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Reactive microglia have been suggested to play a role in the
Alzheimer’s disease (AD) process, and previous studies have
shown that expression of CD45, a membrane-bound protein-
tyrosine phosphatase (PTP), is elevated in microglia in AD brain
compared with controls. To investigate the possible role of CD45
in microglial responsiveness to b-amyloid (Ab) peptides, we first
co-treated primary cultured microglia with a tyrosine phospha-
tase inhibitor [potassium bisperoxo (1,10-phenanthroline) ox-
ovanadate (phen), 5 mM] and freshly solubilized Ab peptides
(1000 nM). Data show synergistic induction of microglial activa-
tion as evidenced by tumor necrosis factor a (TNF-a) production
and nitric oxide (NO) release, both of which we show to be
dependent on activation of p44/42 mitogen-activated protein
kinase (MAPK). Furthermore, co-treatment with phen and Ab
peptides results in microglia-induced neuronal cell injury. Stimu-
lation of microglial CD45 by anti-CD45 antibody markedly inhib-

its these effects via inhibition of p44/42 MAPK, suggesting that
CD45 is a negative regulator of microglial activation. Accordingly,
primary cultured microglia from CD45-deficient mice demon-
strate hyper-responsiveness to Ab, as evidenced by TNF-a re-
lease, NO production, and neuronal injury after stimulation with
Ab peptides. As a validation of these findings in vivo, brains from
a transgenic mouse model of AD [transgenic Swedish APP-
overexpressing (Tg APPsw) mice] deficient for CD45 demon-
strate markedly increased production of TNF-a compared with
Tg APPsw mice. Taken together, these results suggest that ther-
apeutic agents that stimulate the CD45 PTP signaling pathway
may be effective in suppressing microglial activation associated
with AD.
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It has been suggested that activated microglia play a key role in the
inflammatory processes of neurodegenerative diseases such as Alz-
heimer’s disease (AD), because reactive microglia secrete cyto-
kines, including tumor necrosis factor a (TNF-a) and interleukin-
1b, which promote neurodegeneration (Meda et al., 1995; Rogers
et al., 1996; Barger and Harmon, 1997). However, current anti-
inflammatory therapeutics directed against AD, such as nonsteroi-
dal anti-inflammatory drugs (NSAIDs), only partially suppress
microglial activation (Mackenzie and Munoz, 1998) and, therefore,
may not provide the greatest therapeutic benefits for AD. This
suggestion is supported by clinical evidence, in which elderly per-
sons using NSAIDs demonstrate only an ;20% reduction in risk
for AD (Beard et al., 1998), and AD patients using NSAIDs have
only partial amelioration of disease symptoms (Rich et al., 1995).
Thus, a more viable therapeutic strategy may be combination of
NSAIDs with specific inhibitors of microglial activation.

Most of our knowledge concerning the molecular mediators of
microglial activation comes from studies involving peripheral lym-
phocytes. For example, the CD40–CD40L signaling pathway is
involved in both T-cell and microglial cell activation (Yang and
Wilson 1996; Maxwell et al., 1999; Tan et al., 1999a), yet although
blockade of this pathway has proved an efficient means of opposing
T-cell activation (Grewal et al., 1996; Stuber et al., 1996), interrup-
tion of this pathway is largely unexplored as a means of opposing
microglial activation. We have recently shown that ligation of
microglial CD40 synergistically enhances activation of these cells
by a low dose of freshly solubilized b-amyloid (Ab; Tan et al.,
1999b), indicating that the CD40–CD40L interaction is critically
involved in microglial activation induced by Ab. In searching for

novel cell surface molecules that may play a role in opposing
microglial activation, we focused on CD45, a functional transmem-
brane protein-tyrosine phosphatase (PTP), which, when cross-
linked, has been shown to play a critical role in negative regulation
of T and B lymphocyte activation (Justement, 1996). CD45 is
particularly interesting, because microglia express it in the frontal
cortex and hippocampus of normal aging individuals, and this
expression level is markedly increased in these brain regions in AD
cases (Masliah et al., 1991; Licastro et al., 1998). Furthermore, in an
animal model of neurodegeneration, upregulation of phosphoty-
rosine signal associated with activated microglia was found in and
around the degenerating brain region (Karp et al., 1994). These
data led us to investigate the possible involvement of CD45 PTP
signaling as a putative regulator of microglial activation.

MATERIALS AND METHODS
Materials. Monoclonal antibodies (purified rat anti-mouse CD45 and pu-
rified rat IgG2b control antibodies and FITC-conjugated rat anti-mouse
CD45 and FITC-conjugated rat IgG2b control antibodies) were purchased
from PharMingen (San Diego, CA). To test whether CD45 cross-linkage
could result in stimulation of CD45 PTP activity, we measured free
inorganic phosphate (Pi) in microglial cell lysates treated in the presence
or absence of anti-CD45 antibody and found significantly higher levels of
Pi in microglial cell lysates treated with CD45 antibody compared with
untreated cells (data not shown). Antibodies for phospho-p44/42 mitogen-
activated protein kinase (MAPK) (Thr-202/Tyr-204) and total p44/42
MAPK were obtained from New England Biolabs (Beverly, MA). Ab1-40
and Ab1-42 peptides and control peptide (Ab40-1) were obtained from QCB
(Hopkinton, MA) and were freshly solubilized in distilled H2O immedi-
ately before use. To determine the oligomeric state of Ab in our assays, Ab
was immunoprecipitated from cell supernatants after incubation with
microglia and/or neurons, and Western blot analysis was performed at
time points of 12, 24, and 48 hr. Data revealed that both Ab1-40 and Ab1-42,
irrespective of the time points assayed, existed as a ladder of SDS-stable
oligomers, with a predominant species of ;32 kDa. Human CD45 recom-
binant protein (specific activity, 20,000 U/mg of protein) and PD98059
were obtained from Calbiochem (La Jolla, CA), as well as the phosphatase
inhibitors including potassium bisperoxo (1,10-phenanthroline) oxovana-
date (phen), sodium orthovanadate, and okadaic acid. Each of these was
dissolved in DMSO before adding to complete cell culture medium, and
DMSO alone was used as a solvent control, which did not differ from the
untreated controls presented. Bacterial lipopolysaccharide (LPS) was pur-
chased from Sigma (St. Louis, MO) and dissolved in complete cell culture
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medium. Anti-mouse HRP-conjugated IgG secondary antibody and West-
ern blotting luminol reagent were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Immun-Blot polyvinylidene difluoride (PVDF) mem-
branes were purchased from Bio-Rad (Hercules, CA). Anti-mouse TNF-a
polyclonal antibody was obtained from R & D systems (Minneapolis, MN).

Murine primary cell culture. Breeding pairs of BALB/c and CD45-
deficient (C57BL/6OlaHsd-Ptprc) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and housed in the animal facility at the
University of South Florida Health Science Center. Transgenic Swedish
APP-overexpressing (Tg APPsw) mice are the 2576 line back-crossed to
C57B6/SJL as previously described (Hsiao et al., 1995, 1996). Murine
primary culture microglia were isolated from mouse cerebral cortices and
were grown in RPMI 1640 medium supplemented with 5% fetal calf
serum, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and
0.05 mM 2-mercaptoethanol according to previously described methods
(Chao et al., 1992). Briefly, cerebral cortices from newborn mice (1–2 d
old) were isolated under sterile conditions and were kept at 4°C before
mechanical dissociation. Cells were plated in 75 cm 2 flasks, and complete
medium was added. Primary cultures were kept for 14 d so that only glial
cells remained, and microglia were isolated by shaking flasks at 200 rpm in
a Lab-Line incubator–shaker. More than 98% of these glial cells stained
positive for Mac-1 (CD11b/CD18; Boehringer Mannheim, Indianapolis,
IN). Mouse primary culture neuronal cells were prepared as previously
described (Chao et al., 1992). Briefly, cerebral cortices were isolated from
BALB/c mouse embryos, between 15 and 17 d in utero, and cortices were
mechanically dissociated in trypsin (0.25%) after incubation for 15 min at
37°C. Cells were collected after centrifugation at 1200 rpm, resuspended in
DMEM (Life Technologies, Gaithersburg, MD) supplemented with 10%
fetal calf serum, 10% horse serum, uridine (33.6 mg/ml; Sigma) and
fluorodeoxyuridine (13.6 mg/ml; Sigma), and plated in 24-well tissue
culture plates at 2.5 3 10 5 cells per well after collagen coating the plates.
Where microglia were isolated from CD45-deficient mice, to verify CD45
deficiency status, fluorescence-activated cell sorter analysis was performed
as previously described (Tan et al., 1999a), and CD45 was undetectable in
these cells (data not shown).

TNF-a ELISA and nitric oxide release assay. Primary cultured microglial
cells were plated in 24-well tissue-culture plates (Costar, Cambridge, MA)
at 5 3 10 4 cells per well and stimulated for 12 hr with phen (5 mM), Ab
peptides (1000 nM), phen and Ab peptides in the presence or absence of
anti-CD45 antibody (1:200) or PD98059 (5 mM) pretreatment for 1 hr, or
appropriate controls. Cell-free supernatants were collected and assayed by
a TNF-a ELISA kit (Genzyme, Cambridge, MA) or a nitric oxide (NO)
assay kit (Calbiochem) in strict accordance with the manufacturer’s in-
structions. The Bio-Rad (Hercules, CA) protein assay was performed to
measure total cellular protein from each of the cell groups under consid-
eration just before quantification of cytokine release by ELISA or NO
secretion by NO assay.

Lactate dehydrogenase release assay in neuronal and microglial co-cultures.
After 5 d in vitro, neuronal cells were passed in preparation for subsequent
experiments. More than 96% of these cells stained positive for neurofila-
ment L (using rabbit anti-human neurofilament L antibody, 1:300; Serotec
Ltd., Kidlington, Oxon, UK; data not shown), a marker of differentiated
neuronal cells. Neuronal cells were seeded in 24-well tissue culture plates
at 1 3 10 5 cells per well for 48 hr and used as target cells for lactate
dehydrogenase (LDH) release assay. In this experimental paradigm, neu-
ronal cells or neuronal–microglial co-cultures (microglia, 5 3 10 4 cells per
well, a 2:1 ratio of neurons to microglia) were treated with phen (5 mM),
Ab1-40 (1000 nM), Ab1-42 (1000 nM), control peptide (1000 nM), anti-CD45
antibody (1:200), phen and Ab peptides, anti-CD45, phen, and Ab pep-
tides, or appropriate controls. An LDH release assay (Promega, Madison,
WI) was performed as described (Tan et al., 1999a) after either 36 or 48 hr
of treatment in neuronal cultures, microglial cultures or neuronal–micro-
glial co-cultures. Total LDH release represents maximal lysis of target cells
with 5% Triton X-100.

Immunocytochemistry in neuronal and microglial co-cultures. For mor-
phological examination and immunocytochemistry, primary cultured neu-
ronal cells were isolated as described above, passed onto glass coverslips in
six-well tissue culture plates at 2 3 10 5 cells per well, and then co-cultured
with various groups of microglia at 1 3 10 5 cells per well ( yielding a 2:1
ratio of neurons to microglia). Co-cultures then went untreated (control)
or were treated with phen (5 mM), Ab1-42 (1000 nM), or both for 48 hr.
After this treatment period, morphological examination and immunocyto-
chemistry were performed. Double immunocytochemical staining was
performed with a combination of an indirect method (using an HRP-
conjugated DAB chromogen system) and the Dako (Carpinteria, CA)
EnVision system (with an alkaline phosphatase-conjugated fast red chro-
mogen system), using anti-mouse CD11b antibody (clone M1/70, 1:50
dilution; Chemicon, Temecula, CA) as a microglia marker and anti-mouse
neuorfilament L antibody (neurofilament 68 clone NR4, 1:300 dilution;
Sigma) as a neuronal marker. Morphological changes in co-cultured pri-
mary neurons and microglia were recorded by bright-field microscopic
examination.

Western immunoblotting. Murine primary culture micrgolia were plated
in six-well tissue culture plates at a density of 8 3 10 5 cells per well. These
cells were incubated for 30 min with or without phen (5 mM) and Ab
peptides (1000 nM) in the presence or absence of anti-CD45 or control
antibodies (1:200 dilution for each) or PD98059 (5 mM) pretreatment for 1

hr, or appropriate controls. Immediately after culturing, microglia were
washed in ice-cold PBS three times, scraped into ice-cold PBS, and lysed in
an ice-cold lysis buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM b-glycerolphosphate, 1 mM Na3VO4, 1 mg/ml leupeptin, and 1 mM
PMSF. After incubation for 30 min on ice, samples were centrifuged at
high speed for 15 min, and supernatants were collected. Total protein
content was estimated using the Bio-Rad protein assay. An aliquot corre-
sponding to 50 mg of total protein of each sample was separated by
SDS-PAGE and transferred electrophoretically to Immun-Blot PVDF
membranes. Nonspecific antibody binding was blocked with 5% nonfat dry
milk for 1 hr at room temperature in Tris-buffered saline (20 mM Tris and
500 mM NaCl, pH 7.5). Membranes where first hybridized with a phospho-
specific p44/42 MAPK antibody, stripped with b-mercaptoethanol strip-
ping solution (62.5 mM Tris-HCl, pH 6.8, 2% SDS, and 100 mM
b-mercaptoethanol), and then reprobed with an antibody that recognizes
total p44/42 MAPK. Alternatively, membranes with identical samples
were probed either with a phospho-specific p44/42 MAPK antibody or with
an antibody that recognizes total p44/42 MAPK. Immunoblotting was
performed with a primary antibody followed by an anti-mouse HRP-
conjugated IgG secondary antibody as a tracer. The luminol reagent was
used to develop the blots. Densitometric analysis was performed for all
blots using the Flour-S MultiImager with Quantity One software
(Bio-Rad).

For TNF-a Western blot, brains from 6-month-old transgenic mice
were isolated under sterile conditions on ice and placed in ice-cold lysis
buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerol-
phosphate, 1 mM Na3VO4, 1 mg/ml leupeptin, and 1 mM PMSF. Brains
were then sonicated on ice for ;3 min, let stand for 15 min at 4°C, and
centrifuged at 15,000 rpm for 15 min. Supernatants were then collected for
protein assay and Western immunoblotting as described above.

Immune complex kinase assay. Primary culture microgial cells were
seeded in six-well tissue culture plates at 8 3 10 5 per well. Thirty minutes
after co-treatment with phen and Ab peptides in the presence or absence
of anti-CD45 antibody or appropriate controls, microglial cells were lysed
in ice-cold lysis buffer (as described above). Total cellular protein was
quantified with the Bio-Rad protein assay, and an aliquot of 100 mg of
protein for each treatment condition was separated by SDS-PAGE. p44/42
MAPK activity was determined using the p44/42 MAP Kinase assay kit
(New England Biolabs) in strict accordance with the manufacturer’s in-
structions. The phosphorylated form of the Elk1 p44/42 MAPK fusion
protein was visualized by Western immunoblotting (as described above)
using a specific antibody for phosphorylated Elk1 supplied with the kit.

Statistical analysis. Data were analyzed using ANOVA followed by post
hoc comparisons of means by Bonferroni’s or Dunnett’s T3 method, for
which Levene’s test for homogeneity of variances was used to determine
the appropriate method of post hoc comparison. In instances of single-
mean comparisons, t test for independent samples was used to assess
significance. a levels were set at 0.05 for each analysis. All analyses were
performed using SPSS for Windows release 9.0.

RESULTS
Co-treatment with phen and Ab peptides results in
synergistic microglial acitvation
It has been shown that a tyrosine phosphorylation cascade plays an
important role in Ab-induced microglial activation (McDonald et
al., 1998; Combs et al., 1999). To test whether promotion of
tyrosine phosphorylation could affect Ab-induced microglial acti-
vation, we co-incubated primary cultured microglial cells with
phen, a specific tyrosine phosphatase inhibitor, and Ab peptides for
12 hr. Microglial activation was measured by TNF-a and NO
production and neuronal cell injury in co-culture experiments.
Data showed that phen synergistically enhanced Ab-stimulated
microglial activation (Fig. 1). To further confirm that phen and Ab
activated microglia through inhibiting the PTP signaling pathway,
we co-cultured microglia with Ab and either sodium orthovanadate
(50 mM, another PTP inhibitor) or okadaic acid (50 nM, a protein
phosphatase 2A inhibitor) and measured NO and TNF-a release.
Although sodium orthovanadate treatment in conjunction with Ab
produced results similar to those of phen and Ab peptide co-
treatment (data not shown), NO and TNF-a were not detectable in
the media of okadaic acid- and Ab-co-treated microglia (data not
shown). This result led us to focus on stimulating microglial PTP
activity to oppose Ab-induced activation of these cells.

CD45 cross-linking significantly inhibits microglial
activation induced by phen and Ab peptides
It has been reported that CD45, a protein-tyrosine phosphatase
that is constitutively expressed on microglia (Karp et al., 1994), is
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markedly increased on microglia from AD frontal cortices (Masliah
et al., 1991; Licastro et al., 1998). To examine the putative role of
CD45 in microglial activation, we treated primary cultured micro-
glial cells with monoclonal anti-CD45 antibody before stimulation
with phen and Ab peptides. Microglial activation, as evidenced by
TNF-a and NO release after co-treatment of microglia with phen
and Ab peptides, was significantly inhibited by cross-linking CD45
(Fig. 2a,b). Hyperstimulation of microglia commonly results in
bystander cell injury, and we went on to evaluate whether cross-
linking of CD45 might protect neuronal cells against injury from
activated microglia (resulting from phen and Ab peptide co-
treatment). When activated microglia were co-cultured with pri-
mary cultured neuronal cells in the presence of anti-CD45 anti-
body, we observed that neuronal cells were significantly protected
against injury induced by reactive microglia (Fig. 2c). In addition,
to determine whether directly increasing CD45 activity could block
microglial activation resulting from co-treatment with phen and
Ab, we added CD45 recombinant protein (20 U/ml) to activated
microglia and measured NO and TNF-a release. Results showed
that release of NO and TNF-a were markedly decreased after
addition of CD45 recombinant protein compared with the appro-
priate control (denatured CD45 protein; data not shown), further

substantiating the role of CD45 in negative regulation of microglial
activation.

Cross-linking of CD45 suppresses microglial activation
through a p44/42 MAPK-dependent pathway
Previous studies have shown that activation of mitogen-activated
protein kinase kinase (MEK1/2) and downstream p44/42 MAPK is
involved in TNF-a production in macrophages, monocytes, and
microglia after activation of these cells with a variety of stimuli,
including LPS and CD40 ligand (Hambleton et al., 1995; Suttles et
al., 1999; Tan et al., 1999c). These data led us to ask whether the
observed effect of CD45 cross-linking on opposing microglial acti-
vation might be mediated via activation of the MAPK module.
Thus, we analyzed p44/42 MAPK phosphorylation status and ac-
tivity in microglial cell lysates after co-treatment with phen and Ab
peptides or appropriate control conditions. Results showed that
p44/42 MAPK phosphorylation and activity were both synergisti-
cally induced within 30 min after co-treatment with phen and
Ab1-40 or Ab1-42 peptides (Fig. 3a,b). Furthermore, we observed
that treatment of microglia with PD98059, a selective inhibitor of
MEK1/2, results in significant reduction of phen- and Ab-mediated
phosphorylation and activity of p44/42 MAPK (Fig. 3c,d). To

Figure 1. Co-treatment with phen and Ab peptides synergistically affects microglial activation.
Microglial cells were treated as indicated for 12 hr or co-cultured with primary neuronal cells
(microglia/neurons, 1:2) under the indicated treatment conditions for 48 hr. Control peptide is
Ab40-1. Microgial activation was measured by TNF-a production (mean 6 1 SEM, picograms per
milligram of total protein) in cultured media by TNF-a ELISA (a), NO release (mean 6 1 SEM,
micromolar concentration per milligram of total protein) in cultured media by NO assay (b),
neuronal cell injury by immunocytochemistry and microscopic examination (c), and neuronal
cell injury by LDH assay [mean LDH (percent) release 6 1 SEM] ( d). Data shown in a and b are
representative of five independent experiments, and data in c and d are representative of two
independent experiments. For c, co-cultures of microglia and neurons are shown before (top
panel ) and after (bottom panel ) co-treatment with phen and Ab1-42. CD11b-positive cells (brown)
are microglia, whereas neurofilament L-staining cells (red) are neurons. Scale bar, 50 mm
(calculated for each panel). Neuronal, but not microglial, degeneration is apparent only after
co-treatment and is not detectable after treatment with Ab1-42 or phen alone. For a, b, and the
neuronal–microglial co-culture conditions in d, ANOVA revealed significant main effects of
Ab1-40 ( p , 0.001), Ab1-42 ( p , 0.001), and phen ( p , 0.001). There were also significant
interactions between Ab1-40 or Ab1-42 and phen ( p , 0.001). One-way ANOVA revealed
significant between-group differences ( p , 0.001), and post hoc testing revealed significant
differences between phen/Ab1-40 or phen/Ab1-42 when compared with phen/control peptide
( p , 0.001).
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determine whether activation of p44/42 MAPK was responsible for
TNF-a and NO production after co-treatment of microglia with
phen and Ab peptides, we treated microglia with PD98059 before
stimulation with phen and Ab peptides. Production of TNF-a and
NO were markedly decreased compared with appropriate controls
within 12 hr after treatment with PD98059 and phen and Ab
peptides (Fig. 3e,f). These data suggest that activation of p44/42
MAPK is crucial for microglial TNF-a and NO production after
co-treatment of microglia with phen and Ab peptides.

Having shown that cross-linking of CD45 opposed microglial
activation, we wished to determine whether reduced p44/42 MAPK
activity could be responsible for this effect. To investigate this
possibility, microglial cells were co-incubated with anti-CD45 an-
tibody, phen, and Ab peptides. Cell lysates were then analyzed for
phosphorylated forms of p44/42 MAPK by Western immunoblot-
ting. Results showed that cross-linking of CD45 significantly inhib-
ited phosphorylation of p44/42 MAPK induced by phen and Ab
peptide co-treatment compared with controls (Fig. 4a). To deter-
mine whether this effect could result in decreased MAPK activity,
an immune complex kinase assay was performed. Results showed
that cross-linking of CD45 markedly reduced p44/42 MAPK activ-
ity in phen- and Ab peptide-co-treated cells (Fig. 4b), demonstrat-
ing the functionality of CD45 cross-linking on p44/42 MAPK
activity.

Stimulation of CD45-deficient microglia with Ab
peptides directly results in microglial activation
To further substantiate the role of CD45 in Ab-mediated micro-
glial activation, microglia were obtained from CD45-deficient or
wild-type mice and treated with either Ab or control peptide for 12
hr. Data showed that Ab treatment greatly resulted in microglial
activation, which was quantified by TNF-a and NO release. Results
shown in Figure 5, a and b, indicate marked activation of CD45-
deficient microglia compared with wild-type microglia after stim-
ulation with Ab peptides. Because we have consistently shown that
microglial activation resulting from phen and Ab peptide treatment
first resulted in p44/42 MAPK phosphorylation and activation
followed by TNF-a release and NO production, we assessed
whether treatment of CD45-deficient microglia with Ab peptides
could result in increased p44/42 MAPK phosphorylation and acti-
vation at the 30 min time point. Results showed that Ab treatment
of CD45-deficient microglia greatly increased p44/42 MAPK phos-
phorylation and activation compared with CD45 wild-type micro-
glia (data not shown). Furthermore, to determine whether CD45-
deficient microglia in this scenario could cause neuronal cell injury,
primary cultured cortical neurons and microglia were co-cultured,
and morphological examination (data not shown) and LDH assay
were performed. Data showed that cortical neurons were markedly
injured by Ab-treated, CD45-deficient microglia compared with
wild-type cells (Fig. 5c). When taken together, these data show that
CD45 is a negative regulator of Ab-induced microglial activation.

Tg APPsw mice deficient for CD45 demonstrate marked
TNF-a induction
To evaluate the possibility that CD45 might be a negative regulator
of Ab-mediated microglial activation in vivo, we crossed Tg APPsw
mice with mice deficient for CD45 and measured TNF-a produc-
tion in the brains of these animals. Results showed a marked
increase in TNF-a protein in brain homogenates from these mice
compared with Tg APPsw mice (Fig. 6). We were only able to detect
CD45 on microglia in Tg APPsw and control mice (data not shown),
and CD45 has not been reported to be expressed by other CNS
cells. Thus, these data suggest that microglial CD45 negatively

4

0.01) or phen/Ab1–42/anti CD45 and phen/Ab1–42/control antibody ( p ,
0.02). For the neuronal–microglial co-culture conditions in c, one-way
ANOVA revealed significant between-group differences ( p , 0.001), and
post hoc testing revealed a significant difference between phen/Ab1–42/anti-
CD45 and phen/Ab1–42/control antibody ( p , 0.02).

Figure 2. CD45 cross-linking markedly inhibits phen and Ab peptide-
induced microglial activation. Microglial cells were treated as indicated for
12 hr or co-cultured with primary cultured neuronal cells (microglia/
neurons, 1:2) under the same treatment conditions for 48 hr. Control
antibody is rat IgG2b. Microglial activation was determined by TNF-a
production (mean 6 1 SEM, picograms per milligram of total protein) in
cultured media (a), NO release (mean 6 1 SEM, micromolar concentration
per milligram of total protein) in cultured media (b), and neuronal cell
injury [mean LDH (percent) release 6 1 SEM] in co-culture experiments
(c). Data shown in a and b are representative of five independent experi-
ments, and data in c are representative of two independent experiments.
For a and b, one-way ANOVA revealed significant between-group differ-
ences ( p , 0.001), and post hoc testing revealed significant differences
between phen/Ab1–40/anti-CD45 and phen/Ab1–40/control antibody ( p ,
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Figure 3. Co-treatment of microglia with phen and Ab peptides activates p44/42 MAPK, resulting in microglial activation. Microglial treatment
conditions are indicated and are further described in Materials and Methods. Control peptide is Ab40-1. Cell lysates were analyzed by Western
immunoblotting using specific antibodies that recognize phosphorylated or total p44/42 MAPK. a, b, Phosphorylation and activity of p44/42 MAPK after
co-treatment with phen and Ab peptides. c, d, Inhibition of this effect by PD98059 (a specific MEK1/2 inhibitor). Histograms below the immunoblots
represent the mean band density ratio 6 1 SEM (phospho-p44/42 MAPK/total p44/42 MAPK) and band density in optical density units (phospho-Elk1),
respectively (n 5 3 for each condition presented). Microglial activation is evidenced by mean TNF-a release 6 1 SEM (picograms per milligram of total
protein) (e) and mean NO release 6 1 SEM (micromolar concentration per milligrams of total protein) ( f) in cultured media by ELISA or by NO release
assay, respectively (n 5 3 for each condition presented). For a and b, ANOVA revealed significant main effects of phen, Ab1-40 , and Ab1-42 ( p , 0.001),
and there were significant interactive terms between phen and either Ab1-40 or Ab1-42 ( p , 0.001). One-way ANOVA revealed significant between-group
differences ( p , 0.001), and post hoc testing showed significant differences between Ab1-40 and phen/Ab1-40 ( p , 0.001) and between Ab1-42 and
phen/Ab1-42 ( p , 0.001). For c–f, one-way ANOVA revealed significant between-group differences ( p , 0.001), and post hoc testing showed significant
differences between phen/Ab1-40 and phen/Ab1-40 /PD98059 ( p , 0.01) and between phen/Ab1-42 and phen/Ab1-42 /PD98059 ( p , 0.01).
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regulates Ab-induced microglial activation as evidenced by TNF-a
production in vivo.

DISCUSSION
Microglial activation has been implicated as pathogenic in a variety
of neurodegenerative diseases such as multiple sclerosis, AIDS
dementia, and AD, raising the possibility that therapeutic strategies
aimed at opposing microglial activation may be beneficial in treat-
ing such diseases. However, current attempts at reducing neuroin-
flammation mediated via microglial activation have only been par-
tially efficacious (Rich et al., 1995), possibly because of the fact that

such strategies are more general inhibitors of inflammation than
specific inhibitors of microglial-associated neuroinflammation. For
example, Mackenzie and Munoz (1998) examined postmortem
brain tissue from AD patients who underwent NSAID treatment
and control individuals who did not use NSAIDs (Mackenzie et al.,

Figure 4. Cross-linking of microglial CD45 markedly suppresses p44/42
MAPK activation resulting from phen and Ab peptide co-treatment. Mi-
croglial treatment conditions are indicated and are further described in
Materials and Methods. Cell lysates were analyzed by Western immuno-
blotting using specific antibodies that recognize phosphorylated or total
p44/42 MAPK (a) or the p44/42 MAPK fusion protein Elk-1 (b) by
immune complex kinase assay. Histograms below immunoblots represent
the mean band density ratio 6 1 SEM (phospho-p44/42 MAPK/total p44/42
MAPK) (a) or the mean band density 6 1 SEM in optical density units (b),
with n 5 3 for each condition presented. For a and b, ANOVA revealed
significant main effects of Ab1-40 and Ab1-42 ( p , 0.001), and there was
statistical interaction between either Ab1-40 or Ab1-42 and phen ( p ,
0.001). One-way ANOVA revealed significant between-group differences
( p , 0.001), and post hoc testing showed significant differences between
phen/Ab1-40 and phen/Ab1-40 /anti-CD45 ( p , 0.001) and between phen/
Ab1-42 and phen/Ab1-42 /anti-CD45 ( p , 0.001).

Figure 5. Stimulation of CD45-deficient microglia with Ab peptides results
in microglial activation. Primary cultured wild-type or CD45-deficient mi-
croglial cells were treated as indicated for 12 hr or co-cultured with primary
cultured neuronal cells under the same treatment conditions for 36 hr.
Control peptide is Ab40-1. Microglial activation is evidenced by TNF-a
production (mean 6 1 SEM; n 5 3 for each condition presented) (a), NO
assay (mean 6 1 SEM; n 5 3 for each treatment condition) ( b), and
neuronal cell injury in co-culture experiments [mean LDH (percent) re-
lease 6 1 SEM; n 5 3 for each condition presented] (c). For CD45-deficient
microglia in a and b, one-way ANOVA revealed significant between-group
differences ( p , 0.001), and post hoc testing showed significant differences
between control peptide and either Ab1-40 ( p , 0.001) or Ab1-42 ( p #
0.001). For neuronal–CD452/2 microglial co-culture experiments, one-
way ANOVA revealed significant between-group differences ( p , 0.001),
and post hoc testing showed significant differences between control peptide
and either Ab1-40 ( p , 0.001) or Ab1-42 ( p , 0.001).
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1998). These authors found that, although there were no significant
differences in the mean numbers of senile plaques, senile plaque
subtypes (diffuse or neuritic), or neurofibrillary pathology between
cases and controls, the numbers of activated microglia were signif-
icantly decreased in NSAID-treated AD patients compared with
controls. These data suggest that NSAIDs are prophylactic for AD
partly by virtue of their opposition of microglial activation. Fol-
lowing from this idea, pharmacotherapeutics specifically aimed at
blocking microglial activation may well be more efficient at ame-
liorating microglial-associated neuropathology in AD.

In this study, we focused on identifying a specific cell surface
receptor target, which, when activated, could inhibit microglial
activation far upstream of intracellular proinflammatory mediators
such as the MAPK pathway. Our rationale for such investigation
was that, if we could inhibit microglial activation very early on, the
amplification of the inflammatory response associated with activa-
tion of proinflammatory intracellular signal transduction cascades
could be abated. Our data show that microglia can be activated
after treatment with Ab peptides and the PTP inhibitor phen. This
result led us to investigate stimulation of the membrane-bound
PTP CD45 as a putative negative regulator of microglial activation.
Data showed that cross-linking CD45 markedly reduced microglial
activation resulting from Ab and phen co-treatment. Furthermore,
we observed decreased activation of p44/42 MAPK under these
conditions, suggesting that CD45 cross-linking stimulates the
CD45-associated PTP pathway, and that stimulation of this path-
way negatively controls p44/42 MAPK activation. In accordance
with this, co-treatment of Ab- and phen-activated microglia with
PD98059, an inhibitor of MEK1/2 (the upstream activator of
p44/42 MAPK), resulted in statistically interactive blockade of
microglial activation. We found that microglia deficient for CD45
could be directly activated by Ab peptides in vitro, and brains from
Tg APPsw mice deficient for CD45 demonstrated markedly increased
TNF-a levels compared with Tg APPsw or CD45-deficient mouse
brains. These results suggest that stimulation of CD45 is a viable
approach for downregulating Ab-induced microglial activation.

It has previously been shown that CD45 and the TNF receptor
superfamily member CD40 can antagonize each another, because
stimulation of CD45 opposes CD40-induced Ig class switching of
human B cells to the IgE isotype (Loh et al., 1995). The mecha-
nism underlying CD45–CD40 antagonism involves dephosphory-
lation and phosphorylation of tyrosine residues on their respective
target signaling proteins, because CD45 is a PTP, and ligation of
CD40 results in protein-tyrosine phosphorylation (Lazaar et al.,
1998; Friedman and Greene, 1999). We have recently shown that
ligation of CD40 leads to activation of microglia, as evidenced by
TNF-a release and bystander-induced neurotoxicity (Tan et al.,
1999a). We presently show that inhibition of microglial CD45 leads
to activation of these cells, whereas stimulation of microglial CD45
opposes this effect. In the presence of low doses of freshly solubi-
lized Ab, synergistic enhancement of microglial activation is ob-
served in either the CD40 ligation (Tan et al., 1999b) or the CD45
inhibition paradigm. When taken together, these observations sug-
gest that, in microglia, CD40 and CD45 may have antagonistic
effects on activation of these cells, whereby CD40 promotes and
CD45 opposes it. Additionally, the possibility arises that Ab is able
to positively affect microglial activation via disruption of CD45–
CD40 homeostasis.

We initially showed that co-treatment with the PTP inhibitor
phen and Ab peptides resulted in microglial activation as evi-
denced by increased NO and TNF-a release (Fig. 1a,b). However,
the question arose of whether this effect was dependent on PTP
inhibition as opposed to inhibition of other phosphatases. Thus, we
co-treated wild-type primary culture microglia with Ab and either
sodium orthovanadate, another PTP inhibitor, or okadaic acid, an

Figure 7. CD45 cross-linking markedly inhibits production of TNF-a and
NO in LPS-treated microglia. Microglial cells were treated as indicated for
12 hr. TNF-a production (mean 6 1 SEM, picograms per milligram of total
protein) and NO release (mean 6 1 SEM, micromolar concentration per
milligram of total protein) were determined by TNF-a ELISA and nitric
oxide assay, respectively. Data shown are representative of six independent
experiments. One-way ANOVA revealed significant between-group differ-
ences ( p , 0.001), and post hoc testing revealed a significant difference
between LPS and LPS/anti-CD45 antibody ( p , 0.001).

Figure 6. TNF-a production in vivo is markedly increased in Tg APPsw
mice deficient for CD45. Brains from 6-month-old transgenic mice were
isolated and prepared for TNF-a Western immunoblotting as described in
Materials and Methods. TNF-a protein immunoblots (top panel ) and mean
band density ratios to actin 6 1 SEM (bottom panel; n 5 3 for each
condition) are shown. ANOVA revealed significant main effects of CD45
deficiency (CD45 def.; p , 0.001) and Tg APPsw status ( p , 0.001), as well
as a significant interactive term between them ( p , 0.01). One-way
ANOVA revealed significant between-group differences ( p , 0.001), and
post hoc testing showed significant differences between control and Tg
APPsw ( p , 0.01) or CD45 def. ( p , 0.05) and between either Tg APPsw
or CD45 def. and the crossed mice ( p , 0.001).
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inhibitor of protein phosphatase 2A, and measured NO and TNF-a
release. We observed that sodium orthovanadate treatment in
conjunction with Ab produced results similar to those of phen and
Ab peptide co-treatment. However, NO and TNF-a were not
detectable in the media of okadaic acid- and Ab-co-treated micro-
glia. These data suggest that treatment of microglia with specific
inhibitors of PTPs, as opposed to general phosphatase inhibitors,
along with Ab triggers microglial activation, further substantiating
the specific effect of PTP stimulation via CD45 in opposing micro-
glial activation induced by phen and Ab peptides.

Past studies have shown that, in general, phosphatase activity
decreases with aging and even more so in AD across various cell
types (Gong et al., 1995; Pei et al., 1998). Specifically, it has been
shown that peripheral T lymphocytes isolated from AD patients
demonstrate decreased amounts of the CD45R isoform compared
with age-matched nondemented control subjects (Ikeda et al.,
1991). To examine whether increasing CD45 activity could block
microglial activation resulting from co-treatment with phen and
Ab, we activated wild-type microglia with phen and Ab, added
CD45 recombinant protein (20 U/ml) to these cells, and measured
NO and TNF-a release. We observed marked reduction of NO and
TNF-a after addition of CD45 recombinant protein to activated
microglia compared with appropriate controls. Interestingly, treat-
ment of activated microglia with CD45 recombinant protein re-
sulted in blockade of NO and TNF-a release to an extent similar to
that resulting from cross-linking CD45, further substantiating that
CD45 cross-linking stimulates the CD45 PTP pathway.

Our data thus far had focused on CD45-mediated downregula-
tion of microglial activation induced by co-treatment with phen and
Ab. These data raised the question of whether CD45 may reduce
microglial activation induced by other stimuli, such as LPS. To
address this possibility, we incubated microglia with LPS (1 ng/ml)
and anti-CD45 antibody. Data showed that CD45 cross-linking
markedly attenuated microglial activation as evidenced by NO and
TNF-a release (Fig. 7). These data raise the possibility that stim-
ulation of the CD45 pathway negatively controls microglial activa-
tion induced by various proinflammatory stimuli and suggest that
pharmacotherapeutics targeting stimulation of CD45 may be ben-
eficial in suppressing microglial activation, which is a pathogenic
component of a variety of neurodegenerative diseases.
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