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Abstract

Background: The purpose of this study is to evaluate the effects of docosahexaenoic acid (DHA), a major omega-
3-polyunsaturated fatty acid (w-3-PUFAs), in the development of experimental choroidal neovascularization (CNV) in
rodents.

Methods: Experimental second generation Long Evans rats fed with diets of varying w-3-PUFA content designed
to produce significantly different retinal DHA levels were used in our studies. A transgenic mouse model (fat-1)
engineered to over-produce DHA was also studied. CNV was induced by rupture of Bruch’s membrane using laser
photocoagulation. At 7 days after induction, animals were euthanatized, and eyes were collected. RPE/choroid
flatmounts were labeled with isolectin 1B4 to determine CNV lesion volumes using confocal microscopy and high-
performance 3D imaging software.

Results: The median of CNV complex volumes of animals with DHA-adequate diets was lower by 63% relative to
that of animals with DHA-deficient diets. The median of CNV complex volumes in fat-1 transgenic mice was decreased
by 59% relative to that of wild type controls.

Conclusions: Dietary intake or genetic manipulation to increase the sources of DHA significantly diminished the
volume of induced CNV lesions in rodents. They suggest that consumption of w-3-PUFAs may serve to prevent CNV.
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Introduction

Neovascular Age-related Macular Degeneration (AMD) is a disease
in which choroidal blood vessels grow pathologically to invade the
retina through breaks in Bruch’s membrane, thus causing irreparable
blindness [1]. Laser rupture of Bruch’s membrane offers a successful
means of inducing choroidal neovascularization (CNV) in rodent
models [2], and provides an excellent basis for evaluating factors that
affect the induction and progression of CNV.

The role of lipids in angiogenesis is beginning to be defined.
Omega-3-polyunsaturated fatty acids (w-3-PUFAs) have the capacity
to play roles in many processes of AMD, such as neovascularization,
inflammation, and alterations in the capillary structure and integrity
[3]. Docosahexaenoic acid (22:6n-3, DHA) is the major w-3-PUFA
of the retina, found primarily in neural and vascular cell membranes
incorporated into phospholipids [4]. The outer retina has the highest
DHA phospholipid concentrations per unit weight among tissues in our
bodies and DHA is the major fatty acid of retinal photoreceptor outer
segment membranes. Dietary intake of w-3-PUFAs can significantly
affect retinal levels of w-3-PUFAs, and levels of retinal DHA increase in
mice fed with diets enriched in w-3-PUFAs [5]. Epidemiological studies
have revealed an important inverse relationship between dietary intake
of the w-3-PUFA and risk of developing advanced AMD [6-10]. Several
in vivo and in vitro studies have demonstrated the benefit of DHA for
retinal function, photoreceptor survival and rhodopsin regeneration
[11-13]. In contrast, tissue DHA insufficiency can negatively affect
retinal signaling and is associated with alterations in retinal function
[14]. In vivo studies point to the effects of w-3-PUFAs on the vascular
retina. Connor et al. [15] have demonstrated that w-3-PUFAs, such
as DHA and its precursors, eicosapentaenoic acid (20:5n-3, EPA)

and a-linolenic acid (18:3n-3, LNA)), as well as bioactive w-3-PUFA-
derived mediators neuroprotectin D1, resolvin D1 and resolvin E1 can
attenuate pathological retinal angiogenesis in experimental animal
models. Koto et al. [16] have reported that an EPA-rich diet results
in significant suppression of CNV and CNV-related inflammatory
molecules in mice and in cultured macrophages and endothelial cells.
More recently, Sheets et al. [17] demonstrated that i.p. injections of the
downstream DHA-derived mediator neuroprotectin D1 can attenuate
laser-induced CNV in mice. Although these conclusions imply the role
of w-3-PUFAs as inhibitors of angiogenesis and give them therapeutic
potential as dietary protectors against angiogenic diseases such as
AMD, the effects of DHA on CNV are as of yet unknown.

The purpose of this study is to evaluate the effect of DHA on
choroidal neovessel volume using an experimental model for CNV
and a quantification protocol developed in our laboratory [18]. We
compared rats fed with a DHA-adequate diet to those with a DHA-
deficient diet designed specifically to produce significant differences
in retinal DHA levels. We also used transgenic mice engineered to
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carry a fat-1 gene from C. elegans, which results in a physiological
overproduction of DHA [19]. We report evidence for attenuation of
CNV by increasing DHA sources via dietary intake or genetic means.

Materials and Methods
Animals

Time pregnant, Long Evans rats were obtained commercially
(Charles River, Portage, IL) at gestational day 3 and maintained at the
NIAAA animal facility. They were divided into two dietary groups and
fed either an w-3 adequate or w-3 deficient diet throughout pregnancy
and lactation as previously described [20]. Pups were maintained on
the same diets as their dams. Transgenic mice engineered to carry a fat-
1 gene from C. elegans, which results in a physiological over-expression
of long chain w-3 PUFAs [19] and were housed and fed at the NEI
animal facility. All animal procedures were approved by the NIAAA or
NEI Animal Care and Use Committees.

Diets

Long Evans rats were subjected to very low levels of w-3 fatty
acids through two generations, and a separate group of animals
was maintained on an w-3 adequate diet of the same composition
as described previously [5]. Rats were made w-3 deficient using a
safflower oilbased diet and their offspring (F2 generation) were weaned
to the same diet at 3 weeks of age. To provide for the low w-3 fatty
acid content, the basal fat ingredients used for the w-3 deficient diet
were hydrogenated coconut and safflower oils (see Table 1 in [5]). In
the w-3 adequate diet, a small amount of flaxseed oil and DHASCO
(42% * 1% of fatty acids as DHA) (Martek Biosciences, Columbia, MD)
were added to supply LNA and DHA, respectively. The content of the
key fatty acid variables of the two diets, LNA and DHA, were 0.04%
and non-detectable in the w-3 deficient diet, but were 2.6% and 1.3%
of total fatty acids, respectively, in the w-3 adequate diet [5]. Diet and
water were provided ad libitum.

Laser-induced CNV technique

Laser treatment was performed on each retina to induce CNV,
as described before [18]. Control and experimental animals were
anesthetized, and a 532-nm laser was used to rupture Bruch’s
membrane. Using a contact fundus laser lens, four laser spots of 50 uM
in diameter were applied to each fundus surrounding the optic nerve
with a ND: YAG 532 nm laser (Alcon, Fort Worth, TX). Laser exposure
time was 0.1 seconds, with a power between 80 and 90mW. Bubble
was used to confirm breakage of Bruch’s membrane. Animals were
maintained on the same diets as before laser treatment for 7 days after
laser injury and then were euthanized and the eyes were removed and
fixed. In rats, eyes were removed with the nictitans membrane attached
for orientation. In mice, a corneal cut was made on the nasal side of the
eye for the same purpose.

Choroidal-RPE flatmounts,
neovessel volume quantification

grid-confocal microscopy,

Specimens were flat mounted, imaged, and quantified using a
method previously described [18]. Specific markers were used to stain
the nuclei (DAPI), endothelial cells (Isolectin-IB4) and RPE cells
actin cytoskeleton (Phalloidin). A grid-confocal (Improvision Inc.)
mounted on an inverted microscope (Nikon TE2000-U) was used
to collect z-series using a 40X oil-immersion objective. Images with
bubble formation were collected sequentially for DAPI, Phalloidin,
and Isolectin-1B4 Alexa Fluor conjugated fluorescent dyes. DAPI (blue

signal) was detected at a 358-461 nm wavelength, Alexa Fluor 488 (500-
550 nm) detected phalloidin in green, and the Alexa Fluor 568 (580-675
nm) signal for Isolectin-IB4 was detected in red. Multiplane Z-series
images were collected with a confocal microscope and were exported
to an image-analysis program (Volocity, Improvision, Perking Elmer).
An image sequence was generated from the original Z-series and three-
dimensional reconstructions of the lesions were generated. By turning
off the channels representing nuclei and RPE cells, the red channel
representing neovessels and microglia was isolated. Images were
cropped to exclude microglia, and the volume of the blood vessels was
quantified three times per laser spot and expressed in cubic microns.

For the comparison of the adequate and deficient DHA diets we
used repeated measures linear regression. This takes into account the
correlation among the repeated measures per mouse. The log of the
volume was used to normalize the distribution of the volume. We used
the MIXED procedure of the SAS Software, version 9.2 (SAS Institute
Inc, Cary, NC). For the comparison of the wild type versus fat-1 mice
the Wilcoxon rank-sum test was used in SAS.

Results
DHA-deficient diets and CNV

It has been previously shown that the retinal DHA level can be
regulated by w-3 fatty acid modulation of the diet [5] and that increasing
the sources of dietary w-3 fatty acids reduces experimental pathological
retinal angiogenesis [15]. Thus, we undertook to further evaluate the
effects of DHA in experimental choroidal angiogenesis in the second
generation of rats fed with diets designed to yield significant differences
in retinal DHA content [5]. Second generation rats were fed with w-3
deficient and w-3 adequate diets. Moriguchi et al. [5] have shown that
while the mean body and brain weights of the animals raised on the
two diets are not significantly different by 7 weeks of age, the w-3
deficient diet is very effective in inducing w-3 fatty acid deficiency in
retina (retinal DHA level decreases from 32% of total fatty acids in the
w-3 adequate group to 5.4% in the w-3-deficient group, i.e., an 83%
decrease). Then CNV was induced by rupture of Bruch’s membrane
using laser photocoagulation in eyes of rats at 8 weeks of age for the two
groups. At seven days after CNV induction, choroidal neo vessels were
labeled and CNV complex volumes were quantified using a cellular
imaging software from three dimensional reconstructed immune
fluorescent images. The volume of CNV was measured to evaluate and
compare the effects of dietary intake of w-3 PUFA on the development
of CNV. Figure 1A shows CNV complexes labeled with Alexa568-
conjugated-isolectin IB4, which was used to label newly formed vessels
(red). Quantification of CNV complexes from w-3 deficient and w-3
adequate rats is summarized in Figure 1B. w-3 deficient fed rats had a
median CNV complex volume of 18,399 um3 (log(volume) = 9.8). The
CNV complex volumes were significantly lower in w-3-adequate fed
rats with a median volume of 6761 um?® (log (vol) = 8.8). The difference
in log volumes indicates that the deficient diet resulted in a higher log
(volume) of 0.86 over that of the adequate diet. The difference was
statistically significant with a p=0.0003. A 95% confidence limit for the
0.86 estimate is (0.42, 1.30). This indicates that lesions in animals on
-3 adequate diets were 63% smaller in median volume than those on
-3 deficient diets. The results show that DHA deficient diets increased
vulnerability to pathological choroidal angiogenesis in rats.

CNV in a genetic animal model that elevates DHA levels

We further tested the effects of increasing the retinal DHA levels by
genetic means on development of experimental CNV in mice. We used
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Figure 1: Neovessel volumes from rats fed w-3-PUFA deficient and adequate
diets. (A) Representative red channel projections (neovessels) from animals
with DHA deficient and DHA adequate diets. Bottom right depicts lesion
volumes. (B) Box and whisker representation: Neovessel volumes from DHA-
deficient and DHA-adequate diets; n = number of lesions; lesions came from
4 animals (deficient), and from 5 animals (adequate). Adequate diets yielded
lesions with a median volume 63% smaller than those of deficient diets. Each
point represents the mean value of a triplicate measurement. Dotted horizontal
lines represent median values of neovessel volume for rats with DHA deficient
and DHA adequate diets.

a genetic model in which overexpression of the C. elegans fat-1 gene in
transgenic mice converts w-6 PUFA to w-3 PUFA, resulting in elevated
tissue levels of w-3 PUFA [19] and, in particular, it was reported that
retina DHA content was 28% in fat-1 mice and 18% in wild type
mice [15]. Figure 2A shows CNV complexes labeled with Alexa568-
conjugated-isolectin IB4 of wild type and fat-1 mice. Quantification of
CNV complexes from wild type and fat-1 mice in Figure 2B revealed
that wild type mice had a median CNV complex volume of 41,560 pm?
and fat-1 mice decreased significantly with a median volume of 17,098
um’ (P < 0.0001). This indicates that an increase of DHA in the retina
by genetic means yielded lesions of median volume values 59% smaller
in volume than those of control (wild type). The results demonstrate
that elevating the DHA levels in mice can increase protection to
pathological choroidal angiogenesis.

Discussion

Previous epidemiological studies have shown inverse relations
between w-3 PUFAs intake and incidence in developing neovascular
AMD [6]. The present study shows the association between the vascular
area of the choroid induced by rupturing the Bruch’s membrane with
laser energy in rats or mice and DHA levels modulated by dietary or
genetic means, respectively. Both sets of experiments, i.e., using DHA
adequate/DHA deficient diets and fat-1 transgenic/wild type mice,
were designed to produce animals that differ significantly in their
retinal levels of DHA relative to their controls as described before

[5,15,19]. A clear relation between attenuation of CNV and DHA
levels was observed. The conclusions indicate that while a decrease
in rat retinal DHA levels is permissive to pathological choroidal
angiogenesis, elevating the DHA levels in mice increases protection to
pathological CNV. In addition, they support the idea that DHA may
play an important role in modulating processes implicated in protecting
against CNV development and in turn, the pathogenesis of AMD, and
that while deficiency of DHA intake is detrimental, supplementing
DHA intake may be of benefit in preventing AMD.

The few outlying points in Figure 1 and Figure 2 raise some
concerns about variables that would compromise the ability of elevated
DHA from preventing experimental CNV in a small number of cases,
even though the entire sample size shows a significant reduction in
CNV with elevated DHA. It is clear that variability occurs among
experimental CNV lesion volumes [15,36,37]. In a previous article, we
described variability in the extent of the neovascular response to laser
treatments among lesions in the same animal and among animals [15],
and noted that similar variability has been reported in patients with
CNV [38]. It has been suggested that the differences in background

A. )
Wild type fat-1
B.
120000 - — B=00000
__100000 1 .
€
= 80000
o) $ *
S
= *
g 60000
> *
& 40000 1 2 N S
200009 4
O -
wild-type fat-1
n=15 n=77

Figure 2: Neovessel volumes from transgenic (fat-1) mice (A) Representative
red channel projections (neovessels) from wild-type and fat-1 transgenics.
Bottom right depicts lesion volumes. (B) Box and whisker representation:
Neovessel volumes from transgenic mice that overproduce DHA (fat-1 mice),
and wild type controls; n = number of lesions (17 animals for fat-1 mice and
4 animals for wild type mice). Fat-1 lesions were 59% smaller in volume than
control lesions. All samples were quantified in um3 using an image analysis
module. Each point represents the mean value of a triplicate measurement.
Dotted horizontal lines represent median values of neovessel volume for both
conditions.
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fluorescence present in lesions may affect the measurement, and that
significant variability among CNV lesion size may also be explained
by diversity in sensitivity to laser energy, differences in the focus of the
laser spot, differences in the quality of the laser beam [36]. Interestingly,
Horster et al. [37] induced CNV in mice with laser energy and found
spontaneous regression of CNV activity within 14 days after induction.
Although, the individual variability among points is a fact, the statistical
analyses show that the groups with higher DHA have lower CNV lesion
volumes than their counterparts with lower DHA.

Although we did not perform retinal fatty acid analyses, the dietary
model has been extensively characterized in this regard in past studies
[5,15,39]. A developmental study of retinal DHA loss [39] showed that
there was a reduction in DHA of 88% (at birth), 87% (day 5), 86% (day
10), 84% (day20) and 83% (day 50) in n-3 deficient animals relative to
those with adequate diets. However, at adulthood, at 91 days of age,
the retinal DHA loss had fallen to only 75% in the n-3 deficient group.
Thus there was a very constant and significant percentage loss of DHA
over the time course of the experiment in Figure 1, and this indicates
that it is likely that the level of DHA loss in the current experiment
is somewhat more than that observed in related experiments using
a similarly deficient diet and where the measurement has been
performed at adulthood. Similarly, the reported retinal DHA increases
in the genetic model fat-1 are significantly higher than those in wild
type animals [15,40].

Comparisons between the present study and previous studies on
the effects of DHA precursors and down-stream metabolites on CNV
development were performed. Koto et al. [16] reported the evaluation
of laser-induced CNV in mice fed with a diet supplemented with 5%
EPA relative to control mice fed with a diet in which linoleic acid
(18:2n-6, LA), an arachidonic acid precursor, replaced EPA. The EPA
rich diet results in suppression of CNV volume (33% decrease at 7 days
post-laser) with parallel increases in the serum and RPE-choroid EPA
levels in EPA fed mice compared to their LA-fed counterparts [16].
Since there is little or no EPA in the retina, it is likely that the EPA effect
was due either to conversion to DHA or perhaps to one of the resolvins.
In another report, Sheets et al. [17] compared laser-induced CNV in
mice receiving i.p. injections of 114 ug/kg of neuroprotectin D1 and
those with sham injections every two days after laser photocoagulation.
Neuroprotectin D1 significantly attenuated CNV volume (46% and
68% decrease at 7 and 14 days post-laser, respectively) relative to sham
injected controls. Similarly, our results with increasing DHA sources
by dietary intake or genetic means show significant CNV suppression
(63% and 59% decrease in CNV volume by 7 days post-laser relative
to controls, respectively). In summary, these studies indicate that long
chain w-3 fatty acids or their bioactive metabolites may potentially
modulate processes impacting CNV.

DHA release from phospholipids and production of its downstream
metabolites can be upregulated by several neurotrophins and growth
factors, such as pigment epithelium-derived factor (PEDF), a very
efficient modulator [21]. PEDF is a natural protein of the retina with
antiangiogenic, anti-inflamatory and neurotrophic properties. Its
levels decrease in eyes of patients with neovascular AMD and in the
retina of animals immediately after breakage of Bruch’s membrane
with laser exposure [22-26]. Its molecular mechanism of action
involves fatty acid metabolism since PEDF binds to and stimulates
PEDEFR, a phospholipase that liberates fatty acids from phospholipids
[27,28]. While in the healthy retina, the abundant DHA phospholipids
are available substrates for the PEDFR phospholipase activity, in a
DHA deficient retina there is a depletion of these substrates. Upon

PEDF upregulation, the PEDFR activity can be stimulated to produce
the necessary DHA-derived metabolites for anti-angiogenesis. In this
way, the levels of retinal PEDF and DHA can determine sensitivity to
angiogenesis inhibition and increase protection to the retina.

Several studies point to mechanisms of action of DHA as an anti-
CNV mediator (reviewed by San Giovanni et al. [29]). Some have
lead to proposals of DHA having anti-inflammatory properties, in
part based on its ability to downregulate key cytokines involved in
systemic inflammation, e.g. tumor necrosis factor-a. [15]. Studies in
vivo and in live cells have described that w-3 PUFAs suppress retinal
neovascularization via a peroxisome proliferator-activated receptor
gamma-dependent reduction of inflammatory activity and endothelial
cell activation [30]. More recently, it has been proposed that the high
affinity binding of DHA to fatty acid binding protein 7 (FABP7/BLBP)
[31] results in translocation of the protein from the cytoplasm to the
nucleus where DHA is transferred to peroxisome proliferator-activated
receptor gamma and leads to downregulation of migratory genes and
cell migration [32]. Experiments with live cells have also shown that
incorporation of DHA into membrane phospholipids can directly
affect the fluidity of plasma membranes to deplete and displace the
key signaling molecules embedded in the endothelial cell surfaces, thus
changing the responses of growth factors and cytokines needed for
angiogenesis [33-35]. Taken together, these mechanisms of action of
DHA would result in protection against choroidal neovascularization.

Given that Western diets are often low in w-3 PUFAs, and an
increase in DHA levels is found associated with reduced risk of CNV
[6,7], the present results indicate that supplementing DHA intake may
be of benefit in preventing CNV. A recent nutritional AMD treatment
phase I study reported significant blood enrichment in EPA and DHA
in a AMD population after six months of oral supplementation with
fish oil and no adverse effects were observed [41]. This study supports
the feasibility of a long-term double-masked prospective case-control
study in an AMD population in order to evaluate a potential benefit
from oral supplementation with DHA.
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