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Gender and Sex-Based Differences
in Retinal Disease

From cardiovascular to neurological diseases,
differences have been observed in disease occur-
rence between males and females [1-4]. These
sex-based differences are largely attributed to
hormone variation, which in females fluctuate
at various stages of life such as puberty, preg-
nancy, menstrual cycles, and menopause [3].
While we know that sex-based differences in
disease penetrance and severity exist between
females and males, there is still much we do not
understand about the factors underlying sex and
gender-based differences in disease pathogen-
esis. Our lack of understanding is largely due
to the previous practice in which clinical stud-
ies were mainly restricted to male test subjects.
By excluding pre-menopausal women from
research, it reduced the risk of harm to a fetus in
the event of pregnancy, and by excluding women
of all ages it was found to reduce experimental
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deviation brought about by hormone oscillation.
This practice also extended into basic science
research, with male animals being used primar-
ily for rodent studies. Unfortunately, excluding
women from research studies made it impos-
sible to investigate sex and gender differences
in disease progression, treatment response, phar-
macokinetics, and multiple other critical areas.
The NIH Revitalization Act of 1993 established
guidelines requiring the inclusion of women and
minorities in clinical research. Over two decades
later, the NIH has started to implement policies
requiring the use of male and female animal and
cell-based models in pre-clinical trials as well.
These new guidelines have helped to strengthen
our understanding of the role that gender and
sex-differences play in health and disease. In this
chapter, we will explore what is known about
sex-differences in ocular diseases, specifically
diseases affecting the retina and retinal pigment
epithelium (RPE). A greater understanding of sex
differences in ocular disease pathogenesis will
allow for the development of advanced therapeu-
tics for these diseases. Both gender and sex play
a role in women’s health. Gender, which refers
to social and cultural differences between men
and women, can have a large impact on women’s
ocular health. Women have been reported to
make up 60% of blindness worldwide [5], with
socioeconomical factors believed to play a role.
In many parts of the world women are less edu-
cated, and have less financial stability than males,
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resulting in impeded access to healthcare [6, 7].
As ocular trauma due to domestic abuse is more
prevalent in women, it may also be considered a
gender-based difference [8, 9]. In contrast to gen-
der differences, sex differences refer to biologi-
cal variables that are different between male and
females, such as reproductive organs, encoded
DNA, and hormones. Males and females pro-
duce different sex-specific hormones (SSH). For
women, estrogen and progesterone are produced
and released predominantly by the ovaries, while
in men, the testes are the main source of androgen
production, primarily testosterone. Testosterone
in both sexes is also secreted in small amounts
by the adrenal glands [10]. Hormone levels fluc-
tuate at different stages of the female menstrual
cycle, where estrogen levels peak during the ovu-
latory phase, and progesterone levels increase
during the luteal phase. During pregnancy, estro-
gen levels remain low, but increase dramati-
cally during the final trimester. In addition, both
estrogen and progesterone levels dramatically
decrease following menopause. These fluctua-
tions in female hormone levels have been found
to correlate with various ocular complications.
Intraocular pressure (IOP) is found to be lower
during pregnancy [11-15]. However, after meno-
pause when estrogen levels decrease, IOP levels
increase [11-16]. Differences to the cornea have
also been documented with pregnancy, resulting
in increased thickness [17, 18], steepening [19]
and reduction in cornea sensitivity [20, 21]. In
the retina, central serous chorioretinopathy [22]
and diabetic retinopathy [23-26] are associated
with pregnancy [22]. Dry age-related macular
degeneration (AMD) incident is associated with
the start of menopause at an increased age [27].
In general, females are known to have increased
risk for dry eye [28], certain forms of glaucoma
(although open-angle glaucoma has a lower
prevalence in women [29-31]), and cataracts [32,
33]. Diseases such as Leber’s Hereditary Optic
Neuropathy (LHON) and Coat’s disease, how-
ever, are more common in males [34-36]. Unlike
estrogen, which can fluctuate drastically at differ-
ent stages of a woman'’s life, testosterone levels
appear to remain fairly level in men following
puberty. Overall, testosterone production is ~20

times greater in males than in females, with
plasma clearance of testosterone being approxi-
mately twice the amount in females [37, 38].
Progesterone levels between males and females
are similar, except during the luteal phase of a
woman’s cycle, when levels rise ~3-fold. Based
on these sex-specific findings, it is no surprise
that hormone regulation can occur in the eye and
hormone receptors have been identified through-
out the eye.

Retina/RPE Function and Sex
Differences

As estrogen levels fluctuate throughout the lifes-
pan of healthy women, effects of these changes
on visual function should be examined. Eisner
and colleagues measured visual sensitivity
through a series of test-wavelengths at different
stages of the menstrual cycle [39]. This study
observed modulation of short-wavelength sensi-
tive (SWS)-cone mediated sensitivities for one
individual out of six that peaked near ovulation,
indicating that in some individuals menstrual-
related changes in retinal function may occur.
Differences in spatial acuity and contrast sen-
sitivity can be analyzed in rodents using optoki-
netic reflex (OKR) analyses [40]. Van Alphen and
colleagues determined that 4-month old female
C57BL/6J mice had no difference in absolute spa-
tial acuity [41]. Our unpublished results, observ-
ing the optomoter response to moving sine-wave
gratings (OptoMotry), confirm the observa-
tion on spatial acuity; with absolute thresholds
recorded at 100% contrast, being indistinguish-
able between 3-month old C57BL/6J males and
females (Fig. 11.1a; P = 0.2663). Interestingly in
the same study performed by van Alphen, it was
determined that 4 month old female C57BL/6J
mice had a lower OKR gain when compared to
males [41]. This finding further indicates the
importance of providing sex-matched controls
when studying animals for visual sensitivity.
Advances in optical coherence tomography
(OCT) technology allows for specific retinal
layer thickness and volume to be analyzed in
order to monitor healthy and diseased eyes. In
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Fig. 11.1 Sex-differences in C57BL/6] mice RPE
response. (a) Optomoter responses were measured for
3 month old male and female C57BL/6J mice. Spatial fre-
quency threshold at a constant speed (12 deg/s) and con-
trast (100%) was used to measure visual acuity. Here we
observed no significant difference in spatial frequency
between male and female mice (n = 6-9 mice/group;
P =0.27). (b) Optical coherence tomography (Bioptigen)
analysis indicated no significant difference between males
and females for RPE (P = 0.64), outer segments (OS;
P =0.97), inner segments (IS; P = 0.72), outer nuclear
layer (ONL; P =0.68), inner nuclear layer (INL; P = 0.42),
or whole retina (WR, P = 0.91). (¢) Prior to recording

a recent study, comparisons between males and
females demonstrated significant differences in
mean retinal layer thickness, with men having
significantly thicker retinal nerve fiber layer,
ganglion cell layer, inner plexiform layer, inner
retina, inner nuclear layer and outer plexiform
layer in the fovea, and outer plexiform layer in
the pericentral ring [42]. In contrast, women were
shown to have a greater mean thickness of the
outer nuclear layer than men [42]. This difference
appears to be specific for the human retina, as no
sex-specific differences in overall thickness have
been observed in 3-month-old C57BL/6J mice,
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fullfield ERG response, mice were dark-adapted over-
night. Mice were anesthetized using xylazine (20 mg/kg)
and ketamine (80 mg/kg) before pupils were dilated with
2.5% phenylephrine and 1% atropine. Goniovisc (Rancho
Cucamonga, CA) was dropped onto the eye to create an
electrical contact between the electrode and the cornea, as
well as keep the eyes hydrated. The UTAS E-4000 System
(LKC Technologies, Gaithersburg, MD) was used to
record c-waves in response to 4 s flashes of 100 cd s mm=.
In order to analyze response, the baseline to peak of the
c-wave was measured (n = 4 mice/8 eyes per group;
P < 0.05). Data are all expressed mean + SEM

analyzing retina structure by OCT (Bioptigen;
Fig. 11.1b).

Electroretinogram (ERG) recordings have also
demonstrated varying results between male and
females. Females have demonstrated larger ampli-
tudes than males from single flash illumination
under scotopic conditions [43—45]. In addition,
photopic multifocal electroretinogram (mfERG)
recording of neuroretinal function have dem-
onstrated shorter implicit times in females than
males subjects <50 years of age [46]. In a study
of sex differences in Sprague-Dawley rats, female
rats from 60 to 200 days old had a significant
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increase in scotopic a and b-wave response when
compared to age-matched males [47]. It has been
noted previously that estrus cycle levels reach a
maximum by day 240 in mice [48]. Therefore,
the time period of 60-200 days old may coincide
with an increase of estrogen levels for the female
rats during this period [47]. In our laboratory, we
have also found a significant difference between
male and female mice in RPE electrical response
(c-waves) using full field ERG. In this experiment
healthy 3-month old C57BL/6J mice were dark
adapted overnight before recording of c-waves in
response to 4 s flashes of 100 c¢d s mm~ using
the UTAS E-4000 System (LKC Technologies,
Gaithersburg, MD). Measurement of baseline
to peak of each c-wave illustrated a significant
increase in RPE response in female mice when
compared to age-matched males (Fig. 11.1c;
P < 0.05). This study however, did not take into
account estrous levels, which however, may addi-
tionally affect the c-wave results.

Hormone Regulation and Ocular
Health

Natural Hormones

There are three types of estrogen: estrone (El),
estradiol (E2 or 17-f-estradiol), and estriol (E3).
Estrone is produced primarily in the ovaries and
is converted from testosterone by way of estra-
diol or directly from androstenedione. In addi-
tion to the ovaries, estrone can be produced in
the placenta and in adipose tissue in men and
postmenopausal women. As the ovaries of post-
menopausal women continue to produce andro-
stenedione and testosterone, a significant amount
of estrone is produced in older women. Estriol, a
metabolite of estradiol or estrone, is only found
in significant amounts during pregnancy when it
is produced by the placenta [49]. Estradiol, the
most abundant estrogen, is needed for the devel-
opment of the female reproductive system. In
men, estradiol is produced in the testes to prevent
sperm cell apoptosis [50]. Estradiol also plays a
key role in promoting bone [51], brain [52], skin
health [53], and is important in eye health [54].

Estradiol is able to bind to estrogen receptor o
(ERa) and estrogen receptor § (ERpB). These two
types of nuclear estrogen receptors are present
throughout the human eye tissue including cor-
nea [55, 56], lens [56, 57], lacrimal gland [56],
meibonian gland [58], iris and ciliary body [56,
57] conjunctiva [56, 59], and retina [13, 57, 60].
In the retina, ERa is expressed in neuronal cells
and localized to the outer synaptic layer (outer
plexiform layer, OPL) [61]. ERp is expressed to a
lesser extent in the neuronal cells of the retina and
more predominately in the inner synaptic layer
(inner plexiform layer, IPL) [5]. Estrogen hor-
mone signaling can be activated through genomic
or non-genomic pathways. In the genomic path-
way, hormone binding to the receptor allows
for the receptor to translocate from the cytosol
into the nucleus [62]. In the nucleus, the recep-
tor forms homodimers or heterodimers before
binding to the hormone response element (HRE)
[63]. Once bound to the HRE, transcription of
the different response genes is regulated. The
non-genomic pathway varies from the genomic
pathway in that steroid activation takes place rap-
idly [64]. This pathway often involves second-
ary messenger and signal-transduction cascades,
which can alter protein kinase pathways, ion flux,
and cyclic AMP [64].

In addition to estrogen receptors, andro-
gen and progesterone receptors are also present
throughout the eye, where they too have been
found in the cornea [55, 56, 65], lens [56, 65,
66], iris [55, 56], lacrimal gland [56, 67], mei-
bomian gland [56, 65], conjunctiva [56, 65],
retina [56, 65, 66, 68], as well as the RPE [65].
The androgen receptor (AR) is also known as the
nuclear receptor subfamily 3, group C, member
4 (NR3C4). Like the estrogen receptors, the AR
is a nuclear receptor that is activated in the cyto-
plasm before being translocated into the nucleus
[69]. The AR is activated by binding of testos-
terone or dihydrotestosterone (DHT). DHT, also
known as 5a-DHT, acts as potent agonist for the
AR [70, 71], which, based on its impact on the
expression of lipid and keratin related genes, has
been suggested to potentially play a therapeutic
role in the alleviation of dry eye disease [72]. Dry
eye, which can affect both males and females,
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Table 11.1 Sex hormone receptors in the retina and RPE

Ocular
tissue Receptor Species
Retina | ER Human mRNA [56], rat
(unspecified) | mRNA and protein [163],
bovine mRNA and protein
[163]
ERa Human mRNA [57, 164]
ERp Human mRNA [164]
AR Human [56], rabbit mRNA
[56], rat mRNA [56],
mouse
PR Human mRNA [56], rabbit
mRNA [56], rat mRNA
[56]
RPE ER« Human mRNA [57, 60],
mouse cultured cells [95]
ERp Human mRNA [60]
PR Mouse cultured cells [95],
human mRNA [56]
AR Human protein [65], human
mRNA [56]

ER estrogen receptor, AR androgen receptor, PR androgen
receptor

results from dysfunction of the meibomian gland
[73, 74], a target site for androgens [75]. Finally,
androgens have also been found to play a role
in wound healing [76], stimulation of mitosis
[77] and suppression of angiogenesis [78]. Sex
Hormone receptors identified in the retina and
RPE are summarized in Table 11.1.

The protective effects of progesterone have
also been investigated for the treatment of retinal
neurodegenerative diseases, specifically retini-
tis pigmentosa [79, 80]. Norgestrel, a synthetic
progesterone has been acknowledged to provide
a protective effect against photoreceptor cell
death in both the light damage model of retinal
degeneration as well as the rd10 mouse (Pde6b
mutation) [80]. In a study by Jackson and col-
leagues, the specific progesterone receptors A
and B, progesterone receptor membrane complex
1 and 2 (PGRMCI1, PGRMC2) and membrane
progesterone receptor isoforms a, , and y have
been identified in adult mouse retina using QRT-
PCR [79]. Of note, PGRMCI1 knockdown in
661w photoreceptors or pharmacological inhibi-
tion of PGRMCT1 in rd10 retinal explants cultures
reduced the effects of Norgestrel, indicating the
importance of this receptor in retinal photore-

ceptor neuroprotection [79]. Recent studies have
suggested that in addition to activation through
the classical genomic pathway, these receptors
may also be activated through the non-genomic
pathway [81, 82].

Hormone Regulation and RPE/Retinal
Health

Dysfunction of the RPE and retina are associated
with many ocular diseases such as retinitis pig-
mentosa, diabetic retinopathy, Stargardt disease,
and age-related macular degeneration. As part of
the retina, the RPE’s basolateral membrane sits
on top of Bruch’s membrane, with the RPE’s api-
cal membrane being in contact with the photo-
receptor outer segments. The RPE plays a vital
role in maintaining retina health by forming tight
junctions with neighboring endothelial cells,
thereby constituting the outer blood-retinal bar-
rier. These tight junctions allow for the RPE to
help facilitate the fluctuation of various ions and
nutrients required by the retina. Bruch’s mem-
brane, which is an extracellular matrix (ECM)
deposited by the RPE, choroidal endothelial
cells as well as fibroblast during development
and beyond, also assists in controlling the diffu-
sion of nutrients and molecules [83-86]. When
RPE homeostasis is impaired, the structural ele-
ments of the ECM may get damaged, leading to
the accumulation of deposits under the RPE layer
[87]. More specifically, deregulation of matrix
metalloproteinases (MMP)-2, an enzyme needed
for collagen IV digestion, can lead to an increase
of collagen IV and concomitant thickening of
Bruch’s membrane [87], leading to a decrease in
fluid movement and transport of metabolites [88,
89]. Interestingly, estrogen has been found to cor-
relate with MMP activity and subretinal deposit
formation. In a study performed by Cousin’s
and colleagues, older female mice (16 month)
compared to age-matched male mice, and ovari-
cectomized middle-aged mice (9 months) com-
pared to ovary intact age-matched females had
increased sub-RPE deposits [90]. Sub-retinal
deposits formation was also increased in estro-
gen deficient mice [91]. As deposit formation
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was not decreased with the addition of hormone
replacement therapy alone, it is believed that loss
of MMP-2 activity, which participates in ECM
homeostasis [92], and dysregulation of matrix
turnover played a role [90]. Using primary RPE
cells from either ERa or ERp deficient mice, it
was identified that ER alone is able to promote
higher MMP-2 baseline activity and therefore
promote a positive regulatory effect within RPE
cells [93]. In addition to MMP-2, MMP-14, and
TIMP-2 (tissue inhibitors of metalloprotein-
ase-2) are also found to play an important role in
allowing for activation of MMP-2 and ERf in the
presence of 17p-estradiol [93].

Proliferative vitreoretinopathy (PVR), like
AMD, is affected by local inflammation in the
eye [94]. In this disease, proliferative fibrocellu-
lar tissue formed by RPE cells differentiate into
fibroblast-like cells and thereby produce extracel-
lular matrix leading to collagen contraction and
retinal detachment [95]. However, 17-estradiol
and, to a lesser extent, progesterone were found
to inhibit this collagen contraction through inhi-
bition of TGF-f2 [95]. The DNA transcription
factor NF-kB has also been associated with estro-
gen receptor signaling. Studies show that estro-
gen receptors are able to inhibit NF-xB DNA
binding, therefore suppressing interleukin 6 (IL-
6) production [96, 97], a pro-inflammatory cyto-
kine found to be elevated in the eyes of PVR [98]
as well as serum of AMD patients [99].

Supplemented Hormones

Synthetic forms of progesterone and estrogen
introduced into the body through oral contracep-
tives or hormone replacement therapy can also
affect ocular health. By decreasing the release of
follicle-stimulating hormone and thereby inhibit-
ing the surge in luteinizing hormone that results in
ovulation, synthetic progesterone taken through
contraceptive use are able to prevent pregnancy
[100]. Oral contraceptives combining both pro-
gesterone and estrogen are often prescribed in the
United States and Western Europe [101] with low

doses of estrogen used to inhibit follicular devel-
opment and stabilize the endometrium [102]. A
report published in 2014 by the Center for Disease
Control and the U.S. Department of Health and
Human Services, stated that approximately 16%
of women between the ages of 15 and 44 use oral
contraception [103]. Investigation into the role
that oral contraceptives might have on ocular
disease has revealed an increase in self-reported
glaucoma or ocular hypertension in subjects on
birth control [104]. Use of oral contraceptives has
also been documented to result in rare cases of
retinal vascular occlusion [105-107], pigmentary
retinopathy [108], and acute macular retinopa-
thy [109, 110]. While uncommon, if not treated,
retinal vein occlusion can lead to macular edema,
neovascularization, increased eye pressure, and
even blindness.

In addition to hormones used for contracep-
tion, hormone replacement therapy (HRT) taken
during menopause is also linked to eye health.
Prescribed to alleviate the symptoms of meno-
pause as the result of diminished estrogen and
progesterone levels, HRT involves synthetic
use of estrogen (estradiol) and progesterone.
Women currently using postmenopausal hor-
mones consisting of estrogen only or estrogen-
plus progesterone for a period of 3 or more
years had a significantly higher risk of early
AMD compared to women never using post-
menopausal hormones [111]; in contrast, their
risk for advanced neovascular AMD was signifi-
cantly reduced [111, 112].

The effect of synthetic hormones on ocular
health may also be classified as gender-based dif-
ferences. With primarily women receiving oral
contraceptives to prevent pregnancy or hormone
replacement therapy to treat menopause, they
are more likely to be affected by the role that
synthetic hormones play in ocular disease. In
addition, as the majority of synthetic hormones
are prescribed in the United States and Western
Europe, these gender-based differences are more
likely to occur in these geographical regions
where the use of synthetic hormones are readily
accessible and socially accepted.
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Preclinical Studies

The role of estradiol in the retina has been a sub-
ject of interest in recent years, sparking further
basic science research. Estradiol, also referred
to as 17B-estradiol or 17p-E2, is the most abun-
dant estrogen and is biosynthesized from cho-
lesterol. In the retina, cholesterol can be either
taken up from the circulation, or synthesized de
novo in the RPE [113, 114], the latter express-
ing various lipoproteins and scavenger recep-
tors [114]. Recent studies indicate that estradiol
provides a protective effect against inflammation
[97, 115]. In addition, Elliot and colleagues have
shown that female estrogen receptor  knockout
(ERBKO) mice have increased accumulation of
subretinal deposits and thickening of Bruch’s
membrane [116]. Experiments performed by our
laboratory have identified neuroprotective effects
of ERp activation. Using light-induced retinal
degeneration as a model for dry AMD, female
3-month-old Balb/C mice were exposed to con-
stant fluorescent light (~1500 lux) for 10 days
as previously described [117]. To determine the
effects of estrogen, mice received either 0.2 mg/
kg dosage of 178-E2 each day, 25 pg/kg every
2 days of the selective estrogen ERP receptor
antagonist 4-[2-Phenyl-5,7-bis(trifluoromethyl)
pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP),
a combination of both, or a vehicle control by
intraperitoneal injections. Histological analy-
ses of retina sections stained with 0.1% toluene
blue [118] revealed that animals receiving estro-
gen treatment contained significantly more pho-
toreceptors following light damage compared
to animals receiving vehicle alone (Fig. 11.2a;
P < 0.001; n = 5-10 per condition). While the
administration of PHTPP alone did not alter
the rate of photoreceptor cell death, it elimi-
nated the protective effect of estrogen when
co-administered. Better rod survival was found
to result in improved rod-photoreceptor-driven
ERG responses. Estrogen supplementation led
to improved scotopic photoreceptor function
across all three light intensities tested when com-
pared to the vehicle control group (Fig. 11.2b;

P <0.01), whereas ERG amplitudes in PHTTP—,
or estrogen + PHTTP-treated animals did not
differ from vehicle control animals (Fig. 11.2c,
d; P > 0.05). Cones on the other hand, are more
resistant to cell death induced by light damage
[119]. Nevertheless, immunohistochemical anal-
yses using an antibody against the predominant
form of mouse cone opsin (UV cone opsin) (acc
# 16186377) showed that following 10 days of
light damage significant shortening of the cone
outer segments had occurred (Fig. 11.3b, g),
whereas long cone outer segments were observed
in age-matched control mice reared under cyclic
light (Fig. 11.3a). This effect was ameliorated in
mice treated with estrogen (Fig. 11.3c, g). Again,
the protective effect of estrogen was reversed in
the presence of estrogen + PHTPP (Fig. 11.3e,
g), whereas no effect was observed with PHTPP
alone (Fig. 11.3d, g). As a secondary control,
no cone staining was present in the absence of a
primary antibody (Fig. 11.3f). Estradiol has also
been found to reduce light damage in Sprague-
Dawley rats by modulating antioxidant activ-
ity [120]. In a study by Wang and colleagues, it
was determined that female ovariectomized rats
had a reduction in superoxide dismutase (SOD)
1 and 2, glutathione peroxidase (GPx) 2 and
4, whereas male rats had an increase in GPx1,
Gpx2, GPx4, and Nrf2 following light damage
[120]. Interestingly, in both male as well as ovari-
ectomized female rats, exogenous application of
estradiol upregulated all of the antioxidant genes
[120]. These results suggest that further research
is warranted to explore the therapeutic effects of
estrogen in retinal degenerative disorders.

Autoimmune Disease and Retinal/
RPE Health

As previously mentioned, fluctuations in a
woman’s estrogen levels can have significant
effects in the eye. This is true also in relation
to autoimmune disease and the role that estro-
gen levels play in disease severity. Diagnosis
of autoimmune disease, such as systemic lupus
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Fig. 11.2 Estrogen
reduces light-induced rod
photoreceptor cell death
and function. (a) Rows of
photoreceptors were
counted in ten different
locations across the retina
from ventral to dorsal to
obtain an average row
count per retina. After

10 days of constant light,
vehicle-treated Balb/c mice
had ~4.5 rows of
photoreceptors. Animals
treated with estrogen
(17p-ED) contained an
additional ~1.5 rows

(P <0.001). While PHTPP
(ERp-antagonist) did not
increase cell death due to
light damage, it negated
the protective effect of
estrogen

(estrogen + PHTTP;

P <0.0001) (n=5-10 per
condition). (b—d)
Photoreceptor cell function
was determined using
electroretinography.
Dark-adapted scotopic
conditions were used to
measure rod function (3
light intensities using white
light; 10, 6 and 0 dB of
attenuation; max intensity
2.48 photopic cd s/m?).
Here, averaged % baseline
ERG amplitudes are
presented for the individual
animals. (b) Mice treated
daily with estrogen showed
a significant increase in
scotopic ERG amplitudes.
Similar to the results
obtained in the histological
studies, (¢) PHTPP by
itself did not lead to further
deterioration of function;
but blunted the protective
effects of estrogen when
co-administered (d)

(n = 5-10 animals per
condition)
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Fig. 11.3 Estrogen prevents light-induced UV cone
opsin loss. Retina sections were labeled with an antibody
against UV-opsin to evaluate the presence of cone outer
segments. (a) Long cone outer segments can be demon-
strated in control, cyclic light reared age-matched con-
trols. (b) Vehicle-treated animals have very short outer
segments; whereas UV cone opsin immunoreactivity lev-
els were increased in LD mice after estrogen treatment
(). ERp inhibitor (PHTTP) treatment did not alter cone
OS structure when compared to controls (d), but PHTTP

estrogen

__

PHTTP estrogen

+PHTTP

treatment coadministered with estrogen reversed the pro-
tective effect of estrogen alone (e). No primary antibody
was used as a control (f). (g) UV opsin protein levels were
quantified from binarized and thresholded images normal-
ized to a fixed size using Image J software. Estrogen treat-
ment significantly elevated UV opsin level in light
damaged mice (P < 0.01), an effect that reversed by co-
administration with PHTTP (P < 0.01). No difference was
observed between vehicle control, PHTPP and PHTPP
and estrogen co-treated groups
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erythematosus (SLE), scleroderma, rheumatoid
arthritis (RA), hyperthyroidism, and multiple
sclerosis (MS) are all more common in women
than men. Women diagnosed with RA prior to
menopause, when levels of estradiol are higher,
exhibited decreased severity of symptoms com-
pared to woman over the age of 50 [121, 122].
Disease severity for women at this age is com-
parable to men and interestingly, men with RA
have higher levels of serum estradiol compared
to men who do not have RA [123]. During preg-
nancy when estriol levels are increased, many
women with RA experience a decrease in RA
symptoms [124]. Patients with MS also experi-
ence relief from symptoms when levels of estriol
are at pregnancy levels [125]. Still, Jorgensen and
colleagues found that with increased numbers of
pregnancies, women are more likely to experience
greater severity in disease symptoms [126]. Like
RA, SLE is also diagnosed in a higher percent-
age of women. However, while RA symptoms
seem to be exacerbated following menopause,
women with SLE have more severe symptoms
during their reproductive years. In addition to
RA and SLE, patients with other rheumatologi-
cal conditions such as Wegener’s granulomatosis,
relapsing polychronditis, polyarteritis nodosa,
seronegative spondyloathropathies, Behecet’s
disease, plymyagia, rheumatic, sarcoidosis, and
systemic sclerosis have increased risk of ocular
disorders including corneal melt, retinitis, glau-
coma, cataract scleritis, and uveitis [7]. When RA
patients were examined for ocular manifestations
dry eye, episcleritis, scleritis, peripheral ulceratie
karatitis and sclerosing keratitis were identified
[127]. For patients with SLE, 10% suffer from
retinal disease [128]. Retinal conditions such as
severe vaso-occlusive retinopathy, central reti-
nal vein occlusion branch retinal vein occlusion,
central retinal arteriole occlusion, branch retinal
arteriole occlusion, and exudative retinal detach-
ment can all lead to vision loss in SLE patients
[128]. As with retina and RPE dysfunction, estro-
gen receptors have been found to play a role in
autoimmune disorders. Synovial tissue from RA
patients has been found to be positive for ERa
and ERp [129, 130]. In SLE patients, ERa lev-
els are decreased while ERp levels are increased,

suggesting an ERp-mediated effect on inflamma-
tion [14]. Oxidative stress, which can affect many
inflammatory diseases as well as ocular diseases,
is shown to increase the expression of ERP [131].

In some cases secondary ocular disorders in
autoimmune diseases can result from medica-
tions given to treat the autoimmune diseases;
however, for these reports, no data is avail-
able that stratifies the results based on sex.
With an increased prevalence for autoimmune
diseases diagnosis in women, it is important
to be aware of the role that these prescriptions
play in ocular disorders in women’s health.
Hydroxychloroquine (HCQ) is commonly used
to treat autoimmune disorders including RA and
SLE. This drug inhibits the immune response
through a variety of mechanisms and is being
investigated as a therapeutic for other diseases.
Currently HCQ 1is being investigated as a drug
to use in high dose in combination with various
chemotherapy drugs [132—-135]. While this drug
serves as a potent immunosuppressor, there is
still concern over its ability to induce retinal tox-
icity. The mechanism of retinal toxicity by HCQ
is still being investigated, however research has
shown that it is able to bind in the RPE as well
as the retina [136]. As an inhibitor of all-trans-
retinol in primary human RPE cells [137], HCQ
may have an adverse effect on the visual cycle.
Indomethacin, a non-steroidal inflammatory drug
(NSAIDs), has also been linked to retinopathy
with pigmentary scattering of the RPE observed
[138]. The use of biologics has also been associ-
ated with ocular side effects. Rituximab, a mono-
clonal antibody used for the treatment of RA, was
found in a small percentage of patients to result
in loss of visual function [139]. Recombinant
interferon (IFNs), an anti-viral medication used
in the treatment of MS has reported ophthalmic
side effects that include retinal vascular abnor-
malities [140-142]. Methotrexate is an antifolate
that serves as an effective immunosuppressant
for diseases such as RA and lupus. However, in
the absence of folate supplementation, use of
methotrexate can result in ocular side effects. In
one reported case, b-wave amplitudes in full-field
ERG was reduced after prolonged methotrexate
use [143]. Interestingly, folate is transported by
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RPE cells by folate receptors found in the RPE
and retina [ 144]. Studies have also linked the use
of folic acid in AMD prevention [145]. Therefore
it may be especially important for individuals
with AMD to use caution when using methotrex-
ate. High doses of corticosteroid use among MS
patients can result in retinal detachment due to
central serous chorioretinopathy [146].

General modifications to lifestyle such as diet,
exercise, and cessation of smoking are noted as
beneficial for both autoimmune and ocular dis-
eases such as AMD. Though not accounting for
sex differences, dietary sodium has recently been
linked as a risk factor for MS, with mouse stud-
ies showing an increase of Th17 cells and experi-
mental autoimmune encephyalomyelitis (EAE)
in the presence of a high sodium diet [147, 148].
Using the SJL mouse strain, it was observed that
dietary sodium exacerbated the effects of EAE
in females but not males [149]. Conversely to
dietary sodium, current studies are investigat-
ing the protective effect of vitamin D in AMD
[150] and rheumatic diseases [151]. It has been
found that higher levels of 25-hydroxyvitamin D
resulted in a lower incidence in female patients
with MS, indicating a sex-specific difference in
vitamin D benefits [152, 153].

Secondary ocular disorders may also be
increased in autoimmune patients even in the
absence of harmful medications, and for some
of these reports, effects of estradiol is presented.
Patients with RA have an increased diagnosis of
Sjorgen’s Syndrome, a disease which results in
chronic dry eye. Studies have investigated the
correlation between RA and AMD. One study
concluded that RA patients had a reduced risk for
AMD diagnosis, which they believed was most
likely the result of long-term NSAID use [154].
Using a much larger cohort, however, Keenan and
colleagues determined that patients with RA are
at a higher risk of developing AMD and this risk
is highest after first hospital admission with RA
[155]. As many inflammatory cytokines are pres-
ent in both autoimmune disease and AMD, it is
interesting to note that estradiol is able to down-
regulate pro-inflammatory cytokines including
interleukin-6 (IL-6) and monocyte chemotactic
protein 1 (MCP-1) [156]. Inflammation in various

autoimmune diseases as well as in AMD has been
shown to be regulated, in part, by the complement
pathway. While it is still unknown how exactly
sex differences may affect complement activity,
studies have shown that classical and alternative
complement pathway activity is weaker in female
mice [157-161]. This has been confirmed more
recently when terminal pathway component C9
was found to have 4- to 7-times less activity in
female mouse serum when compared to males
[162]. Sex differences in the human complement
system await further analysis.

Summary

The purpose of this chapter has been to review
some of the previous and current literature
exploring the role that sex plays in the patho-
genesis of retinal/RPE dysfunction and disease.
As discussed, estrogens play an important role
in inflammation whether it is in a systemic auto-
immune disease or locally within the eye. It is
important to continue to investigate the role
of sex-related hormones in disease in order to
develop more effective therapeutics and be more
proactive in preventative care. In the future,
estrogen screenings may prove to be valuable in
assessment of drug treatment plans for women
suffering from one or more inflammatory dis-
ease. In addition, we may be able to better
identify women at risk for ocular disorders and
regularly monitor their eye health with ophthal-
mology tools such as OCT. As new treatments are
developed to fight systemic inflammation, it is
important that the effects of these drugs on ocu-
lar health be monitored. As discussed, biological
differences in retinal layer thickness and visual
responses between men and women make it
essential to compare sex-differences when moni-
toring disease. In addition, a woman’s hormonal
status also must be accounted for in the analy-
sis. The use of oral contraceptives and hormone
replacement therapies may also result in ocular
gender-based differences. Taken together, current
research demonstrates a significant role of sex
hormones in multiple ocular tissues, including
retina and RPE. Therefore, we further emphasize
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the importance of accounting for sex-differences
in RPE and retinal disease pathogenesis and
function.
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