
The alternative pathway is required, but not alone sufficient, for
retinal pathology in mouse laser-induced choroidal
neovascularization

Bärbel Rohrer1,2,*, Beth Coughlin2, Kannan Kunchithapautham2, Qin Long2,#, Stephen
Tomlinson3, Kazue Takahashi4, and V. Michael Holers5
1 Department of Ophthalmology, Medical University of South Carolina, Charleston, SC
2 Department of Neuroscience, Medical University of South Carolina, Charleston, SC
3 Department of Immunology, Medical University of South Carolina, Charleston, SC
4 Massachusetts General Hospital for Children, Boston, MA
5 Department of Medicine, University of Colorado School of Medicine, Aurora, CO

Abstract
Human genetic studies have demonstrated that polymorphisms in different complement proteins
can increase the risk for developing AMD. There are three pathways of complement activation,
classical (CP), alternative (AP), and lectin (LP), which all activate a final common pathway.
Proteins encoded by the AMD risk genes participate in the AP (CFB), CP/LP (C2), or in the AP
and final common pathway (C3). Here we tested which pathway is essential in mouse laser-
induced CNV. CNV was analyzed using single complement pathway knockouts (i.e., eliminating
one complement pathway at a time), followed by a double knockout in which only the AP is
present, and the CP and LP are disabled, using molecular, histological and electrophysiological
outcomes. First, single-gene knockouts were analyzed and compared to wild type mice; C1q−/−

(no CP), MBL−/− (no LP), and CFB−/− (no AP). Six days after the laser-induced lesion, mice
without a functional AP had reduced CNV progression (P<0.001) and preserved ERG amplitudes,
whereas those without a functional CP or LP were indistinguishable from the wild type controls
(P>0.3). Second, AP-only mice (C1q−/− MBL−/−) were as protected from developing CNV as the
CFB−/− mice. The degree of pathology in each strain correlated with protein levels of the
angiogenic and anti-angiogenic proteins VEGF and PEDF, respectively, as well as levels of
terminal pathway activation product C5a, and C9. The analysis of complement activation
pathways in mouse laser-induced CNV allows for the following conclusions. Comparing the
single pathway knockouts with those having only a functional AP showed: (1) that AP activation
is necessary, but not alone sufficient for injury; and (2) that initial complement activation proceeds
via both the LP and CP. Thus, these data indicate an important role for the AP in the generation of
complement-dependent injury in the RPE and choroid via amplification of CP- and LP-initiated
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complement activation. Improving our understanding of the local regulation of this pathway in the
eye is essential for developing improved treatment approaches for AMD.
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neovascularization; VEGF; PEDF; mouse model

1. Introduction
Age-related macular degeneration (AMD) is a slowly progressive multifactorial disease
involving genetic abnormalities and environmental insults. It is the leading cause of
blindness for Americans over the age of sixty (Brown et al., 2005). Dry AMD is
characterized by drusen, retinal pigment epithelium (RPE) damage and photoreceptor cell
loss (Anderson et al., 2002; Chong et al., 2005; Hageman et al., 2001; Johnson et al., 2001).
In some patients, the dry form can transition to wet AMD. Wet AMD is characterized by
breakdown of RPE/Bruch’s membrane (Hageman et al., 2001), increased release of the pro-
angiogenic factor vascular endothelial growth factor (VEGF, e.g., (van Wijngaarden and
Qureshi, 2008)) and development of choroidal neovascularization (CNV, (Hageman et al.,
2001)). While mechanistic studies have shown that inflammation (Hageman et al., 2001) and
oxidative stress (Snodderly, 1995) are fundamental components of both forms of AMD,
genetic studies have demonstrated that polymorphisms in different complement proteins
each independently increase the risk for developing AMD (e.g., (Edwards et al., 2008;
Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005; Lee et al.; McKay et al.,
2009)). There are three pathways of complement activation, classical (CP), alternative (AP),
and lectin (LP), which all activate a final common pathway (Sarma and Ward, 2010). The
proteins encoded by the AMD risk genes participate in the AP (complement factor B; CFB),
CP/LP (complement C2), or in the AP and final common pathway (complement C3).
Overall, it has been hypothesized that inadequate control of complement-driven
inflammation may be a major factor in disease pathogenesis in AMD. While no effective
treatment is available for dry AMD, therapies blocking VEGF ameliorate wet AMD (e.g.,
(van Wijngaarden and Qureshi, 2008)).

The complement cascade is activated when ligands for one of three pathways engage their
respective pattern recognition molecules (Sarma and Ward, 2010). Classical pathway
activation is usually antibody-dependent and is initiated when C1q binds to an immune
complex, although other C1q ligands have been identified. The lectin pathway is activated
when mannose binding protein (MBL) or ficolins bind to conserved carbohydrate structures,
and structures on IgM have also been shown to activate the lectin pathway. The alternative
pathway is activated by spontaneous hydrolysis of C3 to C3(H2O) that binds factor B (fB),
following which cleavage of fB to Bb and Ba by factor D (fD) leads to formation of the
alternative pathway C3 convertase [C3(H2O)Bb]. The alternative pathway also provides an
amplification loop for the classical and lectin pathways when fB bound to C3b again
undergoes cleavage by fD to create the C3bBb amplification C3 convertase which is
stabilized by properdin. Thus, all pathways converge at C3 activation with the subsequent
cleavage of C5. During this process, the anaphylatoxins C3a and C5a are generated, and C5
cleavage initiates the terminal complement pathway that culminates in the formation of the
membrane attack complex (MAC). The MAC can be directly cytolytic and alternatively can
stimulate the production of proinflammatory molecules when inserted in cell membranes at
sublytic concentrations. Important for our study; since the 3 pathways require unique entry
molecules, pathway-specific mutants can be generated (C1q−/−: no CP, MBL−/−: no LP,
CFB−/−: no AP and C1q−/− MBL−/−: AP-only mice).
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The most studied animal model for wet AMD is the CNV model in rodents. In this model,
laser- induced injury is generated by argon laser photocoagulation, rupturing Bruch’s
membrane (e.g., (Nozaki et al., 2006)). This injury triggers CNV, which can be visualized
by imaging techniques (e.g., (Campa et al., 2008)). Although mouse CNV has been
investigated by a number of investigators, it is still not clear how the complement cascade is
initiated; and hence which pathways are required for pathology. The strongest argument in
support of the involvement of the AP pathway comes from both animal and human data
(e.g., (Bora et al., 2006; Rohrer et al., 2009 and Edwards et al., 2005; Gold et al., 2006;
Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005)). Conflicting evidence has
been published on the involvement of the CP. CP involvement is suggested by the human
data, as C2 polymorphisms correlate with AMD (Gold et al., 2006), and autoantibodies are
present in patients (Gu et al., 2003; Patel et al., 2005). In the mouse model, blocking C1qα
by siRNA does not appear to interfere with CNV development (Bora et al., 2006); however,
negative results using in vivo siRNA may be difficult to interpret, and should be repeated
using C1qα−/− mice. B- and T-cell infiltrations in mouse CNV appear to be minimal or
absent (Tsutsumi-Miyahara et al., 2004), and removing T-cells using antibodies does not
interfere with CNV development (Tsutsumi-Miyahara et al., 2004), suggesting that
autoantibody formation and cellular immunity do not contribute. No data are available on
LP involvement in mouse CNV. Finally, and most importantly, as no information is
published on the mechanism underlying activation of the C3 convertase in CNV, it is
unclear how the AP is initiated. Here, we use a combination of knockout strategies, to
analyze the role of complement activation pathways in CNV development.

2. Material and methods
2.1. Animals

CFB−/− (Matsumoto et al., 1997), MBL-A/C−/− (referred to as MBL−/−) (Takahashi and
Ezekowitz, 2005), C1qα−/− (referred to as C1q−/−) (Stuart et al., 2005), and C1qα−/− MBL-
A/C−/− (referred to as C1q−/− MBL−/−) mice on a C57BL/6 background were generated
from homozygous breeding pairs; C57BL/6 mice also generated from breeding pairs (Harlan
Laboratories, Indianapolis, IN) were used as controls. All animals are on a C57BL/6
background and have been backcrossed > 7 generations. Relevant serum complement
protein levels are not changed in the different knockout strains used here, eliminating the
possibility that the complement deficiency states of these animals might complicate data
interpretation (Banda et al., 2007). Mice were housed in the Medical University of South
Carolina animal care facility under a 12:12 hour light:dark cycle with access to food and
water ad libitum. All experiments were performed in accordance with the Association for
Research in Vision and Ophthalmology and were approved by the Institutional Animal Care
and Use Committee.

CNV lesions were generated as described previously (Rohrer et al., 2009). In short, 3-
month-old mice were anesthetized (xylazine and ketamine, 20 and 80 mg/kg, respectively)
and pupils dilated (2.5% phenylephrine HCl and 1% atropine sulfate). Argon laser
photocoagulation (532 nm; 100 μm spot size; 0.1 s duration; 100 mW) was used to generate
four laser spots in each eye surrounding the optic nerve, while using a handheld coverslip as
a contact lens. Bubble formation at the laser spot indicated the rupture of Bruch’s
membrane.

2.2. Assessment of CNV lesions
Relative CNV size was determined in flat-mount preparations of RPE-choroid stained with
isolectin B (which binds to terminal β-D-galactose residues on endothelial cells and
selectively labels the murine vasculature; (Nozaki et al., 2006; Rohrer et al., 2009)). In brief,
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eyes were collected and immersion-fixed in 4% paraformaldehyde (PFA) for 2 hours at 4°C
after which the anterior chamber, lens and retina were removed. The eyecups were incubated
in blocking solution (3% bovine serum albumin, 10% normal goat serum, and 0.4% Triton-
X in tris-buffered saline) for 1 hour. Isolectin B (1:100 of 1 mg/mL solution; Sigma-Aldrich,
St. Louis, MO) was applied to eyecups overnight at 4°C in blocking solution. Following
extensive washing, eyecups were flattened using four relaxing cuts, coverslipped using
Fluoromount (Southern Biotechnology Associates, Inc., Birmingham, AL), and examined by
confocal microscopy (Leica TCS SP2 AOBS, Leica Bannockburn, IL). Fluorescence
measurements, taken from 2 μm sections using confocal microscopy (40x oil lens), were
used for size determination. A Z-stack of images through the entire depth of the CNV lesion
was obtained, using the same laser intensity setting for all experiments. For each slice the
overall fluorescence was determined to obtain pixel intensity against depth, from which the
area under the curve (indirect volume measurement) was calculated (Rohrer et al., 2009).
Data are expressed as mean ±SEM per eye.

2.3. Electroretinography
ERG recordings and data analyses were performed as previously detailed (Gresh et al.,
2003; Richards et al., 2006) using the EPIC-2000 system (LKC Technologies, Inc.,
Gaithersburg, MD). Stimuli to determine overall retinal responsiveness consisted of 10 μsec
single-flashes at a fixed intensity (2.48 cd–s/m2) under scotopic conditions. Measurements
were performed prior to performing the CNV lesion (baseline ERG) and after the CNV
lesion period. Peak a-wave amplitude was measured from baseline to the initial negative-
going voltage, whereas peak b-wave amplitude was measured from the trough of the a-wave
to the peak of the positive b-wave. ERG responses were found to decline with increasing
size of the CNV lesion, affecting a- and b-waves equally (Rohrer et al., 2009).

2.4. Quantitative RT-PCR
RPE-choroid fractions were isolated from control and CNV eyes and stored at -80°C until
used. Quantitative RT-PCR analyses were performed as described in detail previously (Lohr
et al., 2006). Primers used were: β-actin, forward: 5′-AGCTGAGAGGGAAATCGTGC-3′
and reverse: 5′-ACCAGACAGCACTGTGTTG-3′; C3 forward: 5′-
GGAAACGGTGGAGAAAGC-3′ and reverse: 5′-CTCTTGACAGGAATGCCATCGG-3′;
CFH forward: 5′-TGGACTTCCTTGTGGACCTC -3′ and reverse: 5′-
CCATCAATTCCAAAGCCTGT -3′; CD55 forward: 5′-TAATGCGAGGGGAAAGTGAC
-3′ and reverse: 5′-GTGGACTGCTCCATTGTCCT -3′; CD59 forward: 5′-
CTGCTTCTGGCTGTGTTCTG -3′ and reverse: 5′-TCCTGGTCAGGAGAGCAAGT -3′;
VEGF forward: 5′-CAGGCTGCTGTAACGATGAA-3′ and reverse: 5′-
GCATTCACATCTGCTGTGCT-3′; PEDF forward: 5′-CCTCAGCATCCTTCTCCTTG -3′
and reverse: 5′-TGACATCATGGGGACTCTCA -3′. Real-time PCR analyses were
performed in triplicate in a GeneAmp® 5700 Sequence Detection System (Applied
Biosystems, Foster City, CA) using standard cycling conditions. Quantitative values were
obtained by the cycle number.

2.5. ELISA for VEGF and PEDF measurement
To measure production of VEGF and PEDF by the RPE-choroid, eyecups were solubilized
in CellLytic MT (mammalian tissue lysis/extraction reagent; Sigma) and centrifuged at
20,000g for 5 min. Microplates were coated with either the anti-mouse VEGF (Antigenix
America, Inc.) (Rohrer et al., 2009) or the anti-human PEDF capture antibody (R&D
Systems, Minneapolis, MN) (Ma et al., 2009), and 100 μL of the tissue extract was added.
The captured proteins were detected with either the same VEGF-specific antibody
conjugated to horseradish peroxidase (HRP) or a PEDF-HRP-labeled detection antibody
(R&D Systems), followed by development with a chromogenic substrate OPD (Sigma).
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Product development was assayed by measuring absorbance at 492 nm. Aliquots were
assayed in duplicate, and values compared to a VEGF/PEDF dose-response curve. The anti-
human PEDF capture antibody was verified to recognize mouse PEDF specifically on a
Western blot (data not shown).

2.6. Western blot analysis
RPE-choroid extracts were separated by electrophoresis on a 10% Bis-Tris polyacrylamide
gel (Invitrogen), and proteins were transferred to a nitrocellulose membrane. The membrane
was probed with polyclonal antibodies to C9 (generously provided by Paul Morgan,
University of Cardiff) or C3a and C5a (generously provided by Scott R. Barnum; University
of Alabama, Birmingham, AL) and antibody binding was visualized using a
chemiluminescence detection kit (Amersham Life Science). The intensity of the bands was
quantified using the Alpha Innotech Fluorchem 9900 imaging system running Alpha Ease
FC software version 3.3 (Alpha Innotech, San Leandro, CA). As a loading control, blots
were stripped and reprobed with an antibody against GAPDH (Stressgen, Ann Arbor, MI).

2.7. Statistics
For data consisting of multiple groups, one-way ANOVA followed by Fisher’s post hoc test
(P <0.05) was used; single comparisons were analyzed by t test analysis (P <0.05).

3. Results
3.1. CNV size and photoreceptor cell responses as a function of complement status

Activation of the AP and an associated inflammatory response are involved in the
development of CNV in mice and humans. Previously, we have shown that AP activation is
required for CNV development (Rohrer et al., 2009). In mice in which the AP is eliminated
(CFB−/− mice), CNV was found to be reduced by ~2/3 when compared to control mice. The
smaller lesions were associated with better-preserved retinal function. In addition, analysis
of VEGF and C3 mRNA levels by QRT-PCR showed that the large increase in message
levels produced in the RPE-choroid in control mice was almost entirely eliminated in the
CFB−/− mice. Based on these data we formulated a working hypothesis that by eliminating
complement, AP activation reduces VEGF required for CNV development. Here, we wished
to extend these experiments by asking whether AP activation is alone sufficient for CNV
development.

Using a combination of knockout strategies, we analyzed the complement activation
pathways involved in CNV development (Fig. 1, and Fig. 2A) and retina function (Fig. 2B),
following laser photocoagulation. First, single-knockouts were analyzed; C1q−/− for CP,
MBL−/− for LP, and CFB−/− for AP activation (Figs. 1, and 2A). Average CNV sizes in
control, MBL−/− and C1q−/− mice did not differ significantly from each other, whereas mice
without a functional AP (CFB−/−) were significantly protected (P <0.001). These data
reconfirmed the importance of the AP in the pathology of CNV (Bora et al., 2006;Rohrer et
al., 2009), and extended the observations using siRNA against C1q (Bora et al., 2006).
Furthermore, the data suggest that neither the CP nor the LP alone can activate complement
sufficiently to promote CNV development.

We next investigated whether the AP is sufficient for triggering C3 activation and CNV
development using double C1q−/− MBL−/− mice (Figs. 1 and 2A). Interestingly, when both
the CP and LP were eliminated, CNV development was significantly blunted when
compared to control mice (P <0.001); the degree of inhibition was indistinguishable between
mice with no AP (CFB−/−) and AP-only mice (C1q−/− MBL−/−). These data together
suggest that the AP is required, but not alone sufficient for CNV development.
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ERG recordings were assessed as described in CNV by Caicedo and coworkers (Caicedo et
al., 2005) and us (Rohrer et al., 2009). The two prominent parameters of the ERG response
are the a-wave amplitude, which is a direct reflection of the photoreceptor currents
generated by the absorption of light; and the b-wave amplitude, which is a mass potential
generated by the bipolar cells that sum photoreceptor output (reviewed by (Pugh et al.,
1998)). We have shown previously in C57BL/6 mice, that the reduction in ERG amplitude is
correlated with the extent of the lesion when the animals were analyzed at different times
after the CNV lesion (Rohrer et al., 2009). Here, we showed that control mice or CP
knockout mice exhibited significant rod photoreceptor cell impairment (the data for the LP
pathway knockout mice were unfortunately not collected), whereas rod photoreceptor cell
function was significantly improved in the no AP (CFB−/−) and the AP-only (C1q−/−

MBL −/−) mice (Fig. 2B). Thus, CNV size was found to correlate with photoreceptor cell
function in these complement knockout animals (Fig. 2A, B).

3.2. Complement status and CNV-associated changes in complement activation and VEGF
activity

We have shown previously that CNV development was associated with C3 activation at the
site of the lesion, together with an increase in local expression of VEGF and C3 mRNA
within the RPE/choroid (Rohrer et al., 2009). To gain further insight into how complement
status may be modulating angiogenesis and complement expression, we examined the local
gene expression of C3, C9 and the complement inhibitors CFH, CD55 and CD59 as well as
VEGF and the anti-angiogenic protein PEDF (Fig. 3). In addition, protein levels of C3 and
C9 together with the split product C5a as well as VEGF and PEDF were examined (Fig. 4,
5). The rationale for examining these angiogenesis and complement components is as
follows. C3 is the common C3 convertase target, and its cleavage is required for activation
of the common terminal pathway. The terminal pathway culminates with the formation of
the cytolytic membrane attack complex (MAC), of which C9 is the terminal component.
Since we find C3 deposited at the edge of the CNV lesion, we have proposed that lytic
complement activation is involved in increasing the size of the lesion (Rohrer et al., 2009).
The complement activation split-products, C3a and C5a, are activators of inflammation and
chemotaxis. Eliminating their receptors (C3aR and C5aR) has been found to reduce CNV in
mice (Nozaki et al., 2006), although only C5a levels in serum are independently associated
with AMD (Reynolds et al., 2009). Protein levels of the membrane-bound complement
inhibitors CD55 and CD59 are reduced in a cell-based model of AMD-related RPE damage,
as is activity of the soluble inhibitor CFH (Thurman et al., 2009). In addition, recombinant
membrane-targeted CD59 can interfere with CNV growth (Bora et al., 2010). Finally, the
angiogenic factor, VEGF (e.g., (Hageman et al., 2001; Nozaki et al., 2006)), as well as the
anti-angiogenic factor, PEDF (e.g., (Bhutto et al., 2006)), play important roles in the
development of CNV in mice and humans, and we have shown that VEGF production and
secretion from RPE monolayers can be triggered by sublytic MAC activation (Thurman et
al., 2009).

Here we found that in wild type control mice, C3 and VEGF mRNA levels were
significantly upregulated, confirming our previous data (Fig. 3) (Rohrer et al., 2009). In
addition, C9 levels were upregulated ~5-fold. No consistent trend could be established for
the mRNA levels of the complement inhibitors. However, mRNA levels for PEDF, the
inhibitor of VEGF, were found to be downregulated in wild type mice. In the complement-
deficient mice that showed significant reduction of CNV, characteristic differences were
observed (Fig. 3). In the no-AP (CFB−/−) mice, C3 and VEGF mRNA levels were
significantly reduced as has been reported previously (Rohrer et al., 2009), C9 levels were
returned to normal and the drop in PEDF levels was reversed. On the other hand, the AP-
only (C1q−/− MBL−/−) mice had elevated levels of C3 mRNA, but almost normal levels of
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C9, VEGF and PEDF. Again, as in the control mice, no consistent trend could be established
for the mRNA levels of the complement inhibitors in the two complement-deficient mice.

We confirmed the above changes at the protein level by ELISA and Western blotting (Figs.
4, 5). VEGF levels were found to be increased ~2.5-fold in the RPE-choroid of wild type
animals; this increase was significantly and equally blunted in both no-AP (CFB−/−) and
AP-only (C1q−/− MBL−/−) mice (P <0.05) (Fig. 4A). Likewise, while PEDF levels were
reduced by ~30% in control animals, both no-AP (CFB−/−) and AP-only (C1q−/− MBL−/−)
mice had levels of PEDF comparable to control mice (Fig. 4B). Similar changes were found
at the complement level. As with the mRNA levels, C3 protein levels (Fig. 5A) were
increased by ~2.5-fold in control mice. This increase was blunted in no-AP (CFB−/−) mice
(P <0.05), but remained elevated in AP-only (C1q−/− MBL−/−) mice (P >0.05). C3 protein
levels were mirrored by the C3 and C5 split-product levels (Fig. 5C, D). C3a and C5a levels
were elevated in control mice by ~40-50% each (P <0.05); however, no-AP (CFB−/−) mice
had baseline or below control levels of C3a and C5a, respectively, as did the AP-only
(C1q−/− MBL−/−) mice. Finally, mirroring the mRNA levels for C9, protein levels of C9 as
assessed by Western blotting (Fig. 5B) revealed that while C9 protein levels were increased
by ~2-fold in control mice (P=0.001), both no-AP (CFB−/−) mice and AP-only (C1q−/−

MBL−/−) mice had normal levels of C9 protein. This is of particular significance for the AP-
only (C1q−/− MBL−/−) mice, since the common C3 convertase was found to be elevated in
those mice; a process that, however, did not lead to an increase in C9 protein levels,
presumably preventing MAC formation.

4. Discussion
The main findings of this study are: (1) The AP is necessary for the induction of CNV,
whereas the CP and the LP, individually, have no effect; (2) AP activation is necessary, but
is not alone sufficient for injury; (3) the LP and CP are both activated and contribute to
injury since both pathways must be eliminated for protection from CNV and; (4) there is a
significant correlation between CNV lesion size and levels of VEGF, PEDF, the terminal
pathway activation product C5a, and the terminal pathway component C9.

The involvement of the complement system in mouse CNV has been well documented. The
initial experiments focused on the essential contribution of C3 and the anaphlatoxins C3a
and C5a (Nozaki et al., 2006) to CNV development, which are common components of all
complement activation pathways, but do not distinguish between the initiating events. It was
subsequently shown using siRNA against CFB, that complement activation in mouse CNV
involves the AP, whereas siRNA against C1qα (the essential component required for CP
activation) had no effect (Bora et al., 2006). However, the data using siRNA must be
interpreted with caution based on the recent report that siRNA can suppress angiogenesis
and CNV via TLR3-activation independent of the target gene (Kleinman et al., 2008). It was
subsequently shown that CD59−/− mice (CD59 is an inhibitor of MAC formation) develop
CNV significantly faster than wild type mice, and that systemic or intravitreal injections of
recombinant soluble CD59a-IgG2a fusion-protein or membrane-targeted CD59 reduced
CNV (Bora et al., 2010; Bora et al., 2007). VEGF expression was reduced in CFB siRNA-,
rsCD59a-, and C3a or C5a blocking antibody-treated mice, concomitant with a reduction in
CNV. In summary, the existing data to date suggest that mouse CNV involves the AP plus
the activation of the central C3 convertase, but that the CP may not be essential. Of the
downstream components, both the production of anaphlatoxins (Nozaki et al., 2006) and the
deposition of MAC (Bora et al., 2006), two important and not mutually exclusive
mechanisms, appear to be required for CNV. And finally, an essential downstream molecule
required for CNV is VEGF.
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The data presented here confirms that the AP is required for CNV development, but is not
alone sufficient, and suggests that neither CP nor LP activation alone are sufficient to initiate
CNV. As a side note, since MBL mediates coagulation factor-like activities (Takahashi et
al., 2010), the negative results of the MBL−/− mice also suggests that this model does not
depend on coagulation. Holers and Thurman have recently summarized the importance of
the AP pathway in tissue injuries involving immune, ischemic, or infectious insults
(Thurman and Holers, 2006). Importantly, the AP is capable of both autoactivation due to a
process called "tickover", and of serving as an amplification loop for the other two pathways
(reviewed in (Muller-Eberhard, 1988)). Tickover describes a process whereby ~1% of total
C3 per hour is spontaneously converted into C3(H2O), that is capable of binding factor B,
which triggers the AP pathway. Due to the possibility of autoactivation of the AP pathway,
we hypothesized that the AP might be sufficient to create pathology in the mouse CNV
model. However, our data revealed that the AP is not sufficient for pathology, indicating that
tickover is controlled sufficiently in the eye to prevent complement activation in CNV. Our
data differ from those generated by Banda and coworkers in the collagen antibody-induced
arthritis (CAIA) model, in which the AP alone is capable of mediating disease (Banda et al.;
Banda et al., 2007). In the CAIA model, histopathological scores in CP-only (MBL−/−

CFD−/−) and LP-only (C1q−/− CFD−/−) mice were significantly blunted, whereas AP-only
mice (C1q−/− MBL−/−) developed disease. Interestingly, while no-AP, CP-only and LP-only
mice all exhibited high levels of C3 in the joints after disease induction, C5a was only
generated in no-AP mice. It is unclear why the AP alone in the mouse CNV model is not
sufficient to deposit large enough amounts of the AP C3 convertase C3bBb on cell surfaces
to effectively activate the terminal complement cascade. One possibility is that in CNV no
ligands are present that allow for properdin-mediated AP activation. Properdin, which was
thought to act only as a positive regulator of AP complement activation, has recently been
shown to be able to initiate AP activation (see (Hourcade, 2008)) and has been shown to be
involved in AP-mediated autologous tissue injury (Kimura et al., 2010). Several
investigators have studied complement pathway requirements in a number of diseases (see
(Thurman and Holers, 2006)). While the requirement for AP mediated for pathology has
been demonstrated in all diseases investigated, the requirement for LP or CP activity has
only been shown in a limited number of disease models, such as intestinal ischemia
reperfusion injury (LP; (Hart et al., 2005)), antiphospholipid syndrome (CP; (Girardi et al.,
2003)), traumatic brain injury (CP; (Ten et al., 2005)) and cardiac ischemia reperfusion
injury (LP; (Busche et al., 2009)) However, since none of the studies that excluded the
involvement of the CP or LP pathway used double knockouts (C1q−/− MBL−/−), a redundant
activation mechanism as documented herein, in which LP and CP both contribute, may have
been overlooked. Thus, the number of diseases in which the AP is involved in amplifying
the complement cascade is probably greater than expected. Indeed, Harboe and coworkers
have shown recently that the AP contributes up to 80-90% of the activation of the terminal
pathway (for CP: (Harboe et al., 2004); for LP: (Harboe et al., 2006)).

Together, our results suggest that both the CP and LP contribute to complement activation in
the CNV model, and that pathology is dependent on AP amplification of the cascade. It is
not clear what ligands may be responsible for CP or LP activation. In this context, a number
of ligands have been identified that can engage both the CP and the LP, such as natural IgM
molecules (McMullen et al., 2006) and apoptotic cells (Stuart et al., 2005). Antiretinal IgM
autoantibodies have been identified in AMD (Cherepanoff et al., 2006), and both human
AMD (Dunaief et al., 2002) as well as CNV in the mouse model (Bora et al., 2010) are
associated with cell death in the RPE, choriocapillaris and retina. Interestingly, the majority
of the TUNEL-positive cells are located at the edge of the lesions, which is also where we
find the majority of the C3d deposition in mouse CNV (Rohrer et al., 2009). Finally, since
ficolins can substitute for MBL in activating the LP (Holmskov et al., 2003), it cannot be
excluded that an essential role for the LP could be established when both pattern-recognition
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receptors were eliminated. To test for the additional involvement of the LP pathway, the
ficolin A, ficolin B and the MASP-1 and MASP-3 knockout mice should be tested alone and
in combination with the MBL−/− mice once they become available.

Finally, a strong correlation was identified between CNV lesion size and terminal pathway
activation (C5a), the terminal complement component (C9), VEGF and PEDF. These data
further confirm that a tight balance between VEGF as a pro-angiogenic factor (van
Wijngaarden and Qureshi, 2008) and PEDF as an anti-angiogenic factor (Holekamp et al.,
2002), is required to prevent CNV not only in humans, but also in mice. In addition, the data
further suggest that complement activation results in an imbalance of anti- and pro-
angiogenic factors in neovascularization. This is in contrast to results in other angiogenesis
assays where complement inhibition was found to increase neovascularization in hypoxia-
induced retinal neovascularization and in VEGF-triggered Matrigel angiogenesis assays
(Langer et al., 2010). The difference between the two findings might be the target cells; in
CNV, the main effect of complement is to trigger VEGF-release from the RPE cells,
whereas in angiogenesis the inhibitory effect is mediated by macrophages. Finally, however,
VEGF is also required as a trophic factor for RPE (Byeon et al., 2010), choriocapillaris
(Saint-Geniez et al., 2009) and retina health (Saint-Geniez et al., 2008). Hence, it appears to
be essential to identify a strategy for the treatment of wet AMD that only interferes with the
pathological increase in VEGF, but does not reduce VEGF levels below normal levels. Here
we have shown that eliminating complement activation reduces pathology by interfering
with the pathological elevation of VEGF induced by CNV, but does not reduce VEGF below
baseline levels. Thus, together, our results suggest that a treatment strategy interfering with
AP activation, like the targeted factor-H molecule we have utilized previously (Rohrer et al.,
2009), might prove to be a viable strategy for long-term treatment in AMD.
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Figure 1. CNV development in complement-deficient mice
Laser photocoagulation of Bruch’s membrane was used to induce CNV in control (A),
MBL−/− (B), CFB−/− (no-AP) (C) and C1q−/− MBL−/− (AP-only) (D) mice. The newly-
formed blood vessels that make up the CNV were stained by isolectin–B4
immunohistochemistry and imaged by confocal microscopy, to reveal the size of the CNV
lesion 7 days after the induction of CNV. Representative images are shown. Scale bar = 50
μm.
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Figure 2. Correlation between CNV size and ERG deterioration
(A) CNV lesion sizes were determined by capturing Z-stacks of images through the entire
depth of individual CNV lesions and integrating the isolectin –B4 signal. Identical laser
intensity settings were used for all experiments to allow for relative comparisons. CNV
lesions (lesions were normalized to maximum size of C57BL/6 control mice) were
indistinguishable between control mice (C57BL/6) and the CP- (C1q−/−) and LP-knockout
(MBL−/−) mice; however CFB−/− (no-AP) and C1q−/− MBL−/− (AP-only) mice were
equally protected. (B) The effects of the laser lesions on photoreceptor cell function were
determined by electroretinography (ERG), measuring a-wave amplitudes and expressing
those values as a percentage of baseline amplitudes. Overall, the size of the lesions
correlated with the drop in the ERG amplitudes. Unfortunately, ERG analysis was not
performed on MBL−/− mice. (n=8-14 animals per group)
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Figure 3. Analysis of mRNA expression for angiogenesis and complement proteins
Quantitative RT-PCR was performed on RPE-choroid samples removed 7 days post laser
photocoagulation from control (C57BL/6), CFB−/− (no-AP) and C1q−/− MBL−/− (AP-only)
mice. Quantitative values were obtained by cycle number (Ct value), determining the
difference between the mean experimental (e.g., VEGF) and control (β-actin) ΔCt values.
With the exception of C3 mRNA expression, mRNA levels for all the angiogenesis (VEGF
and PEDF) and complement markers (C9) were normalized in CFB−/− (no-AP) and C1q−/−

MBL−/− (AP-only) mice when compared to the C57BL/6 control. No consistent trends were
obtained in the membrane-bound complement inhibitors CD55 and CD659 or the soluble
inhibitor CFH. Tissues from 3 animals per group were evaluated.
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Figure 4. Analysis of angiogenesis proteins
Quantitative ELISA assays were performed on RPE-choroid samples removed 7 days post
laser photocoagulation from control (C57BL/6), CFB−/− (no-AP) and C1q−/− MBL−/− (AP-
only) mice. Quantitative values were obtained by using a standard curve of purified mouse
protein (VEGF) or by determining the fold difference between experimental (e.g., CFB−/−

and control C57BL/6) values (PEDF). Protein levels for VEGF (A) and PEDF (B) followed
the mRNA levels; both were normalized in CFB−/− (no-AP) and C1q−/− MBL−/− (AP-only)
mice when compared to the C57BL/6 control. Tissues from 3 animals per group were
evaluated.
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Figure 5. Analysis of complement proteins expression and split product production
Western-blot analysis was performed on RPE-choroid samples removed 7 days post laser
photocoagulation from control (C57BL/6), CFB−/− (no-AP) and C1q−/− MBL−/− (AP-only)
mice. C3 (A), C9 (B), C3a (B) and C5a (D) levels were significantly elevated in CNV of
control mice (C57BL/6). Levels of all four complement markers were normalized or
dropped to levels below those seen in controls in the RPE-choroid samples derived from
CFB−/− (no-AP) or C1q−/− MBL−/− (AP-only) mice. Tissues from 3 animals per group were
evaluated, using GAPDH to normalize the values.
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