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Complement C3 Deficiency Leads to Accelerated Amyloid �
Plaque Deposition and Neurodegeneration and Modulation
of the Microglia/Macrophage Phenotype in Amyloid
Precursor Protein Transgenic Mice
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Complement factor C3 is the central component of the complement system and a key inflammatory protein activated in Alzheimer’s
disease (AD). Previous studies demonstrated that inhibition of C3 by overexpression of soluble complement receptor-related protein y in
an AD mouse model led to reduced microgliosis, increased amyloid � (A�) plaque burden, and neurodegeneration. To further address
the role of C3 in AD pathology, we generated a complement C3-deficient amyloid precursor protein (APP) transgenic AD mouse model
(APP;C3�/� ). Brains were analyzed at 8, 12, and 17 months of age by immunohistochemical and biochemical methods and compared with
age-matched APP transgenic mice. At younger ages (8 –12 months), no significant neuropathological differences were observed between
the two transgenic lines. In contrast, at 17 months of age, APP;C3�/� mice showed significant changes of up to twofold increased total A�
and fibrillar amyloid plaque burden in midfrontal cortex and hippocampus, which correlated with (1) significantly increased Tris-
buffered saline (TBS)-insoluble A�42 levels and reduced TBS-soluble A�42 and A�40 levels in brain homogenates, (2) a trend for increased
A� levels in the plasma, (3) a significant loss of neuronal-specific nuclear protein-positive neurons in the hippocampus, and (4) differ-
ential activation of microglia toward a more alternative phenotype (e.g., significantly increased CD45-positive microglia, increased brain
levels of interleukins 4 and 10, and reduced levels of CD68, F4/80, inducible nitric oxide synthase, and tumor necrosis factor). Our results
suggest a beneficial role for complement C3 in plaque clearance and neuronal health as well as in modulation of the microglia phenotype.
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Introduction
The complement system is essential for immune-mediated de-
fense against pathogens. It may be activated by three pathways:
first, via the “classical” activation route through activation of the
C1q complex by Ig/antigen immune complexes or non-immune
molecules; second, via the immune-complex-independent alter-
native activation pathway leading to deposition of C3 fragments
on target cells; and, third, via the lectin route by binding
mannose-binding lectin to pathogen-associated molecular pat-
terns (PAMPs) (for review, see Beek et al., 2003). Activation leads
to the formation of multimolecular enzymes that cleave and ac-
tivate the central component C3. This may lead to the formation
of the cytolytic membrane attack complex (MAC), resulting in

direct lysis of pathogens. Alternatively, coating of complement
activating structures (e.g., immune complexes or PAMPs) with
complement C1q activates C3 byproducts C3b and iC3b that
promote phagocytosis by cells (such as microglia) expressing the
corresponding complement receptors (CRs) such as CR1
(CD35), CR3 (CD11b/CD18), or CR4 (CD11c/CD18). Further-
more, the complement system is involved in the production of
anaphylatoxins (C3a and C5a), modulating inflammation and
neuroprotective pathways, clearance of immune complexes, and
the regulation of adaptive immunity (van Beek et al., 2003).

In mammals, the liver is the major source of complement
proteins, but glial cells as well as neurons express complement
proteins during stimulation by inflammatory cytokines (Lévi-
Strauss and Mallat, 1987; Gasque et al., 1995; Thomas et al.,
2000). Complement activation plays an essential role in the in-
flammatory reactions in the nervous system, including in chronic
neurodegenerative disorders such as Alzheimer’s disease (AD).
Complement is fully activated, and complement components,
with their corresponding mRNA levels, are upregulated in AD
brains (Eikelenboom et al., 1989; McGeer et al., 1989; Yasojima et
al., 1999). Complement components are observed in pyramidal
neurons (Shen et al., 1997) and in neurofibrillary tangles and
senile plaques in AD brain (Terai et al., 1997; Stoltzner et al.,
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2000). Dystrophic neurites are immunopositive for MAC (Mc-
Geer and McGeer, 2002) suggesting that MAC may contribute to
neuritic dystrophy and neuronal loss in AD.

Complement may have also a protective role in AD and nor-
mal brains, but its role remains controversial. For example, the
C5-derived anaphylatoxin, C5a was reported to protect against
excitotoxicity in vitro and in vivo (Pasinetti et al., 1996; Osaka et
al., 1999). Overproduction of TGF-�1 in amyloid precursor pro-
tein (APP) transgenic (Tg) mice results in elevated C3 brain lev-
els, increased microglial activation, and reduced amyloid � (A�)
accumulation (Wyss-Coray et al., 2001). Inhibition of comple-
ment activation by transgenic overexpression of the soluble com-
plement receptor-related protein y (sCrry) in APP mice resulted
in increased A� accumulation and neuronal degeneration and
reduced microglial activation but did not alter total C3 levels in
the brain (Wyss-Coray et al., 2002). However, C1q was found to
colocalize with fibrillar A� in a presenilin 1 (PS1)/APP mouse
model (Matsuoka et al., 2001). APP transgenic mice lacking C1q
had no change in A� plaque burden compared with C1q-
sufficient controls but showed decreased glial activation sur-
rounding plaques and a slowing of neuronal pathogenesis, sug-
gesting a detrimental effect of C1q on neuronal integrity (Fonseca
et al., 2004).

Here, we generated an AD mouse model (APP) deficient for
C3 (C3�/�) to study the in vivo role of complement C3 on AD
pathogenesis. Our results suggest a beneficial role of complement
C3 in AD, particularly with advanced aging and pathogenesis.

Materials and Methods
Animals. Hemizygous APP transgenic mice (Mucke et al., 2000) [line J20,
harboring the (PDGF promoter)-human APPsw (K670N, M671L), IN (V717F)

transgene; C57BL/6 background] from our breeding colony were bred
with homozygous C3-deficient mice (C3�/�) (Wessels et al., 1995) ini-
tially obtained from The Jackson Laboratory (line B6.129S4-C3 tm1Crr/J;
C57BL/6 background) or with C57BL/6 (The Jackson Laboratory). To
generate APP;C3�/� animals, C3�/� mice were bred initially with APP
mice, then with APP;C3�/�, and later with APP;C3�/� mice. Animals
were genotyped by PCR with the following primers: 5�-
CTTGGGTGGAGAGGCTATTC-3� and 5�-GGTTGCAGCAGTC-
TATGAAGG-3� for C3 wild-type allele in the same reaction with 5�-
AGGTGAGATGACAGGAGATC-3� and 5�-ATCTTGAGTGCACCA-
AGCC-3� for mutated C3 allele; 5�-GGTGAGTTTGTAA-
GTGATGCC-3� and 5�-TCTTCTTCTTCCACCTCAGC-3� for hAPP al-
lele together with 5�-GCGCGCTCGTGCACACTTATCACA-3� and 5�-
CTGCCCCTGACTTCCTGGAAGCAC-3� for DNA (GFAP) control.
Groups at the different ages were gender balanced and exactly age
matched, and the maximal age difference of individual animals within
each group was �1 month. All animal use was approved by the Harvard
Standing Committee for Animal Use and was in compliance with all state
and federal regulations.

Plasma and tissue collection. Mice were killed by CO2 inhalation, and
blood was collected by cardiac puncture followed by transcardial perfu-
sion with 20 –30 ml of PBS as described previously (Maier et al., 2005).
The brain was removed and divided sagittally. One hemibrain was fixed
for 2 h in 10% buffered Formalin, whereas the other hemibrain was snap
frozen in liquid nitrogen for biochemical analysis. One hemibrain, one
liver, and one kidney were embedded in paraffin as described previously
(Lemere et al., 2003).

Brain homogenates and A� ELISA. For Tris-buffered saline (TBS) brain
homogenates, frozen hemibrains (without cerebellum and brainstem)
were homogenized with a Dounce homogenizer in 5 vol of TBS with a
protease inhibitor cocktail (Roche Applied Science). The samples were
centrifuged at 175,000 � g for 30 min at 4°C. The supernatant (TBS-
soluble homogenate) was collected and stored at �20°C. The pellets were
resuspended in the same volume of TBS-T (TBS/1% Triton X-100 plus
protease inhibitor cocktail) buffer, sonicated for 5 min in 4°C water bath,

homogenized, and centrifuged at 175,000 � g for 30 min at 4°C. The
supernatant (TBS-T-soluble homogenate), containing membrane-
bound A�, was collected and stored at �20°C. The pellets were extracted
a third time as described previously (Johnson-Wood et al., 1997) using
ice-cold guanidine buffer (5 M guanidine-HCl/50 mM Tris, pH 8.0)
(herein referred to as TBS-insoluble or guanidine-soluble homogenate).
A�X-40 (A�40) and A�X-42 (A�42) levels were determined in TBS, TBS-T
and guanidine brain homogenates, and total A� in EDTA plasma sam-
ples of tail blood. ELISAs specific for human A�x-40, A�x-42, and total A�
were performed (using antibodies kindly supplied by Elan Pharmaceuti-
cals) according to Johnson-Wood et al. (1997).

C3 and cytokine ELISAs. Plates were coated overnight at 4°C with goat
anti mouse C3 (1:500; MP Biomedicals) in 50 mM carbonate buffer, pH
9.6, and then blocked for 2 h in blocking buffer (PBS/1% BSA). Serum or
TBS– brain homogenates were diluted (1:32,000 for serum and straight
for brain homogenates) in wash buffer (PBS/0.1% BSA/0.05% Tween
20), added to the plate for 2 h, hand washed three times, incubated with
biotinylated goat anti-mouse C3 antibody (1:1000; MP Biomedicals) in
blocking buffer for 1 h, washed, incubated with streptavidin–HRP in
blocking buffer for 30 min, washed, and developed with TMB peroxidase
substrate for 2–5 min. Stop reagent was added, and optical density was
measured at 450 nm. Matching antibody pairs, composed of capture and
detection antibodies for murine interleukin-4 (IL-4), IL-10, and tumor
necrosis factor � (TNF�) (BD PharMingen), were used according to the
instructions of the manufacturer. Serial dilutions of exogenous cytokine
were added as standards. TBS and TBS-T brain homogenates were added
to the plate without dilution.

APP, secreted �APP, synaptophysin, C3, inducible nitric oxide synthase,
CD68, and F4/80 Western blot. Western blot was performed as reported
previously (Peng et al., 2006). TBS– brain homogenates were used to
detect secreted �APP (�APPs), C3, and inducible nitric oxide synthase
(iNOS) levels, whereas TBS-T brain homogenates were used to examine
total APP, CD68, F4/80, and synaptophysin (SYN) levels. Briefly, sam-
ples were denatured in SDS sample buffer and separated on 10 –20%
Tricine gels (Invitrogen). Polyclonal antibody R1736, which recognizes
residues 595– 611 of APP695 (1:1000; gift from D. Selkoe, Center for
Neurological Disorders, Boston, MA) was used to specifically detect the
�-secretase-generated ectodomain fragment of APP. Monoclonal anti-
body 8E5 (1:1000), which recognizes residues 444 –591 of human APP,
was used to detect the full-length APP (a gift from Elan Pharmaceuticals).
Polyclonal anti-C3 (1:500; MP Biomedicals), anti-synaptophysin
(1:1000; Sigma), anti-iNOS (1:200; BD Bioscience), anti-CD68 (1:200;
Serotec), anti-F4/80 (1:200; Serotec), and anti-�-actin (1:10,000; Sigma)
were used to probe the membrane. Horseradish peroxidase-coupled
anti-rabbit or anti-mouse IgG were used as secondary antibodies. The
signal was detected with an enhanced chemiluminescence kit (Pierce).
Densitometric evaluation was performed using an imaging system and
the corresponding analyzing software (FluorchemTMIS-8800 software;
Alpha Innotech). Protein levels were normalized to �-actin.

Immunohistochemistry. Serial 10 �m sagittal paraffin sections of
mouse brain were mounted on glass slides, and immunohistochemistry
was performed as reported previously (Lemere et al., 2002) using Vector
ELITE ABC kits (Vector Laboratories). The following antibodies were
used for neuropathological analysis: anti-CD45 (1:5000; Serotec), anti-
Iba1 (ionized-calcium binding adapter molecule 1) (1:500; Wako Bio-
products), anti-GFAP (1:500; DakoCytomation), anti-neuronal-specific
nuclear protein (NeuN) (1:250; Millipore Bioscience Research Re-
agents), anti-APP antibody 22C11 (1:200; Millipore Bioscience Research
Reagents), rabbit polyclonal anti-A� R1282 (1:1000; gift from D. Selkoe),
and anti-A�40 and anti-A�42 (1:500; BioSource International).
Computer-assisted image analysis was used to quantify the percentage
area of thioflavin S staining and immunoreactivity as described previ-
ously (Maier et al., 2006). Briefly, the percentage area occupied by im-
munoreactivity was calculated for three to four equidistant sections per
animal of total hippocampus area or for one visual field of the whole
cortex dorsal to the hippocampus (midfrontal cortex, �1.5 mm 2). The
threshold for detection of immunoreactivity was kept constant for the
analysis of an entire series of sections for each antibody. Presynaptic
terminals were labeled with anti-SYN (1:200; Sigma), neuronal cell bod-
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ies and dendrites with anti-MAP2 (1:200; Sigma), and newly generated
neurons with anti-doublecortin (C-18, 1:500; Santa Cruz Biotechnol-
ogy), followed by Alexa488, Rhodamine Red-X (Invitrogen), or cyanine
3 (The Jackson Laboratory) coupled secondary antibodies. To quantify
immunoreactivity, acquisition of images was performed in a single ses-
sion using a SPOT camera with individual red– green– blue channels set
for fluorescence (Diagnostic Instruments) and analyzed by NIH ImageJ
software.

Stereological neuron counts were performed in three 10 �m NeuN-
stained sagittal brain sections per animal spaced 200 �m apart using the
optical dissector technique (Irizarry et al., 1997). The average number of
neurons per section in the CA3 region of hippocampus was estimated
using �12 optical dissectors and the Bioquant Image Analysis System
according to the principle of Cavalieri (West and Gundersen, 1990). Each
optical dissector included a 50 � 50 �m sampling box. Using a 100�
oil-immersion lens, neurons with a visible NeuN cell body were counted
if they were not visible in the initial plane of focus but came into focus as
the optical plane moved through the tissue. The average number of hip-
pocampal CA3 neurons per section was determined by calculating the
mean of the neuron counts from three sections per animal.

Statistical analyses. The Mann–Whitney U test was used for statistical
analysis of the percentage area of immunoreactivity in brain sections and
A� levels in brain homogenates. The critical � level was set to 0.05 for all
statistical analyses. All values reported are average � SEM. A two-tailed
Spearman’s correlation was used for correlation of plaque load and
NeuN counts. SPSS software (version 11.5) was used for statistical
analysis

Results
Expression of complement C3 protein in the CNS and
periphery is absent in C3-deficient APP transgenic (APP;C3�/

�) mice
To determine the role of central complement component C3 in
A� accumulation and neurodegeneration, we generated APP
transgenic mice lacking complement C3 by breeding APP (J20
line) (Mucke et al., 2000) to complement C3-deficient mice
(Wessels et al., 1995). Complement C3 gene deletion was con-
firmed by PCR using primers showing the presence of the mu-
tated allele and the absence of the wild-type C3 allele PCR prod-
uct in APP;C3�/� mice (Fig. 1A). Expression of complement C3
protein was demonstrated by Western blot and C3 ELISA with an
anti-C3 antibody in brain homogenates (Fig. 1B,C) and blood
plasma (Fig. 1D) in 12- and 17-month-old APP mice. In contrast,
C3 protein was undetectable in brain and blood plasma in APP;
C3�/� mice at the same ages (Fig. 1). C3 levels in blood as well as
brain were slightly higher in 17-month-old compared with 12-
month-old APP animals ( p � 0.14; n � 5 mice each at 12 and 17
months) and approximately four orders of magnitude higher in
plasma than in brain tissue.

Plaque load and gliosis are unaltered in 12-month-old
complement C3-deficient APP Tg mice
To study the role of C3 deficiency on the onset of plaque pathol-
ogy, we analyzed total A� immunoreactive plaque load in the
hippocampi of 8-month-old APP and APP;C3�/� mice (n � 5
mice per group). Quantitative image analysis showed no signifi-
cant difference in plaque burden between the groups (data not
shown). Semiquantitative analysis of CD45-specific immunore-
activity as a marker for activated microglia and GFAP-specific
immunoreactivity as a measure to quantify astrogliosis in the
hippocampus revealed no major differences between the groups
(data not shown).

At 12 months of age, quantitative image analysis of brain sec-
tions stained with A�42-, A�40-, or pan-A�-specific R1282 anti-
bodies revealed no significant differences in plaque load in hip-

pocampus or midfrontal cortex in APP;C3�/� mice (n � 8)
compared with their age-matched APP controls (n � 6) (Fig.
2A,B) (11.8 � 2.0 vs 10.2 � 0.9% area of hippocampus for
R1282; p 	 0.05). At this age, thioflavin S-positive plaques were
mainly detected in the hippocampus, and, again, quantitative
image analysis showed no significant differences between the two
groups of mice (Fig. 2C). In parallel, no significant differences
were found for CD45- and GFAP-specific immunoreactivity (Fig.
2D,E). Quantification of A�42 and A�40 by ELISA in TBS, TBS-T,
and guanidine-HCl brain extracts also showed no significant dif-
ferences in A� levels (Fig. 2F,G). Total A� levels in plasma were
increased by 31%, but the difference did not reach significance
because of variability (Fig. 2H) (n � 6 per group; p � 0.11).

A� deposition and insoluble A�42 brain levels are
significantly elevated, whereas TBS-soluble A� levels are
decreased in 17-month-old complement C3-deficient APP Tg
mice
In contrast to 12-month-old mice, total A� plaque load at 17
months of age was approximately doubled in both the hippocam-
pus and midfrontal cortex in APP;C3�/� mice compared with
APP mice as shown by A�42- and A�40-specific immunoreactiv-
ity (Fig. 3A,B), general A� immunolabeling (Fig. 4A,B,G,H,
R1282 antibody), and thioflavin S-positive staining of fibrillar
amyloid deposits (Figs. 3C, 4M,N) ( p � 0.05; n � 5 mice per
group). Guanidine-soluble (TBS-T-insoluble) A�42 and A�40

levels were higher in APP;C3�/� mice compared with APP mice
(Fig. 3D,E) at 17 months of age, although only the difference in
A�42 levels reached significance ( p � 0.01). These data are in
agreement with the corresponding A�42 and A�40 plaque loads.
In contrast, TBS-soluble A�42 and A�40 levels were significantly
lower in APP;C3�/� mice compared with APP mice (Fig. 3D,E)
( p � 0.05). TBS-T soluble A�42 and A�40 levels were nonsignifi-
cantly reduced in the APP;C3�/� mice compared with APP mice.
Total A� levels in plasma were increased by 51% in APP;C3�/�

mice compared with APP mice (Fig. 3F) (nonsignificant trend,

Figure 1. Complement C3 protein is expressed in the brain and in the plasma of 12- and
17-month-old APP mice but is undetectable in APP;C3�/� mice. A, Complement C3 gene
deletion was determined by PCR by the absence of the wild-type C3 allele PCR product (top band
at �350 bp) and the presence of the mutated allele (bottom band at �280 bp). B–D, Expres-
sion of complement C3 protein in the brain (B, C) and plasma (D) of 12- and 17-month-old APP
mice (n � 5 per group) was shown by Western blot (B, C) and C3 ELISA (D). C3 protein was
absent in the corresponding APP;C3�/� mice. The �/� dimer of C3 protein (�185 kDa) in
brain is indicated by the arrow in B.
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p � 0.06). These results indicate that a de-
ficiency of the key complement factor C3
results in greater accumulation of insolu-
ble A� in the brain and a trend for more
soluble A� in the plasma with aging in
APP Tg mice.

Microglia/macrophage are differentially
activated in the brain of complement
C3-deficient APP Tg mice toward a
more alternative M2 activation
phenotype
Activation of microglia, measured by
CD45-specific immunoreactivity, was sig-
nificantly increased in hippocampus ( p �
0.01) and cortex ( p � 0.05) of APP;C3�/�

mice (Figs. 4C,D, 5A). Because CD45
staining was associated mainly with com-
pacted plaques and correlated well with
thioflavin S-positive plaque load (r � 0.75;
p � 0.05; n � 5 mice per group), we calcu-
lated the CD45/thioflavin S ratio as an in-
dicator for activation of microglia cor-
rected by the difference in plaque load (as
performed by Wilcock et al., 2006). A
trend for an increased CD45/thioflavin S
ratio was observed in the hippocampus of
APP;C3�/� mice compared with APP
mice ( p � 0.10) (Fig. 5B) even after cor-
rection for plaque load.

To further characterize the microglial
phenotype, we used anti-Iba1 immunoreac-
tivity and Western blot levels of CD68 and
F4/80 as additional markers of microglia/
macrophage activity. Western blot was used
because immunohistochemistry with anti-
CD68 and anti-F4/80 was unsuccessful on
paraffin sections. In hippocampus and cor-
tex, Iba1 immunoreactivity was detected
mainly in microglia/macrophages associated
with compacted plaques, but it also stained
cells not directly associated with plaques,
particularly in the cortex. The number of
Iba1-positive cells was somewhat higher in
APP;C3�/� compared with APP mice (Fig.
4I,J), but quantitative image analysis re-
vealed no significant differences in the per-
centage area of Iba-1 immunoreactivity be-
tween the two groups (Fig. 5C). In contrast
to CD45 and Iba1, quantification of CD68
and F4/80 microglia/macrophage markers
in TBS-T total brain homogenate by West-
ern blot revealed reduced levels of each in
APP;C3�/� compared with APP mice, sug-
gesting a differential regulation of microglia,
but the difference was not statistically signif-
icant. No differences in CD68 and F4/80 lev-
els were observed in 12-month-old APP;
C3�/� mice compared with APP mice (data
not shown).

Next, iNOS, TNF, IL-4, and IL-10 levels, as indicators of mi-
croglia/macrophage phenotype, were examined. iNOS levels in
TBS-soluble brain homogenates were significantly lower by

Western blot in APP;C3�/� mice compared with APP mice (Fig.
6A) ( p � 0.05). TBS-T-soluble, membrane-bound TNF levels
were significantly reduced ( p � 0.05) by ELISA, whereas TBS-
soluble TNF levels showed a strong trend for reduction ( p �

Figure 2. Neuropathological and biochemical analysis at 12 months of age showed no significant differences in plaque load,
microgliosis, and astrocytosis in APP;C3�/� (filled bars; n � 8) compared with age-matched APP control mice (open bars; n �
6). A, B, Quantitative image analysis of A�42- (A) and A�40- (B) specific immunoreactivity did not show any significant differences
in hippocampus or midfrontal cortex. C–E, Image analysis of thioflavin S-positive plaque load (C) as well as CD45- and GFAP-
specific immunoreactivity in the hippocampus (D, E) revealed no significant differences between the APP and APP;C3�/� groups.
F–H, Quantification of A�42 and A�40 by ELISA in TBS, TBS-T, and guanidine extracts of brain homogenates (F, G) or in plasma (H )
did not reveal any significant difference between the groups. % ROI, Percentage of immunoreactivity within the region of interest.

Figure 3. A–E, Quantitative neuropathological analysis (A–C) and biochemical analysis of brain homogenates by quantitative A�42-
and A�40-specific ELISAs (D, E) of 17-month-old mice shows significantly higher A� plaque load and significantly higher A�42 levels in
guanidine brain extract in APP;C3�/�mice (filled bars; n�5) compared with age-matched APP controls (open bars; n�5). A–C, A�42-
and A�40- specific immunoreactivity (A, B), as well as thioflavin S-positive staining (C), were significantly increased in hippocampus and
midfrontal cortex of APP;C3�/� mice (A–C; p � 0.05). D, E, A�42 and A�40 levels in TBS-soluble extracts of brain homogenates were
significantly reduced, whereas A�42 was significantly elevated and A�40 nonsignificantly increased in TBS-insoluble guanidine extracts in
APP;C3�/�mice. A�42 and A�40 levels in the membrane-bound TBS-T extracts were nonsignificantly reduced. F, A trend was evident for
higher total A� levels in plasma samples from APP;C3�/� mice compared with APP mice (51% increase; p � 0.06). *p � 0.05, **p �
0.01. % ROI, Percentage of immunoreactivity within the region of interest.
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0.05) (Fig. 6B). A significant increase in IL-4 was observed by
ELISA in TBS-soluble brain homogenates in APP;C3�/� com-
pared with APP mice (Fig. 6C) ( p � 0.05). IL-10 levels in both
TBS-soluble and TBS-T-soluble brain homogenates were ele-
vated in APP;C3�/� mice compared with APP mice (Fig. 6D),
although the differences did not reach statistical differences be-
cause of a high level of variability among the mice in each group.
Together, these results are indicative of a shift of the microglia/
macrophage toward a more alternative M2 activation phenotype
in APP;C3�/� mice compared with APP mice (Mantovani et al.,
2004; Morgan et al., 2005).

GFAP immunoreactivity of astrocytes in the hippocampus
(Fig. 4E,F) and cortex was nonsignificantly increased in APP;
C3�/� compared with APP mice (Fig. 5D).

APP processing is not altered in complement C3-deficient
APP Tg mice
To determine whether altered plaque pathology is attributable to
altered expression or processing of APP protein, total APP pro-
tein levels and �APPs fragments were quantified in brain homog-
enates by Western blot and normalized to �-actin levels (Fig. 7)
(average of two experiments, n � 4 mice per group). Total APP
levels were slightly increased in APP;C3�/� mice at 12 months of
age (Fig. 7A), but, in general, APP levels were not significantly
different between the two lines of mice at either 12 or 17 months
of age. No differences were observed in �APPs levels between the
two groups at either 12 or 17 months, indicating that there was no
obvious effect of C3 deficiency on APP processing (Fig. 7C,D).

NeuN-positive neurons are reduced in
the CA3 region of hippocampus in 17-
month-old complement C3-deficient
APP Tg mice
Anti-NeuN is a neuronal marker that la-
bels most differentiated neurons in the
adult neocortex (Mullen et al., 1992), but
degenerating neurons seem to lose this
marker (Larsson et al., 2001). Conse-
quently, the amount of NeuN-positive
neurons was used as a marker to determine
the role of complement C3 on neuronal
survival. The average number of NeuN-
positive neurons per section (based on
three 10 �m sections) in the CA3 region of
hippocampus, determined by stereological
counting, was similar between 12-month-
old APP and APP;C3�/� mice (Fig. 8C)
(221 � 8 vs 225 � 5; n � 6 mice per
group). In contrast, at 17 months of age,
the average number of NeuN-positive
neurons per section in the CA3 region of
hippocampus was significantly reduced in
APP;C3�/� mice (201 � 8) compared with
APP mice (225 � 8; p � 0.05) (Fig. 8A–C).
Furthermore, the average number of
NeuN-positive neurons per section was
significantly reduced in 17-month-old
versus 12-month-old APP;C3�/� mice
( p � 0.015) but not in C3-sufficient APP
mice. The average number of NeuN-
positive neurons per section within indi-
vidual mice was inversely correlated with
the thioflavin S plaque load (Fig. 8D) (r �

�0.636; p � 0.05; n � 5 mice per group). There was a more
pronounced loss of neurons in the CA3 compared with the CA1
region of the hippocampus (data not shown). This may correlate
with the observation of an increased expression of the hAPP pro-
tein (Fig. 4K,L) and increased A� plaque load (Fig. 4A,B,G,H) in
CA3 compared with CA1 in the hippocampus of this mouse
model.

MAP2 immunoreactivity, a marker for neuronal dendrites
and cell bodies, was slightly reduced in APP;C3�/� mice com-
pared with APP mice, but the difference was not significant (Fig.
8E). Synaptophysin is used as a marker to assess presynaptic
terminals and neuronal integrity. Similar to MAP2, no significant
difference was observed in synaptophysin staining intensity in the
CA1 and CA3 region of hippocampus in brain sections between
the two groups (data not shown). Synaptophysin levels, quanti-
fied by Western blot of TBS-T brain homogenates, were similar
between APP and APP;C3�/� mice at 12 months of age (data not
shown) but showed a tendency to be lower in APP;C3�/� com-
pared with APP mice at 17 months of age; however, this differ-
ence was not significant (Fig. 8F).

A reduction of neuronal numbers might possibly be attribut-
able to a reduction in neurogenesis, especially because it was
reported recently that complement C3 and its receptor C3aR play
a role in basal and ischemia induced neurogenesis (Rahpeymai et
al., 2006). Neurogenesis usually takes place in the subventricular
zone (SVZ) and in the granular cell layer (GCL) of the dentate
gyrus (for review, see Lledo et al., 2006). Therefore, we used Dou-
blecortin (DCX) as a marker for newly generated neurons and
quantified DCX staining in the SVZ and GCL. Quantification of

Figure 4. A–N, Immunohistochemical analysis of hippocampus of representative sections of 17-month-old APP (left column;
2 sets of serial sections: A, C, E and G, I, K, M ) and APP;C3�/� (right column; 2 sets of serial sections: B, D, F and H, J, L, N ) mice.
A, B, Relative to complement-sufficient APP Tg mice (A), the total plaque load demonstrated using the pan-specific A� antibody
R1282 was increased in the complement-deficient APP;C3�/� mice (B). C, D, In parallel, the number of CD45-positive microglia
was also increased in APP;C3�/� mice, and the microglia were mostly associated with compacted plaques (arrows). E, F, GFAP
immunoreactivity, a marker for astrogliosis, was comparable between both groups, although modest increases were observed in
APP;C3�/� mice. G–N, In parallel to the increase of total (G, H; R1282 antibody) and fibrillar, compact plaque load (M, N;
thioflavin S), the number of Iba1-immunoreactive microglia/macrophage (I, J ) and dystrophic neurites (K, L) observed in APP;
C3�/� mice (right column) was increased compared with that of APP mice (left column). Scale bars, 200 �m.
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DCX-positive cells in the GCL, the potential source of new neu-
rons in the hippocampus, was not possible as the labeling of
DCX-positive cells in the GCL of 12- and 17-month-old APP or
APP;C3�/� mice was below the limit of detection unlike the clus-
ters of DCX-positive cells in the SVZ. This finding is in agreement
with previous studies characterizing neurogenesis in this animal
model (Jin et al., 2004), showing very low levels of neurogenesis
in the GCL.

Discussion
To experimentally address the role of complement C3 in the
pathogenesis of AD, we generated C3-deficient APP transgenic
mice and analyzed them neuropathologically and biochemically
at 8, 12, and 17 months of age, comparing them with age-
matched APP transgenic mice. At younger ages (8 and 12
months), no significant differences were observed between APP
and APP;C3�/� mice in plaque load, biochemical levels of A�, or
any of the neuronal or glial markers examined. In contrast, at 17
months of age, the APP;C3�/� mice showed a significant approx-
imate twofold increase in total A� and fibrillar amyloid plaque
burden that correlated with significantly increased guanidine-
soluble A�42 levels and reduced TBS-soluble A�42 and A�40 in
brain homogenates, a nonsignificant trend for increased plasma

A� levels, a significant reduction of NeuN-positive neurons in
the CA3 region of the hippocampus, and a shift of microglia/
macrophage toward a more alternative activation/M2 phenotype
(according to Mantovani et al., 2004; Morgan et al., 2005). Our
findings demonstrate that the complete absence of the central
complement component, C3, accelerates AD-like plaque pathol-
ogy with aging once plaque pathogenesis is underway. Although
many of the differences between the APP;C3�/� and APP mice
reported here were statistically significant, many comparisons
resulted in a nonsignificant trend attributable to the relatively
small number of mice studied and the high variability observed in

Figure 5. Quantitative neuropathological and biochemical analysis of gliosis at 17 months of
age. A, B, Total CD45 immunoreactivity was significantly increased in APP;C3�/� mice (A;
*p � 0.05, **p � 0.01), whereas the CD45/thioflavin S ratio (B) only showed a trend to be
elevated in APP;C3�/� mice ( p � 0.10). C, Iba1 immunoreactivity was modestly and nonsig-
nificantly elevated in APP;C3�/� compared with APP mice. D, GFAP immunoreactivity was only
slightly higher in APP;C3�/� compared with APP mice, but the difference was nonsignificant.
E, F, In contrast to CD45 and Iba1, the levels of microglial markers CD68 and F4/80 by Western
blot were nonsignificantly lower in TBS-soluble brain homogenates of APP;C3�/� compared
with APP mice. The levels in the APP;C3�/� mice are presented as a percentage of the levels in
the APP transgenic mice. �-Actin was used as a protein loading control.

Figure 6. Differential activation of microglia/macrophage in the brains of APP;C3�/� mice
toward a more alternative activation/M2 phenotype. A, iNOS levels were significantly reduced
in TBS-soluble, but not TBS-T-soluble, membrane-bound brain homogenates by Western blot
in APP;C3�/� compared with APP mice (*p � 0.05). B, TBS-T-soluble, membrane-bound and
TBS-soluble TNF levels by ELISA were lower in APP;C3�/� compared with APP mice, but only
the difference in membrane-bound TNF reached significance (*p � 0.05). C, D, IL-4 (C) and
IL-10 (D) levels in TBS and TBS-T brain homogenates by ELISA were elevated in APP;C3�/�

compared with APP mice, but only the difference in IL-4 in TBS-soluble brain homogenates
reached significance (*p � 0.05).

Figure 7. APP processing was not altered in C3-deficient APP mice (filled bars) at either 12 or
17 months of age. Quantification of �-actin normalized total APP protein (A, B; average of 2
experiments, n � 4 mice per group) and �APPs fragment (C, D; average of 2 experiments, n �
4 mice per group) in brain homogenates by Western blot revealed no difference in protein levels
( p 	 0.05).
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APP transgenic mice, in general. However, these trends provide
additional support to the overall findings.

The rather late effect of C3 deficiency may be related to an
attempt of APP mice to protect the brain by upregulating com-
plement C3 once AD-like pathogenesis is underway. Similar to a
previous report by Wyss-Coray et al. (2002), we observed an
increase in C3 protein levels with aging and AD pathogenesis in
APP mice. In their study, Wyss-Coray and colleagues demon-
strated that C3 mRNA levels increased with age in APP mice and
that C3 protein levels were elevated when TGF-� was overex-
pressed in APP mice (Wyss-Coray et al., 2002). Inhibition of
complement C3 convertase (to block activation of C3) by over-
expression of sCrry in APP mice resulted in increased plaque
burden and neurodegeneration, even in the presence of C3 pro-
tein (Wyss-Coray, 2002).

Consistent with an important role of complement in late-
stage AD-like pathogenesis is a study (Matsuoka et al., 2001)
showing the colocalization of complement-activating C1q and an
upregulation of C1q with increased formation of fibrillar A�
plaques in a PS1/APP transgenic mouse model. In addition, we

reported previously prominent C1q and C3 immunoreactivity in
highly compacted A�42-positive neuritic plaques associated with
microgliosis in the cortex of middle-aged and older individuals
with Down syndrome (Stoltzner et al., 2000). Whether the eleva-
tion of complement proteins in AD brain is an attempt to protect
the brain or a consequence of neuronal damage is unclear, but
our results, along with those of Wyss-Coray et al. (2002), suggest
that complement C3 may play a protective role in the brain.

Amyloid fibrils have been detected in microglia in human AD
brain, suggesting that microglia are involved in the clearing of A�
protein deposits (Wegiel and Wisniewski, 1990). Furthermore, it
has also been shown in multiple studies that different forms of
aggregated A� activate and become bound by complement opso-
nins such as C3b (Webster et al., 1997; Bradt et al., 1998), which
facilitates CR3-mediated phagocytosis of A� (Ehlers, 2000). Re-
cent mouse studies report a reduction in the microglial markers
F4/80 and major histocompatibility complex class II alloantigens,
I-A/I-E, in old C1q-deficient Tg2576 (APP) transgenic mice
(Fonseca et al., 2004). In addition, F4/80-positive microglia were
reduced in APP/sCrry mice (Wyss-Coray et al., 2002). By West-
ern blot, we, too, found a nonsignificant trend for reduced F4/80
as well as CD68 levels in our 17-month-old APP;C3�/� mice.
Therefore, it is possible that the increased fibrillar plaque load
observed in our C3-deficient APP Tg mice may be attributable to
less efficient phagocytosis of A� fibrils in the absence of C3 at-
tributable to lack of C3b- or iC3b-mediated opsonization.

Interestingly, although F4/80 and CD68 levels were reduced in
our 17-month-old APP;C3�/� mice compared with age-matched
APP mice, we found increases in other microglia/macrophage
markers of activation, including CD45 (significant) and Iba1
(nonsignificant trend), correlating with increased A� plaque
burden and neurodegeneration. C3 deficiency in 17-month-old
APP mice resulted in increased IL-4 ( p � 0.05 in TBS-soluble
fraction) and IL-10 (nonsignificant trend) and reduced iNOS
( p � 0.05) and TNF ( p � 0.05 in TBS-T membrane-bound
fraction) brain levels. Others have demonstrated that anti-
inflammatory cytokines, such as IL-4 and IL-10, increased fibril-
lar A� phagocytosis by murine primary microglia in vitro
(Koenigsknecht-Talboo and Landreth, 2005). Although anti-
inflammatory cytokine levels were elevated in the APP;C3�/�

mice in our study, A� deposition was increased as well, indicating
that A� phagocytosis by microglia was ineffective at removing A�
deposits. Thus, it is possible that the presence of complement C3
may be necessary for anti-inflammatory cytokines to stimulate
microglial phagocytosis of aggregated A�.

Together, our findings indicate a shift of the microglia/mac-
rophage response toward an alternative M2 activation phenotype
(Mantovani et al., 2004; Morgan et al., 2005) in the absence of
complement C3. M2-type microglia/macrophage are often found
in association with apoptotic cells to scavenge debris and pro-
mote tissue repair, which is in agreement with the increased neu-
rodegeneration we observed in the 17-month-old APP;C3�/�

mice. Upregulation of CD45, which is expressed at high levels in
infiltrating microglia/macrophage (Ford et al., 1995), could rep-
resent enhanced infiltration of peripheral macrophages attribut-
able to increased fibrillar A� deposits and a higher incidence of
dying cells in brain. It should be noted that, in the study of Wyss-
Coray et al. (2002), inhibition of C3 convertase by sCrry overex-
pression may have only affected certain microglial functions such
as A� phagocytosis, whereas the complete absence of C3 may
have additional affects on microglial function and/or molecules
that normally suppress microglial activation along the phagocytic
and cytotoxic pathways. Ours is the first study to fully examine

Figure 8. At 17 months of age, C3-deficient APP transgenic mice showed a reduction in the
number of NeuN-positive neurons that correlated with the thioflavin S plaque load. A, B,
Seventeen-month-old APP;C3�/� mice (B; n�5) had fewer NeuN-positive neurons in the CA3
region of the hippocampus compared with the APP control group (A; n � 5). Neuronal counting
was performed in CA3 between the black lines indicated in A and B. C, Quantification of NeuN-
positive neurons in the CA3 region of the hippocampus by stereological counting showed a
significant reduction in APP;C3�/� mice (filled bars) compared with APP mice (open bars)
(*p � 0.05). No difference in neuronal counts was detected between APP and APP;C3�/� mice
at 12 months of age. A significant reduction in neurons was observed in APP;C3�/� mice, but
not APP mice, from 12 to 17 months of age ( p � 0.015). D, The number of NeuN-positive
neurons of individual mice correlated significantly with their thioflavin S plaque load (r �
�0.636; p � 0.05; n � 5 mice per group; open diamonds indicate APP mice, and black circles
indicate APP;C3�/� mice). E, MAP2 immunoreactivity was nonsignificantly reduced in com-
plement C3-deficient APP mice compared with complement-sufficient APP mice. F, Synapto-
physin levels in TBS-T extracts of brain homogenate were nonsignificantly reduced in APP;
C3�/� mice by Western blot compared with APP mice. Scale bar, 100 �m.
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the role of complement C3 on the microglia/macrophage pheno-
type and cytokines in APP mice.

Alternatively, increased A� deposition in brain and A� levels
in plasma in C3-deficient APP Tg mice may also be attributable to
reduced peripheral degradation of A�. Indeed, a recent study
suggested an important role of complement C3 in the peripheral
clearance of A� by C3b-dependent adherence to CR1 on eryth-
rocytes in blood of humans (Rogers et al., 2006). A recently de-
scribed complement receptor, CR1g, was found to be important
for C3b-dependent clearance of pathogens from the blood
(Helmy et al., 2006) and, thus, may represent an additional path-
way for clearance of complement-opsonized A� in the periphery.
Such a mechanism should be affected in C3-deficient APP mice.
Indeed, the absence of C3 resulted in the accumulation of A� in
the periphery, thereby increasing the amount of peripheral A�
available for influx into the brain.

In contrast to guanidine-soluble A�42 levels, which were in-
creased with the fibrillar A� plaque load, TBS-soluble and to
some extent also TBS-T-soluble A� levels were reduced in the
brains of C3-deficient APP mice. Therefore, it is possible that
complement C3 also plays a role in suppressing aggregation of
A�, in which case the lack of C3 would result in reduced soluble
A� levels in brain and increased deposition of aggregated A� into
plaques. However, this seems unlikely because C3 levels were
elevated in the complement-sufficient APP Tg mice with age as
A� became more aggregated.

Increased amounts of fibrillar A� deposition in 17-month-old
APP;C3�/� mice correlated with a reduction of NeuN-positive
neurons in hippocampus, suggesting a role for complement C3 in
neuronal survival and health. Neuronal loss was highest in CA3
compared with CA1, possibly attributable to increased hAPP
transgene expression and A� deposition. Neurons express C3;
thus, the neurons in C3-deficient APP mice may be more vulner-
able to the cytotoxic effects of A� and/or microglial activation.
However, C3-deficient neurons in 12-month-old APP;C3�/�

mice appeared relatively healthy. MAP2 and synaptophysin im-
munoreactivity were nonsignificantly reduced in APP;C3�/�

mice, in agreement with the findings of Wyss-Coray et al. (2002)
in which a similar neuronal phenotype was observed during in-
hibition of C3 convertase. By electron microscopy, they reported
an accumulation of degenerating neurons in APP/sCrry mice
compared with wild-type mice that correlated with the reduction
of NeuN-positive neurons. Our findings agree with other studies
that have proposed a neuroprotective effect of complement pro-
teins and complement activation products such as C3a and C5a
(van Beek et al., 2003).

A recent study attributes an important role to complement C3
and its receptor C3aR in basal- and ischemia-induced neurogen-
esis in young adult mice (Rahpeymai et al., 2006). The reduction
of NeuN-positive neurons in APP;C3�/� mice may be attribut-
able to a reduction of neurogenesis over the lifespan of C3-
deficient mice. However, because the average number of hip-
pocampal CA3 NeuN-positive neurons per section was similar in
12-month-old APP;C3�/� versus APP mice, this seems unlikely.
Quantification of DCX-positive cells in the GCL of the dentate
gyrus, the source for new hippocampal neurons, was not possible
because the DCX staining in GCL was below detectable levels in
the 12- and 17-month-old APP and APP;C3�/� mouse brain
sections (in contrast to DCX-positive cell clusters in the SVZ),
consistent with previous reports in APP mice (Jin et al., 2004).

In addition, C1q and C3 were recently reported to play a role
in CNS synapse elimination as shown by the failure of C1q-
deficient and C3-deficient mice to fully refine retinogeniculate

connections during postnatal development (Stevens et al., 2007).
Complement-independent mechanisms of synapse elimination
may also exist (as suggested by the authors) and may have allowed
synapse elimination during development in our APP;C3�/�

mice. Furthermore, initial studies in a glaucoma mouse model by
the same group suggest that complement-mediated synapse
elimination may become aberrantly reactivated under disease
conditions via upregulation of C1q at the synapse, leading to
synaptic and neuronal degeneration. The presence and possible
upregulation of complement C1q in our APP;C3�/� mice with
aging may have contributed to the synapse reduction and neuro-
nal loss we observed at 17 months of age.

In summary, we demonstrate that C3 deficiency in APP mice
resulted in increased cerebral A� deposition and neuronal loss as
well as a shift to a M2 microglial/macrophage response, thereby
supporting a beneficial, neuroprotective role of complement C3
in brain. Additional studies are underway to further tease apart
the various mechanisms by which complement proteins influ-
ence neuronal health at different ages.
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