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We explored the role of the classic complement path-
way in atherogenesis by intercrossing C1q-deficient
mice (C1qa�/�) with low-density lipoprotein receptor
knockout mice (Ldlr�/�). Mice were fed a normal ro-
dent diet until 22 weeks of age. Aortic root lesions were
threefold larger in C1qa�/�/Ldlr�/� mice compared
with Ldlr�/� mice (3.72 � 1.0% aortic root versus
1.1 � 0.4%; mean � SEM, P < 0.001). Furthermore,
the cellular composition of lesions in C1qa�/�/
Ldlr�/� was more complex, with an increase in vas-
cular smooth muscle cells. The greater aortic root
lesion size in C1qa�/�/Ldlr�/� mice occurred despite
a significant reduction in C5b-9 deposition per lesion
unit area, suggesting the critical importance of prox-
imal pathway activity. Apoptotic cells were readily
detectable by cleaved caspase-3 staining, terminal de-
oxynucleotidyl transferase dUTP nick-end labeling as-
say, and electron microscopy in C1qa�/�/Ldlr�/�,
whereas apoptotic cells were not detected in Ldlr�/�

mice. This is the first direct demonstration of a role
for the classic complement pathway in atherogenesis.
The greater lesion size in C1qa�/�/Ldlr�/� mice is
consistent with the emerging homeostatic role for C1q
in the disposal of dying cells. This study suggests the
importance of effective apoptotic cell removal for con-
taining the size and complexity of early lesions in ath-
erosclerosis. (Am J Pathol 2007, 170:416–426; DOI:
10.2353/ajpath.2007.060406)

The complement system contains a family of proteins that
provides an important arm of the innate immune sys-

tem.1,2 Complement can be activated via the classic,
alternative, or mannose-binding lectin (MBL) pathways,
each of which converges on C3, the central hub of the
complement system. Activation of C3 generates leuko-
cyte chemoattractants C3a and C5a and the assembly of
terminal complement complexes (C5b-7, C5b-8, C5b-9),
which insert into cell membranes and cause cell lysis or
activation.3 However, not all effects of complement acti-
vation are proinflammatory, since upstream complement
components (C1q, MBL, C3bi) may facilitate the clear-
ance of apoptotic cells and other debris.4–6

Programed cell death (apoptosis) is a feature of human
atherosclerosis and is associated with development of
the lesion necrotic core as well as instability of complex
plaques.7–9 Stimuli that trigger macrophage apoptosis
include ingestion of free cholesterol and oxidized low-
density lipoprotein (LDL).10–12 On the other hand, vascu-
lar smooth muscle cell (VSMC) apoptosis may be stimu-
lated by modified LDL, tumor necrosis factor �, and other
cytokines, or by surface contact interactions with acti-
vated macrophages.13–15 Apoptotic cells are often de-
tectable in late atherosclerotic lesions but are not usually
identified in early lesions, in large part due to highly
efficient removal of apoptotic cells by macrophages and
also, possibly, a more proapoptotic environment in ad-
vanced lesions.16,17

Complement C1q initiates activation of the classic
pathway, typically through binding immunoglobulin Fc in
immune complexes. However, C1q also binds apoptotic
cells and plays an important role in their disposal.18–21

The mechanism underlying C1q-mediated clearance of
apoptotic cells is unclear but is likely to involve calreticu-
lin and CD91-dependent docking of C1q on phago-
cytes.22 In this study, we have used C1q gene-targeted
mice to test the hypothesis that the classic complement
pathway plays a role in apoptotic cell clearance in ath-

Funded by the British Heart Foundation and Hammersmith Hospital Trust
Research Committee.

S.Y. and V.L. contributed equally to this work.

Accepted for publication October 10, 2006.

Address reprint requests to Prof. Dorian O. Haskard, BHF Cardiovas-
cular Medicine Unit, Hammersmith Hospital, Du Cane Road, London, W12
0NN UK. E-mail: d.haskard@imperial.ac.uk.

The American Journal of Pathology, Vol. 170, No. 1, January 2007

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2007.060406

416



erosclerosis and that defective apoptotic cell clearance
increases lesion development.

Materials and Methods

Reagents

Oil Red O, dextrin, gelatin, Mayer’s hematoxylin, L-glutamic
acid, glycerol, sodium azide, calcium chloride, magnesium
sulfate, and sodium phosphate were obtained from Merck/
BDH, Poole, UK. Buffered formal saline (2% formaldehyde
in phosphate-buffered saline) was from Pioneer Research
Chemicals, Colchester, Essex, UK. OCT compound was
from CellPath, Newtown, Powys, UK. Other reagents were
from Sigma, St. Louis, MO.

Mice

C1q gene-targeted mice (C1qa�/�) were generated in-
house.23 Ldlr�/� mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME). Both C1qa�/� and Ldlr�/� mice
were backcrossed for 10 generations onto the C57BL/6
background before intercrossing to form C1qa�/�/Ldlr�/�

double knockout mice. Mice genotypes were determined
by polymerase chain reaction. All mice in the study were
female. We conducted two separate experiments using
mice fed a normal laboratory diet. In the first, 14 Ldlr�/� and
19 C1qa�/�/Ldlr�/� mice were analyzed for serum lipids,
lipoprotein profiles, serum autoantibodies, and aortic root
lesion area. In the second, 19 Ldlr�/� and eight C1qa�/�/
Ldlr�/� mice were assessed for aortic root lesion area and
cellular composition of lesions. A further experiment was
conducted in which 10 Ldlr�/� and 10 C1qa�/�/Ldlr�/�

mice were fed a cholate-free high-fat diet (Diet W; Hope
Farms, Woerden, The Netherlands) consisting of (w/w) co-
coa butter (15%), cholesterol (0.25%), sucrose (40.5%),
cornstarch (10%), corn oil (1%), cellulose (5.95%), casein
(20%), 50% choline chloride (2%), methionine (0.2%), and
mineral mixture (5.1%) These mice were gradually trans-
ferred onto the high-fat diet at 10 weeks of age and sacri-
ficed at 22 weeks of age. Animals were housed in a specific
pathogen-free environment and studied according to UK
Home Office regulations. Urinary protein was determined
using Hema-combistick (Bayler plc, Newbury, Berks, UK).

Lipoprotein, Cholesterol, and Triglyceride
Analysis

Terminal blood was collected in Microvette CB-300 blood
tubes (Sarstedt, Nümbrecht, Germany) and allowed to
clot at 4°C. Serum was pooled from all mice in the same
group and kept at 4°C for up to 24 hours before analysis.
Lipoprotein profiles were analyzed on pooled sera by
size-exclusion chromatography using a SMART micro-
FPLC system (Pharmacia, Stockholm, Sweden).24 Total
cholesterol was measured enzymatically on each individ-
ual mouse using Kit CII (no. 270-54399/54499) from
Wako Chemicals, GmbH, Neuss, Germany. Serum tri-

glycerides were measured enzymatically using a kit pur-
chased from ABX Diagnostics, Montpellier, France.

Autoimmune Serology

Antibodies to single-stranded DNA (ssDNA) were mea-
sured by enzyme-linked immunosorbent assay.25 The
levels of IgM and IgG autoantibody titers to malondialde-
hyde-LDL and copper-oxidized LDL were determined in
serum from individual mice in the laboratory of Dr. Joseph
Witztum at the University of California, San Diego, in La
Jolla, CA, using previously described methods.26

Aortic Root Histology

Hearts and aortae were perfused in situ with oxygenated
Krebs-Henseleit buffer at 37°C under a pressure of �110
cm water via a cannula inserted in the left ventricle and
an outlet created by incision of the right atrium. After 30
minutes, the buffer was replaced with 2% buffered formal
saline at 37°C for a further 30 minutes. The heart, aortae,
liver, and kidneys were then removed and stored in 2%
formal saline. Cryosections of the aortic root were taken
as previously described.27,28 For each mouse, the entire
aortic root from where the three valve leaflets first ap-
peared was serially sectioned into 5-�m sections, and
every 10th section (50 �m) was stained with Oil Red O
and counterstained with Mayer’s hematoxylin.

Lesion Quantification

Aortic root sections were coded and analyzed blind.
Sections were imaged using an Olympus BH-2 micro-
scope (Tokyo, Japan) equipped with �4 objective (total
magnification �40), three neutral density filters (2� ND-6
and 1� ND-25), and a video camera (HV-C10; Hitachi,
Yokohama, Japan). Twenty-four-bit color images were
acquired and analyzed using a PC (Datacell Pentium
P5-133; Datacell, Berks, UK) fitted with a framegrabbing
board (IC-PCI; Imaging Technologies, Bedford, MA) and
Optimas software (version 6.1; Optimas Corp., Bothell,
WA). The images were captured under identical lighting,
microscope, camera, and PC conditions. Quantification
was performed by drawing around the lesions and the
aortic wall using the Image ProPlus software (version 4.5;
Media Cybernetics, Silver Spring, MD). Absolute values
for cross-sectional area were obtained by calibrating the
software using an image of a micrometer slide taken at
the same magnification. The individual lesion areas per
aortic root section of each mouse were averaged to ob-
tain the mean lesion area per mouse. The lesion area
fraction was calculated by dividing the mean lesion area
by the mean area of the aortic wall and expressed as a
percentage, as previously described.29

Immunohistochemistry

Immunohistochemistry was performed by standard pro-
cedures on residual sections not required for analysis of
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lesion size. We phenotyped lesions for macrophages
(Moma-2; Serotec, Oxford, UK) and smooth muscle cell
�-actin (clone �-1-A4; Sigma-Aldrich, Poole, UK), detect-
ing positive cells with alkaline phosphatase and Vector
Blue. Other primary antibodies used were against B lym-
phocytes (CD19; Pharmingen, Oxford, UK), T lympho-
cytes (CD3; Pharmingen), IgM (Abcam, Cambridge, UK),
IgG (biotinylated anti-mouse IgG Vector), C3 (anti-mouse
C3; MP Biomedicals, London, UK), and rabbit anti-C5b-9
(Calbiochem, Merck Biosciences, Darmstadt, Germany)
and were detected with avidin-biotin peroxidase (Dako,
Ely, UK) and diaminobenzidine (DAB) substrate (brown).

Anti-C5b-9 Immunodetection

Anti-C5b-9 was titrated in doubling dilutions on athero-
sclerotic sections, using a standard avidin-biotin-peroxi-
dase-DAB detection layer. Then, anti-C5b-9 was diluted
to working concentration in normal human serum or in
C3-deficient human serum (Sigma). C5b-9-coated beads
for adsorption of anti-C5b-9 antibodies were prepared by
mixing polystyrene beads (no. 17136; Polysciences, War-
rington, PA) 1:1 with 1 mg/ml IgM solution (The Binding
Site, Birmingham, UK) at 4°C for 24 hours. The beads
were washed once in phosphate-buffered saline (PBS)
by centrifugation and resuspension and then added to
the anti-C5b-9 antibodies in sera. As a complement-fixing
immunoglobulin, IgM activates C5b-9 generation in nor-
mal serum but not C3-deficient serum. The beads were
incubated for 120 minutes at 37°C and then removed by
centrifugation. The supernatants were added to tissue
sections, and immunostaining was performed as above.

Detection of Apoptotic Cells

Apoptotic cells were detected by immunostaining with a
rabbit antibody to an epitope on caspase-3 (1 �g/ml
Clone CM1; Becton, Dickinson and Company, Oxford,
UK) that is revealed in cells undergoing apoptosis and
detected with biotinylated swine anti-rabbit (Dako), avi-
din-biotin peroxidase (Dako), and DAB substrate. Termi-
nal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining was performed using each of two kits
(Roche, Welwyn Garden City, UK; and Oncogene Sci-
ences, Gaithersburg, MD) according to the manufac-
turer’s instructions. These enzymatically incorporate
fluoresceinated nucleotides into (broken) DNA ends. Per-
oxidase conversion with peroxidase-labeled anti-fluores-
cein antibodies and DAB were used to give a stable
brown product. For each kit, the TUNEL incubation time

was carefully titrated on positive control sections to opti-
mize staining intensity. The TUNEL indices obtained with
each kit were closely correlated (Spearman’s correlation
coefficient � 0.95). Results of immunocytochemistry are
presented as a percentage area fraction of the aortic root
or as the percentage of lesional cells.

Confocal Microscopy

Confocal immunostaining and microscopy was by mod-
ification of routine immunohistochemistry, primarily sub-
stituting fluorescent antibodies for the peroxidase second
layers and TOPRO-3 for hematoxylin. In brief, cryostat
sections were blocked in 10% normal goat serum (Dako)
and incubated with antibodies to Moma-2 and/or smooth
muscle actin (as above). Sections were washed briefly in
PBS and then incubated in 1:200 goat-anti-rat-AlexaFluor
488 (Molecular Probes, Eugene, OR). Anti-activated
caspase-3 immunostaining was performed with anti-
cleaved caspase-3 epitope, as above, but detected with
goat-anti-rabbit-AlexaFluor 488 (Molecular Probes).
TUNEL was performed with the Roche kit (as above)
under the same conditions but was stopped after incor-
poration of the fluoresceinated thymidine. For use with
TUNEL and anti-cleaved caspase-3, Moma-2 staining
was visualized with goat anti-rat AlexaFluor 568 or Alex-
aFluor 546 (which are spectrally similar). Throughout,
after the second layer, sections were washed briefly in
PBS and then incubated 10 minutes with TOPRO-3 (Mo-
lecular Probes), rinsed in PBS, and mounted in PBS/
glycerol. Staining and storage were in the dark as much
as practicable. Sections were examined with a Zeiss LSM
510 Meta inverted confocal microscope (Carl Zeiss
GmbH, Jena, Germany), illuminated using Argon 488,
HeNe 543, and HeNe 633 lines. Pinhole and tunable filter
settings were at defaults for the objectives and the fluo-
rescein isothiocyanate (FITC)/Cy3/Cy5MT wavelengths.
Scan and photomultiplier settings were set to optimize
signal/noise ratio for each emission wavelength. Process-
ing was conducted with a Zeiss LSM Image Browser and
comprised the addition of scale bars and adjustment of
brightness and contrast before import into Microsoft Pow-
erpoint (Redmond, WA) for assembly of montage figures.

Electron Microscopy

One parallel cryostat section was selected from each of
four C1qa�/�/Ldlr�/� mice to correspond closely to those
used for the confocal analysis of double immunostaining
of Moma-2 and cleaved caspase-3 or TUNEL. These

Table 1. Body Weights and Total Serum Cholesterol and Triglycerides in 22-Week-Old C57BL/6 Ldlr�/� and C1qa�/�/Ldlr�/�

Mouse strain Diet n

Final body
weight (g)

(mean � SD)

Total cholesterol
(mmol/L)

(mean � SD)

Triglyceride
(mmol/L)

(mean � SD)

Ldlr�/� Normal 14 24 � 2 8.56 � 1.03 1.89 � 0.56
C1qa�/�/Ldlr�/� Normal 19 25 � 2 8.97 � 1.63 2.10 � 0.54
Ldlr�/� High fat 10 25 � 3 25.60 � 5.84 3.02 � 1.00
C1qa�/�/Ldlr�/� High fat 10 25 � 3 30.66 � 6.42 3.74 � 1.02
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were postfixed in 4% glutaraldehyde at room temperature
for 30 minutes. An area of interest was defined from the
cleaved caspase-3 staining of the adjacent section. The

relevant part of the section was then captured into a resin
block. Semithin sections were used to confirm the local
topography, after which the resin was ultramicrotomed

Figure 1. Increased aortic root lesion area in C1qa�/�/Ldlr�/� mice. Comparison of lesion areas in C1qa�/�/Ldlr�/� (n � 8) and Ldlr�/� (n � 19) animals after
22 weeks: (A) area of lesions stained by Oil Red O and hematoxylin, (B) % of vessel stained by Oil Red O and hematoxylin, and (C) photomicrographs of aortic
roots at low power (LP) and high power (HP). The bars show the group means � SEM.
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and ultrathin sections were stained with lead and imaged
on a Hitachi 7650 transmission electron microscope (Hi-
tachi Software Engineering, Yokohama, Japan) with dig-
ital capture. Because the cryostat-reprocessed tissue
had low contrast staining, contrast was adjusted after
acquisition in Adobe Photoshop (Adobe Systems, Moun-
tain View, CA) in line with digital image guidelines.

Statistics

Data were expressed as mean � SE unless otherwise
stated and tested by one-tailed Student’s t-test [Excel
(Microsoft) and SigmaStat (Systat Software, Inc., Point
Richmond, CA)], with significance assumed at P � 0.05.

Results

Mice were fed a normal laboratory diet or a high-fat diet
from weaning until sacrifice at 22 weeks of age. As
shown in Table 1, no differences were observed be-
tween Ldlr�/� and C1qa�/�/Ldlr�/� strains for final
body weight or for total serum cholesterol and triglyc-
eride levels. Furthermore, there was no difference in
the lipoprotein profile of Ldlr�/� and C1qa�/�/Ldlr�/�

mice, as determined by fast-performance liquid chro-
matography (FPLC) (not shown). No mouse of either
strain had evidence of autoimmunity related to C1q
deficiency, as shown by lack of proteinuria, the ab-
sence of glomerulonephritis, and the absence of anti-
bodies to anti-ssDNA (not shown). Furthermore, there
were no differences between Ldlr�/� and C1qa�/�/

Figure 2. Increased complexity of aortic root lesions in C1qa�/�/Ldlr�/� mice. Comparison of lesions in C1qa�/�/Ldlr�/� (n � 8) and Ldlr�/� (n � 19) animals
after 22 weeks: (A) percentage of vessel stained by Moma-2, (B) percentage of lesion cells stained by Moma-2, and (C) percentage of lesion cells staining positively
for smooth muscle �-actin. Figure bars are group means � SEM. D: Confocal analysis of lesion complexity showing composite pseudocolored overlays. Aortic
roots were double-immunostained with Moma-2 (Alexa488 detection) and anti-actin (Cy3 detection), together with a nuclear counterstain (TOPRO). The sections
were mounted in PBS/glycerol and visualized using a Zeiss inverted confocal microscope. Purple, TOPRO (far red emission); red, Cy3 (orange/red emission); and
green, Moma-2 (green emission). The fine white arrow in the right panel shows actin-positive VSMC (red) within a lesion surrounded by Moma-2-positive
macrophages (green). This appearance was seen in lesions of C1qa�/�/Ldlr�/� (right) but not Ldlr�/� (left) mice.
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Ldlr�/� in the titers of antibodies to oxidatively modified
lipoproteins (not shown).

In the first experiment, we analyzed lesion areas in
aortic roots of Ldlr�/� and C1qa�/�/Ldlr�/� mice fed a
normal laboratory diet by standard methods and found
that aortic root lesion areas were significantly greater in
the C1qa�/�/Ldlr�/� mice (P � 0.006, data not shown).
We therefore performed a confirmatory experiment, in
which we found that C1qa�/�/Ldlr�/� mice had approx-
imately threefold larger absolute lesion areas in the
aortic root than Ldlr�/� animals (C1qa�/�/Ldlr�/�

116 � 30 � 103 �m2 versus Ldlr�/� 28.8 � 9.0 � 103

�m2; mean � SEM, P � 0.001) (Figure 1A). Further-
more, the lesion areas were also significantly in-
creased in C1qa�/�/Ldlr�/� mice when expressed as a
fraction of the aortic root (C1qa�/�/Ldlr�/� 3.72 � 1.0%
versus LDLR�/� 1.1 � 0.4%; mean � SEM, P � 0.001)
(Figure 1B).

Lesions in Ldlr�/� mice fed a high-fat diet from 10 to
22 weeks of age were approximately 10-fold greater
than those fed a normal laboratory diet, but, following a
high-fat diet, there were no differences between
C1qa�/�/Ldlr�/� (n � 10) and Ldlr�/� (n � 10) mice in
aortic root lesion area or fraction of the aortic occupied
by lesions (lesion areas, C1qa�/�/Ldlr�/� 443.34 �
190.28 � 103 �m2 versus Ldlr�/� 254.04 � 75.28 � 103

�m2; aortic root fraction, C1qa�/�/Ldlr�/� 23.71 �
7.61% versus Ldlr�/� 18.00 � 5.63%). Subsequent
analysis of lesions was therefore focused on mice fed
a normal laboratory diet.

Staining of aortic root lesions with the macrophage
marker Moma-2 highlighted cells with the features of
foamy macrophages. The area of Moma-2 immunore-
active cells was significantly greater in C1qa�/�/
Ldlr�/� mice than from Ldlr�/� controls (area fraction of
Moma-2-positive cells in C1qa�/�/Ldlr�/� 3.3 � 0.6%
versus Ldlr�/� 1.1 � 0.3%; mean � SEM, P � 0.01)
(Figure 2A). Whereas the cells in lesions of Ldlr�/�

mice consisted exclusively of macrophages, lesions in
C1qa�/�/Ldlr�/� mice had �12% of cells negative for
Moma-2 (Figure 2, B and D) and positive for smooth
muscle cell �-actin (Figure 2, C and D). We failed to
detect B or T lymphocytes in lesions in either strain.
There were no significant differences between strains
in the proportion of lesions occupied by collagen, as
detected using the Picrosirius Red method, or in im-
munohistochemical staining for IgG, IgM, or C3 (not
shown).

Reactivity of anti-C5b-9 antibody, which was raised
against human material, was established by showing that
staining of aortic roots was abolished by prior absorption
with IgM-coated polystyrene beads opsonized with nor-
mal human serum but not by IgM-coated beads opso-
nized with C3-deficient serum (not shown). C5b-9 stain-
ing in aortic root lesions of Ldlr�/� mice was identified
particularly around lesional foam cells (Figure 3A). The
percentage of aortic root lesions with positive C5b-9
staining was significantly less in C1qa�/�/Ldlr�/� mice
compared with Ldlr�/� mice (2.78 versus 24.6%; P �
0.0001) (Figure 3, B and C).

To quantify apoptotic cells, we performed immunohis-
tochemical staining with an antibody against cleaved
caspase-3. Lesions in C1qa�/�/Ldlr�/� mice contained

Figure 3. Deposition of C5b-9 in the aortic root. Photomicrograph of cryo-
sections of aortic roots of (A) Ldlr�/� and (B) C1qa�/�/Ldlr�/� mice stained
with anti-C5b-9. C5b-9 deposition was seen diffusely around lesional foam
cells; (C) shows a quantitative comparison between anti-C5b-9 staining of
aortic roots of Ldlr�/� and C1qa�/�/Ldlr�/� mice.

Classic Complement Pathway in Atherosclerosis 421
AJP January 2007, Vol. 170, No. 1



15.6 � 1.8% cells (mean � SEM) staining positively for
activated caspase-3, whereas positive cells were barely
detectable in the lesions of Ldlr�/� mice (P � 0.001)
(Figure 4A). TUNEL staining confirmed the increase in
apoptotic cells in C1qa�/�/Ldlr�/� mice (4.7 � 1.2 versus
0 � 0 mean � SEM % lesional cells) (Figure 4B). The
number of TUNEL-positive cells was less than the num-
ber of cells stained by anti-caspase-3, at least in part due
to anti-caspase-3 identifying cells at more stages of
apoptosis than TUNEL.30,31 It is also possible that our
careful titration of the TUNEL reaction to avoid nonspe-
cific labeling led to an underestimation of apoptotic cell
number with this technique. No cells outside lesions
stained positively in C1qa�/�/Ldlr�/� for cleaved
caspase-3 or by TUNEL. Double staining of lesions of
C1qa�/�/Ldlr�/� revealed the apoptotic cells to be mac-
rophages (ie, Moma-2-positive and �-actin-negative)
(Figure 5). The presence of apoptotic cells in aortic root

lesions of C1qa�/�/Ldlr�/� was confirmed by electron
microscopy (Figure 6).

Discussion

In this study, we have explored the role of the classic
complement pathway in atherosclerosis using C1q-defi-
cient mice. We found that lesions in C1qa�/�/Ldlr�/�

mice at 22 weeks of age were approximately threefold
larger and showed evidence of apoptotic macrophages
and greater lesion complexity compared with those in
Ldlr�/� animals. There were no differences in aortic root
lesion size between C1qa�/�/Ldlr�/� and Ldlr�/� strains
when mice were fed a high-fat diet, suggesting that the
classic complement pathway may play a particular role in
limiting the size and complexity of early lesions.

Figure 4. Increased apoptotic cells in aortic root lesions of C1qa�/�/Ldlr�/� mice. Comparison of lesions in C1qa�/�/Ldlr�/� (n � 8) and Ldlr�/� (n � 19)
animals after 22 weeks: (A) percentage of plaque cells staining positively for cleaved caspase 3, (B) percentage of plaque cells staining positively by TUNEL, and
(C) photomicrographs with arrows showing the absence and presence of cells staining positively for cleaved caspase-3 in Ldlr�/� mice (left panel) and
C1qa�/�/Ldlr�/� (right panel) mice, respectively. Filled block arrows point to apoptotic cells immunopositive for cleaved capsase-3. Open arrowheads point
to the endothelial layer. L, lumen. Open block arrows point to the internal elastic lamina delimiting deep boundary of intima.
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In both humans and mice, a consequence of C1q
deficiency is the development of a systemic lupus ery-
thematosus-like syndrome.23,32 However, in mice this is
dependent on genetic background, since C1qa�/� ani-
mals show no evidence of autoimmunity after backcross-
ing onto C57BL/6.33 The mice in our study failed to de-
velop proteinuria, glomerulonephritis, or anti-ssDNA and
did not have altered titers of antibodies to oxidized li-
poproteins, suggesting that our results were not related
to the development of autoimmunity. Furthermore, we
have also observed that C1qa�/� single knockout mice
fail to develop autoimmunity when fed a high cholesterol/
fat diet for 36 weeks (data not shown), indicating that
elevated serum lipids are not sufficient to unmask auto-
immunity in C1q-deficient mice in the absence of a sus-
ceptible genetic background. Likewise, we did not detect
aortic root lesions in these C1qa�/� single knockout mice
fed a high cholesterol/fat diet.

The greater aortic root lesion size in C1qa�/�/Ldlr�/�

mice occurred despite a significant reduction in C5b-9
deposition per lesion unit area, suggesting the critical
importance of proximal pathway activity. A direct relation
between C1q deficiency, failure to clear apoptotic
cells, and increased lesion development is supported
by the readily detectable presence of apoptotic cells in
C1qa�/�/Ldlr�/� mice but not in Ldlr�/� mice. The lack of
detectable apoptotic cells in early lesions of Ldlr�/� sin-
gle knockout has previously been reported.34 We also
found that C1qa�/�/Ldlr�/� mice fed a normal laboratory
diet up to 22 weeks have significantly more caspase-3-
positive cells in aortic root lesions than Ldlr �/� mice fed
a high-fat diet from weeks 10 to 22, despite having le-
sions �2.5-fold smaller (not shown). This therefore sug-
gests that the increase in apoptotic cells in C1qa�/�/
Ldlr�/� mice is not just related to lesion size. Because
C1q deficiency is known to impair apoptotic cell clear-
ance in other in vivo settings,20,23 our data are consistent
with a model in which apoptosis occurs in early lesions
but is not normally detected because of highly efficient
removal mechanisms. A proposed link between failure to
clear apoptotic cells and accelerated lesion development
has also recently been suggested in mice deficient in
leukocyte transglutaminase 2.35 Further work will be di-
rected at determining the nature and roles in C1qa�/�/
Ldlr�/� mice of proinflammatory factors released or sur-
face expressed on apoptotic cells, such as biologically
active phospholipids.36 Moreover, reduced apoptotic cell
clearance may critically lower the release by macro-
phages of anti-inflammatory factors, such as transform-
ing growth factor � (TGF�), known to be expressed fol-
lowing apoptotic cell uptake.37

Figure 5. Double staining of apoptotic cells assessed by confocal micros-
copy. A: Low-power composite of cleaved caspase-3 (Alexa488, green),
Moma-2 (Alexa 568, red), and TOPRO-3 nuclear dye (purple, pseudocol-
ored; far red, original); (B) single channels of boxed area in A, with com-
posite at bottom right. White arrows show cells triple-positive for TOPRO-3,
Moma-2, and cleaved caspase-3; (C) equivalent of B in parallel section
stained with Moma-2 (Alex 568, red) and TUNEL (FITC, green), with com-
posite at bottom right. White arrows show cells triple-positive for TOPRO-3,
TUNEL, and Moma-2. No such colocalization was seen on actin double
staining (not shown, the resolution was less because the actin-positive cells
were distant from the cleaved caspase-3-positive cells).
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Our detection of C5b-9 in aortic root lesions of Ldlr�/�

provides the first direct evidence for terminal comple-
ment pathway activation in a mouse atherosclerosis
model and is consistent with studies in rabbit and human
atherosclerosis.38–41 C5b-9 deposition was significantly
reduced in C1qa�/�/Ldlr�/� mice, consistent with a major
role of the classic pathway in driving C5b-9 generation.
However, the presence of C5b-9 in the absence of apo-
ptotic cells in Ldlr�/� mice shows that efficient disposal of
apoptotic cells does not prevent C5b-9 formation. Fur-
thermore, C5b-9 deposition was not completely abol-
ished in the absence of C1q, suggesting involvement of
the alternative and/or mannose-binding lectin pathways.
In hyperlipidemic rabbits, C5b-9 deposition occurs at an
early stage of atherogenesis in conjunction with choles-
terol accumulation and, judging from protection in C6-
deficient rabbit, seems to accelerate lesion forma-
tion.40,42,43 Although C5b-9 is clearly generated in
Ldlr�/� mice, it is important to note that fluid phase and
cell surface inhibitors may act to reduce the amount of
terminal pathway activation in relation to proximal path-
way activity. Cell surface inhibitory factors, such as de-
cay accelerating factor (CD55), CD59, and, in mice, com-
plement receptor 1 (CR1)-related gene y (Crry) may be
particularly important, because access of plasma inhibi-
tors to the subendothelial space may be limited.44 Pre-
liminary observations in our group support this view,
since we have found that aortic root lesions are signifi-
cantly greater in Ldlr�/� mice deficient in CD59 (S. Yun,
V. Leung, M. Botto, D. Haskard, J. Boyle, manuscript in
preparation).

Our data should be viewed alongside previous studies
on atherosclerosis in complement-deficient mice, al-
though direct comparisons are not possible because of
significant methodological differences. In particular, we
have focused on early lesion development in mice fed a
normal rodent diet. C3-deficient Ldlr�/� mice fed a high-
cholesterol diet have been shown to have increased aor-
tic lipid deposition after 15 weeks, with lesions containing
more macrophages but fewer vascular smooth muscle
cells.45 A further study has reported an increase in aortic
lesion area in Ldlr�/�/ApoE�/� double knockout mice
deficient in C3, but it should be noted that these mice had
a more atherogenic lipid profile.46 In the same study,
impairment of the alternative pathway because of factor B
deficiency had no influence on lesion development.46

Last, Patel and colleagues found no effect of reduced
downstream complement activity because of C5 defi-
ciency in ApoE�/� mice.47 A role for the MBL pathway in
mouse atherosclerosis remains possible, given the in-

Figure 6. Apoptotic cells in EM aortic root lesions of C1qa�/�/Ldlr�/� mice.
A: Low magnification for orientation. L, lumen. White arrowhead points to
endothelial layer. Fine arrows point to apoptotic cells, identified by char-
acteristic electron dense peripheral chromatin condensation. B and C are
higher magnifications. Gray-filled block arrows marked with F, foam
cell(s). In B, the white block arrow points to a shrunken cell with charac-
teristic electron dense peripheral chromatin condensation and cytoplasmic
collapse, characteristic of apoptosis; in C, the white block arrow points to
an early apoptotic cell with early electron dense peripheral chromatin con-
densation and characteristic blebbing, containing electron dense material (Bl,
white script within filled black block arrow). Gray-filled block arrow
with F, foam cell.
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volvement of MBL in apoptotic cell clearance22,48 and
also the suggested link between MBL deficiency and
atherosclerosis in humans.49 In summary, our investiga-
tion shows for the first time that the classic pathway of
complement activation is involved in atherosclerosis, with
C1q providing a protective function, possibly by acceler-
ating the clearance of apoptotic cells.
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