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Neurobiology of Disease

Tamoxifen Provides Structural and Functional Rescue in
Murine Models of Photoreceptor Degeneration
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Tudor C. Badea,” “Hao-hua Qian,* and “Wai T. Wong'
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Jianguo Fan,? Friedrich Kretschmer,’

Photoreceptor degeneration is a cause of irreversible vision loss in incurable blinding retinal diseases including retinitis pigmentosa (RP)
and atrophic age-related macular degeneration. We found in two separate mouse models of photoreceptor degeneration that tamoxifen,
aselective estrogen receptor modulator and a drug previously linked with retinal toxicity, paradoxically provided potent neuroprotective
effects. In a light-induced degeneration model, tamoxifen prevented onset of photoreceptor apoptosis and atrophy and maintained
near-normal levels of electroretinographic responses. Rescue effects were correlated with decreased microglial activation and inflam-
matory cytokine production in the retina in vivo and a reduction of microglia-mediated toxicity to photoreceptors in vitro, indicating a
microglia-mediated mechanism of rescue. Tamoxifen also rescued degeneration in a genetic (Pde6b™'®) model of RP, significantly
improving retinal structure, electrophysiological responses, and visual behavior. These prominent neuroprotective effects warrant the

consideration of tamoxifen as a drug suitable for being repurposed to treat photoreceptor degenerative disease.
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ignificance Statement

Photoreceptor degeneration is a cause of irreversible blindness in a number of retinal diseases such as retinitis pigmentosa (RP)
and atrophic age-related macular degeneration. Tamoxifen, a selective estrogen receptor modulator approved for the treatment of
breast cancer and previously linked to alow incidence of retinal toxicity, was unexpectedly found to exert marked protective effects
against photoreceptor degeneration. Structural and functional protective effects were found for an acute model of light-induced
photoreceptor injury and for a genetic model for RP. The mechanism of protection involved the modulation of microglial activa-
tion and the production of inflammatory cytokines, highlighting the role of inflammatory mechanisms in photoreceptor degen-
eration. Tamoxifen may be suitable for clinical study as a potential treatment for diseases involving photoreceptor degeneration.

~

Introduction

Degeneration of photoreceptors, the light-sensitive neurons in
the retina, is a prominent feature in diseases of the retina, con-
tributing significantly to irreversible blindness worldwide (Con-
gdon et al., 2004; Jonas et al., 2014). Photoreceptor degeneration
occurs in a variety of retinal conditions ranging from atrophic
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age-related macular degeneration (AMD) and diabetic macu-
lopathy, in which death of macular photoreceptors results in cen-
tral vision loss, to retinitis pigmentosa (RP), in which widespread
photoreceptor degeneration across the entire retina leads to total
blindness. The cellular mechanisms underlying photoreceptor
degeneration in these diseases are incompletely understood and
comprehensive treatments that slow down or arrest the progres-
sion of degeneration are still unavailable (Holz et al., 2014; Wert
etal., 2014). Currently, affected patients such as those with atro-
phic AMD and RP typically receive no treatment and progress
with time to visual deficits ranging from severe vision loss to total
blindness.

Studies of human disease and animal models of photoreceptor
degeneration have uncovered that photoreceptor loss is often
accompanied by chronic neuroinflammatory changes, including
increases in retinal levels of proinflammatory cytokines (Yoshida
et al., 2013a, 2013b) and retinal microglial infiltration into the
photoreceptor layer to come into close proximity with degener-
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ating photoreceptors (Roque et al., 1996; Gupta et al., 2003).
In recent work, we have found that these infiltrating retinal mi-
croglia contribute actively to photoreceptor demise via the
phagocytotic clearance of viable photoreceptors and the secretion
of proinflammatory cytokines that potentiate photoreceptor ap-
optosis (Zhao et al., 2015; Zabel et al., 2016). In rodent models of
disease, measures that modulate microglial phagocytic activity
(Zabel etal., 2016) or activation status (Peng et al., 2014; Scholz et
al., 2015) can effectively ameliorate the rate of photoreceptor loss.
Therefore, agents that can diminish microglial contributions to
photoreceptor degeneration are promising as potential therapeu-
tic agents, particularly if these are approved drugs with favorable
biodistributions and well characterized side-effect profiles and
can be readily repurposed for a new indication of photoreceptor
neuroprotection (Amantea and Bagetta, 2016).

In this study, we discover that tamoxifen, a well established
and approved drug widely used for the treatment of estrogen-
receptor-positive metastatic breast cancer, provided potent neu-
roprotection to photoreceptors in two separate rodent models for
photoreceptor degeneration. As a selective estrogen receptor
modulator (SERM), tamoxifen is known to exert variable,
context-dependent agonist and antagonist effects on estrogen re-
ceptor (ER)-expressing cells (Lonard and Smith, 2002); however,
its effects on retinal cells are not fully understood. We find here
that, contrary to the long-standing association between tamox-
ifen and retinal toxicity (Nayfield and Gorin, 1996), tamoxifen
treatment in the context of retinal degenerative disease models
decreased retinal microglia activation and production of inflam-
matory cytokines and as a consequence reduced microglial-
mediated toxicity to photoreceptors. These microglial effects
in vivo were correlated with marked rescue of photoreceptor
structure and function in an acute model of light-induced pho-
toreceptor injury as well as in a genetic model for RP. Based on
these findings, we propose that tamoxifen may be considered as a
therapeutic candidate for the neuroprotection of endangered
photoreceptors, specifically for inherited retinal degenerations
and AMD and also more generally for retinal diseases in which
neuroinflammation drives photoreceptor loss (Yu et al., 2015;
Russo et al., 2016).

Materials and Methods

Experimental animals. Young adult wild-type (WT) C57BL/6] mice and
mice homozygous for the Pde6b™° (rd10) mutation were obtained from
The Jackson Laboratory. Postnatal rd10 mice (21-50 d of age) and young
adult WT mice (2-3 months of age) of both sexes were raised in cyclic
light (~100lux, 12:12h) in a National Institutes of Health animal facility.
All experiments were conducted according to protocols approved by a
local Institutional Animal Care and Use Committee and adhered to the
Association for Research in Vision and Ophthalmology statement on
animal use in ophthalmic and vision research. For the tamoxifen-treated
groups, mice were provided with tamoxifen-supplemented mouse chow
(500 mg/kg; Envigo) in place of standard chow for the duration of
experiment.

Mouse model of retinal light injury (LI). Experimental animals were
dark adapted in a dark room for 7 d and then subjected to pupillary
dilation with topical tropicamide (1%j Alcon) and phenylephrine (10%;
Alcon). After full dilation, animals were exposed to 2 X 10 ux of diffuse
white fluorescent light (Sunlite Manufacturing) for 2 h. After light expo-
sure, mice were maintained in typical conditions of ambient cyclic light
(~1001ux, 12:12 h) under which the animals were housed. For tamoxifen
treatment groups, animals were fed a tamoxifen-supplemented chow
beginning 7 d before LI and maintained on the same diet thereafter.
Control groups not administered tamoxifen were fed standard mouse
chow in separate cages at all time points.
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In vivo optical coherence tomographic (OCT) imaging and fundus auto-
fluorescence imaging. Mice were anesthetized with intraperitoneal ket-
amine (90 mg/kg) and xylazine (8 mg/kg) and their pupils were dilated.
Retinal structure was assessed using an OCT imaging system (Bioptigen;
Diver Software). To document retinal changes in the LI model, animals
were imaged before dark adaptation and subsequently at different times
after light exposure. Volume scans of 1.4 mm by 1.4 mm centered on the
optic nerve (1000 A-scans/horizontal B-scan, 33 horizontal B-scans, av-
erage of three frames per B-scan, each spaced 0.0424 mm apart) were
captured. Retinal thickness measurements in each quadrant of a circular
grid of diameter 1.2 mm were computed using the manufacturer’s soft-
ware. Total retinal thickness, measured from the nerve fiber layer to the
retinal pigment epithelium (RPE) layer, and outer retinal thickness, mea-
sured from the outer plexiform layer to the inner surface of the RPE layer,
were calculated from OCT images after automated retinal segmentation
(Bioptigen; Diver Software). To document retinal changes in rd 10 mice,
additional horizontal and vertical linear scans (1.4 mm width, 1000
A-scans/B-scan, average of 20 frames per B-scan) were obtained with the
scan centered on the optic nerve head. In these vertical and horizontal
B-scans, the area of outer nuclear layer in the scan was circumscribed and
measured manually. Average outer retinal thickness was computed by
dividing the outer retinal area with the length of measured retina. Fundus
autofluorescence imaging was performed using a confocal scanning laser
ophthalmoscopy (cSLO; Heidelberg Engineering) with 488 nm wave-
length excitation. Fundus images were obtained over the central 30°
angle with the field centered on the optic nerve head.

Electroretinographic (ERG) analysis. ERGs were recorded using an Es-
pion E? system (Diagnosys). Mice were anesthetized as described above
after dark adaptation overnight. Pupils were dilated and a drop of pro-
paracaine hydrochloride (0.5%; Alcon) was applied on cornea for topical
anesthesia. Flash ERG recordings were obtained simultaneously from
both eyes with gold wire loop electrodes, with the reference electrode
placed in the mouth and the ground subdermal electrode at the tail. ERG
responses were obtained at increasing light intensities over the ranges of
1 X 10 ™* to 10 cd/s/m? under dark-adapted conditions and 0.3 to 100
cd/s/m? under a rod-saturating background light. The stimulus interval
between flashes varied from 5 s at the lowest stimulus strengths to 60 s at
the highest ones. Two to 10 responses were averaged depending on flash
intensity. ERG signals were recorded with 0.3 Hz low-frequency and 300
Hz high-frequency cutoffs sampled at 1 kHz. Analysis of a-wave and
b-wave amplitudes was performed using customized Espion ERG Data
Analyzer software (version 2.2) that digitally filters out high-frequency
oscillatory potential wavelets. The a-wave amplitude was measured from
the baseline to the negative peak and the b-wave was measured from the
a-wave trough to the maximum positive peak. For the LI model, ERGs
were recorded at 1 week after light exposure. For rd10 mice, ERGs were
recorded at postnatal day 29 (P29) and P50. Statistical significance be-
tween nontreated control and tamoxifen-treated mice was analyzed us-
ing a two-way ANOVA.

To test whether tamoxifen treatment affected rod photoreceptor dark-
adaptation function, animals administered the tamoxifen diet for 7 d and
age-matched control animals (not fed tamoxifen) were dark adapted
overnight and then subjected to moderate visual pigment bleaching us-
ing the background light of a Ganzfeld chamber (1000 cd/m?) for 30 s.
Immediately after the bleach, single-flash ERGs at a flash intensity of 10
cd/s/m? were recorded every 2 min for 40 min to chart the dynamics of
the recovery of the a-wave amplitude. To analyze the data, the recovery of
a-wave amplitude after bleaching is plotted against the post-bleach time.
Statistical significance between nontreated control and tamoxifen-
treated mice was analyzed using a two-way ANOVA.

Measurement of optokinetic response (OKR). OKRs of awake, behaving
mice to visual stimuli in the form of a moving grating were measured
using a custom-designed apparatus (Kretschmer et al., 2015). OKRs were
measured in rd10 mice with tamoxifen treatment starting at P21 and
nontreated control at P49 (n = 7 animals in control group, #n = 9 animals
in tamoxifen-treated group) as described previously (Wang et al., 2016).
Briefly, mice were positioned on a platform and presented with sinusoi-
dal gratings at maximum contrast at spatial frequencies of 0.025, 0.05,
0.1, 015, 0.2, 0.25, 0.3, 0.35, 0.4, 0.425, and 0.45 cycles/degree at a stim-
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ulus speed of 12deg/s on 4 LCD screens that surrounded the test animal.
Stimuli presentation was controlled using an open source software pro-
gram to produce a virtual cylinder that maintains a constant distance
between the grating and horizontal visual field of the tested animal lo-
cated at the center of the apparatus.

To measure elicited optokinetic motor reflexes (OMR), the head
movements of the unrestrained tested animal were video-recorded by a
camera placed above the animal and analyzed by an algorithm that tracks
the position of the mouse’s head. These data are used to automatically
readjust the presentation of the stimuli to changing head positions to
keep the size of the gratings constant (the analysis software used, Om-
rArena, was modified from a version previously published; Kretschmer et
al., 2013). OMR measurements were obtained objectively using an auto-
mated approach during offline analysis and do not involve subjective
grading or input from a human observer. OMR tracking behavior was
quantified as the ratio of the total amount of time the animal’s head
moved in the stimulus direction and the amount of time that the head
moved against the stimulus direction (T, et/ Tincorrect) Each animal
was measured under each condition 5 times for 1 min. OMR was re-
corded under photopic (9 X 10'° Q/s/cm?) light conditions. Estimations
of visual threshold, defined as the spatial frequency corresponding to
25% of the maximum optomotor response, were also calculated. Statis-
tical significance between nontreated control and tamoxifen-treated
mice was analyzed using unpaired ¢ test.

Immunohistochemistry and TUNEL of retinal tissue. Mice were killed by
CO, inhalation and their eyes removed. Enucleated eyes were dissected to
form posterior segment eye cups, which were then fixed in 4% parafor-
maldehyde in phosphate buffered saline (PBS) for 2—4 h at 4°C. Eye cups
were either processed for vibratome sectioning (100-wm-thick sections,
VT1000; Leica) or dissected to form retinal flat mounts. Flat-mounted
retinas or retinal sections were blocked overnight in blocking buffer con-
taining 6% normal donkey serum and 0.5% Triton X-100 in PBS at room
temperature. Primary antibodies (Ibal, 1:500, catalog #019-19741,
Wako; CD68, 1:500, catalog #MCA1957, RRID:AB_322219, Bio-Rad,
glial fibrillary acidic protein (GFAP, 1:800, catalog #13-0300, RRID:
AB_86543Invitrogen) were diluted in blocking buffer and applied over-
night for sections and flat mounts at 4°C on a shaker. After washingin 1 X
PBS with 0.5% Triton X-100, sections were incubated overnight with
secondary antibodies (Alexa Fluor-488 (or Alexa Fluor 594)-conjugated
donkey anti-rabbit or rat IgG, respectively (Jackson ImmunoResearch
Laboratories catalog #711-546-152, RRID:AB_2340619, catalog #711-
586-152 RRID:AB_2340622, catalog #712-546-153 RRID:AB_2340686),
and DAPI (1:500, catalog #D3571, RRID:AB_2307445, Thermo Fisher
Scientific) to label cell nuclei. Apoptosis of retinal cells was assayed using
a terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL)
assay (in situ cell death detection kit, TMR red; Roche) according to the
manufacturer’s specifications. Stained retinal sections were imaged with
confocal microscopy (FluoView 1000; Olympus). Multiplane z-series
were collected using a 20X objective; each z-series spanned 20 um in
depth, with each section spaced 1 wm apart. Confocal image stacks were
viewed and analyzed with FV100 Viewer Software (Olympus) and Im-
age]. Mean thickness measurements of the outer nuclear layer (ONL) and
cell densities (TUNEL *, Ibal *, and CD68 * cells) were computed over
20X imaging fields obtained in the mid-peripheral retina in the supero-
temporal quadrants.

Cell culture and measurement of cell viability. Retinal microglia were
isolated from 1- to 2-month-old C57BL/6] wild-type mice as described
previously (Ma et al., 2013). Briefly, retinal cells were dissociated by
digestion in 2% papain, followed by trituration and centrifugation. Re-
suspended cells were transferred into 75 cm?* flasks containing Dulbec-
co’s Modified Eagle Medium (DMEM): NutrientMixture F-12 medium
with 10% fetal bovine serum (FBS) (Invitrogen) and nonessential amino
acids solution (Sigma-Aldrich). After overnight culture, the medium and
any floating cells were discarded and replaced with fresh medium. When
the cells grew to confluence, culture flasks were shaken gently to detach
microglial cells, which were subcultured in six-well plates. Subcultured
microglia (2.5 X 107 cells/well in a 6-well plate) were exposed to tamox-
ifen (0, 1, 5, and 10 ug/ml; Sigma-Aldrich) for 2 h, followed by 1 ug/ml
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lipopolysaccharide (LPS; Sigma-Aldrich) for 16 h and then assessed for
protein expression of inflammatory cytokines.

Murine microglial cell line (BV-2) cells and photoreceptor-like cell line
(661W, gift from Dr. Muyyad Al-Ubaidi, University of Oklahoma Health
Sciences Center) were used in this study. BV-2 cells were plated in 6-well
plates at the density of 4 X 10°/well and cultured for 24 h in DMEM (Life
Technologies) containing 5% heat inactivated FBS (Life Technologies) at
37°C in a humidified atmosphere of 5% CO,. BV-2 cells were preincubated
for 24 h with tamoxifen (1, 5, or 10 ug/ml) or 0.5% ethanol as a vehicle
control. After preincubation with the proteasome inhibitor ALLN (100 g/
ml; Santa Cruz Biotechnology) for 30 min, BV-2 cells were stimulated with
50 ng/ml LPS for 6 h before conditioned media were collected. 661W cells,
which were maintained in DMEM (Invitrogen) containing 15% FBS, 165 nm
hydrocortisone21-hemisuccinate (Sigma-Aldrich), 255 nm progesterone
(Sigma-Aldrich), 0.4 mum putrescine (Sigma-Aldrich), 0.008% [3-mercapto-
ethanol, and 2% penicillin-streptomycin, were transferred into 96-well
plates at 4 X 10* cells/well and allowed to reach 80-90% confluence before
further use. In experiments to investigate the ability of tamoxifen to decrease
microglia-mediated neurotoxicity, 661W cells were incubated for 48 h with
culture supernatants from BV2 cells cultured under the following condi-
tions: control, 5 ug/ml tamoxifen, 50 ng/ml LPS, 1 ug/ml tamoxifen + 50
ng/mlLPS, 5 ug/ml tamoxifen + 50 ng/ml LPS, or 10 ug/ml tamoxifen + 50
ng/ml LPS. Cell viability of 661W photoreceptors were assessed usinga MTT
cell proliferation assay kits (ATCC) following the manufacturer’s specifica-
tions. In pharmacological experiments to phenocopy or inhibit the neuro-
protective effect of tamoxifen, the following reagents were used: B-estradiol,
100 nM and 10 uMm (Sigma-Aldrich); diethylstilbestrol, 1 um (Sigma-
Aldrich); 4,4',4"'-(4-propyl-[ 1H]-pyrazole-1,3,5-triyl)trisphenol (PPT), 1
s diarylpropionitrile (DPN), 10 nv; 7a,173-n[9-[(4,4,5,5,5-pentafluoro-
pentyl)sulfinyl|nonyl]estra-1,3,5(10)-triene-3,17-diol (ICI 182,780), 1 uMm;
1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-
1H-pyrazole dihydrochloride (MPP), 1 um; and 4-[2-phenyl-5,7-bis(trif-
luoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl|phenol (PHTPP), 1 um (all
from Tocris Bioscience).

Measurement of cytokine levels. Cultured cells or retinas were lysed by
trituration in protein lysate buffer (Complete Ultra; Roche) with protei-
nase inhibitor mixture (Calbiochem) at 4°C. After sonication and cen-
trifugation, protein concentration was measured (BCA protein assay kit;
Pierce). Cytokine levels were determined using a Milliplex VR assay kit
(Milliplex MAP mouse cytokine/chemokine magnetic bead panel,
#MCYTOMAG-70K; Millipore) using the Luminex MAPIX system with
data analysis using XPONENT 4.2 software (Luminex).

Measurement of tamoxifen levels. Adult 8-week-old C57BL6 mice (n =
8) were maintained on tamoxifen-supplemented mouse chow (500 mg/
kg) for 1-2 weeks and their retinas harvested, weighed, and stored at
—80°C. Retinas from animals fed standard chow without tamoxifen
served as negative controls (n = 3). Retinas were homogenized and cen-
trifuged and 50 ul of the supernatant was dried down and reconstituted
in 50 ul of 70:30 5 mm ammonium formate:acetonitrile. Samples were
subjected with high-pressure liquid chromatography (LC) analysis
(Model 2795; Waters) using a 2.1X50 mm Kinetex C18 2.6 um 100A
column (Phenomenex). Mass spectroscopy (Quattro Premier; Waters)
with electrospray ionization in positive ion mode was performed. Ta-
moxifen MRM transition data were collected at 372.3—72.4 m/z and
tamoxifen IS was monitored at 375.2—75.4 m/z both with cone voltage
of 30, collision energy 25, and dwell time 0.2 s. Waters MassLynx version
4.1 software as used for Data acquisition was performed with MassLynx
software (version 4.1; Waters) using the Quanlynx application manager
(Waters) for quantitation.

Statistical analysis. Statistical analyses were performed using statistical
software (GraphPad). For comparisons involving two data columns, t
tests (paired or unpaired) or nonparametric tests (Mann—Whitney) were
used, depending on whether the data followed a Gaussian distribution as
determined by normality tests. A normality test (D’Agostino and Pear-
son) was used to analyze the distribution of all datasets. For comparisons
involving three or more data columns, a one-way ANOVA (with Dun-
nett’s multiple-comparisons test) was used if the data followed a
Gaussian distribution and a nonparametric Kruskal-Wallis test (with
Dunn’s multiple-comparisons test) was used if it did not. Datasets from
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Invivo mouse model of acute light exposure-induced photoreceptor injury involves photoreceptor apoptosis, retinal atrophy, and loss of photoreceptor cell function. Young adult (2—3 months old)
(57BL6) mice were dark reared for 1 week before being subjected to pupillary dilation and exposure to ambient white light at 20 < 10° luxfor 2 h. The effects on retinal structure and function were evaluated
attime pointsfrom 2 hto 14 d afterLI. 4, B, Retinal thickness and lamination was evaluated in vivo using OCT; 1.4 mm wide scan fields centered on the optic nerve were obtained. Heat maps (A) representing total
retinal thickness of 0CTimages taken at baseline (before LI) and 7 d after LI demonstrated retinal thinning that was most marked in the superior temporal retina. Individual OCT B-scans from the superior temporal
retina (B) show progressive thinning of the ONL from 3 d after LI. (—E, Histological analysis of retina in the superotemporal quadrant (1.25 mm from the optic nerve) revealed prominent emergence of apoptotic
photoreceptors (as marked by TUNEL, red) in the ONL starting at 1d after LI. Significant thinning of the ONL was observed starting at 3 d after LI. Plots in D and E show the time course of changes in the density
of TUNEL-positive photoreceptors and ONL thickness after LI (column heights and error bars represent mean and SEM; n = 3—4 animals per time point). F, G, Representative ERG recordings demonstrating
functional decreases at 7 d after LI relative to uninjured control mice for a- and b-wave amplitudes in dark- and light-adapted responses.
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Figure 2.  Tamoxifen administration before acute LI results in near complete rescue of structural and functional retinal damage. Adult mice were administered daily oral tamoxifen (added to
standard animal chow, 500 mg/kg chow, estimated intake of 80 mg/kg body weight/d) 1 week before LI and thereafter; control animals were fed standard chow without tamoxifen at all time points.
A, Total retinal thickness in the central retina (radius 600 ..m around optic nerve) as measured by OCT are depicted in heat maps; control animals demonstrate extensive retinal thinning (blue areas)
at 7 d after LI that was absent in tamoxifen-treated animals. B, Individual OCT B-scans in the superior retina demonstrated the following: (1) loss of outer segments, (2) thinning of the ONL layer
(white box), and (3) emergence of areas of retinal detachment (white arrow); these features were absent in tamoxifen-treated animals (red box). (Figure legend continues.)
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Tamoxifen-mediated rescue of photoreceptor degeneration in Ll modelis not dependent on the sex of experimental animals. Young adult (2—3 months old) female and male mice were

subjected to LI with and without pretreatment with tamoxifen. OCT evaluation of total retinal thickness (top) and outer retinal thickness (bottom) demonstrated that significant protection was
conferred in both male and female animals treated with tamoxifen relative to sex-matched untreated controls (p-values from 2-way ANOVA, n = 17 treated and 17 untreated control female

animals, 10 treated and untreated 10 control male animals).
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(Figure legend continued.)  C, Quantification of mean OCT-derived total (top row) and outer
retina thickness (bottom row) in inner (pink quadrants) and outer (yellow quadrants) in the
horizontal (left ) and vertical (right) axes demonstrate marked thinning 7 d after LI in control
animals (black lines) but no significant changes from baseline in tamoxifen-treated animals
(red lines) (n = 27 eyes from 14 animals of mixed gender for each group, 2-way ANOVA).
D, Prevalence of localized retinal detachments, scored at 7 d after LI, was significantly lower in
tamoxifen-treated versus control groups (n = 27 eyes in each group in 3 independent experi-
ments,  * statistic). E, ERG measurements of uninjured animals administered standard chow
(control diet) versus oral tamoxifen for 14 d demonstrated that tamoxifen did not exert a large
change on the magnitude of response amplitudes (2-way ANOVA, n = 6 animalsin each group,
3 male and 3 female, 2.5-3 months old). F, ERG measurements in the LI model demonstrated
that a- and b-wave amplitudes for dark- and light-adapted functional responses obtained 7 d
after LI in tamoxifen-treated animals (red lines) were significantly greater than those in un-
treated controls (black dashed lines). a-wave amplitudes for both light- and dark-adapted
responses in tamoxifen-treated animals were statistically similar to uninjured controls (p >
0.99 for both comparisons), indicating full protection. b-wave amplitudes approached those in
uninjured controls, but did not reach full protection ( p << 0.05 for both comparisons). Top, Data
points and error bars represent mean and SEM; n = 12, 7, and 7 animals for uninjured control,
untreated control 7 d after LI, and tamoxifen-treated animals 7 d after LI, respectively. Bottom,
Difference in column means between the three groups, all comparisons made with two-way
ANOVA, error bars indicate 95% confidence intervals.

tamoxifen-treated versus control diet-treated animals were compared
using a two-way ANOVA. The x? statistic was used to compare the
prevalence of retinal detachments in tamoxifen-treated versus control
diet-treated animals. p < 0.05 was set as the basis for rejecting the null
hypothesis. Error bars in graphs indicate SE.

Results

Model of light-induced injury results in photoreceptor
apoptosis and loss of photoreceptor function

Wild-type adult (2-3 months old) C57BL/6] mice were subjected
to LI and the effects of LI were analyzed using in vivo OCT imag-
ing and histology. OCT imaging in the central retina revealed
widespread overall retinal thinning 7 d after LI that was present
most prominently in the superotemporal quadrant of the retina
(Fig. 1A). OCT B-scans obtained in the superotemporal quadrant
demonstrated a progressive thinning of the ONL over the first 7 d
after LI that stabilized thereafter (Fig. 1B). At 7 d, shallow detach-
ments of the retina from the RPE were also observed in areas of
ONL thinning. Histological analysis in retinal sections obtained
in equivalent retinal positions showed the prominent emergence
of apoptotic TUNEL-positive photoreceptorsat 1 and 3 d after LI,
which decreased after 7 d (Fig. 1C,D). Quantification of ONL
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Figure 4.  Tamoxifen administration reduced microglial activation and infiltration induced by acute LI. A, In vivo fundus autofluorescence (FAF) imaging after LI revealed the emergence of a
punctate hyperautofluorescent pattern centered in the superotemporal quandrant at the level of the subretinal space that peaked in intensity at 7 d after LI; this pattern of fundus autofluorescence
was not observed in tamoxifen-treated animals across the same time points after LI. B, Inmunohistochemical analysis of RPE flat mounts in control animals 14 d (Figure legend continues.)
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thicknesses in histological analyses of retinal sections corrobo-
rated the temporal pattern of retinal thinning observed on in vivo
OCT imaging (Fig. 1E). LI also induced significant decrements in
dark- and light-adapted ERG a- and b-wave amplitudes 7 d after
LI (Fig. 1 F,G), which indicated concurrent losses in rod and cone
photoreceptor function. This current model of light-induced in-
jury in adult C57BL/6] mice serves as an effective model of acute,
time-limited, and photoreceptor-specific injury that is evident
structurally as apoptotic photoreceptor loss and functionally as
decreased responses to light stimuli.

Tamoxifen administration provides complete structural and
functional photoreceptor rescue in the model of LI
Experimental animals were administered tamoxifen as a supple-
ment in standard mouse chow (estimated 80 mg/kg/d intake of
tamoxifen) beginning 1 week before LI and maintained after LI
Age-matched control animals were provided with standard chow
(without added tamoxifen) and housed in separate cages along-
side tamoxifen-treated animals in similar lighting environments.
Tamoxifen levels in the retina measured using high-pressure LC
and mass spectroscopy after 1-2 weeks of tamoxifen administra-
tion in uninjured animals (n = 8) was found tobe 13.6 = 4.4 ug/g
(mean = SD) of retina weight. At 7 d after LI, the typical thinning
of the retina centered in the superotemporal quadrant that was
observed in control animals on OCT imaging was absent in all
tamoxifen-treated animals (Fig. 2A). Similarly, the thinning of
the ONL layer and the presence of shallow retinal detachments
observed on individual OCT B-scans in control animals were also
generally absent in tamoxifen-treated animals (Fig. 2B). Quanti-
fication of total retinal thicknesses and outer retinal thicknesses
from OCT images after automated segmentation in 8 separate
retinal positions (100-300 um and 300—600 wm in each of the
superior, inferior, temporal, and nasal quadrants around the op-
tic nerve) demonstrated significantly greater retinal thicknesses
in all retinal positions at 7 d in tamoxifen-treated animals relative
to controls (Fig. 2C). In tamoxifen-treated animals, the lami-
nated appearance of the retina and retinal thicknesses at 7 d after
LI were nearly identical to those obtained at baseline.

We also assessed the prevalence of shallow separation of the
neural retina from the RPE (i.e., retinal detachments) in the ex-
perimental groups using OCT. Retinal detachment is a feature of

<«

(Figure legend continued.)  after LI demonstrated that the subretinal hyperautofluorescent
spots (green) observed in FAF imaging in vivo and on histological analysis corresponded to
Iba1-immunopositive microglia (red), indicating that microglial infiltration into the outerretina
was induced by LI. €, Histological analysis of retinal sections from experimental animals after LI
showed early (1 d after LI) infiltration of the ONL by Iba1-positive microglia (green) by microglia
from the inner retina; this occurred concurrently with the emergence of TUNEL staining (red) in
the ONL. Microglia infiltration increased at subsequent time points with additional accumula-
tion of Iba1+ cellsin the subretinal space (arrow). In comparison, microglia infiltration into the
outer retina was markedly decreased by tamoxifen treatment. D, Infiltrating microglia in the
outer retina showed expression of the activation marker, (D68 (red) in untreated control ani-
mals, which were largely absent in tamoxifen-treated animals. E, F, Quantitative histological
analyses showing the time course of photoreceptor atrophy (as revealed by ONL thinning) (E)
and photoreceptor apoptosis (as revealed by TUNEL staining) (F) in control animals, which were
both markedly reduced in tamoxifen-treated animals. Morphological rescue of photoreceptors
in tamoxifen-treated animals was correlated with decreases in the numbers of infiltrating mi-
crogliain the ONL (G) and subretinal space (H) and activated (D68-immunpositive microglia (/).
n = 3-5animals per time point in control and treated groups, p-values correspond to compar-
isons between control and treated groups, 2-way ANOVA. J, Histological analysis of retinal
sections from animals 3 and 7 d after LI in control versus tamoxifen-treated groups revealed a
low-level induction of GFAP immunopositivity in Miiller cell processes in control animals that
was absent in tamoxifen-treated animals.
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outer retina degeneration that is also observed in mouse models
of inherited photoreceptor degeneration (Pennesi et al., 2012).
The prevalence of retinal detachments in three separate experi-
mental repeats were all significantly lower in tamoxifen-treated
versus control animals (Fig. 2D), with the overall prevalence be-
ing 1/27 versus 13/27 in tamoxifen-treated versus control ani-
mals, respectively (x? statistic = 13.9, p = 0.0002).

ERG evaluations were performed in wild-type animals fed
standard chow (control diet) versus tamoxifen-supplemented
diet for 14 d in the absence of LI; these established that tamoxifen
feeding alone did not exert a large positive or negative effect on
ERG amplitudes (Fig. 2E). After LI, tamoxifen-treated animals
demonstrated significantly greater a- and b-wave amplitudes for
both dark- and light-adapted ERGs relative to control animals
not provided tamoxifen (Fig. 2F). The dark- and light-adapted
a-wave amplitudes in tamoxifen-treated animals were in fact sta-
tistically similar those in uninjured controls, indicating a com-
plete protection from LI. The dark- and light-adapted b-wave
amplitudes in tamoxifen-treated animals, although improved
relative to controls after LI, approached but did not reach full
recovery compared with uninjured controls.

In analysis of data collected separately from female (n = 17
control, 17 tamoxifen-treated) and male (n = 10 control, 10
tamoxifen-treated) animals, we noted similar protective effects
on retinal structure in animals of both sexes (Fig. 3). Tamoxifen
administration provided near-complete structural rescue in the
model of light-induced photoreceptor injury in a manner that
was independent of the sex of the animal.

Tamoxifen treatment reduces microglial infiltration and
activation induced by LI

In vivo fundus autofluorescence imaging was performed in
tamoxifen-treated and control animals before and at different
times following LI. Before LI, minimal autofluorescence was ob-
served on fundus imaging. In animals fed a control diet, imaging
performed 3 d after LI demonstrated the appearance of isolated
autofluorescent spots near the optic nerve. These spots subse-
quently increased in number and intensity, particularly in the
superotemporal quadrant at 7 d after LI, before decreasing in
intensity and number at 14 d after LI (Fig. 4A). In tamoxifen-
treated animals, minimal to no fundus autofluorescent signals
were observed at all time points monitored. To investigate the
basis for these autofluorescent spots, flat-mounted retina tissue
was prepared from control animals at 14 d after LI. On confocal
imaging, autofluorescent spots matching the size and distribu-
tion of those observed on in vivo fundus imaging were observed at
the level of the outer retina (Fig. 4B) and colocalized well with
Ibal immunopositivity, indicating that they had arisen from au-
tofluorescent retinal microglia that had infiltrated into the outer
retina after LI, as observed in other models of subretinal micro-
glia accumulation (Ma et al., 2013).

To characterize the distribution and activation of retinal mi-
croglia after LI and the effect of tamoxifen administration on
these features, retinal microglia were examined in retinal sections
at different times after LI using Ibal immunohistochemistry. In
control animals, beginning as early as 1 d after LI, microglia in the
inner retina were observed to extend their processes into the ONL
and begin infiltrating the photoreceptor layer concurrent with
the emergence of TUNEL-positivity in the ONL (Fig. 4C). Micro-
glia infiltration in control animals continued to persist in the
ONL (Fig. 4G) and the subretinal space (Fig. 4H) forup to 14 d
after LI. The number of activated CD68-immunopositive micro-
glia also increased in the subretinal space beginning at 3 d after LI
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(Fig. 4D,I). These observations indicate that the infiltration of
activated microglia into the photoreceptor layer occurred early in
LI-induced degeneration and was present concurrently during
the period of photoreceptor apoptosis and degeneration. In the
tamoxifen-treated group, minimal decreases in ONL thickness
were observed after LI, corroborating observations on OCT (Fig.
4E). Minimal TUNEL was also observed (Fig. 4F). Morphology,
distribution, and activation status (as revealed by CD68 labeling)
of microglia were also minimally changed from uninjured con-
trols at all time points after LI (Fig. 4G-I). These data demon-
strate that, whereas microglial activation and infiltration were
early and prominent features in the LI model, these microglial
changes were largely inhibited with tamoxifen treatment. Analy-
sis of GFAP, a marker of Miiller cell gliosis, by immunohisto-
chemistry revealed a low-level, patchy labeling in radial Miiller
cell processes at 3 and 7 d after LI in the control group that was
absent in the tamoxifen-treated group (Fig. 4]), indicating an
amelioration of a slight macroglial gliotic response with tamox-
ifen treatment.

Tamoxifen administration suppresses microglial activation
and inflammatory cytokine production and reduces
microglial toxicity to photoreceptors

To assess directly the effect of tamoxifen on microglia, we ex-
posed cultured retinal microglia to tamoxifen and evaluated the
effect of tamoxifen pretreatment on LPS-induced microglial up-
regulation of key inflammatory cytokines. We found that tamox-
ifen administration alone, in the absence of LPS stimulation, had
a minimal effect on cytokine expression (Fig. 5A). However, ta-
moxifen pretreatment of microglia significantly inhibited the up-
regulation of cytokine expression in response to LPS. These
tamoxifen effects were dose dependent, with higher doses induc-
ing greater inhibition to LPS stimulation in the 1-10 ug range,
indicating that tamoxifen can act directly on microglial cells to
reduce their proinflammatory responses to injury-related stim-
uli. We also assessed whether tamoxifen treatment before LI also
decreased proinflammatory cytokine production in the retina in
vivo. Protein assessment of cytokine levels in whole retinas from
tamoxifen-treated animals relative to control diet-treated ani-
mals, although not decreased to a statistically significant extent,
demonstrated a general trend of decrease toward baseline levels
in the noninjured retina (Fig. 5B), indicating that tamoxifen pre-
treatment may be able to inhibit microglial upregulation of cyto-
kines in responses to LI in vivo.

To relate the inhibition of microglial activation to photoreceptor
degeneration, we performed an in vitro microglia—photoreceptor
interaction assay in which 661W cells from a photoreceptor cell line
were exposed to conditioned medium from LPS-stimulated BV2
microglia. Although control medium from LPS-stimulated micro-
glia could induce decreased photoreceptor viability, this negative
effect was reduced by the pretreatment of BV2 cells with tamoxifen
(Fig. 5C), with larger doses (5-10 pg) providing a greater rescue of
661W viability. Tamoxifen (5 ug) on its own did not exert any effect
on the viabilility of 661W photoreceptors in the range of concentra-
tions tested. These results indicate that tamoxifen treatment can
limit the activation of microglia to injury signals and thus reduce the
consequent proinflammatory neurotoxic effects on photoreceptors.

Tamoxifen administration provides structural and functional
rescue of photoreceptor degeneration in the rd10 mouse
model of RP

To evaluate whether tamoxifen treatment can provide photo-
receptor protection in other etiologies of photoreceptor de-
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generation, such as RP, we investigated the effect of tamoxifen
supplementation in rd10 mice, a mouse model of RP that is in-
duced by a mutation in the photoreceptor-specific Pde6b gene
(Chang et al., 2007), a causative gene in human RP (McLaughlin
et al., 1993). In our previous work, we found that activated mi-
croglia infiltrating the photoreceptor layer in the rd10 retina con-
tribute non-cell autonomously to the rate of photoreceptor
demise via phagocytic and proinflammatory mechanisms (Zhao
et al., 2015; Zabel et al., 2016). Therefore, we hypothesized that
the inhibition of microglial activation by tamoxifen may be help-
ful in delaying photoreceptor degeneration in RP. We provided
postweaning P21 rd10 mice with the tamoxifen-supplemented
chow and used littermates that were fed standard chow as con-
trols. OCT measurements at P42 and P49 demonstrated that
outer retina thicknesses in tamoxifen-treated animals were sig-
nificantly greater than those in littermate controls (Fig. 6A,B).
The prevalence of shallow retinal detachments at P49 were also
lower in tamoxifen-treated versus control animals (2/18 vs 14/14,
X statistic = 24.9,p = 0.00001). ERG evaluations at P29 and P50
demonstrated significantly larger b-wave amplitudes in dark-
and light-adapted ERGs in tamoxifen-treated animals relative to
littermate controls (Fig. 6C). To determine whether these rescue
effects relate to an improved visual capability of treated animals,
we assessed optomotor responses in experimental animals to pre-
sentations of visual stimuli. We found that tamoxifen-treated
animals at P49 demonstrated improved photopic optomotor re-
sponses over a broad range of spatial frequencies compared with
littermate controls (Fig. 6D). The mean visual threshold, which
approximates the maximum spatial frequency in the visual stim-
uli grating sufficient to elicit an optomotor response, was also
significantly greater in tamoxifen-treated animals. Although ta-
moxifen treatment did not completely prevent progressive struc-
tural and functional deterioration in rd10 mice, it enabled
statistically significant improvements in photoreceptor thickness
and ERG responses relative to controls, which also translated to
improved visual capability on a functional visual task.

Evaluation of mechanism underlying tamoxifen-related
photoreceptor neuroprotection

Because tamoxifen administration decreased markers of micro-
glial activation in vitro and in vivo, we investigated the possibility
that these effects may be mediated via microglia-expressed ERs or
estrogen-related receptors (ERRs) with which tamoxifen may in-
teract (Coward et al., 2001; Tremblay et al., 2001a; McDonnell et
al., 2002; Greschik et al., 2004). However, we found that agonists
to ERa and ER receptors (estradiol, 100 nm and 10 um; PPT 1
uM; DPN, 10 nm) did not phenocopy the ability of tamoxifen to
rescue 661W photoreceptors from microglia-mediated neuro-
toxicity and antagonists to these receptors (ICI, 1 um; MPP, 1 um;
PHTPP, 1 uM), when coapplied with tamoxifen, also failed to
decrease the extent of tamoxifen-mediated rescue (Fig. 7). Con-
sistent with this, the application of diethylstilbestrol, an inverse
agonist of ERRs (Tremblay et al., 2001b), did not influence the
results of neurotoxicity assays either when applied alone or to-
gether with tamoxifen. These findings indicate that tamoxifen
may exert its effects on microglia activation independently of ER
and ERRs in this context, as was reported previously (Suuronen
et al., 2005).

Because ERs and ERRs are additionally expressed by nonmi-
croglia CNS cell types, the neuroprotective effects of tamoxifen
may also entail mechanisms involving neurons and macroglia
cells via ER-dependent (Elzer et al., 2010) and ER-independent
(Zhang et al., 2007) pathways. In the rodent and human retina,
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Figure 5.  Tamoxifen administration suppresses microglial activation and inflammatory cytokine production and reduces microglial toxicity to photoreceptors. 4, Effect of tamoxifen (TMX) on
retinal microglia activation and inflammatory cytokine expression was assessed in vitro. Microglia cultured from the retinas of young adult mice (1—2 months of age, 2.5 X 10° cells/well in a 6-well
plate) were exposed to tamoxifen (0, 1,5, and 10 wg/ml) for 2 h, followed by 1 ug/ml LPS for 16 h, and then assessed for protein expression of inflammatory cytokines. In the absence of LPS, protein
levels of inflammatory cytokines in microglia cell lysates were at low basal levels and were unchanged with exposure to tamoxifen (5 1.g) alone. LPS-induced expression of cytokines in microglia was
significantly reduced by tamoxifen pretreatment in a dose-dependent manner (n = 3 repeats per condition, *p << 0.05 for comparisons relative to the LPS only group, 1-way ANOVA). B, Ability of
tamoxifen treatment to influence inflammatory cytokine production in the retina in vivo was evaluated in the acute LI model. Inflammatory cytokines levels were assessed in retinal tissue from 2-
to 3-month-old control animals (not subject to LI), light-injured controls not treated with tamoxifen (3 d after LI), and tamoxifen-treated animals (3 d after LI). Although comparisons did not reach
statistical significance, multiple cytokines demonstrated increases after Ll in the absence of tamoxifen that were reduced to close to baseline levels with tamoxifen treatment (n = 3— 6 animals in
2separate trials). €, Ability of tamoxifen to decrease microglia-mediated neurotoxicity was evaluated ina microglia-photoreceptor interaction model. 66 TW photoreceptors cultured in 96-well plate
(4 < 10* cells/well) were exposed to conditioned medium from LPS-stimulated (50 ng/ml) BV2 microglia (cultured in 6-well plate with a cell density of 4 X 10° cells/well) for 48 h. Before LPS
stimulation, BV2 microglia were pretreated with varying doses of tamoxifen (1,5, or 10 r.g/ml). Cell viability of 66 TW photoreceptors were assessed using a MTT assay. Pretreatment with tamoxifen
(5and 10 wg/ml) significantly reduced neurotoxicity of microglia-conditioned medium. *p << 0.0001, 1-way ANOVA, comparison with LPS-only control, n = 16 independent replicates. Exposure
of 661W photoreceptors to vehicle (0.5% ethanol) or tamoxifen (5 r.g/ml) alone had no effect on viability.

ERs are expressed in multiple neuronal cell types and the RPE  ever, we found that administration of tamoxifen at the protective
(Ogueta et al., 1999; Cascio et al., 2007) and ERRB in rod photo-  dose did not exert significant changes on the rate of photorecep-
receptors (Blackshaw et al., 2001; Onishi et al., 2010). Therefore,  tor darkadaptation (Fig. 8A), indicating that tamoxifen is unlikely to
it is plausible that tamoxifen may signal directly to photorecep-  exert neuroprotection through this particular mechanism. In addi-
tors to exert its protective effects. It has been previously reported  tion, we found that, although subjecting 661W photoreceptors to LI
that modulation of the dynamics of the visual cycle can confer  decreased photoreceptor survival in a dose-dependent manner in
significant in vivo protection in a LI model (Li et al., 2015); how-  vitro, direct application of tamoxifen did not increase 661W photo-
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Tamoxifen administration provides structural and functional rescue of photoreceptor degeneration in rd10 mouse model for RP. rd10 mice were provided either standard chow (control

group) or tamoxifen-supplemented chow from P21 and evaluated at different time points during photoreceptor degeneration. 4, n vivo 0CT imaging at P42 and P49 demonstrated in control rd10
animals a marked thinning of the ONL and the emergence of local retinal detachments (white arrow). Comparison of equivalent retinal areas in tamoxifen-treated (Figure legend continues.)
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Figure 7.

Effects of agonism and antagonism of ERs and ERR on BV2 microglia-mediated neurotoxicity to 661W photoreceptors. 661W photoreceptors cultured in 96-well plate (4 X 10*

cells/well) were exposed to conditioned medium from LPS-stimulated (50 ng/ml) BV2 microglia (cultured in 6-well plate with a cell density of 4 > 10° cells/well) for 24 h. Before LPS stimulation,
BV2 microglia were pretreated with tamoxifen (TMX, 5 wwg/ml). Cell viability of 661W photoreceptors was assessed using an MTT assay. Pretreatment with tamoxifen significantly reduced
neurotoxicity of microglia-conditioned medium. Similar pretreatment with the ER agonist estradiol (E2, 100 nmand 10 pum), the ERc agonist PPT (1 ), and the ER 3 agonist DPN (10 nm) did not
significant alter the neurotoxicity of microglia-conditioned media. Addition of ER agonist (E2, 10 wum) or antagonist (ERce/[3 antagonist, ICl, T um; ERcx antagonist, MPP, 1 wm; ER3 antagonist
PHTPP, 1 um), together with TMX (5 eg/ml), did not resultin 661W survival levels that were significantly different from when TMX was applied alone. Pretreatment of diethylstilbestrol (DES, 1 um),
aninhibitor of ERRs, did not alter the neurotoxicity of activated microglia, nor did it significantly change the effect of TMX when applied in combination. n.s. indicates p > 0.05, 1-way ANOVA, Sidak’s

multiple-comparison test, n = 6 independent replicates.

<«

(Figure legend continued.) ~ rd10 animals revealed a greater preservation of ONL thickness
(insets show magnified views of the ONL and retinal detachment). B, Quantification of OCT-
derived outer retinal thicknesses showed significantly greater preservation of the photorecep-
tor layer in tamoxifen-treated animals (red lines) versus control animals (black lines) ( p-values
from 2-way ANOVA). C, ERG evaluation demonstrated significantly greater b-wave amplitudes
in light- and dark-adapted responses at both P29 and P50 in tamoxifen-treated animals (red
lines) versus control animals (black lines). p-values from 2-way ANOVA. D, Visual acuity capa-
bilities of P49 rd10 animals were evaluated under photopic conditions by automated assess-
ment of optomotor responses. Sinusoidal gratings, rotating in a virtual cylinder at 12°/s, were
presented at different spatial frequencies to each awake and unrestrained animal tested and
resulting optomotor responses were quantitated from the tracking of head movements as the
ratio of the time during which head movement occurred in the same direction with stimulus
movement to the time during which it occurred in the opposite direction (7o, ec/ Tincorrect)- Data
points (top) indicate median ratios at each grating spatial frequency, with the colored areas
indicating the upper and lower quartiles of the dataset. Comparison of responses indicated that
tamoxifen-treated animals had greater optomotor responses to moving stimuli relative to con-
trol animals over a range of spatial frequencies presented. Estimations of visual threshold (bot-
tom), defined as the spatial frequency corresponding to 25% of the maximum optomotor
response, significantly higher for tamoxifen-treated animals ( p-value from unpaired ¢ test with
Welch correction), indicating that tamoxifen treatment resulted in a greater preservation of
visual acuity function relative to controls.

receptor survival in the dose range tested (Fig. 8B). This indicates
that tamoxifen does not exert a prosurvival effect directly on 661W
photoreceptors. We also addressed the possibility that tamoxifen
may act directly on 661W photoreceptors to increase their ability to
resist the deleterious effects of BV2-conditioned medium. We ex-
posed 661W photoreceptors initially to 0, 1, or 5 ug/ml tamoxifen
for 24 h, followed by exposure to BV2-conditioned medium. We
found that tamoxifen pretreatment did not boost 66 1W resistance to
BV2-conditioned medium, but rather decreased it when the tamox-
ifen concentration was increased from 1 to 5 ug/ml (Fig. 8C). This
indicated that tamoxifen can actually decrease 661W photoreceptor
survival directly when combined with an additional inflammatory
insult or when increased to higher concentrations (>15 ug/ml; Fig.
8D). Whereas the involvement of direct mechanisms involving pho-
toreceptor neurons in tamoxifen-mediated photoreceptor rescue
cannot be completely ruled out (Cascio et al., 2015), we did not find
support for this mechanism in our experiments.

Discussion
Tamoxifen, a drug approved for the treatment of metastatic
breast cancer, exerts mixed agonist and antagonist actions at ERs,
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Figure8. Evaluation of the effects of tamoxifen on photoreceptor survival and function. A, Measurement of ERG recovery after a moderate bleaching flash in animals pretreated for oral tamoxifen
for 7 d compared with age-matched control fed a standard control diet. The amplitudes of the a-wave of ERGs after bleach were recorded every 2 min at a flash intensity of 10 cd/s/m 2 for the two
groups of animals and mean a-wave recovery with time was plotted. Mean a-wave amplitudes recovered to baseline conditions at similar times and the dynamics of recovery were not significantly
different between the 2 groups (2-way ANOVA, p = 0.493), indicating that tamoxifen pretreatment did not affect photoreceptor dark adaptation function. B, Direct effect of tamoxifen on
photoreceptor survival was evaluated in vitro using a light-induced injury model. 661W photoreceptors cultured in a 96-well plate (4 X 10* cells/well) were subjected to two regimens of photic
injury; the conditions were as follows: (1) control conditions (no LI), (2) under 35 X 10° lux for 90 min (severe injury), and (3) under 60 X 10 lux for 30 min (moderate injury). Cultured
photoreceptors were either cultured under standard conditions or pretreated with tamoxifen (5 r.g/ml for 24 h) before LI. Cell survival was measured 12 h after injury using an MTT assay. Tamoxifen
pretreatment did not result in any significantimprovements in photoreceptor survival relative to controls under any condition. n = indicates independent replicates, n.s. indicates p > 0.05, 1-way
ANOVA, Sidak’s multiple-comparisons test. €, Effect of tamoxifen pretreatment on the ability of 66TW photoreceptors to resist the deleterious effects of BV2 microglia-conditioned medium was
evaluated. 661W photoreceptors were cultured in the absence or presence of tamoxifen (1and 5 rg/ml) for 24 h and then transferred into conditioned medium from LPS-treated BV2 microglia for
another 48 h. Cell viability was assessed using an MTT assay and is expressed as a percentage of the control. Tamoxifen pretreatment of 661W photoreceptors did not confer protection from BV2
conditioned medium at 1 r.g/mland conversely decreased survival at 5 pg/ml. *p << 0.05, Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-comparisons test, n = 8 replicates in each condition.
D, Direct effect of tamoxifen on the viability of 661W photoreceptors in vitro. 66TW photoreceptors were cultured in the absence and presence of tamoxifen (1-15 wg/ml) for 24 h and viability of
661W photoreceptors assessed using an MTT assay. The experiment was repeated in an independent replicate and the results were pooled. n = 20 wells in 2 independent replicates, *p << 0.05,
Kruskal—Wallis test with Dunn’s multiple-comparisons test. Tamoxifen decreased the survival of 661W photoreceptors at a concentration of 15 wg/ml.

depending on the target tissue and cell type (Riggs and Hart-  effects of tamoxifen in the retina have centered on tamoxifen-
mann, 2003), and influences signaling through ERRs (Tremblay  related retinal toxicity, which appears as retinal crystalline depos-
etal., 2001a) and the G-protein coupled receptor GPR30 (Vivac-  its, macular edema, or cystic cavitations (Nayfield and Gorin,
qua et al., 2006a). Within the CNS, tamoxifen, as well as other 1996; Gualino et al., 2005; Bourla et al., 2007). Functionally, vari-
SERMs, have been documented to exert complex effects that cul-  able visual symptoms and physiological changes, such as de-
minate in neuroprotective effects in injury models including spi-  creased multifocal ERG amplitudes (Gorin et al., 1998; Salomao
nal cord injury (Ismailoglu et al., 2010; de la Torre Valdovinos et etal.,2007; Watanabe et al., 2010), have been reported. The prev-
al.,, 2016), penetrating brain injury (Arevalo et al., 2012; Franco ~ alence of toxicity is thought to increase with higher doses of
Rodriguez et al., 2013; Barreto et al., 2014), and radiation injury ~ >120 mg/d (Kaiser-Kupfer and Lippman, 1978; Bourla et al.,
(Liuetal., 2010). Although therapeutic application of SERMs for ~ 2007), but remains detectable (6—12%) at lower doses of 20—40
brain and spinal cord neurodegeneration have been proposed  mg/d (Pavlidis et al., 1992; Noureddin et al., 1999). The mecha-
(Chakrabarti et al., 2014; Villa et al., 2016), their potential use  nism for clinical toxicity is unclear; proposed mechanisms in-
for retinal degeneration is unknown. On the contrary, reported  clude the induction of lysosomal dysfunction (Imperia et al.,
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1989; Kim et al., 2014), excessive autophagy (Cho et al., 2012),
and oxidative stress (Toler, 2004). Tamoxifen, by acting as an
inverse agonist of rod-expressed ERRB, may also induce rod
death by dysregulating ATP utilization (Onishi et al., 2010). As a
result of these clinical observations and reports of tamoxifen in-
ducing retinal cell damage in vitro (Cho et al., 2012; Kim et al.,
2014), neuroprotective effects of tamoxifen that prevent or retard
photoreceptor degeneration have been unanticipated and have
not to our knowledge been investigated previously.

Contrary to clinical reports, we did not find evidence in mouse
models for ocular toxicity of tamoxifen. Tamoxifen administered
daily for 7 d ata dose of 80 mg/kg (equivalent in adult mice to a 6-
to 7-fold increase over the standard 40 mg dose for an adult
human) to either uninjured (Fig. 2E) or light-injured animals did
not exert marked changes to retinal structure or ERG function
relative to untreated controls. In previous studies involving even
greater tamoxifen exposure (500 mg/kg oral dose every 5 d for
30 d), retinal pathology or marked ERG changes were also unde-
tected (Wang et al., 2016). Direct ocular administration of ta-
moxifen as an eye drop (5 mg/ml delivered as a single 10 ul drop
thrice daily for 5 d) at doses high enough to induce Cre recombi-
nation via the Cre-ERT system (Hayashi and McMahon, 2002)
similarly did not induce detectable retinal structural or func-
tional changes (Boneva et al., 2016). The reason for this disparity
between mice and human responses is unclear, but may relate to
an increased vulnerability of the human macula or to an interspe-
cies differences in the metabolism and/or biodistribution of
tamoxifen in the retina. Further development of tamoxifen as
neuroprotective therapy for photoreceptors in retinal disease will
likely involve dose-ranging studies, alternative methods of tar-
geted delivery, and the evaluation of the neuroprotective proper-
ties of alternative SERMs.

The cellular mechanism underlying tamoxifen-mediated photore-
ceptor neuroprotection likely involves the modulation of retinal
microglial activation. Studies from our group and others have
demonstrated that the specific modulation of microglial phago-
cytosis and activation results in structural and functional amelio-
ration of photoreceptor degeneration in mouse models of RP
(Pengetal., 2014; Zhao et al., 2015; Zabel et al., 2016). Inhibition
of microglia activation using pharmacological means has also
been reported to improve photoreceptor survival in models of
light-induced degeneration (Zhang et al., 2004; Ni et al., 2008;
Collier et al., 2011). We found here that tamoxifen directly
suppressed proinflammatory cytokine production in activated
retinal microglia and decreased microglial toxicity to 661W pho-
toreceptor cells. These studies corroborate findings in which ta-
moxifen suppresses activation in microglia cultured from the
brain (Suuronen et al., 2005; Tapia-Gonzalez et al., 2008) and
reduces microglial neurotoxicity in vitro (Ishihara et al., 2015)
and in vivo models of brain injury (Khan et al., 2015). We have
found previously that inhibition of IL13 signaling in mouse
models of RP decreases photoreceptor apoptosis and rescues
retinal function (Zhao et al., 2015); tamoxifen, by reducing
microglial production of inflammatory cytokines including
IL13, may have contributed to photoreceptor rescue through
this mechanism.

However, the molecular mechanisms underlying how tamox-
ifen influences microglia activation are not fully elucidated. Be-
cause tamoxifen can modulate ER signaling, primarily by acting
as an agonist as in the CNS (Zhang et al., 2009), we investigated
whether tamoxifen’s effect may be phenocopied by agonists to
ERa or ER receptors. In addition, because tamoxifen has been
reported to be capable of binding and deactivating ERRs (Coward
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et al., 2001; Tremblay et al., 2001a; Greschik et al., 2004), we
investigated whether tamoxifen-induced effects on microglia
may be induced by ERRs. Our pharmacological studies, however,
did not implicate either ER or ERRs as potential mechanisms of
action. Alternative mechanisms for tamoxifen’s effect remain
possible; SERMs have been described to confer neuroprotection
independently of ER binding or classical ER activity, activating
instead associated kinase signaling cascades via pathways involv-
ing the G-protein coupled receptor GPR30 (Abdelhamid et al.,
2011). Macrophages and microglia have been reported to express
GPR30 (Blasko et al., 2009; Schaufelberger et al., 2016), which
can bind tamoxifen (Méndez-Luna et al., 2015), enabling tamox-
ifen actions on microglia that are independent of ERs (Vivacqua
et al., 2006a; Vivacqua et al., 2006b; Fitts et al., 2011; Tsai et al.,
2013). Our future work will explore how these alternative mech-
anisms may be operational in our experimental systems.

We also investigated the possibility that tamoxifen may act
directly on photoreceptors to exert its protective effects. How-
ever, we did not find data to support a direct effect of tamoxifen
on photoreceptors; instead we found that: (1) tamoxifen ad-
ministration did not influence electroretinographic or dark
adaptation parameters in uninjured animals, (2) direct tamox-
ifen application to 661W photoreceptors subjected to LI in vitro
does not result in photoreceptor protection, and (3) tamoxifen
administration to 661W photoreceptors before exposure to BV2
microglia-conditioned medium does not boost the ability of pho-
toreceptors to resist microglia-mediated neurotoxicity. Although
molecules expressed by photoreceptors such as ER and ERRs may
be molecular candidates for tamoxifen-mediated protection, we
have so far not uncovered evidence showing that these protective
effects are mediated via direct signaling of tamoxifen to photore-
ceptors. In the case of the rod-enriched ERR-beta receptor,
tamoxifen, in acting to deactivate ERRs, would be expected to
augment, not ameliorate, photoreceptor degeneration, as dem-
onstrated in experiments that induce genetic or pharmacological
disruptions of ERRf function (Onishi et al., 2010). Therefore,
tamoxifen’s neuroprotective effects may not occur directly on
photoreceptors, but instead via its effects of other retinal cells
such as microglia.

Beyond the therapeutic implications of its neuroprotective
effects, tamoxifen is also commonly used experimentally to manip-
ulate gene expression in transgenic mice expressing tamoxifen-
dependent Cre recombinases [CreER(T)s] that enable DNA
recombination upon tamoxifen administration (Feil et al., 1997).
Transgenic mice with microglia-specific promoters driving Cre-
ER(T) expression and genetic recombination in microglia in the
brain (Goldmann et al., 2013; Parkhurst et al., 2013; Yona et al.,
2013) and the retina (Zhao et al., 2015; Wang et al., 2016) have been
developed and studied. Our findings that tamoxifen administration
markedly suppresses of microglia activation and exerts neuroprotec-
tive effects in injury models suggest potential confounding effects in
the interpretation of results obtained in CreER(T) systems and the
need to institute experimental safeguards and controls. Because ta-
moxifen applied topically to the eye appears capable of inducing
CreER(T) activation without providing protection against induced
photoreceptor apoptosis (Boneva et al., 2016), investigation of the
appropriate dose ranges and delivery routes for tamoxifen may be
necessary to find experimental parameters at which CreER(T) acti-
vation can be induced without incurring other CreER(T)-indepen-
dent biological effects (Denk et al., 2015).

In conclusion, we discovered here that tamoxifen, a drug previ-
ously associated with retina toxicity, confers significant structural
and functional protection to photoreceptors in both acute and
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genetic models of photoreceptor degeneration. The action of
tamoxifen in suppressing retinal microglial activation and proin-
flammatory cytokine expression likely contributes to this protection,
as supported by recent studies documenting the involvement of
microglia in the acceleration of photoreceptor demise (Scholz et al.,
2015; Zhao et al., 2015; Zabel et al., 2016). Proof-of-concept
clinical trials involving microglial modulation for retinal diseases
constitute an active area of investigation (Cukras et al., 2012) and
studies targeting microglial activation in RP are currently under way
(www.clinicaltrials.gov, NCT02140164). Tamoxifen may constitute
a candidate therapeutic agent for clinical investigation for the treat-
ment of photoreceptor-degenerative diseases such as RP.
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