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Introduction

Photoreceptor cells in the retina are capable of  absorbing light 
and thus initiate a photo response. There are two types of  pho-
toreceptors; rods and cones. Rods are extremely sensitive to light, 
whereas cones require significantly more light to trigger a pho-
to-response. Light, an environmental factor, has been shown to 
cause the death of  a significant amount of  rod photoreceptors 
when exposed continuously for a certain period of  time [1, 2]. 
Hao and colleagues [3] have shown using mice in which essential
components of  the photoreceptor signal transduction cas-
cade were eliminated, that there exist two different pathways of  

light-induced photoreceptor cell death; bright light leads to pho-
toreceptor cell-loss that is independent of  transducin; whereas 
low light induces a pathway that requires transducin. Organisciak 
and Vaughan have revealed the oxidative stress mediated apopto-
sis in photoreceptor cells after a continuous light exposure [4-6]. 
Oxidative stress is a potent contributor to age related macular 
degeneration (AMD), particularly dry AMD involving atrophy to 
the retinal pigment epithelium (RPE) followed by the slow degen-
eration and subsequent photoreceptor cell loss. 

Light-induced retinal degeneration is widely accepted to study the 
mechanism of  retinal degeneration and has been used to find out 
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therapeutic efficacy of  several bio molecules in photoreceptor de-
generation [4, 6, 7]. We examined the efficacy of  17 beta-estradiol 
(17β-E2) in the light induced retinal degeneration model.

Estrogen has protective function. The protective efficacy of  es-
trogen has been found in a variety of  tissues [8]. Different in-
vestigators have shown that 17 beta-estradiol protects RPE from 
oxidative stress [9-11]. Additionally, reports also suggest that 
17β-E2 pretreatment reduces RPE degeneration by up regulating 
the apoptosis related proteins [11]. Furthermore, estrogen has a 
versatile therapeutic effect, ranging from immunosuppression and 
anti-inflammatory mode of  action to facilitating regeneration of  
neurons in brain. Moreover, estrogen deficiency has been found 
to increase sub-RPE deposits in high-fat fed C57BL/6 mice [9, 
12]. Also, females are particularly susceptible to retinal degenera-
tion after menopause, and those who take hormone replacement 
therapy are at a lower risk [13]. Likewise, older women are more 
susceptible to develop AMD than men of  the same age [9].

Estrogen mediates its functions mainly through its receptors, ER 
alpha and ER beta on the target tissue [14, 15]. Once the ER is 
activated by estrogen, ER translocates to the nucleus and acts as 
hormone inducible transcription factors [16]. Such ER receptors 
are also found on the retina [17]. Here we evaluated the effects of  
estrogen on photoreceptor cell structure and function in an exper-
imental model of  light-induced photoreceptor degeneration. Our 
results showed that ten days of  constant light exposure caused 
retinal damage in BalB/c mice model with a reduction in the rows 
of  rod photoreceptor nuclei in the outer nuclear layer of  the reti-
na. The extent of  such experimentally induced photoreceptor cell 
damage is lowered significantly by estrogen treatment. The results 
also demonstrated significant morphological and functional resto-
ration of  photoreceptor cells ensuing estrogen treatment. Further
research is under way to explore the therapeutic effects of  estro-
gen in retinal disorders.

Materials and Methods

Animals

Balb/c mice were generated from breeding pairs obtained from 
Harlan Laboratories (Indianapolis, IN). Mice were housed in the 
Medical University of  South Carolina animal care facility under a 
12-hour light/12-hour dark cycle with access to food and water 
ad libitum. The ambient light intensity at the eye level of  the mice 
was 85 ± 18 lux. All experiments were performed in accordance 
with the ARVO Statement for the Use of  Animals in Ophthalmic 
and Vision Research and were approved by the Institutional Ani-
mal Care and Use Committee.

Light Damage

Light exposure experiments were performed on 3 month old Bal-
b/c mice. Such experiments consisted of  constant fluorescent 
illumination of  approximately 1500 lux for 10 days, as described 
previously [18], ensuring that all cages were equidistant to the light 
source. Furthermore, the control group of  mice was kept in the 
same cages as their experimental littermates.

Estrogen and Estrogen Inhibitor Treatment

Balb/c mice were kept in constant light for 10 days. During the 
light damage period, the first group received a 0.2 mg/kg dosage 
of  17-beta-estradiol each day while the second group received 
PHTPP (estrogen inhibitor) treatment at a dose of  25 μg/kg ev-
ery two days; and the third group received both 17 beta estradiol 
and PHTPP. The corresponding control groups only received the 
vehicle. All compounds were administered using intraperitoneal 
injections.

Electroretinography (ERG)

Baseline and endpoint ERGs were performed on the experimen-
tal and control BALB/c mice. ERG recordings were performed 
as described previously [19]. In short, mice were dark adapted 
overnight. After dark adaptation, mice were anesthetized using 
a ketamine xylazine cocktail. Eyes were dilated with one drop of  
Phenylephrine HCl (2.5%) followed by one drop of  atropine sul-
fate (1%). The body temperature was maintained with a heating 
pad set at approximately 37°C. A needle ground electrode was 
placed in the tail and a reference needle electrode in the forehead. 
The ERG responses were recorded using electrodes attached to 
contact lenses that were held in place by drops of  methylcellulose.
ERGs were recorded with the EPIC -2000 system (LKC Technol-
ogies, Inc., Gaithersburg, MD), using a Grass strobe-flash stim-
ulus. The Rod cells were tested at filters of  -10 dB, -6 dB, and 0 
dB. Stimuli to determine overall retinal responsiveness consisted 
of  10 msec single-flashes at a fixed intensity (2.48 cd–s/m2) un-
der scotopic conditions. The mouse was then light adjusted. The 
eyes were finally exposed to continuous flashes of  light at 0 dB to 
test the cones. The ERG data were analyzed as follows: a-waves 
were measured from the baseline to the initial negative voltage 
and B-waves were measured from the trough of  the a-wave to the 
peak of  the positive b- wave.

Histology

Eyes were fixed in 4% paraformaldehyde and cryoprotected in 
30% sucrose solution. The tissues were then cut into 12-μm cryo-
stat sections. Slides of  sections were stained with 0.1% toluidine 
blue and rows of  photoreceptors in the outer nuclear layer were 
counted in ten different regions of  the entire retina [20].

Immunohistochemistry

Tissues were fixed and cryoprotected as described in histology. 
After the slides were washed in phosphate buffered saline (PBS); 
they were blocked with 10% normal goat serum and 3% bovine 
serum albumin. The tissues were incubated overnight in blocking 
solution containing the UV-opsin antibody (generously provided 
by Jeannie Chen, University of  Southern California, Los Angeles, 
CA), followed by incubation with the appropriate fluorescently-la-
beled secondary antibody for 4 h (Molecular Probes, Carlsbad, 
CA). The control experiments included omission of  primary anti-
body and observation of  singly labeled slides through the appro-
priate filter set. Sections were mounted and analyzed by confocal
microscopy (Leica, Bannockburn, IL) using identical settings for 
all slides [20, 21].
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Results

Estrogen Treatment Decreases Rod Photoreceptor Cell 
Death in Light Damaged BALB/c Mice

We investigated the effect of  estrogen in light damaged Balb/c 
mice. After 10 days of  constant light, control Balb/c mice had 
~4.5 rows of  photoreceptors. Rows of  photoreceptors were 
counted in 10 different locations to obtain an average row count 
per retina. Ten days treatment of  17- beta estradiol (0.2mg/kg 
body weight) caused a reduction in rod photoreceptor cell de-
generation (Figure 1) in light damaged Balb/c mice. Animals 
treated with 17 beta estradiol contained an additional ~ 1.5 rows 
(P<0.001). (n= 5-10 per condition).

Effect of  Estrogen on Light Induced Photoreceptor Cell 
Damage in BALB/c Mice were Mediated via ERβ

The actions of  estrogen are mediated by ERα and ERβ. In or-
der to understand whether the protective effect of  estrogen is 
ERβ mediated, we treated continuously light exposed mice with 
estrogen receptor beta antagonist, PHTPP, 25μg/kg body weight) 
every alternate day. Results revealed that estrogen decrease cell 
death due to light damage (p< 0.01). PHTPP alone did not show 
any significant change in photoreceptor count. Co-treatment of  
PHTPP and 17β-estradiol eliminated the protective effect of  es-
trogen (Figure 1).

Estrogen Reduces Light-Induced Loss of  Rod and Cone 
Photoreceptor Cell Function

Photoreceptor cell function was determined by using electro-
retinography (Figure 2). The amplitudes of  waveforms were mea-
sured to analyze the responses of  rods, cones and bipolar cells. 
Baseline and endpoint ERGs were recorded. ERG responses were 
analyzed under dark-adapted scotopic conditions to measure rod 
function. ERG responses to 10 ms single flashes of  white light 
(maximum intensity of  2.48 cd/m2) between 10, 6 and 0 db of  
attenuation were measured. Light-adapted photopic conditions 
were used to determine cone function (8 min of  constant back-
ground light at 7.85 photopic cd/m2; stimulus white light). ERG 
data was analyzed by comparing the calculated percentage of  re-
maining amplitudes of  treatment to control groups.

Balb/c mice with estrogen supplementation had a significantly 
higher rod photoreceptor function in comparison to their control 
groups (p<0.05). Estrogen treated mice showed 40% and 34% 
higher rod photoreceptor function at 10db and 6db attenuation 
in comparison to the vehicle treated group (2A). PHTPP by itself  
did not lead to further deterioration of  rod function (2B); but 
blunted the protective effects of  estrogen when co-administered 
(2D). Mice treated with estrogen also showed about 20% increase 
in cone photoreceptor cell function (2C) but co-treatment with 
PHTPP eliminated the protective effect. 

Estrogen Prevents Light-Induced UV Cone Opsin Loss

Cone photoreceptor loss is intimately related to vision loss. In 
mouse, cone function is driven by middle (M, green) and short (S, 
UV) wavelength cone opsins. Among these two opsins, UV opsin 
localization and expression is more susceptible to environmental 
factors [22]. Constant light exposure gradually leads to cone pho-
toreceptor damage. 3 month old Balb/c mice were kept in con-
stant light for 10 days, and one group treated daily with 17-beta 
estradiol (0.2 mg/kg)(3C), while another group received PHTPP
(25μg/kg) every alternate day (3D) and a third group was co-treat-
ed with 17-beta estradiol + PHTPP (3E). Control groups were 
treated with vehicle (3B). Ultra violet (UV) cone opsin immuno-
reactivity levels were measured in all groups of  mice to determine 
the extent of  cone photoreceptor damage. Results indicated lower 
cone opsin level in the ERβ inhibitor (3D), combination (3E) and 
vehicle treated mice (3B) whereas estrogen treatment has been 
found to improve UV opsin immunoreactivity in LD mice (3C). 3 
month old Balb/c without LD was used as controls for treatment 
(3A). UV opsin protein levels were quantified from binarised and 
thresholded images normalized to a fixed size using Image J soft-
ware (Figure 3G). Estrogen treatment elevated UV opsin level in 
light damaged mice. No difference was observed between vehicle
control, PHTPP and PHTPP and estrogen co-treated groups.

Discussion

In the present study we have demonstrated that estrogen has a 
protective role against light induced photoreceptor degeneration. 
It has been shown previously that Balb/c mice are susceptible 
to constant light exposure which leads to loss of  nuclei in the 
outer nuclear layer (ONL) and loss of  retinal function as assessed 
by electroretinography. Mice with estrogen supplementation (17β 

Figure 1. Estrogen Treatment Reduces Light-Induced Rod Photoreceptor Cell Death in Light Damaged Balb/c Mice.
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Rows of  photoreceptors were counted in 10 different locations to obtain an average row count per retina. After 10 days of  constant 
light, control Balb/c mice had ~4.5 rows of  photoreceptors. Animals treated with 17-beta estradiol contained an additional ~ 1.5 rows. 

While PHTPP (ERβ-antagonist) did not increase cell death due to light damage, it negated the protective effect of  estrogen.
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estradiol) lose fewer nuclei in the ONL and exhibited higher rod 
and cone photoreceptor function. Balb/c mice treated with 17β 
estradiol also exhibited more UV cone opsin immunoreactivity in 
the cone outer segments. Functionally, 17β estradiol -treated ret-
inas exhibited better rod photoreceptor function after the 10 day 
light-damage period. The involvement of  estrogen receptor beta 
(ERβ)-signaling in the protective effects of  17β estradiol treat-

ment were confirmed, documenting that mice co-treated with 17β 
estradiol and the ERβ-specific antagonist PHTPP no longer ex-
hibited structural and functional improvements.

Continuous light exposure increases oxidative stress [14, 23] and 
is a major stimulator of  retinal diseases [15], particularly dry AMD 
[24]. The extent of  retinal degeneration depends on the light in-

Figure 2. Estrogen decreases light-induced loss of  rod and cone photoreceptor cell function. 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 0dB of  attenuation; max intensity 2.48 photopic cd–s/m2); light-adapted photopic 

conditions to determine cone function (10 min of  constant background light at 7.85 photopic cd/m2; stimulus white light). 
(A) Mice treated with estrogen showed a significant increase in rod photoreceptor function. (B) PHTPP by itself  did not 
lead to further deterioration of  function; but blunted the protective effects of  estrogen when co-administered (D). Mice 
treated with estrogen also showed about 20% increase in cone photoreceptor cell function (2C) but co-treatment with 

PHTPP eliminated the protective effect.
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Figure 3. Estrogen prevents UV cone opsin loss in constant light induced photoreceptor degenerative Balb/c mice.

A B C

D E F

3 month-old Balb/c mice were kept in constant light for 10 days. 1st group (C) received 17-beta estradiol (0.2mg/kg body weight) i.p. 
for 10 days, 2nd group (D) received ERβ inhibitor (PHTPP, 25μg/kg body weight), 3rd group received both estradiol and PHTPP and 
4th group (B) received only vehicle control. UV cone opsin immunoreactivity improved in LD mice after estrogen treatment. A repre-

sents 3months old Balb/c without LD. F is primary antibody control.
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tensity and duration of  light exposure [25]. Continuous light also 
triggers formation and accumulation of  toxic photoproducts 
from vitamin A and leads to photoreceptor cell death [4].

In vivo and in vitro studies have revealed that apart from the estro-
gen’s role in normal female sex organ development and function 
[10, 11], estrogen also plays significant role in bone conservation 
[9], cardiovascular stability [12] and neuroprotection [13, 26]. Es-
trogen has both anti-oxidative and anti-inflammatory function 
and it regulates signaling processes in the pathogenesis of  AMD. 
Epidemiological studies have shown that women after meno-
pause are more likely to develop AMD than men, indicating that 
lower estrogen levels in females after menopause might have an 
effect on the development of  retinal disorders. The purpose of  
this study is to evaluate the effects of  estrogen on photoreceptor 
cell structure and function in an experimental model for light-in-
duced photoreceptor degeneration.

Estrogen produces diverse biological effects by binding to the es-
trogen receptor (ER) proteins, further categorized as ER alpha 
(ERα) and ER beta (ERβ). ERα and ERβ are both nuclear re-
ceptors. Both receptors are expressed in the human eye [27, 28]. 
Recent experimental and clinical data elucidates the importance 
of  the classical estrogen receptors, ERα and ERβ, in the manage-
ment of  retinal disorder pathologies [17, 29].

The molecular mechanism by which estrogen confers its protec-
tion against retinal disorders is not yet clear. Boekhoorn and col-
leagues reported that single nucleotide polymorphisms (SNPs) in 
ERα are associated with age related macular disorder [30]; where-
as for open angle glaucoma, SNPs in ERβ appear to be correlated 
with disease in female [31]; the Blue Mountains Eye Study re-
ported “that a shorter duration of  estrogen production may in-
crease risk of  AMD” [32]. In animal studies, reports suggest that 
estrogen protects RPE cells from oxidative stress mediated injury 
through ERβ [32]. Our results on constant light-induced photo-
receptor cell degeneration in Balb/c showed that the protective 
effects of  estrogen on photoreceptor cell degeneration is medi-
ated in part by the activation of  ERβ, a predominant subtype of  
estrogen receptor in the retina.

Our results showed that the structural and functional impairment 
of  rod and cone photoreceptors after light damage was reduced 
significantly in mice treated with 17β-estradiol, an effect that elim-
inated by cotreating the animals with 17β-estradiol and the ERβ 
inhibitor PHTPP. PHTPP treatment on its own did not augment 
retinal degeneration. The rod photoreceptor response after light 
damage was reduced in WT mice by 50% (P<0.001). Our results 
showed that estrogen treatment significantly (P<0.001) increased 
the quantity of  photoreceptor cell nuclei in ONL compared to the 
vehicle treated control; contrastingly the ERβ inhibitor treatment 
reduced (P<0.001) photoreceptor cell numbers in the ONL of  
retina. Furthermore coadministering PHTPP and 17β-estradiol 
eliminated the protective effects of  estrogen. Rod Photoreceptor
cell function was also significantly reduced in light damaged mice 
(P<0.05), yet estrogen treatment significantly restored rod pho-
toreceptor function. This result also supports the results in the 
histological studies where PHTPP by itself  did not lead to further 
deterioration of  function but blunted the protective effects of  
17β-estradiol when co-administered. All these results suggest that 
the effects of  estrogen are mediated by the ER-β receptor on 

the mice retina. Our results are supported by findings by Wang 
and colleagues in Sprague-Dawley rats. They demonstrated a 
protective effect of  17β-estradiol that increases the retinas own 
anti-oxidant defenses [37]. Kaja S and colleagues also reported 
a protective role for estrogen in protecting the inner retina from 
ischemia-induced damage in rat model [33].

Rod photoreceptor survival was evaluated by determining rows 
of  photoreceptor nuclei in the ONL and also by ERG. ERG is 
a test that measures visual function in response to single light 
flashes and is performed on each animal before and after light 
exposure. In Erg, a- wave reflects the outer retinal function. ERG 
analysis showed good correlation between protection of  structure 
and function; the rod photoreceptor cell response was increased 
in the estrogen treated group (P<0.05) when compared to the 
control mice. Rod photoreceptor cell response drives the cone 
photoreceptor response. The latter was also affected by contin-
uous light exposure and estrogen treatment improved cone cell 
function. PHTPP alone and in combination showed no alteration 
as compared to the light damaged mice.

In mice, color vision is mediated by cone photoreceptors, which 
comprises about 3–5% of  cells in the outer nuclear layer [19]. 
Mice have two types of  cone opsins, a short wavelength cone 
opsin (S opsin) which is also known as UV opsin and a medium 
to long wavelength (M/L opsin) [34]. Reports suggest that UV 
or S cones are more vulnerable to aging and diseases [35]. Proper 
localization and a relative amount of  cone opsin protein are re-
quired for optimum cone photoreceptor function [20].

Effects of  light damage on cone photoreceptor are an indirect 
effect. Light damage kills rod photoreceptors and impairs cones. 
UV cone opsin immunoreactivity decreased with light damage as
compared to the same aged wild type mice. Our results showed 
that cones are also responsive to estrogen: UV cone opsin immu-
noreactivity was found to improve when treated with 17β-estra-
diol. PHTPP alone and in combination showed no improvement.

Finally, none of  the reports to date have compared the effects of  
estrogen on rods versus cone structure and function. Our results 
demonstrated a protective effect of  17β estradiol signaling ERβ 
via on number of  photoreceptor nuclei in the ONL as well as on 
cone opsin expression. The effects on cones might be an indirect 
effect, reported in other retinal degenerative diseases, in which 
improved rod survival leads to improved cone survival and func-
tion [36]. However, it is plausible that there exist ERβ-mediated 
intracellular cell signaling pathways in rods and cones.

Conclusion

It was observed that rod and cone photoreceptor structure and 
function were influenced by the 17β estradiol treatment. Histo-
logical results demonstrated a significant difference in the number 
of  rod photoreceptors after estrogen treatment. Additionally, the 
ERG a- waves were higher in estrogen treated mice as compared 
to the controls. Patients with dry AMD experience loss of  sharp, 
central vision due to photoreceptor degradation. However, estro-
gen can protect photoreceptors and thus has therapeutic value in 
the treatment of  AMD and other retinal degenerative disorders.
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