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Vascular pathologies are known to be associated with
age-related macular degeneration. Recently, age-related
macular degeneration was associated with a single-nu-
cleotide substitution of the complement factor H (CFH)
gene, part of the alternative pathway of the comple-
ment system, a critical element in the innate immune
response. Such polymorphisms are found in more than
50% of cases of age-related macular degeneration. Here
we show that the absence of CFH causes an autoimmune
response that targets the vascular endothelium of both
the inner and outer retinal vascular networks. In CFH-
knockout (cfh�/�) mice, C3 and C3b, key components
of the complement system, are progressively deposited
on retinal vessels, which subsequently become re-
stricted and wither, resulting in a reduction of retinal
blood supply. This result leads to increased oxygen
stress. While such effects are not systemic, these struc-
tural changes are mirrored in functional changes with a
substantial decline in retinal blood flow dynamics.
When the system is challenged functionally by laser-
induced choroidal neovascularization, fluorescein leak-
age was significantly smaller in cfh�/� mice compared
with controls, likely due to reduced retinal perfusion.
These data reveal that in both the presence and absence
of exogenous challenge to the innate immune system,
CFH is required to maintain normal levels of retinal
perfusion. It is likely that C3 and C3b accumulation in
the aged CFH-deficient retina is associated with comple-
ment-mediated retinal endothelium destruction. (Am J
Pathol 2009, 175:412–421; DOI: 10.2353/ajpath.2009.080927)

The association of vascular pathologies with age-related
macular degeneration (AMD) is well documented.1–5

AMD pathogenesis is principally associated with a thick-
ening and reduced flexibility of Bruch’s membrane, which

leads to a reduction in transport of metabolites and oxi-
dative damages.6–8 Age-related lipid deposits accumu-
late under the retina isolating it from its outer blood sup-
ply, resulting in geographic atrophy, which can progress
to choroidal neovascularization (CNV). The new retinal
vessels are fragile and leak, raising the risk of geographic
atrophy developing into complete blindness.

Recently, AMD has become associated with a single
nucleotide polymorphism of the complement factor-H
(CFH) gene, which forms part of the alternative pathway
(AP) of the complement system.9–19 A common single
nucleotide polymorphism in the factor H gene is linked
with a high risk of developing macular drusen and a
predisposition to AMD. CFH blocks the alternative path-
way of complement on self-surfaces bearing specific
polyanions and binds C-reactive protein, potentially con-
tributing to noninflammatory apoptotic processes. This
polymorphism is not lethal, and evolutionarily it may have
provided a selective advantage against some pathogen
given the binding function of the seventh repeat unit.

CFH is a plasma protein produced by the liver that is
an important component of the mammalian complement
system, which regulates the alternative pathway of com-
plement activation and protects the host cell from inap-
propriate complement activation. It acts as a cofactor for
complement factor I in the inactivation of the central
complement protein C3b to form iC3b. CFH also accel-
erates the decay of the C3 convertase C3bBb of the
alternative pathway, and competes with factor B for bind-
ing to C3b.20 It is a key regulator of innate immunity, and
its deficiency can lead to membranoproliferative glomer-
ulonephritis type II21 and atypical hemolytic uraemic syn-
drome,22 two serious diseases affecting the Kidney. The
association between AMD-like changes and membrano-
proliferative glomerulonephritis type II, a renal immune
disease linked with AP dysregulation, together with the
observation that cfh�/� mice spontaneously develop
membranoproliferative glomerulonephritis type II,22 led
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us to ask whether C3 deposition due to CFH deficiency
predisposes animals to impaired retinal perfusion.

In a previous study,23 the theory that AP dysregulation
due to CFH deficiency would predispose to retinopathy
was tested in mice. Aged mice lacking in CFH have also
been shown to display structural and functional retinal
abnormalities; however, it had been stated that their ret-
inal vasculature was normal.20 Here we test the more
specific hypothesis that absence of CFH principally af-
fects the endothelium of retinal vascular networks caus-
ing a constriction and withering of vessels, leading to
increased oxygen stress. We use fluorescein angiogra-
phy and high magnification confocal scanning laser oph-
thalmoscopy to visualize retinal vascular architecture and
perfusion rates in young and aged and cfh�/� and wild-
type mice. We compared these architectural patterns
with localization of C3 deposition. Further, we examine
structural differences in retinal vascular architecture be-
tween wild-type and knockout mice with their response
to laser-induced CNV and its associated leakage, link-
ing anatomical differences with functional responses to
injury.

Materials and Methods

Animals

Three-month-old and 1-year-old homozygous CFH-defi-
cient (cfh�/�) mice (backcrossed onto the C57BL/6 ge-
netic background for more than 10 generations)20,22

and age-matched normal C57BL/6 mice were housed
in a temperature-controlled environment with a 12-hour
day (160 lux)–night cycle and maintained on a normal
lab diet.

Mice were anesthetized (0.75 ml ketamine, 0.5 ml me-
detomidine hydrochloride [Domitor], 0.75 ml sterile water,
at 0.2 ml/100 g, i.p. supplemented as necessary) and
their pupils were dilated with topical 1% tropicamide and
2.5% phenylephrine hydrochloride 10 to 15 minutes be-
fore scanning laser ophthalmoscope (cSLO) imaging.
Before each image sequence, drops of hydroxypropyl
methylcellulose (0.3%) were placed on the eye to prevent
drying.

All experimental procedures complied with and were
performed under the United Kingdom Animals (Scientific

Procedures) Act 1986. Table 1 provides the number of
animals used in each of the procedures listed below.

Induction of Choroidal Neovascularization

Eyes of 1-year-old cfh�/� mice (n � 10) and age-
matched normal C57BL/6 mice (n � 10) were exposed to
laser photocoagulation for induction of experimental
CNV. Mice were anesthetized with ketamine hydrochlo-
ride (100 mg/kg body weight), and the pupils were di-
lated with 1% tropicamide. Dye laser photocoagulation
was performed using a diode-pumped, frequency dou-
bled 532 nm laser (Oculight GLx Laser System, Iridex
Corporation, Mountain View, CA) attached to a slit lamp,
and a coverslip was applied to the cornea to view and
focus on the retina. Exposure (532 nm, 200 mW during
200 ms, and 100 �m spotsize) was performed on both
eyes of each animal (n � 5 per group) by an operator
masked to its genetic identity. Three laser spots were
generated in a peripapillary distribution in a standardized
fashion, two to three disk diameters from the optic nerve.
The lesions were located at 60-degree peripapillary dis-
tributed intervals, centered on the optic nerve at around 1
mm from the optic nerve. The morphological end point
was identified as the appearance of a cavitation bubble,
a sign associated with the disruption of Bruch’s mem-
brane. Laser spots that did not result in the formation of a
bubble were excluded from the studies.

Retinal Imaging

High resolution and high contrast fluorescein angio-
graphs were acquired in vivo using a modified confocal
cSLO (Heidelberg Retina Angiograph, Heidelberg Engi-
neering, Germany) where the pinhole diameter had been
reduced to 100 �m to improve axial resolution, and the
laser power increased to improve signal-to-noise ratio.
Power at the mouse pupil was measured to be 1400 �W
at 488 nm. The mouse was fitted with a specially de-
signed plano-concave contact lens and optical power
was provided using a �50 microscopic lens with an
extra-long working distance, which improved optical re-
solving power and allowed detection of microcapillary
structures as small as 3 �m in diameter.

Table 1. Antibodies Used for Immunohistochemistry

Experiment 1-year-old cfh�/ � (n) 1-year-old controls (n) 3-month-old cfh�/� (n) Negative controls (n)

CFH–C3 section labeling 5 5 5
C3–Isolectin B4 section labeling 5 5 5
Choroidal thickness in sections 5 5 5
NADPH–C3–C3b flatmount

labeling
5 5 5

C3–C3b section labeling 5 5 5
Non-ocular C3 section labeling 4 4 4
Fluorescein angiography 6 5 4
Arteriovenous phase 6 5 4
CNV fluorescein angiography 5 5
CNV permeability assay 4 4 2

CFH, complement factor H; CNV, choroidal neovascularization.
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Fluorescein angiography images were recorded using
an emission cut-off filter with the edge of the barrier
(value of 50% transmission) at 498 nm. Image sequences
of 125 fluorescence images were captured and exported
as AVI files, and an ensemble-averaging program, written
and implemented in MatLab (Mathworks, Natick, MA),
was used to increase dynamic range and signal-to-noise
ratio.

Tomographic image stacks were recorded where the
axial plane was sequentially moved at 15-�m intervals,
vitreal-to-scleral and central-to-peripheral to visualize ret-
inal vasculature from the primary plexus through to the
outer plexus. All image sequences were captured at 8.9
Hz, 10° field-of-view, and were digitized as 8-bit, 768 �
768-pixel image files, resulting in a lateral image resolu-
tion of 1.2 �m/pixel. Axial resolution in the mouse eye was
measured to be 5 to 8 �m.

In Vivo Fluorescein Angiography

Fluorescein angiography was performed on aged CFH-
deficient mice (n � 6), age-matched controls (n � 5), and
3-month-old cfh�/� (n � 4) Following intraperitoneal in-
jection of fluorescein in an aqueous solution (0.2 ml 5%
fluorescein sodium) it appears in the retina within 5 to 10
seconds when imaged with the argon laser source of the
cSLO. Within 5 to 10 minutes of administration scattering
occurs due to leakage of fluorescein through the endo-
thelium into surrounding tissues and interstitial ocular
space.

The arteriovenous perfusion phase was determined in
al animals from video sequences (10Hz) started at time of
injection by subtracting the time it took to fill veins from
that of the arteries.

Quantification of CNV Leakage

One-year-old cfh�/� (n � 4) and age-matched controls
(n � 4) were anesthetized with ketamin/Dormitor. Choroi-
dal neovascular vessel leakage was quantitated in
1-year-old cfh�/� (n � 4) and age-matched control reti-
nae (n � 4) using fluorescein isothiocyanate (FITC)- and
rhodamine-conjugated dextran. Five retinal lesions were
made bi-laterally to induce CNV (see method for experi-
mental CNV induction above). Ten days after photocoag-
ulation the mice received intravenous injection of a com-
bination of fluorochrome-conjugated dextrans, which was
quantified using a modified protocol for measuring vas-
cular leakage.24,25

Fluorescein isothiocyanate-conjugated dextran (10
kDa, Sigma-Aldrich) and rhodamine B isothiocyanate-
conjugated dextran (40 kDa, Sigma-Aldrich, Gillingham,
Doreset) was dissolved in normal saline sonicated for 5
minutes (50 mg/ml), and filtered through a 5 �m filter.
Under deep anesthesia, 50 mg/kg body weight of re-
spective dextran-agent was injected into the tail vein and
circulated for 10 minutes. The chest cavity was opened
and the left ventricle of the heart cannulated, a blood
sample was collected immediately before perfusion, and
each mouse was perfused with PBS for 2 minutes (500

ml/kg body weight) at a physiological pressure of 60
mm/Hg to clear the remaining intravascular dextran
agent. The blood sample was centrifuged at 7000 rpm for
20 minutes at 4°C, and the supernatant was diluted at
1:1000. Immediately after perfusion, the eyes were enu-
cleated and the retinae and sclera-choroid complex were
carefully dissected and collected in separate vials. The
tissue was weighed after thorough drying. The dextran-
agents were extracted by subsequent incubation of the
tissue in 0.4 ml of water for 1 hour at 70°C, followed by
homogenization to extract dextran-agents in 0.4 ml of
water. Extracts were processed through a 30,000 mo-
lecular weight filter (Ultrafree-MC; Millipore, Bedford,
MA) at 5000 � g for 45 minutes at 4°C. The fluorescence
emission of each 200 �l supernatant was measured
(FITC-dextran: excitation, 488 nm; emission, 500 to 535
nm; rhodamine-dextran: excitation, 543 nm; emission,
590 to 700 nm), using a spectrofluorometer (FluoStar
Optima; BMG Labtech, Germany) with water as a blank.
Corrections were made by subtracting the autofluores-
cence of retinal tissue from mice without dextran-agent
injections (n � 2). The dye concentration in the extracts
was calculated from measured standard curves of FITC-
and rhodamine-dextran. For normalization, dextran fluo-
rochrome amount was divided by the retinal weight and
by the concentration of FITC-dextran in the plasma.

Histology

Following imaging experiments, rats were deeply anes-
thetized with sodium pentobarbital (200 mg/kg) and per-
fused intracardially with 0.1 M/L PBS, followed by 4%
paraformaldehyde. Eyes were removed and either pre-
pared for retinal whole mounts (see below) or post-fixed
overnight at 4°C. After washing in PBS eyes were cryo-
protected in 30% sucrose, the lens removed and frozen
in OCT (Tissue Tek) in a dry ice/acetone freezing
slurry. Cryostat sections (10 �m) were thaw-mounted
onto charged slides.

To obtain whole mounts, retinae were dissected free in
4% paraformaldehyde as follows: Four equidistant cuts
were made with microsurgical scissors and the retinae
freed from surrounding retinal pigment epithelium (RPE)/
choroid using fine forceps. Vitreous was removed by
placing circles of fiber-free paper directly onto the sur-
face of the inner retina. Whole mounts were left in 4%
paraformaldehyde for a further 10 minutes before wash-
ing off the paper (and adherent vitreous) with PBS. When
preparing individual retinae in this fashion, the largest cut
was always made dorsally (with reference to the remain-
ing superior eyelid). This orientated each specimen such
that dorsal and ventral regions were clearly distinguish-
able when mounting retinae.

Immunohistochemistry

Immunohistochemistry was undertaken on 10-�m thick
cryostat sections from eyes fixed in 4% paraformalde-
hyde. Retinal sections were blocked for 1 hour in 5%
normal donkey serum in 0.1 M/L PBS, pH 7.4 with 0.3%
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Triton X-100, and incubated overnight with primary anti-
bodies, diluted with 1% normal donkey serum in 0.1 M/L
PBS with 0.3% Triton X-100. Dilutions of each primary
antibody were as shown in Table 2. Primary antibody
exposure was followed by washing, and where required,
fluorescently conjugated appropriate secondary antibod-
ies (Santa Cruz, Biotechnology, Inc.) made up in the
same diluent as the primary and the sections were ex-
posed for 1 hour. Negative controls consisted of both an
unrelated isotype matched antibody or omission of the
primary antibody. Nuclei were subsequently stained with
4�,6-diamidino-2-phenylindole (1 �l stock solution to 5 ml
of 0.1 M/L PBS; Sigma-Aldrich) for 1 minute. Slides were
then washed several times 0.1 M/L PBS followed by
washes in Tris buffer saline (pH 7.4) and finally mounted
in Vectashield (Vector Laboratories, UK).

For NADPH-diaphorase staining, flatmounted retinae
were processed according to the modified protocol
from.26 Following the exposure to the fluorescently con-
jugated primary antibody, the sections were washed and
then incubated with medium containing 3% Triton X-100,
0.02% NADPH-tetrasodium salt (Sigma-Aldrich cat. Ref.
D-1630), and 0.04% nitroblue tetrazolium (Sigma-Aldrich)
in 0.1 M/L PBS for 90 minutes in a 37°C water bath with
agitation. The slides were washed and the nuclei
stained with 4�,6-diamidino-2-phenylindole for 1 minute
and mounted with Vectashield (Vector Laboratories).

To quantify the choroidal thickness in aged cfh�/�

retinae its thickness was measured in cryoprotected
retinal sections at a distance of around 1.0 mm from
the center of the optic nerve head. The value of each
retinal thickness was obtained from 10 measurements
from 5 sections selected in retinae from each animal
group (n � 5).

To determine whether C3 deposition was present in
other organs 1-year-old cfh�/� mice were perfused with
4% paraformaldehyde in phosphate buffer saline (pH
7.2). Eyes, kidneys, liver, brain, heart, and aorta were
removed. Vascular rich areas of the brain (around Circle
of Willis) were sectioned at 100 �m using a sledge mic-
rotome. Other organs (excluding eyes) were cryopro-
tected and sectioned at 20 to 30 �m using cryostat. The

neural retina and choroid of selected animals were sep-
arated and flat-mounted independently.

Sections were viewed and images captured on either a
laser scanning confocal microscope (Leica SP2; Leitz,
UK) at 8 bit/channel and 1024 � 1024 pixel, or an Epi-
fluorescence bright-field microscope (Olympus BX50F4,
Olympus, Japan), where data were captured as 24-bit
color images at 3840 � 3072 pixel resolution using Nikon
DXM1200 (Nikon, Tokyo, Japan) digital camera.

Statistical Analysis

Differences in the fluorescein angiograms data captured
at the primary plexus and the outer plexus in the three
groups of animals, aged cfh�/�, age-matched control,
and young cfh�/� mice, and were statistically quantified.
Venous beads in the primary plexus were defined as
local constrictions, where the calibre of the vein was
reduced by at least 40%, as compared with adjacent
sections of the vein. The beads were counted within a
750 �m radius of the optic disk and the data compiled
using a one-way analysis of variance. To avoid the influ-
ence of lens yellowing on fluorescence emission in aged
animals, the quantification of perfusion of the outer plexus
vascular bed was based on edge detection, rather than
luminance values. Capillary density in the outer plexus
was quantified using a simple edge detection analysis
where capillaries were counted at successive radial dis-
tances from the optic disk and the data presented as
number of vessels per linear unit (100 �m). One-way
analysis of variance method was used to analyze these
data sets. Paired t-tests were used to compare knockout
with age-matched wild-type populations.

For the evaluation of experimentally induced CNV, the
intensity of staining in late-phase (140 to 180 seconds
after dye injection) fluorescein angiography was graded
by two examiners in a masked fashion. Angiograms were
graded as follows: Score 0, no staining; score 1, slightly
stained; score 2, moderately stained; score 3, strongly
stained, and the score was evaluated by a Wilcoxon
signed rank test. When the two scores given for a partic-
ular lesion did not coincide, the higher score was used for
the analysis.27 All computation and analysis was per-
formed using MatLab (Mathworks Inc., MA).

Results

Aged cfh�/� retinae show an accumulation of comple-
ment C3 in their inner and outer retinal vasculature. Aged
wild-type animals possessed normal CFH levels at the
RPE/Bruch’s membrane interface, but this was absent in
both cfh�/� age groups. Complement C3 protein was not
detectable by immunohistochemistry in wild-type retinae,
but accumulated with age around Bruch’s membrane in
the CFH-deficient mice (Figure 1, A–F).

Complement C3 protein was absent from the aged
wild-type inner and outer retina but was present in mutant
animals especially those that were aged (Figure 2, A–F).
In the outer retina C3 accumulated with age around
Bruch’s membrane in cfh�/� animals (Figure 2, D–F).

Table 2. Experimental Animal Groups

Antibody Manufacturer Dilution

Anti-factor H goat
polyclonal

Calbiochem, Merck
Bioscience

1:50

Rabbit polyclonal to
complement C3

Abcam 1:10

C3b/iC3b/C3c Rat
monoclonal to mouse

Hycult
biotechnology

1:50

Rabbit polyclonal to C5 Abcam 1:10
Rabbit Polyclonal to

C5b-9 (MAC)
Abcam 1:100

Fluorescein conjugated
Rat anti-mouse F4/80

Invitrogen 1:100

Alexa Fluor 594
conjugated to isolectin

Invitrogen 1:50

Wherever possible individual animals were used in multiple
experiments and eyes harvested bilaterally. All antibodies came
from UK suppliers.
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Isolectin staining of the choroidal endothelium revealed a
significant reduction in thickness of the vascular bed in
this area in the aged cfh�/� animals compared with
younger knockout and aged wild-type mice (Figure 2).
Surprisingly, the thickness of the choroid, itself, was also
significantly reduced in the aged cfh�/� 47.2 � 2.5 �m
compared with the age-matched control 110 � 7.3 �m
and the young knockout 118 � 7.0 �m (P � 0.0001)
(Figure 3A).

In whole-mounted preparations of the choriocapillaris it
was evident that C3 staining was specific to a subset of
blood vessels. Here staining was relatively heavy, while in
adjacent vessels no staining was present (Figure 3, B
and C). There was no obvious geographic pattern in this
feature across the retina. This tendency was also present
in inner retinal vessels, although less marked. In the inner
retina it appeared around small focal lesions that were

commonly adjacent to vascular branch points in young
cfh�/� mice (Figure 4, A–D), and was deposited through-
out the entire retinal vasculature in 1-year-old cfh�/� an-
imals (Figure 4, E–F).

Sections of upper and lower abdominal aorta, kidney
afferent arteriole and glomerulus, lungs, heart and circle
of Willis in 1-year-old cfh�/� and age-matched controls
were also stained for C3 deposition and consistent C3�

was found in lower aorta adjacent to the kidney and the
kidney afferent arteriole and glomerulus in the CFH-defi-
cient mouse (data not shown).

Fragmented C3b-expression was found in aged cfh�/�

mouse along endothelial surfaces throughout the retina in
both cryostat sections and retinal flat mounts and always
colocalized with uncleaved C3, however at much re-
duced levels (Figure 5, A–C). It was present in both

Figure 1. Immunohistochemical analysis of retinal sections shows that CFH
expression is predominantly found along the Bruch’s membrane in the
wild-type mouse, while in the CFH-deficient mouse model C3 deposition
accumulates with age on the Bruch’s membrane. Shown are representative
micrographs from aged control (n � 5) (A and D), 3-month-old (n � 5) (B
and E), and 12-month-old cfh�/� (n � 5) (C and F) mice showing outer
segment (OS), retinal pigment epithelium (RPE), and Bruch’s membrane,
which is between the RPE and the choroid (CHO). (BM). Positive staining for
CFH (arrow) in control mice (A) is continuously observed along the Bruch’s
membrane but is totally absent in both age groups of cfh�/� mice (B and C).
While complement C3 deposition is absent in control mice retinae (D), in the
3-month-old cfh�/� animals, C3 is fragmentally deposited adjacent to basal
RPE (arrow in E) and in 1-year-old cfh�/� mice there is a continuous
deposition of C3 along the RPE-Bruch’s membrane-choroid interface (arrow
in F). Outer nuclear layer, ONL. Scale bar � 20 �m.

Figure 2. Deposition of C3 along endothelial surfaces in the retina increases
with age in the CFH-deficient mouse. Representative micrographs showing
immunohistochemical colocalization of C3 deposition (green) and isolectin
B4, a vascular endothelium marker (red) in retinae from 3-month-old cfh�/

�(n � 5), 12-month-old cfh�/� (n � 5), and 12-month-old wild-type control
mice (n � 5) sections. C3 deposition is absent in the inner (A) and outer (D)
retina in the aged wild-type mouse. In the 3-month-old cfh�/� mouse, C3
protein is only detected on the endothelium of the deep microcapillaries in
the inner retina outer plexus (B); it is also fragmentally deposited in the
apical choroid (E). However, in the 1-year-old cfh�/� mouse, C3 has accu-
mulated in the majority of endothelial vessel walls in the inner retina (C). It
has also accumulated along the basal side of the RPE (F)—where the
Choroidal vasculature has withered away as evidenced by the absence of
isolectin-stained endothelium from large parts of the choroid. Inner limiting
membrane, ILM; inner plexiform layer, IPL; and inner nuclear layer, INL.
Scale bar � 20 �m.
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primary and deep vascular plexuses, as well as, along
the Bruch’s membrane/choroid interface. C3b deposi-
tions were correlated with vascular constrictions in fluo-
rescein angiographs. No C3b� depositions were found in
either young CFH-deficient, or aged wild-type retinae.

Fluorescein angiography revealed marked abnormali-
ties in ageing cfh�/� vascular architecture. Fluorescein
angiography was used to map capillary networks in the
primary and outer plexus of the inner retina. Because of

time constraints imposed by its circulation and leakage,
vascular quantifications were only made within a 1-mm
radius of the optic disk. Fluorescein images showed clear
differences in vascular appearance between the control
animals and both the young and aged cfh�/� mice. In
normally aged and young cfh�/� mice, the plexuses of
retinal vessels in both the inner and outer retina was
normal (Figure 6, A–F). However, in aged cfh�/� animals
there was a significant (P � 0.001) withering and re-
duced density of the capillary network of the outer plexus
of the retinal vasculature. Further, there were a signifi-
cantly large number of local restrictions/venous beads
(P � 0.0001) apparent on larger calibre veins in the
primary plexus (Figure 6, G–J).

Histological evidence from NADPH stained retinal flat
mounts that revealed the vascular patterns supported
these results, with branch point frequency connecting the
primary with the outer plexus in the aged wild-type and
3-month-old cfh�/� mice retinae being substantially

Figure 3. Choroidal thickness at the posterior
pole was found to reduce with age in the CFH-
deficient mouse and C3 deposition increased
compared with wild-type. The choroidal thick-
ness was significantly reduced in the aged
cfh�/� mouse compared with that in the age-
matched control and the 3-month-old cfh�/�

mouse (A) (P � 0.0001). Choroidal flat mounts
revealed almost total absence of C3 deposition
in aged wild-type retinae (arrow in B), while
extensive deposition of complement C3 (green)
was observed in the aged cfh�/� (arrow in C).
Scale bar � 10 �m.

Figure 4. Representative details of vasculature from primary plexus of flat
mounted neural retina in 3-month-old (n � 3) and 1-year-old (n � 3) CFH
deficient mice and 1-year-old control animals (n � 3) show increased
deposition of C3 with age in knockout retina compared with the wild-type.
Details of vessels stained with NADPH show the extent of vascular withering
in the aged CFH-deficient retina (E) compared with those of young cfh�/�

(C) and aged control retinae (A). C3-labeling (B, D, and F) exhibited exten-
sive C3 accumulation in the aged cfh�/� (arrow in F) compared with young
knockouts (D) and aged control animals (B). The vascular bed in the
3-month-old cfh�/� mouse retina appears relatively intact, however small
ruptures at branching points (arrows in C and D) show small depositions of
complement C3. The vascular bed in 1-year-old cfh�/� mice retina has a
withered appearance (E) and around 80% of it is complement C3� (F). Scale
bar � 20 �m.

Figure 5. Vascular depositions of activated C3 (C3b) fragments are present
both in the inner retinal vasculature and along the Bruch’s membrane in the
aged CFH-deficient mouse. High-resolution fluorescein angiogram shows
venous beading in a 12-month-old cfh�/� (A). Detail of flat-mounted retina
imaged in (A) show colocalized deposition of C3 (red) and C3b (green) (B)
around vascular beading. Colocalization of inactive and active (C3b) forms of
C3 along the Bruch’s membrane in the outer retina (C).
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higher than in aged mutant animals (P � 0.025) (data not
shown).

The reduced architecture of the retinal circulation in
cfh�/� mice was reflected in functional tests of perfusion
rates. The arteriovenous phase, a measure of retinal per-
fusion showed that in mutant mice less fluorescein gets

into the retinal arteries and it takes a longer time to clear
from the retinal veins (Figure 7, A–D).

A reduction in the volume of vascular leakage was
found around laser-induced CNV in 1-year old CFH-de-
ficient mice. The area of laser-induced CNV was similar in
aged knockout and control animals. In both animal
groups one month after the procedure CNV was present,
however, the volume of the neovascularized region was
significantly larger in the aged mutants compared with
younger or control animals (P � 0.014), (data not shown).
Despite this difference, fluorescein angiography of pho-
to-lesion induced CNV in 1-year old cfh�/� and age-
matched controls revealed a significant reduction in large
bleeds in the knockout animals (P � 0.023) (Figure 8,
A–H). This presumably results from the restricted perfu-
sion in these animals.

FITC- and rhodamine B-conjugated dextran choroidal
leakage associated with experimentally induced choroi-
dal neovascularization was measured in the retina in
12-month-old CFH-knockout and age-matched control
eyes. Dextran conjugated with a fluorochrome nonco-
valently binds to plasma albumin in the blood stream and
is in case of endothelial damage extravasated into the
interstitial space. After clearance of intravascular dex-
tran-fluorochromes, the amount of extravasated dye was
extracted from the interstitial space and quantitated. Ret-
inal leakage of rhodamine B-dextran was significantly
lower (P � 0.001) in the cfh�/� eyes (7.9 � 2.5 mg/ml per
mg retinal tissue) compared with the control retinae
(40.6 � 2.1 mg/ml per mg retinal tissue). Retinal leakage
of FITC-dextran was also significantly lower (P � 0.01) in
the cfh�/� eyes (33.87 � 8.65 mg/ml per mg retinal

Figure 6. Fluorescein angiographs illustrate vascular abnormalities in the
aged CFH-deficient mouse retina compared with the age-matched control
and the 3-month-old cfh�/� retina. A–F show high-resolution cSLO images of
retinal vasculature at the level of the primary plexus (A–C) and at the level of
the outer plexus (D–F) in 12-month-old control mice (A and D) (n � 5),
3-month-old cfh/ mice (B and E) (n � 4) and 1-year-old cfh/ mice (C and F)
(n � 6). Vascular plexuses appear normal in the retina of aged control and
3-month-old cfh�/� mice. However, there is a large presence of venous
beading in the primary plexus (arrow in C) and reduced retinal perfusion in
the outer plexus in the retinae of 1-year-old cfh�/� mice. Scale bar � 100 �m.
Quantification of vascular abnormalities in these animal groups revealed
significant changes in the aged cfh�/� mouse compared with younger mu-
tants and aged control mice. Venous beads (arrowheads) from a 1-year-old
cfh�/� retina (G) in the primary plexus are defined as focal constrictions
where the venous diameter is reduced by �40%. One-way analysis of
variance analysis showed significantly larger number of venous beads in the
primary plexus of the aged cfh�/� compared with the other two groups (P �
0.0001) H: Vascular perfusion in the outer plexus was quantified using a
simple edge detection algorithm, which was applied radially at 100-�m
intervals from the optic disk (as indicated by the concentric circles) I:
Vascular density per 100 �m in the outer plexus was found to be significantly
lower in the 1-year-old cfh�/� compared with that of the 3-month-old cfh�/�

and 1-year-old control mice using one-way analysis of variance analysis (P �
0.001) (J).

Figure 7. High-frequency retinal fluorescein angiography image sequences
show an increase in the arteriovenous perfusion phase time in the 1-year-old
cfh�/� mouse compared with the age-matched control. Fluorescein angio-
grams of the arteriovenous phase at the level of the primary plexus in
6-week-old cfh�/� (A), 6-month-old cfh�/� (B), and 6-month-old wild-type
mouse retina (C) illustrate the increased delay in retinal circulation in the
aged cfh�/� mouse. This delay is quantified in (D) where the arteriovenous
phase is plotted as a function age. Arrow denotes a vein.

418 Lundh von Leithner et al
AJP July 2009, Vol. 175, No. 1



tissue) compared with the control retinae (61.81 � 14.79
mg/ml per mg retinal tissue) (Figure 8I).

While no evidence was found of complement C5 dep-
osition, abnormal levels of F4/80�, a macrophage spe-
cific marker, or expression of C5b-9 in unchallenged
aged cfh�/� retinal sections, these markers were all
present in and around lesions in experimentally induced
CNV retinae. Although the area of CNV at each lesion site
was considerably larger in the aged CFH-deficient reti-
nae compared with age-matched controls, the presence
of these markers was not substantially higher in knockout
mouse (data not shown). However, this could be due to
the 14-day interval chosen for CNV evaluation.

Discussion

The in vivo data on vascular changes in the retinae of
aged cfh�/� mice together with in situ immunohistochem-
istry show that CFH is essential for the long-term health of
the vascular endothelium in the murine retina. Thus, in the
absence of CFH, we find an accumulation of C3 and C3b
protein deposition over time in combination with vascular
anomalies. This demonstrates that CFH deficiency, in
combination with aging, is directly linked with deposition
of C3 on the vascular endothelium in the neural retina and
at the RPE-choroid interface. The relationship found in the
present study between CFH-deficiency, vascular pathol-
ogies, reduced perfusion, and uncleaved and cleaved
C3 deposition indicates the systemic importance of CFH

rather than, or in combination with, local production of
CFH, as previously suggested.20

The reduced perfusion in the outer plexus identified in
the aged CFH-deficient mouse retina can lead to leuko-
cyte trapping in retinal capillaries, which in combination
with endothelial cell hypertrophy, and basement mem-
brane thickening seem to induce increased stress be-
tween leukocytes and vascular endothelium, and even-
tually ischemia in both the inner retina and choroid.28

Such pathology has been linked to increased vascular
endothelial growth factor (VEGF) production29 that in the
context of a thickened endothelial membrane can cause
reduced retinal perfusion.30 Further, evidence of acti-
vated C3 acting as a potential promoter of retinal endo-
thelial damage and ischemia inducing mediator was
found in preliminary PCR analysis that showed a substan-
tial increase in the VEGF164/VEGF120 ratio in 1-year-old
CFH-deficient mice compared age-matched controls
(private communication M. Semo).

Endothelial cells are the primary source of angiopoetin
2, a protein that promotes angiogenesis and the forma-
tion of mature blood vessels, which is released in the
early stages after trauma and is directly correlated with
complement activation. Angiopoetin 2 acts as a blood
vessel destabilizing cytokine, which disrupts the endo-
thelial blood retinal barrier, and as a consequence pro-
motes angiogenesis.31 The vascular withering occurring
in the deep retinal capillary plexus and venular beading
of the primary plexus in CFH-deficient mice suggests a

Figure 8. Experimentally induced CNV results
in reduced leakage in the aged cfh�/� mouse
compared with the aged-matched wild-type.
Representative time-lapse fluorescein angiogra-
phy sequence in 12-month-old complement fac-
tor H-deficient and aged-matched control
mouse retinae show greater leakage over time in
lesioned wild-type retina compared with le-
sioned CFH-deficient mice retina 2 weeks after
procedure (A–F). The grading protocol used to
compare leakage in experimentally induced
CNV in 1-year-old cfh�/� with aged-matched
control mice (G). Wilcoxon signed-rank test
show significant difference in grade three bleeds
between 1-year-old cfh�/� (n � 6) and aged-
matched control mice (n � 6) (P � 0.025). H:
Graph illustrating the reduction in leakage from
experimentally induced CNV in 1-year-old
cfh�/� compared with age-matched control
mice 14 days after procedure. Rhodamine B-
dextran leakage in knockout retinae (black bars)
relative to control retinae normalized for dry
weight of the tissue, plasma concentration and
endogenous fluorescence and expressed as flu-
orochrome concentration in mg/ml per mg tis-
sue is significantly smaller (P � 0.001). FITC-
dextran leakage, similarly quantified is also
significantly inferior (P � 0.01) to that in age-
matched controls. Values are calculated as
means � SEM from n � 4 (I).
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role for the alternative complement system in regulating
perfusion in the retina, as well as other heavily vascular-
ized tissues such as those surrounding the renal afferent
arteriole and glomerulus.22,32 There may also be a pos-
sible link between it, and up-regulated C3 and VEGF�.
An additional feature of C3 and C3b depositions studied
in the retina was its selectivity, with some vessels show-
ing high levels of deposition, while others that were ad-
jacent showed no deposition of this marker.

The deficiency in complement factor H leads to unreg-
ulated activation of the alternative pathway through C3
convertase mediated cleavage. It is therefore no surprise
C3b depositions, although fragmented, were colocalized
with uncleaved C3 along endothelial surfaces throughout
the retina. However, by-products of the complement cas-
cade that would mediate or further promote vascular
leakage were absent in aged unchallenged, CFH-defi-
cient retinae. The lack of C5 and C5b depositions in
unchallenged aged cfh�/� retinae appears to indicate
the presence of an inhibitor, which either blocks activa-
tion of the terminal part of the complement cascade
through deactivation of an activation fragment, or antago-
nization of a complement receptor. C5 and C5b deposi-
tions were only found in CFH-deficient retinae within and
surrounding lesions from laser-induce CNV.

VEGF is a heparin-binding growth factor capable of
inducing angiogenesis both in vitro and in vivo. VEGF is
secreted, and its actions are largely confined to endothe-
lial cells. It may promote the up-regulation of the comple-
ment-regulatory protein decay-accelerating factor, which
is able to reduce C3 vessel binding (a possible explana-
tion for the selective C3 detection). This is considered to
be a cytoprotective effect of VEGF.33 The activation of C5
is critically dependent on an excess of activated C3.

Even without a direct immune challenge, retinal inflam-
mation and potential atrophy appears to occur with age in
the absence of CFH, starting with the appearance of
vascular abnormalities and pathologies, which suggests
that some complement-mediated retinal damage may
occur without the need for an external activation of the
complement system. It has, for instance, recently been
reported that RPE phagocytosis derivatives, directly
linked with AMD pathogenesis are sufficient to activate
the alternative complement pathway.34 Consequently,
uncontrolled C3 activation due to impairment of the alter-
native pathway appears to be linked with ischemia-type
pathologies in the retinal vasculature.

This study lends additional evidence to previous re-
ports, where it has been demonstrated that homozygous
CFH deficiency reproduces some but not all of the hall-
marks of AMD. A plausible explanation is that CFH poly-
morphisms associated with AMD have altered, as op-
posed to reduced, functions, but factors such as species
differences in the innate immune system and the ab-
sence of a macula may also prohibit the development of
a more pronounced AMD mouse phenotype. A major
difference between the CFH polymorphisms associated
with human AMD and homozygous deficiency of CFH in
the murine model is that in the latter, plasma C3 levels are
markedly reduced, while in the former, they are normal.22

Plasma C3 deficiency may critically influence the ocular

phenotype described in cfh�/� mice. For example, C3a
blockade improved vascular proliferation in a murine
choroidal neovascularization model.4

Our data demonstrate that the uncontrolled AP activa-
tion in the setting of murine CFH deficiency results in
spontaneous and age-related vascular and choroidal pa-
thologies in aged animals. This is consistent with the
hypothesis that AMD at-risk CFH polymorphisms are
likely to be associated with enhanced AP activation.
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