






















as well as active inflammatory and regression stages [10,21,
38].

RPE cells were used since they represent the most
common cellular component of CNV lesions and have been
shown to play a pivotal role in intraocular inflammation and
ocular wound healing such as CNV formation [9,15,16,18,
38,51–53]. Once stimulated, RPE cells transdifferentiate into
a wound-healing phenotype, releasing pro-inflammatory and
angiogenic cytokines (i.e., VEGF, MCP-1, MMP-2, and
MMP-9) in a time-dependent fashion as demonstrated in our
model and previous models [21,33,51,52,54]. In addition,
RPE cells have been shown to synthesize different proteins
and receptors of the complement system that are involved in
CNV formation [16–18]. Microbeads on the other hand are
biologically inert, nondegradable vehicles designed for
immunomagnetic cell separation and protein purification.

Like microspheres and sepharose beads, they can be labeled
with antibodies and small molecules (i.e., growth factors,
cytokines) with subsequent delivery to different ocular
compartments [23,31,55].

In comparison, combined injections of RPE cells and
microbeads were most efficient in inducing CNV lesions.
Differences in CNV extension of eyes injected with RPE cells
only and those which received RPE cells and microbeads
might in part be explained by prolonged and increased
cytokine expression secondary to microbead-induced RPE
cell separation [56,57]. RPE cell culture models have shown
that regenerative mechanisms, such as proliferation and
transdifferentiation, of RPE cells are facilitated by close cell-
cell interactions and inversely correlated to cell contact
inhibition [56,58]. Morphologic and ultrastructural evaluation
of the induced CNV lesions showed no differences among the

Figure 10. Scanning and transmission electron microscopic images of choroidal neovascularization membranes. Choroidal neovascularization
(CNV) membranes (A, arrow) were partially covered by remaining photoreceptor cells after removal of the retina. Occasional microbeads
(B, arrowheads) and doughnut-shaped erythrocytes are present at the inner CNV surface (B, arrows). CNV membranes were composed of
fibroblasts, pigmented retinal pigment epithelial (RPE) cells, and non-pigmented RPE cells; a well structured surface was missing (C, arrows).
The RPE monolayer (C, arrowheads) and photoreceptor outer segments (asterisks) next to the CNV margin appeared normal. High
magnification images of the CNV lesions revealed pigment-laden RPE cells with intracytoplasmatic microbeads (black asterisks), spindle-
shaped fibroblast (arrowheads), endothelial cells (arrow), and erythrocytes (white asterisk) within small-sized blood vessels (D).
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individual groups. CNV membranes were mainly composed
of RPE cells, fibroblasts, and endothelial lined blood vessels
and displayed increased fibrosis and reduced cellularity with
aging [2,14]. The newly formed blood vessels originated from
the choriocapillaris, although a contribution of the retinal
vasculature as described in transgenic and laser-induced CNV
models could not be excluded [27,28].

To further confirm our model, we also examined the
effect of impaired macrophage trafficking (∆Ccl-2 versus
C57BL/6 mice) and aging (12-month-old versus 2-month old
C57BL/6 mice) in CNV evolution as previously performed
[49,59–62]. Similar to RPE cells, macrophages are common
CNV cell types and are able to promote CNV formation by
expressing chemotactic, angiogenic, and proteolytic
cytokines (i.e., tumor necrosis factor [TNF]-α, TGF-β, and
VEGF) [5,9,12,38,61,63,64]. Macrophage recruitment to the
site of inflammation is triggered by different chemotactic
factors, such as MCP-1 (Ccl-2), a member of the C-C
chemokine super family, which is secreted by RPE cells,
astrocytes, fibroblasts, and endothelial cells [9,65–68]. A
close interaction of MCP-1 and macrophages in CNV
formation could be confirmed in our model that showed
significantly smaller CNV lesions in Ccl-2 deficient mice
compared to age-matched C57BL/6 mice. Similar results have
been previously reported after systemic macrophage depletion
[9,38,60,68,69]. That CNV lesions were still able to develop
in MCP-1 knockout mice might be explained by co-
expression of other monocytes attractant chemokines such as
macrophage inflammatory protein-1α and −1β and RANTES
(regulated on activation, normal T expressed and secreted)
[41,62,70,71]. Resident macrophages and inflammatory cells
such as neutrophils, lymphocytes, and natural killer cells, also
demonstrate angiogenic capacity and thereby partially
contribute to CNV formation [61,65,68,72].

Compared to Ccl-2-deficient mice, we also found smaller
lesions in 12-month-old wild-type (C57BL/6) mice. In
contrast to 2-month-old C57BL/6 mice, lesions were
significantly smaller in thickness, revealing impaired
angiogenesis and neovascularization in older animals [73,
74]. Our data might in part be explained by an age-related
delayed and impaired wound healing response with a reduced
expression of chemokines and angiogenic factors [59,60,73–
75]. Aging animals are usually characterized by a deteriorated
immune system exemplified by an imbalance of pro-and anti-
inflammatory mediators and detrimental effects on specific
cellular components of the innate immune response [76]. In
addition, aged macrophages and endothelial cells are
functionally compromised, resulting in an impaired
phagocytotic and proliferative capacity [75,77,78].

In summary, our experimental animal model represents a
reliable and reproducible approach to initiate CNV by
subretinal injection of RPE cells in combination with
microbeads. CNV formation can easily be visualized by

fluorescein angiography, light microscopy, and electron
microscopy. Our model is applicable to various murine strains
and might be used to study the effect of novel anti-angiogenic
treatments by labeling those agents with microbeads.
Although microsurgical skills and some initial training are
required to obtain consistent results, our model appears to be
less complicated in comparison to previous models as it
eliminates the need for vitreoretinal surgery including
vitrectomy [22,30,34]. The success rate of producing CNV is
comparable to similar experimental CNV animal models [30,
31,42,44,47,79,80]. Limitations of our current study include
the small sample size and the short follow-up period. In
addition, a direct correlation to CNV formation in humans is
not possible since our mouse model is a trauma model.
Modifications (i.e., labeling of microbeads with pro-
angiogenic factors) as demonstrated in other studies might be
of interest to further improve our model and to develop longer-
lasting CNV lesions [23,31,44].
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