compared
with calibration curves generated from fixed cells in various pH
buffers. (A) Frequency distribution of lysosomal pH in macrophages
(green curve) and microglia (red curve). (B) Frequency distribution
of lysosomal pH in microglia after treatment with 200 ng/ml LPS
for 16 h, 200 ng/ml IL-6 for 16 h, or 25 ng/ml MCSF for 5 d. Data
for lysosomal pH measurements for each experiment and for each
condition were obtained from at least 750 lysosomes from four
different fields, and the data shown here are pH values obtained
from four different experiments done on four different days. Error
bars represent the SEM. The horizontal bar on the figure shows the
SD (�0.1 pH unit) for the measurement of pH values in cells fixed
at pH 5.5.

A. Majumdar et al.
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tivity of the same six proteases measured in Table 1 did not
show a large increase in protease specific activity after MCSF
simulation (data not shown).

Degradation of fA� by Microglia after Artificial
Lysosomal Acidification
The high lysosomal pH in inactivated microglia and the
decrease in pH that was associated with increased ability to
degrade fA� after inflammatory stimuli are consistent with
a hypothesis that lysosomal pH is a determining factor for
fA� degradation. However, proinflammatory stimuli acti-
vate many signal transduction pathways that could affect
degradation by another mechanism. To isolate the role of
lysosomal acidity, we used an ammonia pulse-wash method
to hyperacidify acidic organelles (Ohkuma and Poole, 1978).
Cells were incubated for 30 min in buffer containing 25 mM
ammonium chloride, which causes a partial neutralization
of the pH of lysosomes and an accumulation of ammonia in
acidic organelles (Ohkuma and Poole, 1978). When ammo-
nium chloride is removed from the medium, the efflux of
ammonia transiently acidifies the lysosomes (Figure 4A).
The lysosomal pH dropped from 5.9 to 5.3 �15 min after the
removal of ammonium chloride, and lysosomes returned to
their normal pH values after �1 h.

To determine whether lysosomal acidification was suffi-
cient to enable microglia to degrade fA�, cells were sub-
jected to ammonia pulse-wash treatments at the 1st, 6th,
24th, and 48th h of the 72-h chase period after uptake of
Cy3-fA�. As shown in Figure 4B, the microglia treated in
this way were able to degrade a significant amount of fA�.
This shows that lysosomal acidification can make the micro-
glia capable of digesting fA� in the absence of inflammatory
stimulation. To further establish the importance of lysoso-
mal acidification for fA� degradation by activated microglia,
we measured the degradation of Cy3-fA� in MCSF-treated
microglia in the presence of the vacuolar type (V)-ATPase
inhibitor drug bafilomycin A1 at 0.25 �M (Presley et al.,
1997). We found that after 24 h of chase the MCSF-treated
microglia degraded 30% of the Cy3-fA�, whereas the cells
treated with MCSF and bafilomycin A1 failed to show any
degradation of Cy3-fA� (data not shown).

Mechanism of Lysosomal Acidification in
Activated Microglia
The mechanisms for regulation of endosome and lysosome
pH are complex and not fully understood (Pillay et al., 2002).
Among the factors that can alter the pH of an organelle are
the number of electrogenic H�-pumping V-ATPases and the
detailed properties of these V-ATPase complexes (Nishi and
Forgac, 2002). We compared the abundance of the B and E
subunits of the V-ATPase in macrophages and microglia by
immunoblotting, and we found that microglia expressed
higher levels of these V-ATPase subunits than macrophages
(data not shown). This suggests that abundance of the V-
ATPase is not the major limiting factor in lysosomal acidi-
fication in microglia.

Cl� channels can reduce the inside positive electrical po-
tential that is generated by the V-ATPase, allowing greater
acidification of organelles. The form of the Cl� channel that
is on the lysosomes of microglia is not known, but chloride
channels are found on the lysosomes of many cell types, and
they are known to regulate the pH of endosomes and lyso-
somes (Jentsch et al., 2004).

Several types of chloride channel can be activated by
phosphorylation by PKA (Bae and Verkman, 1990), so we

Figure 2. Expression of cell surface markers on microglia. Micro-
glia were treated with 200 ng/ml IL-6 for 16 h, 200 ng/ml LPS for
16 h, or 25 ng/ml MCSF for 5 d, and expression of cell surface
markers CD11b, MHC II, and CD45 were measured using digital
imaging of immunofluorescence. The figure shows the fluorescence
power (arbitrary units) per cell for the treated and untreated cells.
CD 11b (A), MHC II (B), and CD 45 (C). Error bars are SEM from six
different experiments done on six different days.

Figure 3. Degradation of Cy3 fA� in treated and untreated micro-
glia. Microglia were treated with 200 ng/ml LPS for 16 h, 200 ng/ml
IL-6 for 16 h, or 25 ng/ml MCSF for 5 d. After the treatment, cells
were incubated for 60 min with 5 �g/ml Cy3-fA�, rinsed, and
chased for 72 h. After the chase period, the cells were rinsed, fixed,
and imaged by digital fluorescence microscopy. The integrated Cy3
fluorescence power per cell before and after the chase was quanti-
fied. The figure shows the percentage of the Cy3 signal retained in
the cells after the 72-h chase period with respect to the Cy3 signal at
a 0-h chase. The data presented here are the average from six
different experiments done on different days. Error bars represent
the SEM.
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examined the effects of activators of PKA and inhibitors of
anion channels on lysosomal pH in microglia. When cellular
cAMP levels were elevated by treatment of cells with fors-
kolin, a significant acidification of lysosomes was seen
within 45 min, and this acidification was blocked by the
anion transport inhibitor DIDS (Figure 5A). We tested
whether forskolin treatment could increase the degradation
of fA� by microglial cells. Treatment of microglia with for-
skolin for the entire 72-h degradation assay caused a loss of
cells, so we used a protocol in which cells were treated with
forskolin for 45 min during the 1st, 6th, 24th, and 48th h of
a 72-h degradation assay. As shown in Figure 5B, forskolin-
treated microglia degraded fA� more effectively than un-
treated cells. Long-term treatment with DIDS was also toxic
to the cells, so we could not test the effect of treatment with
DIDS on degradation of fA�.

The signal transduction pathways activated by MCSF in
microglia are not well characterized, but in monocytes it is
known that increased cAMP is associated with the MCSF-
mediated differentiation of monocytes toward macrophages
(Wilson et al., 2005). It is also known that treatment of

macrophages with inflammatory cytokines can raise cAMP
levels (Aronoff et al., 2005). We tested the effects of DIDS and
inhibitors of PKA on the lysosomal pH of MCSF-treated
cells. The cells were pretreated with MCSF for 5 d as in the
other experiments reported here. As shown in Figure 6A, a
45-min treatment of cells with KT5720, an inhibitor of PKA,
significantly increased the lysosomal pH in MCSF-treated
cells. Treatment of MCSF-treated cells with DIDS for 1 h
caused a similar increase in the lysosomal pH (Figure 6B).
These results suggest that activation of PKA and chloride
channel activity play an important role in microglial lysoso-
mal pH regulation under inflammatory stimulation.

DISCUSSION

Immunotherapy against A� leads to a striking removal of
amyloid plaques in APP transgenic mice (Schenk et al., 1999),
and there is good evidence that microglia play an important
role in this clearance (Bard et al., 2000). However, the mech-
anisms by which immunization promotes clearance and

Figure 4. Artificial lysosomal acidification causes degradation of
Cy3-fA� by microglia. (A) Lysosomal pH measurements. Microglia
were incubated with fluorescein-rhodamine dextran for 16 h fol-
lowed by a 4-h chase. The cells were pulsed with 25 mM NH4Cl for
30 min, followed by rinsing and incubation in medium without
NH4Cl for 15, 45, or 60 min. At each time, lysosomal pH measure-
ments were obtained from at least 750 lysosomes from four different
fields, and the pH values from four different experiments done on
four different days are shown. Error bars represent the SEM. (B)
Degradation of Cy3-fA�. Microglia were incubated for 60 min with
5 �g/ml Cy3-fA� and chased for 72 h. During the chase period,
lysosomes were acidified by ammonium pulse-wash Cy3 fluores-
cence power after 72 h normalized to the fluorescence power before
the chase. The data represent the average of the normalized inten-
sity values from four different experiments done on four different
days. Error bars represent the SEM.

Figure 5. Forskolin treatment causes lysosome acidification and
degradation of Cy3f-A� by microglia. (A) Lysosomal pH was mea-
sured 45 min after addition of 200 �M forskolin. Where indicated, 1
mM DIDS was added 15 min before forskolin addition. Lysosomal
pH measurements were obtained from at least 750 lysosomes from
four different fields. The average pH values from four different
experiments from four different days are shown. Error bars repre-
sent the SEM. (B) Microglia were incubated for 60 min with 7 �g/ml
Cy3-fA� and chased for 72 h. During the chase period, the cells were
treated with 45-min pulses of 200 �M forskolin to activate PKA
during the 1st, 6th, 24th, and 48th h. Cy3 fluorescence power after
72 h normalized to the fluorescence power at the 0-h time point. The
data shown here represent average of the normalized intensity
values from four different experiments done on four different days.
Error bars represent the SEM.
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degradation by microglia are uncertain. Recent studies have
shown that activation of microglia in the absence of antibod-
ies can also lead to the clearance of A� plaques in a mouse
model of AD (Frenkel et al., 2005). This indicates that anti-
bodies to A� are not necessary for clearance of plaques, but
it has been unclear how microglial activation or inflamma-
tory stimuli can lead to improved clearance.

The data presented herein show that increased acidifica-
tion of lysosomes may be the key factor that determines the
ability of microglia to degrade fA�. Microglia constitutively
express a scavenger receptor, SRA, that can mediate the
binding and uptake of fA� (El Khoury et al., 1996; Paresce et
al., 1996). As shown here, microglia have sufficient levels of
lysosomal proteases to degrade proteins effectively; more-
over, the levels of most proteases are higher in microglia
than in J774 cells, which can digest fA� efficiently. However,
microglia have weakly acidic lysosomes, which would de-
crease the activity of many lysosomal proteases and could
lead to the inability to degrade fA� effectively. Treatment
with inflammatory agents acidifies microglial lysosomes

and makes them able to degrade fA�. Although treatment
with inflammatory agents can cause many changes in mi-
croglia, it is striking that a pulse-wash treatment with a
weak base that transiently acidifies lysosomes also facilitates
significant degradation of fA�. This suggests that lysosomal
acidification is the key event that is required for fA� degra-
dation by microglia. This phenomenon of increased proteo-
lytic power as a consequence of lysosomal acidification was
also described in dendritic cells during their maturation
(Trombetta et al., 2003).

In the assays of fA� degradation with the ammonia pulse-
wash or the forskolin treatment, we could only transiently
acidify the lysosomes. In our experiments, the lysosomes
were acidified four times for about an hour each time during
a 72-h degradation assay. Nevertheless, we were able to
observe �40% degradation of fA� as a consequence of these
treatments. We typically observe �40% degradation in a 4-h
chase even with macrophage cells (data not shown). It is
possible that some key proteolytic enzymes are converted
from the proenzyme to the active enzyme during the periods
of high acidity and that these enzymes remain active during
periods of reduced acidity in the microglial lysosomes.

We explored the mechanisms of lysosomal acidification in
microglia. Several signal transduction pathways are acti-
vated in cells in response to MCSF treatment (Pixley and
Stanley, 2004). Activation of PKA by forskolin caused a drop
in lysosomal pH similar to that seen in MCSF-treated cells.
The acidification caused by forskolin was inhibited by treat-
ment with DIDS, suggesting that anion transport was re-
quired for the acidification. These results would be consis-
tent with activation of chloride channels downstream of
PKA activation as a mechanism to lower the lysosomal pH
in microglia. The lysosomal acidification in MCSF-treated
microglia was partially reversed by inhibition of PKA or by
treatment with DIDS, again indicating that PKA-dependent
activation of chloride channels is important for the regula-
tion of lysosomal acidification of microglia during inflam-
matory activation. Further work will be required to analyze
the signaling pathways involved and to identify the regu-
lated chloride channels on lysosomes of microglia.

There is evidence that immunization of AD model mice
against A� leads to some reversal of behavioral impairments
in addition to clearing amyloid deposits (Morgan et al., 2000;
Hartman et al., 2005), and this suggests that this type of
therapy might be beneficial. A major limitation is that in-
flammatory responses to immunization may be difficult to
control, and a human trial of A� immunization had to be
discontinued due to development of meningoencephalitis in
some patients (Nicoll et al., 2003).

It is possible that treatments that cause a specific type of
microglial activation, leading to increased lysosomal acidi-
fication, may be especially beneficial in promoting clearance
of plaques. It should be noted that not all types of microglial
activation are equally effective. We found that treatment
with MCSF, which causes microglia to express macrophage-
like surface proteins, was especially effective at lowering
lysosomal pH and activating the degradation of fA�. In
contrast, it has been reported that interaction with CD40
ligand can induce microglia to become more like antigen-
presenting cells with decreased ability to phagocytose A�
(Townsend et al., 2005). Another report showed that activa-
tion of microglia via the IL-1 pathway might not be impor-
tant for plaque clearance because IL-1 receptor knockout
mouse cleared fA� deposits after receiving immunotherapy
(Das et al., 2006). Other factors may also modulate the ability
of microglia to internalize and degrade amyloid plaques. A
recent study found that only bone marrow derived microglia

Figure 6. Lysosomal pH measurements in activated microglia in
presence of PKA inhibitor and chloride channel blocker. Lysosomal
pH was measured in treated and untreated microglia. For measure-
ments with PKA inhibitor, KT 5720 at 10 �M was added to MCSF-
treated microglia, and pH was measured 45 min after addition. For
measurements in the presence of the chloride channel blocker DIDS
at 1 mM was added to MCSF-treated microglia, and lysosomal pH
was measured 60 min after the addition of DIDS. (A) Frequency
distribution of lysosomal pH in MCSF-treated microglia (green
curve), untreated microglia (red curve), and KT 5720-treated acti-
vated microglia (blue curve). (B) Frequency distribution of lysoso-
mal pH in MCSF-treated activated microglia (green curve), un-
treated microglia (red curve), and DIDS-treated activated microglia
(black curve). Lysosomal pH measurements were obtained from at
least 750 lysosomes from three different fields. The average pH
values from three different experiments from three different days
are shown. Error bars represent the SEM.
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and not resident microglia were capable of clearing fA� depos-
its from the brains of AD model mice (Simard et al., 2006).

In summary, we show that unactivated microglia do not
degrade fA� because they have weakly acidic lysosomes,
and lysosomal acidification is a key downstream event lead-
ing to fA� degradation by activated microglia. This may also
be a key to the effectiveness of therapies to promote clear-
ance of amyloid plaques by microglia, and treatments that
acidify microglial lysosomes while minimizing other inflam-
matory reactions may be particularly beneficial.
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