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Neuronal Loss in Alzheimer’s Disease Mice

Yuyan Zhu,1,2* Huayan Hou,1* Kavon Rezai-Zadeh,6 Brian Giunta,1,2 Amanda Ruscin,1,2 Carmelina Gemma,3

JingJi Jin,1,2 Natasa Dragicevic,4 Patrick Bradshaw,4 Suhail Rasool,8 Charles G. Glabe,8 Jared Ehrhart,1,2

Paula Bickford,3,5 Takashi Mori,9 Demian Obregon,1,2 Terrence Town,6,7,10 and Jun Tan1,2,5

1Rashid Laboratory for Developmental Neurobiology, Silver Child Development Center and 2Neuroimmunology Laboratory, Department of Psychiatry and
Behavioral Medicine, College of Medicine, University of South Florida, Tampa, Florida 33613, 3Departments of Neurosurgery and Brain Repair,
4Department of Biology, College of Arts and Science, University of South Florida, Tampa, Florida 33613, 5James A. Haley Veterans Affairs Medical Center,
Tampa, Florida 33612, 6Department of Biomedical Sciences, Research Divisions of Neurobiology and Immunology, Regenerative Medicine Institute and
7Department of Neurosurgery, Maxine Dunitz Neurosurgical Institute, Cedars-Sinai Medical Center, Los Angeles, California 90048, 8Department of
Molecular Biology and Biochemistry, University of California, Irvine, Irvine, California 92697, 9Departments of Biomedical Sciences and Pathology, Saitama
Medical Center/Saitama Medical University, Kawagoe, Saitama 350-8550, Japan, and 10Department of Medicine, David Geffen School of Medicine,
University of California, Los Angeles, Los Angeles, California 90048

Converging lines of evidence indicate dysregulation of the key immunoregulatory molecule CD45 (also known as leukocyte common
antigen) in Alzheimer’s disease (AD). We report that transgenic mice overproducing amyloid-� peptide (A�) but deficient in CD45
(PSAPP/CD45 �/� mice) faithfully recapitulate AD neuropathology. Specifically, we find increased abundance of cerebral intracellular
and extracellular soluble oligomeric and insoluble A�, decreased plasma soluble A�, increased abundance of microglial neurotoxic
cytokines tumor necrosis factor-� and interleukin-1�, and neuronal loss in PSAPP/CD45 �/� mice compared with CD45-sufficient
PSAPP littermates (bearing mutant human amyloid precursor protein and mutant human presenilin-1 transgenes). After CD45 ablation,
in vitro and in vivo studies demonstrate an anti-A� phagocytic but proinflammatory microglial phenotype. This form of microglial
activation occurs with elevated A� oligomers and neural injury and loss as determined by decreased ratio of anti-apoptotic Bcl-xL to
proapoptotic Bax, increased activated caspase-3, mitochondrial dysfunction, and loss of cortical neurons in PSAPP/CD45 �/� mice. These
data show that deficiency in CD45 activity leads to brain accumulation of neurotoxic A� oligomers and validate CD45-mediated micro-
glial clearance of oligomeric A� as a novel AD therapeutic target.

Introduction
Deposition of amyloid-� peptide (A�) as �-amyloid plaques is a
defining pathological hallmark of Alzheimer’s disease (AD) and
occurs with increased abundance of soluble A� and activation of
microglia-mediated inflammatory responses (Sedgwick et al.,
1991). However, reactive microglia ultimately fail to clear A�
in brains of AD patients and in mouse models of the disease

(McGeer et al., 1987; Benzing et al., 1999). It has even been sug-
gested that chronic microglial immune responses contribute to
AD pathogenesis by promoting A� plaque formation (Frackow-
iak et al., 1992; Wisniewski and Frackowiak, 1998; Townsend et
al., 2005), but the molecular mechanisms underlying this delete-
rious response have remained elusive.

CD45 (also known as leukocyte common antigen), the most
abundant transmembrane protein tyrosine phosphatase, is ex-
pressed on all nucleated hematopoietic cells and plays an impor-
tant role in regulating immune responses (Thomas and Brown,
1999; Penninger et al., 2001). In the periphery, CD45 promotes
antigen-specific B- and T-cell responses by dephosphorylating
Src-family kinases (Thomas and Brown, 1999; Penninger et al.,
2001). CD45 plays additional roles in regulating selectin expres-
sion (Stibenz et al., 1996; Wroblewski and Hamann, 1997) and
integrin function (Roach et al., 1997; Shenoi et al., 1999). CD45
has also been shown to negatively regulate cytokine receptor-
mediated signaling via Janus associated kinases (Irie-Sasaki et al.,
2001), revealing yet another role of CD45 in dampening overly
exuberant immune responses.

Resting microglia constitutively express CD45 in vitro, which
is further inducible at the cell surface during activation (Sedgwick
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et al., 1991; Carson et al., 1998). Importantly, microglia in the
frontal cortex and hippocampus of normal aging individuals ex-
press CD45, and expression abundance is markedly increased in
close vicinity of �-amyloid plaques in AD patient brains (Masliah
et al., 1991) and in transgenic mouse models of the disease (Wil-
cock et al., 2001; Maier et al., 2008). Stimulation of microglial
CD45 opposes CD40 ligand (CD40L)-induced activation of the
Src-family kinases Lck and Lyn, which are key transducers of
proinflammatory innate immune responses (Tan et al., 2000a).
Cotreatment of microglia with CD40L and agonistic CD45 anti-
body abrogates microglial tumor necrosis factor-� (TNF-�) pro-
duction via inhibiting p44/42 mitogen-activated protein kinase
(MAPK) activity, a downstream signaling event resulting from
Src-family kinase activation (Tan et al., 2000a,b). Thus, stimula-
tion of the CD45 signaling pathway suppresses proinflammatory
microgliosis that is etiologically implicated in neurodegenerative
disorders, including AD (Akiyama et al., 2000; Tan et al., 2000b;
Penninger et al., 2001).

To elucidate the role of CD45 in AD-like pathology, we took a
genetic approach to cross doubly transgenic PSAPP mice [bear-
ing mutant human amyloid precursor protein (APP) and mutant
human presenilin-1 (PS1) transgenes], which develop acceler-
ated cerebral amyloidosis (Jankowsky et al., 2001), with animals
deficient in CD45 (Benatar et al., 1996). We then examined AD-
like pathology in bigenic mice as detailed to follow.

Materials and Methods
Mice. All mice were housed and maintained in the College of Medicine
Animal Facility at the University of South Florida (USF), and all experi-
ments were conducted in compliance with protocols approved by the
USF Institutional Animal Care and Use Committee. Double transgenic
“Swedish” APPK595N/M596L (APPswe) � PS1�E9 B6C3-Tg 85Dbo/J
strain (PSAPP mice) and CD45-deficient mice (B6.129-Ptprctm1Holm/J)
were purchased from The Jackson Laboratory. PSAPP mice were
maintained as heterozygotes by crossing transgenic mice to wild-type
B6C3F1/J mice as described in the original report (Jankowsky et al.,
2001). We interbred first filial offspring resulting from crossing heterozy-
gous PSAPP mice with homozygous CD45-deficient mice and analyzed
four groups of mice at 4 and 8 months of age: nontransgenic/CD45
wild-type (wild-type), PSAPP/CD45 wild-type (PSAPP), nontransgenic/
CD45�/� (CD45�/�), and PSAPP/CD45�/� offspring. Animals were
screened for PSAPP and CD45 genotypes by PCR from genomic DNA.
CD45 genotype was further confirmed by flow cytometry. Because sex
differences can impact A� deposition (Jankowsky et al., 2001), we used only
females in our analyses.

Protein extraction. For specific extraction of extracellular versus intra-
cellular proteins, hemibrains were harvested and placed in 500 �l of
solution containing 50 mM Tris-HCl, pH 7.6, 0.01% NP-40, 150 mM

NaCl, 2 mM EDTA, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail (Sigma) as described (Lesné et al., 2006). Sol-
uble, extracellular proteins were collected from mechanically homoge-
nized lysates after centrifugation for 5 min at 3000 rpm. Cytoplasmic
proteins were extracted from cell pellets mechanically dissociated with a
micropipettor in 500 �l of TNT buffer (50 mM Tris-HCl, pH 7.6, 150 mM

NaCl, and 0.1% Triton X-100) after centrifugation for 90 min at 13,000
rpm. Insoluble material was incubated with 20 �l of 70% formic acid,
mechanically dissociated with a micropipette, gently agitated for 1 h, and
buffered with 380 �l of 1 M Tris-HCl, pH 8.0. Samples were centrifuged
for 90 min at 13,000 rpm, and supernatants were collected for analysis.

For total protein extraction, brains were removed and hemibrains
were snap-frozen on dry ice and stored at �80°C. Samples were subse-
quently homogenized in immunoprecipitation assay buffer containing
the following: 150 mM NaCl, 50 mM Tris, pH 7.4, 0.5% deoxycholic acid,
0.1% SDS, 1% Triton X-100, 2.5 mM EDTA, and protease inhibitor cock-
tail. Protein concentration was measured in the supernatant by BCA
Protein Assay (Pierce).

Western blotting. Following the sample preparation as described above,
an aliquot corresponding to 40 �g of total protein was electrophoretically
separated using 10% Tris-SDS gels or 10 –20% Tris-tricine gels (Bio-
Rad) and transferred to polyvinylidene fluoride membranes (Bio-Rad).
As a positive control, A� oligomers were prepared from synthetic human
A�1– 42 according to published methods (Walsh et al., 2000; Lesné et al.,
2006). Membranes were blocked for 1 h at room temperature in Tris-
buffered saline (TBS) (containing 0.1% Tween 20 with 5% nonfat dry
milk) and were then incubated with primary antibodies including mouse
monoclonal neuronal-specific nuclear protein (NeuN) (1:1000; Milli-
pore Corporation), rabbit polyclonal Bcl-xL or Bax (1:1000; Cell Signal-
ing Technology), mouse monoclonal 6E10 (1:2000; Covance), or mouse
monoclonal �-actin (1:4000; Sigma). Afterward, membranes were im-
munoblotted with anti-mouse (1:2000; Cell Signaling Technology) or
anti-rabbit (1:10,000; Pierce) IgG secondary antibodies conjugated with
horseradish peroxidase. Proteins were detected with Super Signal West
Femto Maximum Sensitivity Substrate (Pierce) and BIOMAX-MR Film
(Thermo Fisher Scientific).

ELISA. For TNF-� and interleukin-1� (IL-1�) ELISAs, total proteins
were extracted from mouse brain homogenates as described above. We
then collected supernatants and diluted them at 1:4 in lysis buffer for
detection of TNF-� (R & D Systems) or IL-1� (eBioscience), in accor-
dance with the instructions of the manufacturer. Total protein concen-
trations were determined for each brain sample before quantification of
cytokines by ELISA to allow for sample normalization. For A� ELISA,
separate extracts of extracellular and intracellular proteins were prepared
from mouse brain homogenates as described above. Quantification of
total A� species (including A�1-40, 42) was performed according to pub-
lished methods (Rezai-Zadeh et al., 2005). Total soluble A� species in
blood plasma and extracellular/intracellular A� in brain homogenates
were detected at 1:4 and 1:20 dilutions, respectively. Detergent-insoluble
total A� species were detected in brain by extracting pellets in 5 M gua-
nidine HCl buffer, followed by a 1:20 dilution in lysis buffer. A�1-40, 42

was quantified in all samples using A�1-40, 42 ELISA kits (IBL-America) in
accordance with the instructions of the manufacturer, except that stan-
dards included 0.25 M guanidine HCl buffer in some cases.

Tissue preparation. Mice were killed under isoflurane anesthesia, and
0.5 ml of blood was collected from the heart. Plasma was then separated
and stored at �80°C for later analysis of A� levels. Animals were then
transcardially perfused with ice-cold PBS. Brains were rapidly isolated
and the right hemisphere was snap-frozen on dry ice and stored at �80°C
before protein extraction. The left hemisphere was placed in 4% parafor-
maldehyde (PFA) in 0.1 M PBS overnight and then transferred to a graded
series of sucrose solutions (10, 20, and 30%, each at 4°C overnight) for
cryoprotection. Sequential 25 or 40 �m frozen coronal sections were cut
using a sliding microtome. Free-floating sections were then stored at 4°C
in 24-well plates containing PBS with 100 mM of sodium azide.

Histochemistry. Brain sections were incubated for 5 min in a 1% thio-
flavin S (ThioS) (Sigma) solution dissolved in distilled water containing
70% ethanol. We then rinsed tissue sections twice with distilled water and
mounted them with fluorescence mounting medium containing 4�,6�-
diamidino-2-phenylindole (DAPI) (Vector Laboratories). Nissl staining
was performed to assay neuronal morphology. Briefly, free-floating fro-
zen sections were mounted on slides and air dried before overnight in-
cubation with a 1:1 solution of alcohol and chloroform. Afterward,
sections were rehydrated through a graded series of alcohols and distilled
water and stained with 0.1% cresyl violet solution for 5–10 min. Slides
were then rinsed in distilled water and dehydrated in 95% ethanol. After
dehydration, slides were mounted with mounting medium and visual-
ized in bright field. Congo red staining was performed as described pre-
viously (Shankar et al., 2008).

Immunohistochemistry. Brain sections were stained with rat anti-
mouse CD11b (1:1000; Serotec), fluorescein isothiocyanate (FITC)-
conjugated hamster anti-mouse CD40 (1:100; BD Biosciences
Pharmingen), rabbit anti-mouse ionized calcium binding adaptor mol-
ecule 1 (Iba1) (1:1000; Wako Pure Chemicals), hamster anti-mouse
CD11c (1:50; Pierce), rat anti-mouse chemokine receptor Ccr2 (1:100;
Novus Biologicals), mouse anti-human A� (clones 4G8 or 6E10; 1:500;
Covance), or mouse anti-NeuN (1:3000; Millipore). We incubated brain
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sections with species-specific Alexa Fluor 488- and 594-conjugated second-
ary antibodies (Invitrogen) for 1 h at room temperature, followed by staining
with the VECTASTAIN Elite ABC kit (Vector Laboratories) coupled with
3,3�-diaminobenzidine substrate. Sections were analyzed in independent
channels with an Olympus FV1000 laser scanning confocal microscope
equipped with Fluoview SV1000 imaging software.

Quantification of A� deposits. We quantified A� deposits by immuno-
fluorescence using six 25 �m free-floating sections spaced 200 �m apart
through each anatomic region of interest (hippocampus and cerebral
cortex) as described previously (Tan et al., 2002; Town et al., 2008). Brain
sections were immunostained with rabbit polyclonal oligomer/confor-
mational (OC) A� antibody (Kayed et al., 2007) (provided by S.R. and
C.G.G.), using Alexa Fluor 488-conjugated goat anti-rabbit secondary
antibody (Invitrogen). Amyloid burden was determined at 20� magni-
fication by quantitative image analysis using an automated Zeiss Ob-
server Z1 inverted microscope with an attached Axiocam MRm CCD
camera and Axiovision software version 4.6 (Carl Zeiss). For measure-
ment of microglial distances from A� deposits, brain sections were dou-
ble labeled with Iba1 antibody and Congo red, and the distance of
microglia from the center of the nearest A� plaque was blindly measured
in 8-month-old PSAPP/CD45 or PSAPP/CD45�/� mice using Sim-
plePCI software (Hamamatsu Photonics). Quantitative image analysis
was performed by a single examiner (T.M.) blinded to sample identities.
Data are reported as percentage of positive pixels divided by total pixels
captured for each region of interest.

Murine primary cell culture. Murine primary cultured microglia were
isolated from mouse cerebral cortices and grown in complete RPMI 1640
medium according to previously described methods (Zhu et al., 2008).
Briefly, cerebral cortices from newborn mice (1–2 d old) were isolated
under sterile conditions and kept at 4°C before mechanical dissociation.
Cells were grown in RPMI 1640 medium supplemented with 5% heat-
inactivated FCS, 2 mM glutamine, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 50 nM 2-mercaptoethanol. Primary cultures were kept for
14 d so that only glial cells remained. Astrocytes were separated from
microglial cultures using a mild trypsinization protocol as described
(Saura et al., 2003). More than 98% of these glial cells stained positive for
Mac-1 (Roche Diagnostics) by flow cytometry.

Microglial phagocytosis assay. Primary mouse microglia were seeded at
1 � 10 5 cells per well (n � 6 for each condition) in 24-well tissue culture
plates containing 0.5 ml of complete RPMI 1640 medium for fluoromet-
ric analysis of A�. These cells were treated for 2 h with “aged” A�1-42 [500
nM; preaggregated for 24 h at 37°C in complete medium as described by
Chung et al. (1999) and conjugated with FITC (FITC–A�1-42) (Bachem
Americas)]. Microglial cells were then cotreated with agonistic CD45
antibody or isotype control IgG (2.5 �g/ml) for 2 h in the presence of
FITC–A�1-42. Cells were then rinsed three times in A�-free complete
medium, and the medium was exchanged with fresh A�-free complete
medium for 10 min to allow for removal of non-incorporated A� and to
promote concentration of A� into phagosomes. Extracellular (in cell
culture media) and cell-associated (in cell lysates) FITC–A� were quan-
tified using an MSF SpectraMax spectrophotometer (Molecular Devices)
with an emission wavelength of 538 nm and an excitation wavelength of
485 nm. A standard curve from 0 to 600 nM FITC–A� was generated for
each plate. Total cellular proteins were quantified by BCA Protein Assay.
The mean fluorescence values for each sample at 37°C and 4°C at the 2 h
time point were determined by fluorometric analysis. Relative fold
change values were calculated as follows: mean fluorescence value for
each sample at 37°C/mean fluorescence value for each sample at 4°C.
Considering nonspecific adherence of A� to the plastic surface of culture
plates, an additional control without cells was performed in parallel for
each experiment above. An incubation time of �4 h did not change the
amount of A� peptide detected in the supernatant, consistent with a
previous report (Mitrasinovic and Murphy, 2002). To determine
whether cell death influenced A� uptake in the various treatment groups,
we performed lactate dehydrogenase release assays but did not detect
significant ( p � 0.05) cell death over the 3 h experimental timeframe in
any of the treatment groups (data not shown).

Confocal microscopy. “Aged” FITC–A�1-42 was prepared according to
methods described above. Microglial cells were cultured at 1 � 10 5 cells

per well in 24-well tissue culture plates with glass inserts. These cells were
treated for 2 h with aged FITC–A�1-42. Separate groups of microglial cells
were incubated in parallel at 4°C (control). After treatment, cells were
washed five times with ice-cold PBS to remove non-incorporated FITC–
A�1-42 and fixed for 10 min at 4°C in 4% PFA, followed by three rinses in
PBS. Finally, sections were mounted with fluorescence mounting media
containing DAPI (ProLong Gold; Invitrogen) and viewed with a Leica
SP5 confocal microscope (Leica Microsystems). Excitation wavelengths
of 488 nm (to reveal FITC–A�1-42) and 405 nm (for DAPI-
counterstained nuclei) were used. Images were captured and analyzed
using LAS AF software version 1.6.0 (Leica Microsystems). Normarski
optic (differential interference contrast) images were captured in wide
field to accompany each confocal image.

Stereological analysis. We stained 40 �m free-floating serial brain sec-
tions in plastic multiwell carriers with nylon net bottoms using NeuN
antibody as described above. To prepare for unbiased stereologic estima-
tion of neuronal counts, an initial tissue section was randomly selected at
one anatomic border of the brain region to be examined. Thereafter,
every sixth section throughout the anatomic region of interest was used
for each counting series. NeuN-positive cells were examined with a Ni-
kon Eclipse 600 microscope and quantified using Stereo Investigator
software, version 6 (MicroBrightField). Cells were counted in the ento-
rhinal cortex using the optical fractionator method of unbiased stereo-
logic cell counting (West et al., 1991). Our sampling method was
optimized to count at least 250 cells per animal with error coefficients of
�0.07. Each counting frame (50 � 50 �m) was placed at an intersection
of the lines forming a virtual grid (200 � 200 �m), which was randomly
generated and placed by the software within the outlined structure.

Statistical analysis. All data were normally distributed; therefore, in
instances of single mean comparisons, Levene’s test for equality of the
variance followed by t test for independent samples was used to assess
significance. In instances of multiple mean comparisons, ANOVA was
used, followed by post hoc comparison using Bonferroni’s method. �
levels were set at 0.05 for all analyses. The Statistical Package for the Social
Sciences release 10.0.5 (SPSS) was used for all data analysis.

Results
Cerebral amyloidosis is increased in aged PSAPP mice
deficient in CD45
Brain A� deposition is a pathognomonic feature of AD (Selkoe,
2001), and oligomeric A� species are thought to be a driving force
in AD-type neurodegeneration (Klyubin et al., 2005; Walsh et al.,
2005; Shankar et al., 2008). The double-transgenic PSAPP mouse
(Jankowsky et al., 2001) is a widely used model of cerebral amy-
loidosis, and we bred PSAPP mice with animals deficient in CD45
and killed offspring at either 4 or 8 months of age to evaluate
changes in AD-like pathology. We reacted mouse brain sections
with OC antibody directed against oligomeric/conformational
A� species (Kayed et al., 2007; Glabe, 2008) and counterstained
cell nuclei with DAPI (Fig. 1a) (supplemental Fig. 1a, available at
www.jneurosci.org as supplemental material) and also stained
for fibrillar A� with ThioS (Fig. 1b). A� burden was calculated for
OC or ThioS stains (within cingulate cortex, hippocampus, and
entorhinal cortex) by quantitative image analysis. Data are rep-
resented as mean 	 SD with n � 8 females per group at 4 or 8
months of age. Quantitative image analysis revealed significantly
(**p � 0.01) increased OC reactivity at 4 months of age and
ThioS burden at 8 months of age by 56 – 60% when comparing
PSAPP/CD45�/� to PSAPP/CD45 littermates. By 8 months of
age, PSAPP/CD45�/� animals had only modest elevation in OC
immunoreactivity (supplemental Fig. 1b, available at www.
jneurosci.org as supplemental material), suggesting that CD45 defi-
ciency accelerates cerebral amyloidosis as opposed to having a
cumulative effect on A� pathology. As expected, altered cerebral A�
abundance in PSAPP/CD45�/� versus PSAPP/CD45 mice was not
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attributable to differences in APP transgene expression or A� me-
tabolism (data not shown).

A� peptides are metastable and can exist as monomeric,
dimeric, and higher-molecular-weight oligomeric forms both in
vitro and in vivo (Selkoe, 2001; Klyubin et al., 2005; Walsh et al.,
2005; Shankar et al., 2008). It is becoming clear that A� dimers
and oligomers are likely the neurotoxic species, because direct in
vivo administration of these A� conformers injures neurons
(Shankar et al., 2008). To determine whether CD45 deficiency
impacted the metastable equilibrium of A�, we probed brain
homogenates from PSAPP/CD45 or PSAPP/CD45�/� mice at 4
and 8 months of age by Western immunoblot. A� oligomers were
increased in PSAPP/CD45�/� mice at 4 months of age (supple-
mental Fig. 1c, available at www.jneurosci.org as supplemental
material). Strikingly, both dimeric and oligomeric A� species
were elevated in PSAPP/CD45�/� versus PSAPP/CD45 mice at 8
months of age (Fig. 1c). Together, these results indicate that ce-
rebral A� pathology is overrepresented in CD45-deficient PSAPP
mice.

Impaired brain-to-blood A� clearance in aged
PSAPP/CD45�/� mice
It has been proposed that cerebral A� is cleared across the blood–
brain barrier (BBB) via a “peripheral sink,” and there is evidence
of dysfunctional brain-to-blood A� clearance in AD patients and
in transgenic mouse models of the disease (DeMattos et al., 2001;

Deane et al., 2003). To determine whether CD45 deficiency
impacted relative A� abundance in cerebral and systemic
compartments, we probed brains and plasma from CD45-
deficient and -sufficient PSAPP mice using a biochemical ap-
proach. We assessed total insoluble A� species (including A�1-40

and A�1-42) in PSAPP/CD45�/� and PSAPP/CD45 mouse brain
homogenates at 4 and 8 months of age by ELISA. Analysis of
4-month-old mouse brains revealed significantly (**p � 0.01)
elevated abundance of insoluble A� species in CD45-deficient
versus -sufficient PSAPP mice (Fig. 2a), although this difference
was not evident in 8-month-old brains (supplemental Fig. 2a,
available at www.jneurosci.org as supplemental material). Corre-
spondingly, cerebral detergent-soluble A� species were increased
whereas plasma-soluble A� abundance was diminished by a sim-
ilar magnitude at both 4 and 8 months of age in PSAPP/CD45�/�

versus PSAPP/CD45 animals (Fig. 2b) (supplemental Fig. 2b,
available at www.jneurosci.org as supplemental material). To-
gether, these results suggest that PSAPP/CD45�/� mice have im-
paired brain-to-blood A� clearance.

CD45 deficiency promotes inflammatory microglia in
PSAPP mice
Microglia are activated in close vicinity of �-amyloid plaques in
AD patient brains and in transgenic mouse models of the disease
(Benzing et al., 1999; Jimenez et al., 2008; Mandrekar-Colucci

Figure 1. Accelerated cerebral amyloidosis in PSAPP/CD45�/� mice. a, b, Mouse brain
sections from PSAPP/CD45 and PSAPP/CD45�/� mice stained with A� OC antibody (green
signal) and DAPI (blue signal) at 4 months of age (a) or ThioS at 8 months of age (b). c, Brain
homogenates were prepared from 8-month-old wild-type (WT), PSAPP/CD45, or PSAPP/
CD45�/� mice. Western blot by antibody 6E10 shows increased abundance of dimeric and
oligomeric A� species in brain homogenates from PSAPP/CD45�/� versus PSAPP/CD45 or
wild-type mice.

Figure 2. Simultaneously increased central and reduced peripheral A� in PSAPP/CD45�/�

mice. Mouse brain homogenates were prepared from PSAPP/CD45�/� and PSAPP/CD45 mice
at 4 months of age. a, Detergent-insoluble (5 M guanidine-soluble) total A� species (including
A�1-40, 42; picograms per milligrams of protein) were biochemically assessed in brain homog-
enates by ELISA. Data are presented as mean 	 SD (n � 8 females per group). b, We also
analyzed steady-state cerebral and plasma total soluble A� species (including A�1-40, 42) at the
time of death by ELISA. A� levels are represented as percentages versus PSAPP/CD45 mice with
mean 	 SD (n � 8 females per group). **p � 0.01.
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and Landreth, 2010). Although it was once thought that micro-
glial “activation” was a single phenotype, we now know that mul-
tiple forms of functionally distinct reactive microglia exist (Town
et al., 2005; Colton, 2009; Colton and Wilcock, 2010). To deter-
mine whether CD45 deficiency impacted microglial phenotype
in PSAPP mice, we stained brain sections from PSAPP/CD45 and
PSAPP/CD45�/� mice with antibodies directed against the acti-
vated microglial markers Iba1, CD11b, or CD40 (Tan et al., 1999;
Townsend et al., 2005; Ahmed et al., 2007), in combination with
A� antibody 4G8 and DAPI as a nuclear counterstain. Because
microglia activate in response to A� deposits and 4-month-old
PSAPP/CD45�/� mice had elevated �-amyloid plaque load ver-
sus controls (Fig. 1), we wanted to avoid this confounder and
therefore focused on analyzing our 8-month-old cohort with
minimal or no differences on insoluble A� abundance (supple-
mental Fig. 2a, available at www.jneurosci.org as supplemental
material). As shown in Figure 3a, Iba1-positive microglia were
generally found in close spatial proximity to cortical A� plaque
centers in PSAPP/CD45 mice, whereas PSAPP/CD45�/� animals
displayed a more random and diffuse pattern of parenchymal
Iba1 reactivity. Furthermore, the distance between each micro-
glial cell to the center of the nearest Congo red-positive A�
plaque was measured in brain sections from 8-month-old
PSAPP/CD45�/� versus PSAPP/CD45 mice. At the quantitative
level, Iba1-positive cells were significantly (**p � 0.01) farther
away from A� deposits when comparing PSAPP/CD45�/� with
PSAPP/CD45 mice. The diffuse nature of Iba1-positive microglia

in PSAPP/CD45�/� mice seems consistent with a “runaway”
proinflammatory state that is poorly directed toward amyloid
plaques in these mice. Similar results were observed in PSAPP/
CD45�/� mice at 4 months of age, despite imbalance in cerebral
amyloidosis in this cohort (data not shown).

We have shown that immunological costimulation via the
CD40 pathway enables microglial inflammatory responses after
A� peptide stimulation and also reduces A� clearance responses
by these cells (Tan et al., 1999, 2002; Townsend et al., 2005).
Consistent with a proinflammatory but anti-A� phagocytic mi-
croglial phenotype, A� plaque-associated microglia in PSAPP/
CD45�/� brains loose CD11b signal but gain expression of CD40
(supplemental Fig. 3a, available at www.jneurosci.org as supple-
mental material). Quantification of these results revealed a statis-
tically significant (***p � 0.005) reduction in CD11b but
significantly (**p � 0.01) increased CD40 signal in PSAPP/
CD45�/� versus PSAPP/CD45 mouse brains (supplemental Fig.
3b, available at www.jneurosci.org as supplemental material). To
further assess brain inflammation, we measured the microglial
proinflammatory cytokines TNF-� and IL-1� in brain homoge-
nates from PSAPP/CD45 and PSAPP/CD45�/� mice at 4 and 8
months of age. Consistent with our histological observations,
data revealed significantly (**p � 0.01) increased levels of both
cytokines in CD45-deficient versus -sufficient PSAPP mice at
both ages (Fig. 3b,c). When taken together with the above A�
plaque microglial localization findings, these results suggest that
CD45 deficiency promotes an inflammatory microglial pheno-
type that is inefficient at restricting cerebral amyloidosis and pro-
motes buildup of neurotoxic A� oligomers.

To better characterize whether CD45 deficiency affected mi-
croglia or blood-borne monocytes/macrophages (or both), we
took an immunofluorescence approach based on morphologic
and immunophenotypic criteria to critically examine brain sec-
tions for any evidence of hematogenously derived immune cells
(El Khoury et al., 2007; Town et al., 2008). This methodology was
chosen over irradiation/bone marrow chimeras, because the lat-
ter have become controversial. Specifically, the act of irradiating
mice artificially sensitizes the CNS to large-scale infiltration and
engraftment of the adoptively transferred peripheral macro-
phages (Ahmed et al., 2007; Mildner et al., 2007). Despite careful
determination of CD3, CD4, CD45 (data not shown), Iba1,
CD11c, and Ccr2 expression and inclusion of an experimental
autoimmune encephalomyelitis-positive control, we were un-
able to detect blood-derived immune cells in any of the four
mouse groups analyzed (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material).

CD45�/� microglia have impaired A�1-42 phagocytosis
Although there has been much recent debate about whether mi-
croglia are efficient A� phagocytes (Grathwohl et al., 2009), mi-
croglial A� phagocytosis has nonetheless been suggested to occur
to a limited extent in the AD brain (Familian et al., 2007), and we
have shown recently that peripherally derived mononuclear
phagocytes can clear oligomeric A� species (Town et al., 2008). Our
in vivo results suggested that CD45 deficiency promoted a proin-
flammatory yet anti-A� phagocytic microglial phenotype (Town et
al., 2005). To determine whether CD45 agonism could produce the
converse in vitro, we prepared CD45-deficient and -sufficient mi-
croglia from neonates as described previously (Zhu et al., 2008)
and challenged them with agonistic CD45 antibody or isotype-
matched control IgG in the presence of aged FITC–A�1-42. As
shown in Figure 4a, ablation of CD45 significantly (**p � 0.01)
diminished microglial phagocytosis of FITC–A�1-42, and addi-

Figure 3. PSAPP/CD45�/� mice have an inflammatory microglial phenotype. a, Mouse
brain sections from 8-month-old PSAPP/CD45 or PSAPP/CD45�/� mice were double-labeled
with Iba1 antibody and Congo red. b, c, The microglial proinflammatory cytokines TNF-� and
IL-1� were quantified in brain homogenates from both PSAPP/CD45 and PSAPP/CD45�/�

mice at 4 (b) and 8 (c) months of age by ELISA. Data are represented as mean 	 SD (n � 8
female mice per group) for each cytokine (picograms per milligrams of protein). **p � 0.01.
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tion of agonistic CD45 antibody signifi-
cantly (*p � 0.05) elevated this effect in
CD45-sufficient cells (but had no effect
on CD45-deficient control cells). Micro-
glia treated with a nonrelevant isotype-
matched IgG control antibody did not
differ from untreated cells (data not
shown). To validate this result, we treated
primary microglia as described above and
then imaged them by confocal micros-
copy. Data revealed FITC–A�1-42 peptide
within the cytoplasm of CD45-sufficient
primary microglial cells, whereas the pep-
tide remained on the surface of CD45-
deficient cells (Fig. 4b).

Interestingly, unlike the more ramified
appearance of wild-type cells that typically
indicates a “resting” state, CD45-deficient
microglia had a unique morphology de-
noted by an ovoid cytoplasm and relatively
few cytoplasmic processes compared with
wild-type cells (Fig. 4b). This morphological
phenotype of CD45-deficient microglia oc-
curred in concert with strikingly increased
expression of CD40 (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material), a key costimulatory pro-
tein required for proinflammatory innate
immune activation of antigen presenting
cells. Furthermore, as shown in Figure 4b,
ovoid CD45-deficient microglia were un-
able to take up fluorescently tagged A� pep-
tide in vitro. We conclude that CD45
deficiency leads to a functional switch in mi-
croglial phenotype characterized by mor-
phologic and immunophenotypic changes
consistent with an activated, proinflamma-
tory state that is incompatible with A� clear-
ance. Although this particular microglial
phenotype seems to be deleterious in the
context of AD, it is important to note that
not all forms of microglial activation are detrimental; this is under-
scored by findings from A� “immunotherapy” approaches, in which
microglia could be stimulated to phagocytose and clear A� deposits
decorated with A�-specific antibodies (Schenk et al., 1999; Bard et
al., 2000).

Increased neuronal intracellular A� in aged PSAPP/CD45�/�

mice
A� can exist in both secreted and intracellular pools within the
brain (Watson et al., 2005). APP is normally metabolized to A�
via an endocytosis-dependent, pH-sensitive pathway (Shoji et al.,
1992; Koo and Squazzo, 1994), and intracellular A� has been
found in degenerating neurons in the AD brain (Probst et al.,
1991). If CD45-deficient microglia were unable to effectively
clear cerebral A�, then one might expect intracellular buildup of
the peptide. To evaluate this hypothesis, we investigated intracel-
lular A� in 4- and 8-month-old PSAPP/CD45 and PSAPP/
CD45�/� brain sections by immunostaining. Regardless of age,
CD45-deficient mouse brains showed a marked increase in intra-
neuronal 6E10 reactivity (supplemental Fig. 5a,b, available at
www.jneurosci.org as supplemental material). To confirm the
A� identity of these signals, we performed Western immunoblot

by 6E10 antibody and observed that extracellular and intracellu-
lar dimeric and oligomeric A� species were increased in PSAPP/
CD45�/� versus PSAPP/CD45 mice at 8 months (Fig. 5a), and a
similar pattern of results was also likely the case at 4 months of age
(supplemental Fig. 5c, available at www.jneurosci.org as supple-
mental material), although we were working at the detection
limit for the assay at this earlier age. Additionally, we quantified
extracellular and intracellular soluble A� from PSAPP/CD45 and
PSAPP/CD45�/� mouse brains by ELISA. Data revealed signifi-
cantly (*p � 0.05; **p � 0.01) increased abundance of total sol-
uble intracellular A� species in PSAPP/CD45�/� versus PSAPP/
CD45 mice at both ages and in both fractions (Fig. 5b).

PSAPP/CD45�/� mice have neuronal loss
An important hallmark of AD is loss of neurons, resulting in
significant atrophy of the cerebral cortex and certain subcortical
regions, including the temporal lobe, parietal lobe, parts of the
frontal cortex, and the cingulate gyrus (Wenk, 2003). As detailed
above, intraneuronal A� is increased in PSAPP/CD45�/� mice,
and we sought to investigate whether this form of A� pathology
was accompanied by neuronal loss. We reacted brain sections
from 8-month-old wild-type (data not shown), CD45�/�,

Figure 4. CD45-deficient primary microglia have impaired A�1-42 phagocytosis. CD45-sufficient or -deficient primary micro-
glial cells were prepared from neonatal mice and treated with agonistic CD45 antibody (2.5 �g/ml) or isotype control IgG (data not
shown) in the presence of 1 �M aged FITC–A�1-42 for 60 min. a, Cellular supernatants and lysates were analyzed for cell-associated
(left) and extracellular (right) FITC–A�1-42 using a fluorometer. Data are represented as the relative fold of mean fluorescence
change (mean 	 SD), calculated as the mean fluorescence for each sample at 37°C divided by mean fluorescence at 4°C (n � 6 for
each condition presented). b, In parallel experiments, primary microglia were treated as in a but were then fixed and imaged in
independent channels using a confocal microscope equipped with Normarski optics. Merged images shown on the right reveal
localization of A�1-42 within the cytoplasm of CD45-sufficient microglia but on the cell surface of CD45-deficient cells. *p � 0.05,
**p � 0.01.
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PSAPP/CD45, or PSAPP/CD45�/� mice with Nissl or NeuN an-
tibody and performed stereological analysis for NeuN-positive
cells. Nissl staining revealed neuronal dysmorphology suggestive
of neuronal degeneration (Fig. 6a). Furthermore, NeuN immu-
nohistochemistry disclosed a more rarefied pattern of neurons in
PSAPP/CD45�/� mice (Fig. 6b), and stereological analysis dem-
onstrated significantly (*p � 0.05) decreased NeuN-positive cells
in the medial entorhinal cortex (Fig. 6c) of PSAPP/CD45�/� ver-
sus PSAPP/CD45 or control CD45�/� mice at 8 months of age,
but this was not yet evident in 4-month-old animals (data not
shown).

To validate these results, we prepared brain homogenates
from each group of mice at 8 months of age. Western blot analysis
revealed decreased levels of NeuN relative to actin (Fig. 6d) in
PSAPP/CD45�/� versus PSAPP/CD45 or control CD45�/� mice.
A similar pattern of results was noted when considering expres-
sion ratio of the neuronal anti-apoptotic regulator Bcl-xL (Par-
sadanian et al., 1998) to the proapoptotic protein Bax (Fig. 6d).
Furthermore, another index of apoptosis, cleaved caspase-3, was
overrepresented in PSAPP/CD45�/� mice compared with the
other two mouse groups, whereas unprocessed caspase-3 did not
differ between groups (Fig. 6e). When taken together, these re-
sults demonstrate neuronal loss in PSAPP/CD45�/� mice, likely
as a result of apoptosis.

Mitochondrial dysfunction in PSAPP/CD45�/� mice
The brain is highly dependent on aerobic metabolism, and mito-
chondria are responsible for cellular respiration. To investigate
whether neuronal loss in PSAPP/CD45�/� mice was accompa-

nied by loss of mitochondrial function, we isolated mitochondria
from cortical regions (including frontal, entorhinal, and cingu-
late cortices) and hippocampi of 8-month-old wild-type,
CD45�/�, PSAPP/CD45, and PSAPP/CD45�/� mice. We then
enumerated respiratory rates for each brain region in all mouse
groups. We observed significantly (*p � 0.05; **p � 0.01) re-
duced basal (state II) respiration (supplemental Fig. 6a, left pan-
els, available at www.jneurosci.org as supplemental material) and
attenuated maximum respiratory rate (supplemental Fig. 6a,
right panels, available at www.jneurosci.org as supplemental ma-
terial) in PSAPP/CD45�/� mice versus the three other groups for
all brain regions examined. Furthermore, mitochondrial mem-
brane potential (supplemental Fig. 6b, left panels, available at
www.jneurosci.org as supplemental material) and reactive oxy-
gen species abundance (supplemental Fig. 6b, right panels, avail-
able at www.jneurosci.org as supplemental material) were
significantly (*p � 0.05; **p � 0.01) reduced in PSAPP/CD45�/�

compared with wild-type, CD45�/�, or PSAPP/CD45 mice for
mitochondria isolated from either cortical or hippocampal brain
regions. These results indicate that PSAPP/CD45�/� mice exhibit
mitochondrial dysfunction, which dovetails with shift from anti-
apoptotic to proapoptotic proteins and neuronal loss in these
animals.

Discussion
There has been considerable recent debate surrounding the rela-
tionship between microglia and AD-like pathology. Although
microglia in brains of healthy elderly individuals are uniformly
distributed, these cells appear in tight temporal and spatial prox-
imity to amyloid plaques in brains of AD patients and in trans-
genic mouse models of the disease (McGeer et al., 1987; Benzing
et al., 1999; Akiyama et al., 2000; Heneka and O’Banion, 2007).
These pathological observations have prompted the conclusion
that microglia are etiological participants in AD, although this
remains controversial (Grathwohl et al., 2009). In support of this
notion, studies that impair microglial or mononuclear phagocyte
functions by (1) treatment with nonsteroidal anti-inflammatory
drugs (Lim et al., 2000, 2001), (2) interrupting CD40 –CD40L
interaction (Tan et al., 1999,2002), or (3) genetically ablating
transforming growth factor-� (TGF-�) receptor signaling (Town
et al., 2008) mitigate AD-like pathology in transgenic AD mice.
Additionally, immunotherapy approaches that rely on A�-
specific antibodies to stimulate microglial clearance of A� depos-
its resolve AD-like pathology in mouse models (Schenk et al.,
1999; Bard et al., 2000). However, deficiency of the Ccr2 chemo-
kine receptor reduces microglial recruitment to brains of AD
model mice and causes accumulation of cerebral amyloid plaques
(El Khoury et al., 2007), whereas genetic ablation of the Cx3cr1
fractalkine receptor impairs microglial migration to neurons
“marked for death” and prevents neuronal loss in 3xTg–AD mice
(Fuhrmann et al., 2010). A parsimonious conclusion that arises
from these results is that multiple forms of microglial activation
exist, some being deleterious and others, beneficial (Town et al.,
2005; Wyss-Coray, 2006).

CD45 is the most abundant membrane-bound protein ty-
rosine phosphatase and functions to dampen overly exuberant
immune responses (Justement, 1997). Furthermore, microglial
CD45 abundance is increased in brains of AD patients and in
mouse models of the disease (Masliah et al., 1991; Licastro et al.,
1998). Although multiple variants of CD45 are generated by al-
ternate mRNA splicing, the CD45RB isoform is most highly ex-
pressed by microglia (Townsend et al., 2004). Microglial CD45
functions to inhibit nitric oxide and TNF-� production induced

Figure 5. Increased intracellular A� in PSAPP/CD45�/� mice. a, Extracellular and intracellular
proteins were prepared from 8-month-old wild-type (WT), PSAPP/CD45, and PSAPP/CD45�/�

mouse brain homogenates. Western blot analysis by antibody 6E10 shows increased abundance of
A� dimers and oligomers in brain extracts from PSAPP/CD45�/� versus PSAPP/CD45 or wild-type
mice. b, Total detergent-soluble A� species (including A�1-40, 42) in extracellular or intracellular
fractions were assayed in 4- and 8-month-old PSAPP/CD45 and PSAPP/CD45�/� mouse brain ex-
tracts by ELISA. Results are represented as mean	SD (n�8 females per group) of total soluble A�
species (picograms per milligrams of protein). *p � 0.05, **p � 0.01.
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by A� peptides (Tan et al., 2000b), CD40L, or bacterial endotoxin
by dephosphorylating Src-family kinases and thereby inactivat-
ing p44/42 and p38 MAPKs (Zhu et al., 2008). In vitro, we have
suggested that CD45RB on microglia likely acts as a molecular
switch to turn phagocytosis “off” and damaging proinflamma-
tory response “on” in the presence of exogenous A� (Zhu et al.,
2008).

To explore the functional consequences of CD45 deficiency in
vivo, we crossed transgenic mice overproducing A� with animals
deficient in CD45. PSAPP/CD45�/� mice manifest accelerated
cerebral amyloidosis, characterized by elevated abundance of
�-amyloid plaques and both intracellular and extracellular pools
of soluble, oligomeric, and insoluble A�. Although soluble intra-
neuronal forms of A� are produced under physiologic condi-
tions, a tight balance exists between peptide production and
clearance (Shoji et al., 1992; Koo and Squazzo, 1994); yet, abnor-
mally high amounts of intracellular A� are present in degenerat-
ing neurons in brains of AD and Down’s syndrome patients
(Allsop et al., 1989; Probst et al., 1991), in monkey and rodent
models of A� deposition (Martin et al., 1994), and in human
immunodeficiency virus patients with dementia (Green et al.,
2005). Intracellular A� is produced in the endoplasmic reticulum
and Golgi complex in neuronal cells (Wertkin et al., 1993; Wild-
Bode et al., 1997; Xu et al., 1997), and A� immunoreactivity

within lysosomes of degenerating neurons has been found in
both aging macaques (Martin et al., 1994) and in A�-infused rats
(Frautschy et al., 1996). Our results from PSAPP/CD45�/� mice
lend support to the idea that intraneuronal A� accumulation
precedes neuronal loss, as recently suggested by another group
(Fuhrmann et al., 2010).

But what form of A� is neurotoxic? Recent focus has shifted
toward soluble oligomeric A� species as the agents of neurotox-
icity. Administration of A� oligomers directly isolated from AD
patient cerebral cortices to normal rats impaired long-term po-
tentiation, enhanced long-term depression, and reduced den-
dritic spine density. Furthermore, these deleterious effects were
specifically attributable to A� dimers (Shankar et al., 2008), and it
is likely that A�-directed immunotherapy works by clearing oli-
gomeric species of A� (Klyubin et al., 2005). However, do mono-
nuclear phagocytes including microglia impact steady-state A�
oligomer abundance? We previously showed that blockade of
TGF-�–Smad 2/3 signaling promotes uptake and clearance of A�
oligomers by cells of mononuclear phagocyte origin (Town et al.,
2008), and the present work demonstrates that CD45 deficiency
drives accumulation of cerebral A� dimers and oligomers in a
transgenic mouse model of AD. Results presented here place mi-
croglia on the A� oligomer clearance pathway and suggest that
ablating CD45 and thereby inhibiting this clearance machinery

Figure 6. a, b, PSAPP/CD45�/� mice have neuronal injury and loss. Mouse brain sections from 8-month-old CD45�/�, PSAPP/CD45, and PSAPP/CD45�/� mice were stained with Nissl
(dysmorphic neurons are indicated by arrows) (a) or NeuN antibody (b), and representative entorhinal cortex images are shown. c, Stereological analysis for NeuN-positive cells in the medial
entorhinal cortex (MEA) (n � 6 female mice per group; mean 	 SD) is graphically represented. d, e, Brain homogenates were prepared from 8-month-old control CD45�/�, PSAPP/CD45, and
PSAPP/CD45�/� mice and probed by Western blot using antibodies against NeuN, Bcl-xL, or Bax (d) total and cleaved (active) caspase-3 (e). Note reduced expression of NeuN and Bcl-xL and
increased abundance of Bax protein and cleaved caspase-3 in PSAPP/CD45�/� versus PSAPP/CD45 or CD45�/� mouse brains. WT, Wild type. *p � 0.05.
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causes buildup of neurotoxic A� oligomers and neuropathology
downstream of the amyloid cascade (Hardy and Allsop, 1991).

A number of studies have shown that the BBB is responsible
for elimination of human A� from the brain into the blood (Shi-
bata et al., 2000; Shiiki et al., 2004; Terasaki and Ohtsuki, 2005).
Some have even harnessed this peripheral sink to clear cerebral
amyloid by passive A� immunotherapy (DeMattos et al., 2001;
DeMattos et al., 2002). A� transport across the BBB is bidirec-
tional because, when exogenous human A�1-40 is systemically
injected, it is transported into the brain (Martel et al., 1997; Wen-
genack et al., 2000; Deane et al., 2003). As such, A� BBB transport
homeostasis is likely an important factor governing accumula-
tion of cerebral A� (Ito et al., 2006). In addition to elevated
cerebral amyloidosis, PSAPP/CD45�/� mice also demonstrate
decreased plasma-soluble A� abundance, likely reflective of di-
minished brain-to-blood A� efflux. Given the exquisite micro-
glial specificity of CD45 expression in the brain, it is unlikely that
CD45 deficiency directly impacts A� clearance at the BBB. A
more likely possibility consistent with our observations is that
failure in microglial A� clearance in PSAPP/CD45�/� mice over-
loads brain-to-blood A� efflux machinery, leading to increased
cerebral amyloid and reduced circulating A�.

In addition to accelerated cerebral amyloidosis, we also find
increased abundance of TNF-� and IL-1� [which are neurotoxic
at high levels (Meda et al., 1995; Barger and Harmon, 1997; Tan et
al., 1999)], mitochondrial dysfunction, and neuronal loss in
PSAPP/CD45�/� mice. Association among these three observa-
tions leads to a model wherein CD45 deficiency endorses a
proinflammatory but anti-A� phagocytic form of microglial
activation. Because of failed microglial clearance of cerebral A�
and overexpression of neurotoxic cytokines, downstream events
in this model would include dysfunctional mitochondrial respi-
ration and ultimately neuronal loss. However, it is unclear
whether mitochondrial dysfunction brought on by loss of CD45
is a cause or consequence of neurotoxicity. In this regard, oxida-
tive phosphorylation—and in particular cytochrome c oxidase
activity—is deficient in AD patient brains (Cottrell et al., 2001;
Fukui et al., 2007). However, falloff in cytochrome c oxidase ac-
tivity is likely related to global decline in numbers of mitochon-
dria as a result of neurotoxicity. A number of factors might
contribute to the observed reduction in oxidative phosphoryla-
tion activity in AD, including failed mitochondrial transport
through axonal and dendritic processes, compromised regula-
tory feedback mechanisms responsible for individual complex-
subunit synthesis, and impaired complex assembly (Mancuso et
al., 2008).

It is well established that CD45 has multiple splice variants
(chiefly, -RA, -RB, -RC, and -RO), that are variously expressed by
different immune cells. CD45 isoforms may functionally differ,
and this explains why gross CD45 deficiency can lead to both
hypo- and hyper-responsive immunological defects. We previ-
ously demonstrated that, in the case of microglia, 
90% of CD45
can be accounted for by the CD45RB isoform (Townsend et al.,
2004). Furthermore, although agonistic antibodies directed
against CD45RA or CD45RC isoforms had minimal effects on
lipopolysaccharide-induced microglial activation, antibody-
mediated stimulation of CD45RB resulted in almost complete
shutdown of lipopolysaccharide-induced TNF-� release in cul-
tured microglia (Townsend et al., 2004; Zhu et al., 2008). Finally,
stimulation of CD45RB specifically enhanced A� uptake that was
dependent on inhibition of the p44/42 MAPK signaling cascade
(Zhu et al., 2008). Nonetheless, future studies including pheno-
typic analyses of each CD45 isoform in the absence of alternative

variants will be needed to determine the functional implications
of the various CD45 isoforms vis-à-vis microglial biology.

Our present work demonstrates that genetic loss of CD45 (1)
accelerates cerebral amyloidosis, (2) causes brain accumulation
of soluble oligomeric A� species and reduction in plasma-soluble
A�, (3) promotes proinflammatory and anti-A� phagocytic mi-
croglial activation, and (4) leads to mitochondrial dysfunction
and neuronal loss in PSAPP/CD45�/� mice. If this mouse model
translates to the clinical syndrome, then a pharmacotherapeutic
strategy aimed at promoting CD45-mediated microglial A�
clearance should be beneficial for AD treatment.
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