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Purposk. Allopregnanolone is a neurosteroid and powerful modulator of neuronal excitability.
The neuroprotective effects of allopregnanolone involve potentiation of y-aminobutyric acid
(GABA) inhibitory responses. Although glutamate excitotoxicity contributes to ganglion cell
death in glaucoma, the role of GABA in glaucoma remains uncertain. The aim of this study
was to determine whether allopregnanolone synthesis is induced by high pressure in the
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MEetHoDS. Ex vivo rat retinas were exposed to hydrostatic pressure (10, 35, and 75 mm Hg) for
24 hours. Endogenous allopregnanolone production was determined by liquid chromatog-
raphy and tandem mass spectrometry (LC-MS/MS) and immunochemistry. We also examined
the effects of allopregnanolone, finasteride, and dutasteride (inhibitors of Sa-reductase),
picrotoxin (a GABA, receptor antagonist), and D-2-amino-5-phosphonovalerate (APV, a broad-
spectrum N-methyl-D-aspartate receptor [NMDAR] antagonist).

Resurts. Pressure loading at 75 mm Hg significantly increased allopregnanolone levels as
measured by LC-MS/MS. Elevated hydrostatic pressure also increased neurosteroid
immunofluorescence, especially in the ganglion cell layer and inner nuclear layers. Staining
was negligible at lower pressures. Enhanced allopregnanolone levels and immunostaining
were substantially blocked by finasteride, but more effectively inhibited by dutasteride and
APV. Administration of exogenous allopregnanolone suppressed pressure-induced axonal
swelling in a concentration-dependent manner, while picrotoxin overcame these neuropro-
tective effects.

Concrusions. These results indicate that the synthesis of allopregnanolone is enhanced mainly
via NMDARs in the pressure-loaded retina, and that allopregnanolone diminishes pressure-
mediated retinal degeneration via GABA, receptors. Allopregnanolone and other related
neurosteroids may serve as potential novel therapeutic targets for the prevention of pressure-
induced retinal damage in glaucoma.

Keywords: transporter-knockout, Neurosteroid, allopregnanolone, glaucoma, GABA,
neuroprotection

Ithough primary angle-closure glaucoma (PACG) is less
common than primary open-angle glaucoma (POAG), PACG
may cause blindness in a higher proportion of individuals, and
be responsible for as much blindness as POAG.!"> The
prevalence of PACG is 0.5% worldwide, but highest in Asia

local arterial pressure and IOP, is decreased by elevated IOP. In
this context, excitotoxicity, which has a key role in ischemic
damage, is thought to contribute to glaucomatous retinal
degeneration.'>'% Excitotoxic cell death does not always result
from excess of glutamate, and extracellular levels of glutamate

(1.09%).% It is estimated that 50% of global blindness by
glaucoma results from PACG,>© particularly in Asia.“® Among
all types of glaucoma, acute angle closure attacks (AAC) have a
much greater likelihood of causing blindness, and at least 20%
of patients with PACG present with AAC.>2° The AAC is
characterized by sudden increase in IOP that can reach 80 mm
Hg.'® Without treatment, sustained IOP elevation damages
retinal ganglion cells (RGCs), and leads to permanent visual
disturbance in a significant number of those suffering an
AAC.21112 The mechanisms underlying pressure-induced RGC
injury in AAC remain unclear.

Increased IOP may cause ocular ischemia, because the
vascular perfusion pressure, defined as the difference between

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

achieved during retinal ischemia!>~!> may not be sufficient to
induce neuronal damage under normal conditions.'® This
suggests that clearance of glutamate or other factors are
important in preventing glutamate-mediated retinal excitotox-
icity. Glutamate is transported into Miiller glia via glutamate
transporters (mainly the glutamate aspartate transporter
[GLAST]) and converted to the nontoxic amino acid glutamine
by glutamine synthetase (GS). Our prior studies revealed that
elevated hydrostatic pressure decreased glutamate clearance by
suppressing GLAST and GS, and induced damage of RGC
axons.!718 Similarly, glutamate transporter-knockout mice
show glaucomatous-type damage of the optic nerve.'?
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(a) Rat ex vivo eye cup preparations were placed at the bottom of an acrylic cylinder filled with aCSE and incubated at 30°C for 24 hours.

Hydrostatic pressure was calculated to be 10, 35, and 75 mm Hg when the height of aCSF liquid column was 13.5, 47.3, and 101.2 cm, respectively.
Allopregnanolone, finasteride, and picrotoxin were added to the aCSF buffer during some experiments. (b) Measurement of allopregnanolone in the
retinal extracts using LC-MS/MS. Allopregnanolone levels significantly increased at 75 mm Hg compared to lower pressure (10 or 35 mm Hg) or
incubation with 1 pM finasteride (Fin), 1 pM dutasteride (Duta), and 50 uM APV. At 75 mm Hg, administration of 1 pM finasteride significantly
depressed the increase of allopregnanolone. Administration of 1 pM dutasteride inhibited allopregnanolone levels more effectively than finasteride.
Administration of 50 pM APV also significantly inhibited allopregnanolone levels at 75 mm Hg. P values are calculated by unpaired Student’s #test

compared to 75 mm Hg (*P < 0.001, **P < 0.0001).

Glutamate and gamma-aminobutyric acid (GABA) are major
excitatory and inhibitory retinal neurotransmitters, respective-
ly. Glutamate is the neurotransmitter between photoreceptor
cells and bipolar cells, and between bipolar cells and RGCs,
whereas GABA is used by horizontal and amacrine cells in the
lateral pathway, modulating neural transmission in outer and
inner synaptic layers.?%2! Although there is evidence indicating
a role for glutamate in glaucoma,'®19-22-25 GABAergic involve-
ment has not been thoroughly investigated to our knowledge.
It is hypothesized that the balance between glutamate and
GABA is important to maintain retinal function and sensory
information encoding. Loss of this balance could induce retinal
degeneration and dysfunction. In fact, a significant dysfunction
of the GABAergic system has been reported in rat retinas when
IOP was experimentally increased by hyaluronic acid.?°

Allopregnanolone is a neurosteroid that can be locally
synthesized in the central nervous system (CNS) and a
powerful modulator of neuronal excitability and neurotoxici-
ty.2” Allopregnanolone potentiates the activity of GABA,
receptors,?® and has neuroprotective properties in vitro?-32
and in vivo.33-3% Potential clinical targets for allopregnano-
lone3%37 include mood and anxiety disorders,3® alcoholism,3®
sleep disorders,° traumatic brain injury,*"¥? and neurodegen-
erative disorders. 344

Synthesis of allopregnanolone is increased locally in the
CNS following acute behavioral®> or metabolic stress?®47 Thus,
allopregnanolone may be a key mediator of neural stress
responses and may serve to restore homeostatic mechanisms
disrupted by acute stress.*®4° Whether allopregnanolone is
produced in the retina in response to the acute stress of
pressure elevation has not been studied to date to our
knowledge. In the studies described here, we tested the
hypothesis that retinal allopregnanolone synthesis is enhanced

locally during pressure loading and that allopregnanolone
helps to protect the retina from neurodegeneration via effects
on GABA, receptors using a rat ex vivo model with hydrostatic
pressure loading.

MATERIALS AND METHODS

Protocols for animal use were approved by the Akita Graduate
University Animal Studies Committee in accordance with the
guidelines of the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Rat Ex Vivo Eyecup Preparation

As described previously, rat ex vivo eyecups were prepared from
approximately 30-day-old male Sprague-Dawley rats (Charles
River Laboratories International, Inc., Wilmington, MA, USA) as
reported previously.!”-18 The anterior halves the enucleated eyes
were carefully removed to make eyecup preparations. Eyecups
were placed at the bottom of an acrylic cylinder filled with
artificial cerebrospinal fluid (aCSF) containing (in mM): 124
NacCl, 5 KCl, 2 MgSOy, 2 CaCl,, 1.25 NaH,POy, 22 NaHCO;, and
10 glucose, and incubated at 30°C for 24 hours (Fig. 1a). To
simulate an IOP of 75 mm Hg, a pressure that can occur during a
severe acute glaucoma attack, the CSF column height was
adjusted to 101.2 cm. The depth of aCSF in the control column
was adjusted to 13.5 cm to make a pressure of 10 mm Hg, and to
47.2 cm to create an intermediate pressure of 35 mm Hg. The
95% 0,-5% CO, gas mixture was delivered through disposable
plastic tubing for infusion (200CP; Nipro Co., Osaka, Japan) that
terminated 3 cm above the bottom of the cylinder. The pH was
maintained at 7.35 to 7.40. In some experiments, allopregnano-
lone (10 nM, 100 nM, 1 pM), finasteride (100 nM, 1 pM),
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dutasteride (1 pM), picrotoxin (1 pM), and D-2-amino-5-
phosphonovalerate (APV; 50 uM, 100 uM) were administered.

Liquid Chromatography and Tandem Mass
Spectrometry (LC-MS/MS)

For sample preparation, a rat retina was homogenized in 1 mL
0.1 M potassium dihydrogen phosphate solution with Ultra-
Turrax homogenizer (IKA, Staufen, Germany). As an internal
standard, 2Hy-allopregnanolone was added to the rat retina
suspension. Allopregnanolone was extracted by 4 mL methyl
tert-butyl ether (MTBE) from the remaining rat retina
suspension. After the organic layer was evaporated to dryness,
the extract was dissolved in 0.5 mL methanol and diluted with
1 mL distilled water, and then applied to an adande:I PAX
cartridge (SHISEIDO, Tokyo, Japan) which had been succes-
sively conditioned with 3 mL methanol and 3 mL distilled
water. After the cartridge was washed with 1 mL distilled
water, 1 mL methanol/distilled water/acetic acid (45:55:1, vol/
vol/volD), and 1 mL 1% pyridine solution, allopregnanolone was
eluted with 1 mL methanol/pyridine (100:1, vol/vol). After
evaporation, the residue was subjected to derivatization
described below.

The sample was reacted with 50 pL mixed solution (80 mg
of 2-methyl-6-nitrobenzoic anhydride, 20 mg 4-dimethyl-
aminopyridine, and 40 mg picolinic acid in 1 mL acetonitrile)
and 10 pL triethylamine for 30 minutes at room temperature.
After the reaction, the sample was dissolved in 0.5 mL ethyl
acetate/hexane/acetic acid (15:35:1, vol/vol) and the mixture
was applied to an InertSep SI cartridge, which had been
successively conditioned with 3 mL acetone and 3 mL hexane.
The cartridge was washed with 1 mL hexane, 2 mL ethyl
acetate/hexane (3:7, vol/vol), and 2.5 mL MTBE and then the
derivatized allopregnanolone was eluted with 2.5 mL acetone/
hexane (7:3, vol/vol). After evaporation, the residue was
dissolved in 0.1 mL acetonitrile/distilled water (2:3, vol/vol)
and 20 pL the solution was subjected to LC-MS/MS.>°

An API-5000 triple stage quadruple mass spectrometer (AB
SCIEX, Framingham, MA, USA) equipped with a positive ESI
source and an HPLC system (SCL-10Avp system controller, LC-
20AD pump, SIL-HTc column oven, CTO-20A auto-sampler;
Shimadzu Corp., Kyoto, Japan) was used. A Capcellcore ADME
column (SHISEIDO) was used at 50°C. The mobile phase
consisting of 0.1% formic aid (Solvent A) and acetonitrile/
methanol (9:1, vol/vol; Solvent B) was used with a gradient
elution. For quantification of the steroids, the transitions n/z
4244 — 2833 and 428.4 — 287.3, were selected for
allopregnanolone and *H-allopregnanolone, respectively.

Immunocytochemistry

For immunocytochemistry, eyecup preparations were fixed
with 4% paraformaldehyde-0.1 M phosphate buffer for 30
minutes at 4°C (7 animals per experimental group) at the end
of each experiment. Samples were washed with PBS and then
incubated in blocking solution (1% donkey serum/PBS) for 2
hours at 25°C. Samples then were embedded in OCT
compound (Sakura Global Holdings, Tokyo, Japan), and frozen
with liquid nitrogen. Then, 20-um cryosections were incubated
with a primary antibody®!->2 raised in sheep against So-reduced
neurosteroids diluted 1:2500 in blocking solution for 48 hours
at 4°C. This polyclonal antibody primarily recognizes allopreg-
nanolone and has minimal cross-reactivity with other neuro-
steroids in rats>3> (purchased from Robert Purdy, PhD,
University of California-San Diego, San Diego, CA, USA).

After incubation with primary antibody, slices were rinsed
with PBS and incubated with a secondary antibody, biotiny-
lated rabbit anti-sheep IgG (diluted 1:500, Cat#BA-6000,
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AB_2336217; Vector Laboratories, Burlingame, CA, USA) and
streptavidin conjugated with Alexa Fluor 488 (diluted 1:1000,
Cat#S32354, AB_2315383; Molecular Probes, Carlsbad, CA,
USA), for 2 hours at 25°C. The IgG binding sites were detected
by confocal laser scanning microscopy (LSM510 Axio-
vert200M; Carl Zeiss Meditec, Gottingen, Germany); 4'6-
diamidino-2-phenylindole (DAPI) was used for nuclear staining.

For double immunofluorescence, cryosections of fixed
specimens were incubated at room temperature with a
mixture of two primary antibodies: primary antibody raised
in sheep against So-reduced neurosteroids (1:2500) and mouse
anti-vimentin monoclonal antibody (1:100; Cat#MAB3400,
AB_94843; Millipore, Billerica, MA, USA). Subsequent antibody
detection was performed with a mixture of two secondary
antibodies, biotinylated rabbit anti-sheep IgG (Cat#BA-6000,
AB_2336217; Vector Laboratories) and rhodamine-conjugated
goat anti-mouse IgG (1:200, Cat#ab5928, AB_955560; Abcam,
Cambridge, MA, USA). After several washes with PBS,
colocalization of 5o-reduced neurosteroids (allopregnanolone)
and vimentin was observed under a confocal microscope.

For quantification of immunohistochemical data, images of
each section (five sections per animal) were captured. Digital
images were analyzed, and the average intensity of the tissue
was measured using Image-Pro Plus software (Media Cyber-
netics, Rockville, MD, USA). All data were expressed as mean
* SEM. Student’s #test was used for comparisons between
two groups.

Light Microscopy

At the end of each experiment, eyecup preparations were fixed
in 2.5% glutaraldehyde in 0.1 M phosphate buffer overnight at
4°C. The fixed retinas were rinsed in 0.1 M phosphate buffer
and placed in 1% buffered osmium tetroxide for 60 minutes.
The retinas were dehydrated with an ethanol dilution series,
embedded in epoxy resin (Epon 812; TAAB Laboratories,
Aldermaston, UK) and cut into 1-um thick semi-thin sections.
The tissue then was stained with toluidine blue and evaluated
by light microscopy.

Chemicals

Allopregnanolone was purchased from Wako Pure Chemical
Industries, Ltd. (Cat#596-30841, CAS.NO 516-54-1; Osaka,
Japan). Finasteride was purchased from Sigma-Aldrich Corp.
(Cat#F1293-100MG, CAS.NO 98319-26-7; St. Louis, MO, USA).
Picrotoxin and APV were purchased from Sigma-Aldrich Corp.
(Cat#P1675, CAS.NO 124-87-8). Dutasteride was obtained from
Adooq Bioscience LLC (Cat#A10338, CAS.NO 164656-23-9,
Irvine, CA, USA). All other chemicals were purchased from
Sigma-Aldrich Corp. or Nacalai Tesque (Kyoto, Japan). Allo-
pregnanolone and dutasteride was dissolved in dimethyl
sulfoxide (DMSO) as a 10-mM stock solution. Finasteride and
picrotoxin were dissolved in ethanol as a 10-mM stock
solution.

Data Analysis

We examined the middle portion of the retina, greater than
1200 pm away from the center of the optic disc along the inner
limiting membrane (ILM) according to previously described
methods.'® The nerve fiber layer thickness (NFLT) was
measured by light microscopy along five lines perpendicular
to the pigment epithelium at a distance of 15 um from each
other approximately 1200 pm away from the center of the
optic disc. The average NFLT was determined in 10 different
light micrographs taken from five to seven eyecup samples in
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FIGURE 2.

Immunofluorescent localization of allopregnanolone by confocal microscopy. (a-f) Merge of differential interference contrast images

and fluorescence images using DAPI and an antibody against 5o-reduced neurosteroids antibody. (a’-f”) Fluorescence images using anti-5o-reduced
neurosteroids antibody without DAPI nuclear staining. (a, a’) Allopregnanolone immunostaining was minimal in a retina incubated at 10 mm Hg. (b,
b’>) At 35 mm Hg, the retina showed marginal changes in fluorescence. Arrows indicate the weak fluorescence in the corresponding lesions in (b)
and (). (¢, ) Positive immunofluorescence of allopregnanolone was observed in the GCL, the INL, and the ONL at 75 mm Hg. Arrows indicate the
fluorescence in the corresponding panels in (c) and (). (d, d) Compared to the fluorescence induced at 75 mm Hg, less prominent fluorescence
was detected especially in the ILM after 1 uM finasteride (Fin) treatment at 75 mm Hg. Positive fluorescence also was observed in the GCL and the
ONL. Arrows indicate the fluorescence in the corresponding panels in (d) and (d’). (e, €’) Administration of 1 pM dutasteride (Duta) almost
completely reduced the fluorescence induced at 75 mm Hg. Arrows indicate the fluorescence in the corresponding panels in (e) and (e”). (f, )
Administration of 50 pM APV markedly inhibited the immunofluorescence of allopregnanolone at 75 mm Hg. Arrows indicate the fluorescence in

the corresponding panels in (f) and (). Scale bars: 20 pm.

each condition, divided by total retinal thickness, and mean *
SD was analyzed and compared to control.

The density of degenerated ganglion cells (GCs) was
determined by counting 10 fields of 500 pm length at 10
different locations in light micrographs taken from the block of
the middle retinal part 950 to 1450 um away from the center of
the optic disc.

The severity of neuronal damage was assessed by light
microscopy in 10 fields from each experiment using a neuronal
damage score (NDS) as described previously.>* The NDS was
determined in 10 different light micrographs taken from five to
seven eyecup samples in each condition. The NDS rates
neuronal damage in the inner nuclear layer INL) and the inner
plexiform layer (IPL) on a 0 to 4 scale, with O signifying no
neuronal damage and 4 indicating very severe damage. Criteria
used in establishing the degree of neuronal damage included
the extent of cytoplasmic swelling in the IPL and the number
of neurons in the INL showing signs of severe cytoplasmic
swelling and coarse clumping of nuclear chromatin. The
highest NDS rating (4) is given when the IPL shows apparent

spongiform appearance due to dendritic swelling, and when
most cell bodies in the INL show severe cytoplasmic swelling
and coarse clumping of nuclear chromatin. If the damage is of a
lesser degree, a rating of 3 is given. Score NDS 2 is assigned
when cell bodies in the INL are sporadically swollen. In NDS 1,
damage does not fulfill higher criteria, but the retinas differ
from controls (NDS 0). Fine dendritic swelling in a limited area
of the IPL without damage in the INL is described by NDS 1.

These morphometric parameters were assessed by three
raters who remained unaware of the experimental condition.
Upon completion of data assessment, significance of individual
differences among raters was evaluated using five randomly
selected samples in each morphometric parameter by 1-way
ANOVA followed by a post hoc test. There were no significant
differences among the raters in any of the morphometric
measurements.

Data were double-checked and analyzed using the Statistical
Package for Bioscience V9.53 (SPBS; Nankodo Publisher,
Tokyo, Japan) on a personal computer. Each parameter was
compared to control group or pressure-loaded group by
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(@) Immunofluorescent colocalization of allopregnanolone and vimentin by laser scanning microscopy. Allopregnanolone staining

(green; FITC) was observed in the GCL, INL, and ONL at 75 mm Hg, and indicated by arrows. Antivimentin antibody (red; rhodamine) was localized
to the Miiller cell end feet (open arrows) and Miiller cell bodies (white triangles). Double-labeled structures were not detected. Scale bars: 8 pm.
(b) Summary of immunostaining studies shows fluorescence intensity by antiallopregnanolone antibody (arbitrary units) as mean = SEM.
Fluorescent intensity significantly increased at 75 mm Hg compared to 10 or 35 mm Hg. The increase in fluorescence induced by high pressure was
significantly decreased by 1 uM finasteride (Fin). Administration of 1 pM dutasteride (Duta), almost completely inhibited the fluorescence increase.
Administration of 50 M APV also significantly decreased fluorescence. P values are calculated by unpaired Student’s #-test compared to 75 mm Hg

(*P < 0.001, ™P < 0.0001).

Student’s unpaired #test. For all analyses, P values were
considered statistically significant, when the values were less
than 0.05 (2-tailed).

RESULTS

LC-MS/MS Data

We initially examined the effects of elevated hydrostatic
pressure on neurosteroid levels in rat ex vivo eyecups using
LC-MS/MS. Five eyes were examined by LC-MS/MS in each
condition. The LC-MS/MS analysis revealed a significant
increase of allopregnanolone at 75 mm Hg compared to 10
or 35 mm Hg (Fig. 1b). The increase in allopregnanolone
synthesis induced by high pressure was significantly dimin-
ished, but not completely eliminated by 1 uM finasteride, an
agent that primarily inhibits type II 5a-reductase, a key enzyme
in allopregnanolone synthesis (Fig. 1b). In contrast, 1 uM
dutasteride, a broader spectrum 5So-reductase inhibitor, almost
completely inhibited allopregnanolone synthesis induced by
high pressure (Fig. 1b). Administration of 50 uM APV, an N-
methyl-D-aspartate receptor (NMDAR) antagonist, also signifi-
cantly decreased allopregnanolone synthesis.

Immunocytochemistry

To determine regional and cellular changes in allopregnano-
lone levels, we examined the effects of elevated hydrostatic
pressure on neurosteroid immunostaining using an antibody
against 5a-reduced steroids that primarily recognizes allopreg-
nanolone. Immunostaining was negligible at 10 (Figs. 2a, 2a’)
and 35 (Figs. 2b, 2b) mm Hg. At 75 mm Hg, positive
allopregnanolone immunofluorescence was detected in the
ganglion cell layer (GCL), INL, and the outer nuclear layer
(Figs. 2c, 2¢”). The enhanced staining induced by elevated
hydrostatic pressure was significantly dampened, but not
eliminated by 1 uM finasteride (Figs. 2d, 2d”). Administration

of 1 uM dutasteride (Fig. 2e, 2e’) and 50 uM APV (Figs. 2f, 2f")
even more markedly inhibited pressure-induced changes in
immunofluorescence.

To further characterize the cellular localization of allopreg-
nanolone, we used double immunofluorescence labeling with
the neurosteroids antibody and antivimentin antibody at 75
mm Hg (Fig. 3a). Vimentin was specifically expressed in Miiller
cell end feet and cell bodies (Fig, 3a). Double-labeled cells were
not detected (Fig. 3a). Fluorescence intensities in each
condition are summarized in Figure 3b.

Light Microscopic Findings

We next examined the effects of exogenously administered
allopregnanolone on retinal morphology under pressure
loading. Consistent with our previous reports,'”18 retinas
incubated at 10 (Fig. 4a) or 35 (Fig. 4b) mm Hg exhibited a
normal appearance. Retinas incubated at 75 mm Hg showed
axonal swelling in the nerve fiber layer (NFL) at 75 mm Hg (Fig.
40). A few GC nuclei became pyknotic and shrunken at 75 mm
Hg.

Administration of allopregnanolone inhibited pressure-
induced axonal swelling in a concentration-dependent manner.
The extent of swollen axons in the retina at 75 mm Hg was
partially inhibited by 10 nM allopregnanolone (Fig. 4d). In the
presence of 100 nM allopregnanolone, elevated hydrostatic
pressure failed to induce significant morphological alterations
except for a small number of swollen axons and vacuole
formation in the IPL and INL (Fig. 4e). Administration of 1 pM
allopregnanolone substantially inhibited axonal swelling (Fig.
4f).

To determine whether the increase in endogenous allopreg-
nanolone levels observed by LC-MS/MS and immunohisto-
chemistry also is neuroprotective, we examined the effects of
finasteride. At 10 mm Hg, the retinas did not exhibit specific
morphological changes in the presence of 1 uM finasteride
(Fig. 52). At 75 mm Hg in the presence of 1 uM finasteride,
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FiGure 4. (a, b) Light micrographs of rat ex vivo eye cup preparations
incubated at 10 (a) and 35 (b) mm Hg. At 10 and 35 mm Hg, the retina
showed normal structure. (¢) Pressure loading at 75 mm Hg for 24
hours induced axonal swelling (arrowbeads) in the NFL. (d-f) Light
micrographs of retinas incubated with 10 nM (d), 100 nM (e), and 1 uM
allopregnanolone (A/oP, [f]) at 75 mm Hg. (d) At 75 mm Hg, the extent
of swollen axons (arrowheads) were reduced in the NFL of the retina
incubated with 10 nM allopregnanolone. (e) A retina incubated with
100 nM allopregnanolone at 75 mm Hg exhibited sparse distribution of
the swollen axons (arrowbeads). (f) Administration of 1 puM
allopregnanolone exhibited no remarkable changes in the NFL. (a-f)
Scale bars: 15 pm.
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however, retinas developed severe retinal damage character-
ized by edematous changes in the IPL and bull’s eye formation
in the INL along with axonal swelling (Fig. 5b). In this
condition, NFL thickness ratings were increased relative to
controls and similar to retinas incubated without finasteride at
75 mm Hg. Administration of 1 pM allopregnanolone was
neuroprotective against the retinal degeneration observed in
the presence of 1 uM finasteride and high pressure (Fig. 5¢). To
determine whether the neuroprotective effects of allopregna-
nolone involve GABA, receptors, 1 pM picrotoxin (a GABA,
receptor antagonist) was administered in combination with 1
UM finasteride and 1 puM allopregnanolone. We found that
picrotoxin overcame the neuroprotective effects of allopreg-
nanolone under hyperbaric conditions (Fig. 5d). Retinas
treated with 100 uM APV in the presence of high pressure
plus finasteride showed substantial neuroprotection, but still
exhibited changes in RGC nuclei (Fig. 5e).

The LC-MS/MS and immunohistochemistry revealed that
dutasteride was more effective than finasteride at inhibiting
steroidogenesis. Therefore, we also examined the effects of
dutasteride on retinal histology. At 10 mm Hg, the retinas did
not show any remarkable changes in the presence of 1 uM
dutasteride (Fig. 5f). At 75 mm Hg, administration of 1 uM
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dutasteride, however, resulted in severe changes characterized
by an edematous appearance in the IPL and bull’s eye
formation in the INL along with axonal swelling (Fig. 5g). In
addition, destruction of the ONL was found. Administration of
1 pM allopregnanolone was neuroprotective against the retinal
degeneration observed in the presence of 1 pM dutasteride and
high pressure (Fig. 5h). However, administration of 1 uM
picrotoxin overcame the neuroprotective effects of allopreg-
nanolone in the retina treated with 1 uM dutasteride under
hyperbaric conditions (Fig. 5i). At 75 mm Hg, 100 uM APV-
treated retinas showed substantial neuroprotection against
dutasteride-induced toxicity (Fig. 5j), consistent with results
from APV administration to finasteride-treated retinas. Howev-
er, APV failed to protect RGC nuclei.

A quantitative assessment of structural changes induced by
high pressure (75 mm Hg) and/or administration of allopreg-
nanolone, finasteride, dutasteride, picrotoxin, and APV is
summarized in Table 1. The NFLT in retinas incubated at 75
mm Hg was significantly increased compared to that in control
retinas incubated at 10 mm Hg. Administration of allopreg-
nanolone at 75 mm Hg prevented the NFLT increase in a
concentration-dependent fashion. The NFLT also was signifi-
cantly increased after exposure to high pressure in the
presence of finasteride or dutasteride. Allopregnanolone
significantly decreased the NFLT at 75 mm Hg in the presence
of finasteride or dutasteride. Administration of APV also
decreased the NFLT at 75 mm Hg in the presence of finasteride
or dutasteride. In contrast, a combination of finasteride,
allopregnanolone, and picrotoxin or a combination of dutas-
teride, allopregnanolone, and picrotoxin significantly in-
creased the NFLT at 75 mm Hg.

The NDS were significantly increased after exposure to high
pressure and worsened by a combination of finasteride and
high pressure (0.9 = 0.4 with high pressure alone versus 3.4
* 0.1 with finasteride plus high pressure, P < 0.0001) or by
a combination of dutasteride and high pressure (1.0 = 0.5 with
high pressure alone versus 4.0 £ 0.5 with dutasteride plus
high pressure, P < 0.0001). Allopregnanolone significantly
decreased the NDS at 75 mm Hg in the presence of finasteride
or dutasteride. Administration of APV also decreased the NDS
at 75 mm Hg in the presence of finasteride or dutasteride. In
contrast, a combination of finasteride, allopregnanolone, and
picrotoxin or a combination of dutasteride, allopregnanolone,
and picrotoxin significantly increased the NDS at 75 mm Hg.

A quantitative assessment of GC damage in the presence of
the 5o-reductase inhibitors (finasteride and dutasteride) and
the NMDAR antagonist APV is summarized in Table 2. At 75
mm Hg, the density of damaged GCs was greater in retinas
treated with finasteride alone or dutasteride alone compared to
control retinas incubated at 10 mm Hg. The density of damaged
GCs was significantly increased after incubation with finaste-
ride, and decreased by a combination of finasteride and APV at
75 mm Hg (38.7 = 6.1 with finasteride versus 2.3 * 1.2 with
finasteride plus APV, P < 0.0001). The density of damaged GCs
also was significantly increased after incubation with dutas-
teride, and decreased by a combination of dutasteride and APV
at 75 mm Hg (33.2 = 4.0 with dutasteride versus 2.5 = 1.6
with dutasteride plus APV, P < 0.0001).

DISCcUSSION

In the present study, we used an ex vivo rat model that
incubated dissected eyecups under hydrostatic pressure for 24
hours. The hydrostatic pressure was adjusted to simulate
conditions in the normal retina (10 mm Hg) and conditions
that can occur during an AAC attack (75 mm Hg). The
advantages of this model include preservation of retinal
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FiGure 5. (a, b) Light micrographs of retinas incubated with 1 uM finasteride (Fin) at 10 (a) and 75 (b) mm Hg. (a) At 10 mm Hg, the retina
incubated with finasteride showed no remarkable changes. (b) Administration with 1 uM finasteride induced excitotoxic changes characterized by
bull’s eye formation in the INL (open arrows) and edematous IPL along with axonal swelling in the NFL (arrowbeads) in the retina at 75 mm Hg.
Red arrow indicates blood capillary. Arrows indicate the degenerated ganglion cells. (¢) Combination of 1 puM finasteride (Fin) and 1 uM
allopregnanolone (A/loP) blocked the retinal excitotoxic degeneration at 75 mm Hg. (d) At 1 uM, picrotoxin (Picro) overcame the protective effect
of 1 pM allopregnanolone in a pressure-loaded retina incubated with 1 pM finasteride at 75 mm Hg. Note the edematous IPL. Open arrows: Bull’s
eye formation in the INL. Arrowbead: Axonal swelling in the NFL. Arrows: Degenerated ganglion cells. (e) At 75 mm Hg, the excitotoxic changes
induced by finasteride were inhibited in the retina incubated with 100 pM APV, but pyknotic ganglion cell nuclei remained (arrow). No remarkable
changes were observed in other layers of the retina. (f, g) Light micrographs of retinas incubated with 1 pM dutasteride at 10 (f) and 75 (g) mm Hg.
() At 10 mm Hg, the retina incubated with dutasteride (Duta) showed no remarkable changes. (g) Administration with 1 uM dutasteride induced
excitotoxic changes characterized by bull’s eye formation in the INL (open arrows) and edematous IPL along with axonal swelling in the NFL
(arrowbeads) in the retina at 75 mm Hg. Arrows indicate the degenerated ganglion cells. (h) Combination with 1 uM dutasteride (Duta) and 1 pM
allopregnanolone (A/loP) blocked the retinal excitotoxic degeneration at 75 mm Hg. Red arrow indicates blood capillary. (i) At 1 pM, picrotoxin
(Picro) overcame the protection effect of 1 pM allopregnanolone in a pressure-loaded retina incubated with 1 pM dutasteride at 75 mm Hg. Open
arrows: Bull’s eye formation in the INL (red arrows). Arrowbead: Axonal swelling in the NFL. Arrow: Degenerated ganglion cells. (j) At 75 mm Hg,
excitotoxic changes induced by dutasteride were inhibited in a retina incubated with 100 pM APV, but pyknotic ganglion cell nuclei remained
(arrow). No remarkable changes were observed in other layers of the retina. (a-j) Scale bars: 15 pm.

that pressure loading, a form of acute stress, induced
allopregnanolone production in the retina.

Allopregnanolone is synthesized from pregnenolone by the
sequential action of three enzymes, 3-hydroxysteroid dehy-
drogenase/isomerase, So-reductase, and 3o-hydroxysteroid
deoxygenase (30-HSD).4455-57 The conversion from progester-
one to Sa-dihydroprogesterone (5o-DHP) is catalyzed by 5o-
reductase, and 30-HSD either converts 50-DHP into allopreg-
nanolone or converts allopregnanolone into So-DHP>7 The
present study revealed that finasteride, an agent that primarily

morphology without baseline ischemic degeneration!”18
making it possible to investigate direct effects of pressure-
loading on histology and neurosteroidogenesis. Furthermore,
the ex vivo model avoids the influence of circulating steroids.

We were interested in determining whether isolated retinas
have the ability to produce neurosteroids and whether
neurosteroid production is altered by the high pressure of an
AAC glaucoma attack. The LC-MS/MS analysis and immunohis-
tochemistry revealed that allopregnanolone levels are minimal
under low pressure, but significantly increased under high
pressure. Thus, it is likely that neurosteroidogenesis is

enhanced during an AAC attack. It is known that stressful
events, like acute swim stress*> or metabolic stressors,
including ammonia®® and acetaldehyde,?” elevate allopregna-
nolone levels in the brain to concentrations that modulate
GABA, receptors. This is consistent with the present findings

inhibits type II 5o-reductase with less effect on type I So-
reductase,>® and dutasteride, an effective inhibitor of Types I
and II So-reductase,>® markedly dampened allopregnanolone
synthesis with dutasteride being more effective than finaste-
ride. Taken together, it appears that Types I and II 5o-reductase
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Tasie 1. Effects of Pressure Elevation, Allopregnanolone, Finasteride, and Picrotoxin on NFLT and NDS

Condition (n) NFLT vs. RT, % (P) NDS (P)
10 mm Hg (5) 24 %15 () 0.1 = 0.1 ()
10 mm Hg + 1 puM AlloP (5) 2.3 * 1.5 (1.000) 0.2 = 0.1 (1.000)
10 mm Hg + 1 pM Fin (6) 2.2 + 2.2 (0.815) 0.4 + 0.5 (0.079)
75 mm Hg (7) 12.8 * 3.5 (0.0001)* 0.9 * 0.4 (<0.000D)*
75 mm Hg + 10 nM AlloP (6) 8.0 * 3.0 (0.0044)" 0.8 * 0.4 (<0.0001)*
75 mm Hg + 100 nM AlloP (6) 3.0 = 2.0 (0.458) 0.3 * 0.3 (0.061)
75 mm Hg + 1 pM AlloP (5) 2.4 * 1.3 (0.676) 0.3 + 0.2 (0.510)
75 mm Hg + 1 uM Fin (5) 11.5 * 3.4 (0.0006)* 3.4 + 0.1 (<0.000D)*
75 mm Hg + 1 uM Fin + 1 pM AlloP (6) 2.7 + 2.1 (0.718) 0.2 + 0.2 (0.174)
75 mm Hg + 1 uM Fin 4+ 1 pM AlloP + 1 pM Picro (5) 13.8 = 4.3 (0.0005)* 3.7 + 1.2 (<0.000D)*
75 mm Hg + 1 uM Fin + 100 uM APV (5) 2.0 = 1.0 (0.633) 0.2 + 0.1 (0.153)
75 mm Hg + 1 uM Duta (5) 10.5 = 2.50(0.0003)* 4.0 £ 0.5 (<0.0001)*
75 mm Hg + 1 uM Duta + 1 pM AlloP (6) 2.2 + 1.0 (0.858) 0.2 + 0.2 (0.338)
75 mm Hg + 1 pM Duta + 1 pM AlloP + 1 puM Picro (5) 10.6 = 2.3 (0.0002)* 3.9 £ 0.7 (<0.0001)*
75 mm Hg + 1 uM Duta + 100 pM APV (5) 1.7 * 0.8 (0.384) 0.2 = 0.1 (0.153)

Data are the mean * SD; NFLT vs. RT (%) refers to the NFLT percentage of total RT. P values were calculated versus control (10 mm Hg) by

Student’s t-test. AlloP, allopregnanolone; Fin, finasteride; Picro, picrotoxin.

* P < 0.001.

contribute to allopregnanolone production in the pressure-
loaded retina.

Although it is unknown how acute stress promotes neuro-
steroidogenesis, several signaling pathways could be in-
volved.¥7:%0 These signaling pathways include endogenous
ligands that act on key steps in neurosteroid synthesis, such as
acyl-Coenzyme A (CoA) binding domain protein-1,5'°! tria-
kontatetraneuro-peptide (DBI-17-50),31-°! adrenocorticotropic
hormone (ACTH),>>°° and corticosterone.>>%° Increases in
intracellular calcium also can trigger neurosteroid synthe-
sis.>%°1 In the retina, calcium influx via NMDARs enhances
pregnenolone formation and the synthesis of neuroste-
roids.5%°! As previously reported,!”-'® pressure loading de-
presses the expression of two key proteins involved in
glutamate homeostasis, GLAST, and glutamine synthetase.
Subsequent elevation of extracellular glutamate likely triggers
calcium influx via NMDAR activation and allopregnanolone
formation. Consistent with this, we found that a broad-
spectrum NMDAR antagonist blocks allopregnanolone produc-
tion in the hyperbaric condition. We!” previously found that
full protection of the retina from hyperbaric injury requires
block of NMDARs and ionotropic non-NMDARs; thus, the
mechanisms underlying hyperbaric neurosteroid production
may be more complex.

Using our rat ex vivo glaucoma model, we previously
demonstrated high pressure induced down-regulation of

TasLe 2. Effects of Pressure Elevation, Finasteride, Dutasteride, and
the NMDAR Antagonist (APV) on the Density of Damaged GCs in the
Middle Retina

Condition (n) GC = SD (P)
10 mm Hg (5) 0.6 * 0.4 ()
75 mm Hg (7) 8.8 *+ 3.6 (0.0005)*
75 mm Hg + 1 pM Fin (5) 38.7 = 6.1 (<0.0001)*
75 mm Hg 4+ 1 uM Fin + 100 uM APV (5) 2.3 * 1.2 (0.0169t
75 mm Hg + 1 uM Duta (5) 33.2 = 4.0 (<0.0001)*
+

75 mm Hg + 1 pM Duta 4+ 100 pM APV (5) 2.5 = 1.6 (0.0328)t

Data are the mean = SD. The density of damaged GCs was counted
per 500 um of retina. P values were calculated versus control (10 mm
Hg) by Student’s #test. P values are calculated by Student’s #-test
compared to 10 mm Hg. Duta, dutasteride.

* P < 0.001.

t P <0.05.

GLAST and glutamine synthetase, suggesting that abnormalities
in glutamate metabolism are involved in the pathogenesis of
glaucoma. Although glutamate excitotoxicty could mediate
RGC death in glaucoma, few studies have examined the
relevance of GABA to glaucoma.?%°2 Moreno et al.?° reported a
significant dysfunction of the retinal GABAergic system in rats
exposed experimentally to elevated IOP induced by hyaluronic
acid. Additionally, unilateral elevation of IOP affects the
expressed levels of GABA, receptor proteins measured
immunohistochemically in the primary visual cortex of adult
monkeys,®? suggesting that GABA may have a role in
glaucomatous neuropathy. Allopregnanolone acts at GABA,
receptors to positively modulate the effects of GABA. In part
through its effects on GABA, receptors, allopregnanolone is
neuroprotective against apoptosis and glutamate-mediated
excitotoxicity.®® In addition to its ability to modulate postsyn-
aptic GABA, responses, recent evidence suggests that allo-
pregnanolone modulates glutamate release via presynaptic
GABA, receptors.®® The inhibition of neuronal excitability
resulting from potentiation of GABA, inhibitory responses is
considered largely responsible for the neuroprotective effects
of allopregnanolone.® These findings raise the possibility that
allopregnanolone also may serve as a neuroprotectant against
pressure-induced injury in the retina. Although neuroprotec-
tion by other neurosteroids has been reported in glaucomatous
animals,®>~7 to our knowledge, allopregnanolone has not yet
been investigated in glaucoma. Thus, the present study
described the first evidence for the involvement of allopreg-
nanolone in glaucomatous conditions. The finding that
exogenous administration of allopregnanolone prevents pres-
sure-induced axonal injury indicates that allopregnanolone and
related compounds may be useful in protecting glaucomatous
eyes from neuronal degeneration. To determine whether the
neuroprotective effects of allopregnanolone result from effects
on GABA, receptors, we used picrotoxin, a GABA, receptor
antagonist, and found that picrotoxin overcame allopregnano-
lone-mediated neuroprotection.

Previous studies have shown that administration of finaste-
ride induced excitotoxic neuronal cell death in the hippocam-
pus and cerebellum in fetal sheep brain.®® In the present study,
we found that finasteride administration in the presence of
high pressure resulted in retinal degeneration with edematous
changes in the IPL and bull’s eye formation in the INL, which
are characteristic of excitotoxic retinal damage.®®7° To
determine the contribution of excitotoxicity to this retinal
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degeneration, we examined APV, a broad-spectrum NMDAR
antagonist, in finasteride-treated retinas under hyperbaric
conditions, and found that APV substantially inhibited the
finasteride-induced retinal degeneration. These findings indi-
cated that finasteride induces excitotoxicity in the pressure-
loaded retinas. Consistent with this, dutasteride-induced retinal
degeneration also was inhibited by APV under hyperbaric
conditions. Taken together, administration of finasteride or
dutasteride may induce excitotoxicity during IOP elevation.

Finasteride is used clinically for the treatment of benign
prostatic hyperplasia (BPH) and androgenetic alopecia (AGA),
while dutasteride use is restricted to the treatment of BPH.
Because both conditions (BPH and AGA) are common in males,
it is plausible that significant numbers of men with glaucoma
take So-reductase inhibitors. In this case, their eyes may be at
risk of retinal damage as a result of inhibition of allopreg-
nanolone synthesis during periods of elevated IOP. Although
adverse ophthalmologic effects have not been reported with
finasteride, psychiatric side effects, including depression, may
develop after finasteride or dutasteride administration.>%71.72

Taken together, our findings indicates that enhanced
neurosteroid synthesis and GABA, receptor activation have
important roles in maintaining retinal integrity under hyper-
baric conditions, helping to protect the retina from pressure-
induced damage. Today, most treatments for glaucoma are
directed at lowering IOP even if IOP lowering itself does not
prevent optic nerve damage or visual field loss. Furthermore,
loss of ganglion cells continues to progress even after IOP is
lowered.”>74 Thus, interventions that only focus on lowering
IOP may not be optimal for some glaucoma patients. The
present study demonstrated that allopregnanolone exerts
neuroprotective effects against glaucomatous pressure-induced
injuries. In rodents and humans, however, allopregnanolone
and its analogues appear to be well-tolerated and these agents
can improve clinical symptoms (anxiety and anhedonia) at
levels that do not cause significant adverse effects.®> Thus,
allopregnanolone and related compounds may serve as
potential therapeutics to protect glaucomatous eyes from
pressure-induced injuries.
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