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Abstract

We previously reported that elevated pressure induces axonal swelling and facilitates the synthesis 

of the neurosteroid, allopregnanolone (AlloP), in the ex vivo rat retina. Exogenously applied AlloP 

attenuates the axonal swelling, suggesting that the neurosteroid plays a neuroprotective role 

against glaucomatous pressure-induced injuries, although mechanisms underlying 

neurosteroidogenesis have not been clarified. The aim of this study was to determine whether 

AlloP synthesis involves activation of translocator protein 18 kD (TSPO) and whether TSPO 

modulates pressure-induced retinal injury. Ex vivo rat retinas were exposed to various pressures 

(10, 35, or 75 mmHg) for 24 hours. Expression of TSPO, 5α-reductase (5aRD), and AlloP was 

examined by quantitative real-time RT-PCR, ELISA, immunohistochemistry, and LC-MS/MS. We 

also examined the effects of TSPO ligands on AlloP synthesis and retinal damage. In this acute 

model, quantitative real-time RT-PCR and ELISA analyses revealed that elevated pressure 

facilitated TSPO expression. Similarly, these methods also detected enhanced 5aRD (mostly type 

II), which was observed in retinal ganglion cells (RGC) and the inner nuclear layer (INL). Atriol, a 

TSPO antagonist, suppressed pressure mediated AlloP synthesis and induced more severe 

histological changes in the inner retina when combined with elevated pressure. PK11195, a TSPO 

ligand that facilitates AlloP synthesis by itself, remarkably diminished pressure-mediated retinal 

degeneration. These results suggest that AlloP synthesis is induced by sequential activation of 

TSPO and 5aRD in an ex vivo glaucoma model, and that TSPO agonists may serve as potential 

therapeutic agents for the prevention of pressure-induced retinal damage.
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1. Introduction

Glaucoma is a leading cause of irreversible blindness (Pascolini and Mariotti, 2012; Tham et 

al., 2014). Among types of glaucoma, acute angle closure attacks (AAC) are an ophthalmic 

emergency and can lead to blindness (Aung et al., 2001). AAC involves a sudden rise in 

intraocular pressure (IOP) that can reach 80 mmHg (Ritch, 2000). If treatment is delayed, 

sustained IOP elevation damages retinal ganglion cells (RGC), and leads to severe visual 

disturbances (Lowe, 1973). However, the pathogenesis underlying RGC damage in AAC 

remains unclear, although glutamate excitotoxicity likely contributes to RGC death 

(Diekmann and Fischer, 2013; Louzada-Junior et al., 1992; Neal et al., 1994; Harada et al., 

2007; Seki and Lipton, 2008). Glutamate is the most prevalent neurotransmitter in the retina 

(Thoreson and Witkovsky, 1999; Massey and Miller, 1987; Massey and Miller, 1990). When 

glutamate is in excess, it can become toxic to retinal neurons by overstimulation of 

glutamate receptors (Lucas and Newhouse, 1957; Olney, 1982).

Recently, we developed a new experimental model of AAC using an ex vivo rat retinal 

preparation to examine the effects of elevated hydrostatic pressure on retinal morphology 

and glutamate metabolism (Ishikawa et al., 2010, 2011). In this model, high pressure (75 

mm Hg) induces axonal swelling in the nerve fiber layer (Ishikawa et al., 2010), 

accompanied by impaired glial glutamate transporters and metabolism (Ishikawa et al., 

2011).

Gamma-aminobutyric acid (GABA) is an inhibitory neurotransmitter used by horizontal and 

amacrine cells in the lateral retinal pathway to modulate outer and inner synaptic layers 

(Kalloniatis and Tomisich, 1999; Yang, 2004). Although data indicate a role for glutamate in 

glaucoma (Naskar et al., 2000; Martin et al., 2002; Moreno et al., 2005; Nucci et al., 2005), 

the role of GABA has been less thoroughly investigated (Bailey et al., 2014), and prior work 

indicates that the balance between glutamate and GABA is important for maintaining retinal 

function (Kishida and Naka, 1968). However, there are only a few reports describing 

significant dysfunction of the GABAergic system in glaucomatous retinas (Bailey et al., 

2014; Kishida and Naka, 1968; Moreno et al., 2008).

Allopregnanolone (AlloP) is a neurosteroid that can be locally synthesized in the central 

nervous system in response to stressful events. In the retina, AlloP is synthesized in response 

to pressure elevation (Ishikawa et al., 2014), and exerts neuroprotective effects via GABAA 

receptors in the ex vivo glaucoma model (Ishikawa et al., 2014). How acute stress promotes 

neurosteroid production is not certain.

In the brain, neurosteroids are generated from cholesterol by a series of steps that include 

shuttling of cholesterol to the inner mitochondrial membrane by translocator protein 18 kDa 

(TSPO) and conversion to pregnenolone by CYP11A1, a P450 side-chain cleavage enzyme 

(Weir et al., 2004; Belelli and Lambert, 2005; Rone et al., 2009; Gunn et al., 2011). 
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Pregnenolone exits the mitochondria and is converted to neurosteroids including AlloP. A 

major pathway involves the conversion of pregnenolone to AlloP by the sequential actions of 

3β-hydroxysteroid dehydrogenase, 5α-reductase (5aRD) and 3α-hydroxysteroid 

dehydrogenase (Fig. 1a) (Belelli and Lambert, 2005; Rone et al., 2009). The translocation of 

cholesterol to the inner mitochondrial membrane by TSPO (Rupprecht et al., 2010) and the 

catalytic reaction by 5aRD (Dong et al., 2001; Agis-Balboa et al., 2007) in the endoplasmic 

reticulum membrane are considered rate limiting steps. Because elevated pressure enhances 

AlloP synthesis, we hypothesized that TSPO induction followed by 5aRD is required for 

AlloP synthesis when retinas are exposed to high pressure. In the present study, we tested 

this hypothesis by determining effects of pressure elevation on the expression of TSPO and 

5aRD in an ex vivo glaucoma model. Moreover, we demonstrate that activation of TSPO is a 

key step in regulating retinal toxicity and that a TSPO antagonist promotes retinal 

excitotoxicity, while TSPO activation exerts neuroprotective effects via AlloP production.

2. Material and methods

Protocols for animal use were approved by the Akita University Animal Studies Committee 

in accordance with the guidelines of the Policies on the Use of Animals and Humans in 

Neuroscience Research.

2.1. Rat ex vivo Eyecup Preparation

Rat ex vivo eyecups were prepared from 28–32 day old male Sprague-Dawley rats (Charles 

River Laboratories International Inc., Wilmington, MA) as previously published (Ishikawa et 

al., 2010, 2011). The anterior half of the enucleated eyes was carefully removed to make 

eyecup preparations. Eyecups were placed at the bottom of a 100 ml glass beaker filled with 

aCSF (artificial cerebrospinal fluid) containing (in mM): 124 NaCl, 5 KCl, 2 MgSO4, 2 

CaCl2, 1.25 NaH2PO4, 22 NaHCO3, and 10 glucose, and incubated at 30°C for 24 hours 

using a closed pressure-loading system (Fig. 1b). pH was maintained at 7.35 to 7.40. In the 

closed-pressure system, a glass beaker with the eyecup was placed at the bottom of an 

acrylic pressure chamber (2,000 ml volume). A 95% O2-5% CO2 gas mixture was delivered 

through disposable plastic tubing with an infusion valve and a control dial on the lid of the 

pressure chamber and an air filter (Cat#SLGP033RS, Merk Millipore, Billerica, MA). The 

plastic tubing delivering the gas terminated 1 cm above the bottom of the beaker.

Acutely prepared eyecups were incubated in gassed aCSF for at least 1 h at 30°C before 

pressure loading. In some experiments, (3β,17β)-androst-5ene-3,17,19-triol (atriol) (1 μM), 

dizocilpine (MK801) (1 μM), AlloP (1 μM), isoquinoline carboxamide (PK11195) (50 μM) 

and dutasteride (1 μM) were dissolved in aCSF at the time of experiment and administered 

by bath perfusion. Eyecup preparations were treated with these drugs for 1 h at 30°C before 

pressure loading. For pressure loading, the 95% O2-5% CO2 gas mixture was infused until 

the pressure reading given by a manometer reached the appropriate level. The pressure was 

then locked by adjusting the control dial of the effusion valve, and monitored continuously 

for 24 h at 30°C. After maintaining the chamber at the set pressure (10, 35, 75 mmHg) for 

the indicated time, the pressure inside the chamber was carefully decreased by opening the 

effusion valve.
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2.2. Quantitative real-time RT–PCR

We quantified tspo and srd5a mRNA expression in pressure-loaded eyecups incubated at 10, 

35, and 75 mmHg for 24 h. At the end of each experiment, the retina of the empty eyecup 

was sampled, and immersed in RNAlater solution (Qiagen, Hilden, Germany), and frozen at 

−80°C. Total RNA was extracted by using RNeasy kit (Qiagen) from the retinal samples and 

used for cDNA synthesis. Aliquots (1 μg) of total RNA were reverse transcribed into first-

strand cDNA by using a PrimeScrip® RT reagent kit (Takara Bio Inc. Shiga, Japan) and a 

thermal cycler (Takara PCR Thermal Cycler MP, Takara). Real-time reverse transcription 

(RT)–PCR reaction was carried out with a Thermal Cycler Dice® Real Time System 

(Takara). According to the manufacturer’s instructions, the RT-PCR reaction was conducted 

in 25 μl of reaction buffer containing 12.5 μl SYBR® Premix Ex Taq II (Takara Bio Inc), 1 

μl of 10 μM forward and reverse primers, 2 μl cDNA and 9.5 μl water. The RNA expression 

levels were normalized to the level of gapdh expression. Table 1 summarizes the primers 

used in the present study. The primers were designed using the Perfect Real Time® Support 

System (Takara). Quantitative real-time RT–PCR curves were analyzed by the crossing-

point standard curve method.

In the present study, six independent experiments were performed for each condition. All 

PCR reactions were repeated in duplicate, and the average values were used for statistical 

analysis. The RNA expression levels were normalized to gapdh expression. These data were 

then evaluated by Dunnett’s multiple comparison test to determine whether the expression 

rates at 35 mmHg and 75 mmHg were significantly higher than control rates at 10 mmHg.

2.3. ELISA

Seven eyes were examined by ELISA in each condition. After pressure loading, the retinal 

samples were rapidly homogenized in PBS followed by centrifugation at 4°C for 15 min at 

3,000g. The supernatants were used to measure the concentrations of TSPO, 5aRD type I 

(5aRD1), 5aRD type II (5aRD2), and 5aRD type III (5aRD3) using corresponding ELISA 

kits (TSPO ELISA kit, Cat#CSB-EL025168RA, Cusabio, Wuhan, China; 5α-reductase I 

ELISA Kit, Cat#MBS700746-48TEST, MyBioSourc Inc., San Diego, CA; 5α-reductase II 

ELISA Kit, Cat#SEM285RA, Uscn Life Science, Houston, TX; 5α-reductase III ELISA Kit, 

Cat#MBS9320507, MyBioSourc Inc.). According to the manufacturer’s instructions, the 

absorbance was detected at 450 nm and a standard curve was delineated based on the 

absorbance of standards. Each measurement of protein was normalized to 10 mmHg. These 

data were evaluated by Dunnett’s multiple comparison test to determine whether the 

expression rates at 35 mmHg and 75 mmHg were significantly higher than control rates at 

10 mmHg.

2.4. Immunohistochemistry

For immunocytochemistry, eyecup preparations were fixed with 4% paraformaldehyde-0.1 

M phosphate buffer for 2 hours at 4°C (5 animals per experimental group) at the end of each 

experiment. Samples were washed with ice cold phosphate buffered saline (PBS) and 

incubated in blocking solution (1% donkey serum/PBS) for 2 h at 25°C. Samples were then 

embedded in OCT compound (Sakura Global Holdings, Tokyo, Japan), and frozen with 

liquid nitrogen. Ten μm cryosections were incubated with a primary antibody (Gavish et al. 
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1999, Papadopoulos et al., 2006) raised in sheep against 5α-reduced neurosteroids diluted 

1:2500 in blocking solution for 24 h at 4°C. This polyclonal antibody primarily recognizes 

AlloP and has minimal cross-reactivity with other neurosteroids in rats (Veenman et al., 

2007) (purchased from Dr. Robert Purdy, University of California San Diego). After 

incubation with primary antibody, slices were rinsed with PBS and incubated with a 

secondary antibody, biotinylated rabbit anti-sheep IgG (diluted 1:500) (Cat#BA-6000, 

AB_2336217, Vector Laboratories, Burlingame, CA). Other cryosections were incubated 

with rabbit anti-TSPO polyclonal antibody (1:50; Cat# LS-B2120-50, LifeSpan Biosciences, 

Inc., Seattle, WA), rabbit anti-5aRD1 polyclonal antibody (1:200; Cat#bs-11308R, Bioss 

Antibodies, Woburn, MA), rabbit anti-5aRD2 polyclonal antibody (1:200; Cat#bs-6700R, 

AB_11051640, Bioss Antibodies, Woburn, MA), or rabbit anti-5aRD type III (5aRD3) 

polyclonal antibody (1:200; Cat#GTX45982,GeneTex, Irvine, CA) at 4°C, overnight. Biotin-

conjugated goat anti-rabbit IgG (H+L) (1:500; Zymed Laboratories, Carlsbad, CA) was 

applied to the sections incubated with primary antibody as a secondary antibody. After 

incubation with secondary antibodies, the slices were incubated with streptavidin conjugated 

with Alexa Fluor 488 (diluted 1:1000) (Cat#S32354, AB_2315383, Molecular Probes, 

Carlsbad, CA), for 2 h at 25°C. IgG binding sites were detected by confocal laser scanning 

microscopy (LSM510 Axiovert200M; Carl Zeiss Meditec, Göttingen, Germany). DAPI was 

used for nuclear staining.

For double immunofluorescence, cryosections of the fixed specimens were incubated at 

room temperature with a mixture of two primary antibodies: mouse anti-rat Thy 1.1 

monoclonal antibody (1:100; Cat#551401, BD Bioscience, San Jose, CA) and rabbit anti-

human GFAP antibody (1:200; Cat#SML-RO1003, Shima Laboratories Co., Tokyo, Japan). 

Subsequent antibody detection was performed with a mixture of two secondary antibodies, 

rhodamine-conjugated goat anti-mouse IgG (1:200) and FITC-conjugated goat anti-rabbit 

IgG (1:200; Cat#ab6717, Zymed Laboratories, Carlsbad, CA). After several washes with 

PBS, colocalization of vimentin was observed under a confocal microscope.

For quantification of immunohistochemical data, five eyes were examined in each condition. 

Images of each section without DAPI staining were captured. Digital images were analyzed, 

and the average intensity of FITC fluorescence was measured using Image-Pro Plus software 

(Media Cybernetics, Rockville, MD). All data of FITC fluorescence are expressed as mean 

± SEM, and evaluated by Tukey’s or Dunnett’s multiple comparison test, or Mann-

Whitney’s U test compared to controls incubated in aCSF at 10 mmHg or 75 mmHg.

2.5. LC-MS/MS

For sample preparation, a rat retina was detached from the retinal pigment epithelium, and 

homogenized in 1 mL of 0.1 M potassium dihydrogen phosphate solution using an Ultra-

Turrax homogenizer. Three eyes were examined by LC-MS/MS in each condition. As an 

internal standard, 2H4-allopregnanolone was added to the rat retina suspension. AlloP was 

extracted by 4 mL of 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 of methanol and diluted with 1 ml of distilled water, and then applied to adande:I 

PAX cartridge, which had been successively conditioned with 3 ml of methanol and 3 ml of 
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distilled water. After the cartridge was washed with 1 mL of distilled water, 1 mL of 

methanol/distilled water/acetic acid (45:55:1,v/v/v), and 1 mL of 1% pyridine solution, 

AlloP was eluted with 1 mL of methanol/pyridine (100:1,v/v). After evaporation, the residue 

was subjected to derivatization described below.

The sample was reacted with 50 μL of mixed solution (80 mg of 2-methyl-6-nitrobenzoic 

anhydride, 20 mg of 4-dimethylaminopyridine, and 40 mg of picolinic acid in 1 ml of 

acetonitrile) and 10 μl of triethylamine for 30 min at room temperature. After the reaction, 

the sample was dissolved in 0.5 ml of ethyl acetate/hexane/acetic acid (15:35:1, v/v) and the 

mixture was applied to InertSep SI cartridge, which had been successively conditioned with 

3 mL of acetone and 3 mL of hexane. The cartridge was washed with 1 mL of hexane, 2 ml 

of ethyl acetate/hexane (3:7, v/v), and 2.5 mL of MTBE and then the derivatized AlloP was 

eluted with 2.5 mL of acetone/hexane (7:3, v/v). After evaporation, the residue was 

dissolved in 0.1 mL of acetonitrile/distilled water (2:3, v/v) and 20 μL of the solution was 

subjected to LC-MS/MS (Pesaresi et al., 2010).

An API-5000 triple stage quadrupole mass spectrometer (ABSCIEX) equipped with a 

positive ESI source and a HPLC system (SCL-10Avp system controller, LC-20AD pump, 

SIL-HTc column oven, CTO-20A auto-sampler, SHIMADZU) was employed. Capcellcore 

ADME column was used at 50°C. The mobile phase consisting of 0.1% formic aid (Solvent 

A) and acetonitrile/methanol (9:1, v/v) (Solvent B) was used with a gradient elution. For 

quantification of the steroids, the transitions m/z 424.4→283.3 and 428.4→287.3, were 

selected for AlloP and 2H4-AlloP, respectively.

Changes in AlloP concentrations were evaluated by Tukey’s multiple comparison test 

compared to controls incubated in aCSF at 10 mmHg or 75 mmHg.

2.6. 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 μm thick semi-thin sections. The tissue was 

then stained with toluidine blue and evaluated by light microscopy.

2.7. Data analysis of morphometry

We examined the middle portion of the retina, greater than 1,200 μm away from the center 

of the optic disc along the inner limiting membrane (ILM) according to previously described 

methods (Ishikawa et al., 2011). The nerve fiber layer thickness (NFLT) was measured by 

light microscopy along 5 lines perpendicular to the pigment epithelium at a distance of 15 

μm from each other around 1,200 μm away from the center of the optic disc (see Figure 

supplement S1). The average NFLT was determined in 5 different light micrographs taken 

from 3 to 5 eyecup samples in each condition, divided by total retinal thickness, and mean ± 

standard deviation was analyzed and compared with control.
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The density of degenerated cells characterized by nuclear chromatin clumping or necrosis in 

the GCL was determined by counting 30 fields of 500 μm length at 10 different locations in 

light micrographs taken from the block of the middle retinal part 950 to 1450 μm away from 

the center of the optic disc (Ishikawa et al., 2014).

The severity of neuronal damage was assessed by light microscopy using a neuronal damage 

score (NDS) as previously described (Izumi et al., 1999). The NDS was determined in 5 

different light micrographs taken from 3 to 5 eyecup samples in each condition. The NDS 

rates neuronal damage in the inner nuclear layer (INL) and the inner plexiform layer (IPL) 

on a 0–4 scale with 0 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. 

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 morphometrical 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 one-way analysis of variance (one-way ANOVA) followed by a 

post-hoc test. There were no significant differences among the raters in any of the 

morphometric measurements. All data of the NFLT, NDS, and the density of degenerated 

cells in the GCL are expressed as mean ± SEM, and evaluated by Dunnett’s multiple 

comparison test compared to controls incubated in aCSF at 10 mmHg or 75 mmHg.

2.8. Electron Microscopy

Retinal specimens were trimmed to a smaller size, and ultrathin sections (75 nm) were cut 

with a diamond knife and suspended over formvar-coated slot grids (1 # 2 mm opening). The 

sections were stained with uranyl acetate and lead citrate and viewed in a transmission 

electron microscope (H-7650, Hitachi High-Technologies Corp., Tokyo, Japan).

2.9. Preparation of whole mounted retinas and immunostaining

The anterior part of the eye was removed by making an incision along the entire limbus. 

After incubation in the closed pressure system, retinas from five eyes in each group were 

processed for immunostaining as “whole mounted” retinas. The retina was carefully 

detached from the eye by making cuts along the ora serrata and optic nerve. Whole retinas 

were then flat-mounted, pinned in an acrylic plate with the RGC layer facing upward using 

stainless steel pins, and fixed in 4% paraformaldehyde-0.1 M phosphate buffer overnight at 

4°C. After the samples were fixed, the tissue was rinsed with PBS three times. To block 

nonspecific binding, the tissue was incubated in 2% BSA in PBS containing 0.5% Triton 

X-100. The whole mounted retinas were incubated in the rabbit anti-NeuN polyclonal 
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antibody solution (Cat#ab104225, Abcam) (1:100) by gently shaking at 4 °C, overnight. 

After rinsing 3 times using PBS, the retina was incubated in FITC-conjugated secondary 

antibody (goat anti-rabbit IgG (H+L)) (Cat#81-6111, Zymed Laboratories Inc) (1:300). The 

retina tissue was then rinsed 3 times with PBS and mounted on glass slides using 50% PBS 

and 50% glycerol. Retinal flat-mounts were imaged throughout the GCL in each of the four 

defined retinal quadrants 4 mm from the optic nerve head using a confocal microscope. Each 

quadrant was analyzed using a 1 mm2 frame, and counted using Image-Pro Plus software. 

The density of NeuN positive RGCs per square millimeter was averaged and compared in 

experimental retinas treated with 1 μM AlloP or 50 μM PK11195 at 75 mmHg and control 

retinas incubated with aCSF at 75 mmHg by Dunnett’s multiple comparison test. RGC 

counts were analyzed using Image-Pro Plus software.

2.10. Apoptosis

To visualize apoptotic cells, we used the DeadEndTM Colorimetric TUNEL System 

(Promega, Madison, WI) according to the manufacturer’s instructions. The nuclei were 

counterstained with DAPI. After the length of each retinal section was measured (Image-Pro 

Plus software), the cells were counted in the whole section length and the number of cells 

was counted per 200 μm of retinal section.

The number of apoptotic cells was evaluated by Dunnett’s multiple comparison test to 

determine changes in the density of apoptotic cells among experimental retinas treated with 

1 μM AlloP or 50 μM PK11195 at 75 mmHg and control retinas incubated with aCSF at 75 

mmHg.

2.11. Chemicals

Atriol (Midzak et al., 2011) was synthesized by D.F.C. MK801 (Cat#F1293-100MG, 

CAS.NO 98319-26-7) and PK11195 (Cat#C0424-50MG, CAS.NO 85532-75-8)38 were 

purchased from Sigma-Aldrich Corp (St. Louis, MO, USA). AlloP was purchased from 

Wako Pure Chemical Industries, Ltd. (Cat#596-30841, CAS.NO 516-54-1; Osaka, Japan). 

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). Atriol, MK-801, AlloP, PK11195, and dutasteride 

were dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock solution.

2.12. Statistics

Data were double-checked and analyzed using a biomedical statistical computer program 

(http://www.gen-info.osaka-u.ac.jp/MEPHAS/dunnett.html) on a personal computer. 

Descriptive statistical results were presented using the mean values (mean) ± standard 

deviation (SD). For comparison with controls that were incubated in drug free aCSF at 10 

mmHg, we used Mann-Whitney’s U test or Dunnett’s multiple comparison test, depending 

on sample numbers. For comparison with both the control and other conditions, we used 

Tukey’s multiple comparison test. For all analyses, p values were considered statistically 

significant, when the values were less than 0.05 (two-tailed).
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3. Results

3.1. Pressure elevation induced upregulation of TSPO

Using quantitative real-time RT–PCR, we determined that tspo expression increased in a 

pressure-dependent manner (Fig. 1c, Source data S1-1). Tspo mRNA showed significant 

increases at 35 mmHg (p<0.05) and 75 mmHg (p<0.05) compared to 10 mmHg. Consistent 

with this, the ELISA test for TSPO protein expression also detected significant increases at 

35 mmHg (p<0.05) and 75 mmHg (p<0.05) compared to 10 mmHg (Fig. 1d, Source data 

S1-2). We also tested if TSPO immunostaining was altered by elevated pressure. TSPO 

immunostaining was negligible or slight at 10 mmHg (Fig. 1e) and weakly positive in the 

vicinity of the ganglion cell layer (GCL) at 35 mmHg, respectively (Fig. 1f). TSPO 

expression increased in the RGC at 75 mmHg (Fig. 1g, Figure supplement S2). Fluorescence 

intensities in each condition are summarized in Fig. 1h (Source data S1-3).

3.2. Pressure elevation induced upregulation of 5aRD subclasses

Because elevated pressure enhances AlloP synthesis (Ishikawa et al., 2014), we 

hypothesized that 5aRD expression would be facilitated by elevated pressure. Using 

quantitative real-time RT–PCR, we examined the effect of pressure on srd5a subclasses (Fig. 

2a, Source data S2-1). Expression of srd5a1 mRNA showed no remarkable changes at 35 

mmHg, but significantly increased at 75 mmHg (p<0.05) compared to 10 mmHg (Source 

data S2-1-1). Srd5a2 mRNA showed a significant increase at 35 mmHg (p<0.05) and 75 

mmHg (p<0.05) compared to 10 mmHg (Source data S2-1-2). Srd5a3 mRNA expression 

showed no remarkable change at elevated pressures (Source data S2-1-3).

We also examined pressure-dependent changes of protein expression of 5aRD1, 5aRD2, and 

5aRD3 using ELISA (Fig. 2b) and immunohistochemistry (Fig. 2c–2k). The ELISA test 

showed that there was no remarkable change in 5aRD1 expression at 35 mmHg, but 5aRD1 

expression significantly increased at 75 mmHg (p<0.05) compared to 10 mmHg (Source 

data S2-2-1). 5aRD2 expression significantly increased at 35 mmHg (p<0.05) and 75 mmHg 

(p<0.05) compared to 10 mmHg (Source data S2-2-2). 5aRD3 expression showed no 

significant increase at 35 mmHg and 75 mmHg compared to 10 mmHg (Source data 

S2-2-3).

In immunohistochemistry studies, 5aRD1 reactivity was slight at 10 mmHg (Fig. 2c) and 35 

mmHg (Fig. 2d), but significantly increased at 75 mmHg, mainly in the GCL and INL (Fig. 

2e). 5aRD2 immunostaining was marginal at 10 mmHg (Fig. 2f). Only slight 

immunofluorescence was detected in the vicinity of the GCL and INL at 35 mmHg (Fig. 

2g), while a marked increase of immunofluorescence was observed in the GCL and INL at 

75 mmHg (Fig. 2h). 5aRD3 immunostaining was negligible at all pressures (Fig. 2i–k). 

Fluorescence intensities in each condition are summarized in Figure 2l (Source data S2-3). 

5aRD1 immunostaining showed a significant increase at 75 mmHg (p<0.05) compared to 10 

mmHg. 5aRD2 immunostaining significantly increased at 35 mmHg (p<0.05) and 75 mmHg 

(p<0.05) compared to 10 mmHg.
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3.3. Pressure elevation induced neurosteroidogenesis

We confirmed our prior observations about the effects of elevated hydrostatic pressure on 

neurosteroid immunostaining using an antibody against 5α-reduced steroids that primarily 

recognizes AlloP (anti-AlloP antibody) (Ishikawa et al., 2014). Immunostaining was 

negligible at 10 mmHg (Fig. 3a). A slight fluorescent reaction was observed in the GCL at 

35 mmHg (Fig. 3b), while at 75 mmHg, positive AlloP immunofluorescence was clearly 

detected in the GCL and INL (Fig. 3c). Fluorescence intensities at each pressure are 

summarized in Figure 3d (Source data S3-1). Quantitative analysis confirmed that AlloP 

immunostaining significantly increased at 75 mmHg (p<0.05) compared to 10 mmHg.

3.4. Changes of neurosteroidogenesis by TSPO ligands and 5aRD inhibitor

In immunohistochemistry studies, the enhanced staining with anti-AlloP antibody induced 

by elevated hydrostatic pressure was significantly dampened by incubation with 1 μM atriol 

(Fig. 3e). This result indicates that TSPO is essential for AlloP production by elevated 

pressure (Yang 2004). Anti-AlloP immunostaining was also eliminated in retinas treated 

with 1 μM dutasteride, a 5aRD inhibitor, at 75 mmHg (Fig. 3f). PK11195, a TSPO ligand, 

increased immunofluorescence by anti-AlloP antibody in the GCL, IPL, INL, ONL, and 

OLM at 75 mmHg (Fig. 3g). This enhancement of AlloP fluorescence was inhibited by 1 

μM atriol (Fig. 3h) or 1 μM dutasteride (Fig. 3i). Fluorescence intensities at each condition 

are summarized in Figure 3j (Source data S3-2). Quantitative analysis confirmed that 

administration of atriol or dutasteride resulted in a significant decrease in AlloP 

immunostaining at 75 mmHg (p<0.05) compared to controls incubated with aCSF at 75 

mmHg. The increase in AlloP immunoreaction induced by PK11195 was also dampened by 

atriol or dutasteride compared to controls incubated with aCSF at 75 mmHg.

At 10 mmHg, PK11195 enhanced AlloP labeling in the GCL, IPL, and INL (Fig. 4a). 

PK11195-mediated enhancement of AlloP fluorescence was inhibited by 1 μM atriol (Fig. 

4b) or 1 μM dutasteride at 10 mmHg (Fig. 4c). Fluorescence intensities of AlloP in each 

condition are summarized in Figure 4d (Source data S4-1). Enhancement in AlloP 

immunoreaction induced by PK11195 was significantly inhibited by atriol or dutasteride. 

compared to controls incubated with aCSF at 10 mmHg.

Because PK11195 promoted AlloP synthesis, we hypothesized that PK11195 might also 

enhance the expression of TSPO and 5aRD at each pressure. With immunohistochemistry, 

we examined the fluorescence reaction of TSPO and 5aRD2 in retinas treated with 50 μM 

PK11195. PK11195 markedly enhanced TSPO labeling in the GCL, IPL, INL, OPL, ONL, 

and OLM compared to controls incubated without PK11195 at 75 mmHg (Fig. 4e, 4f, 

Source data S4-2). PK11195 also increased immunofluorescence by anti-TSPO antibody in 

the GCL, IPL, INL, and OPL compared to controls incubated without PK11195 even at 10 

mmHg (Fig. 4g, 4h, Source data S4-3). At 75 mmHg, PK11195 enhanced 

immunofluorescence in the GCL, INL, and ONL against 5aRD2 compared to controls 

incubated without PK11195 (Fig. 4i, 4j, Source data S4-4). PK11195 also increased 5aRD2-

immunofluorescence in the GCL and INL compared to controls incubated without PK11195 

even at 10 mmHg (Fig. 4k, 4l, Source data S4-5).
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3.5. LC-MS/MS

LC-MS/MS analysis revealed significant increases in AlloP levels at 75 mmHg (p<0.05) but 

not at 35 mmHg compared to 10 mmHg (Fig. 5a, Source data S5-1).

Consistent with the results in immunohistochemistry, the increase in AlloP synthesis 

induced by high pressure was significantly diminished by 1 μM atriol, a TSPO antagonist 

(Midzak et al., 2011) or 1 μM dutasteride, a 5aRD inhibitor (p<0.05), indicating that the 

increase in AlloP synthesis by elevated pressure is mediated by TSPO and 5aRD. 

Administration of 50 μM PK11195, a TSPO ligand, significantly increased AlloP synthesis 

at 75 mmHg (p<0.05) compared to retinas incubated without PK11195 at 75 mmHg. 

Enhancement of AlloP production by PK11195 was inhibited by 1 μM atriol and 1 μM 

dutasteride at 75 mmHg (p<0.05) compared to retinas incubated without PK11195 at 75 

mmHg (Fig. 5b, Source data S5-2).

LC-MS/MS analysis also revealed that administration of 50 μM PK11195 significantly 

increased AlloP synthesis even at 10 mmHg (p<0.05) compared to retinas incubated without 

PK11195 at 10 mmHg. Enhancement of AlloP production by PK11195 was inhibited by 1 

μM atriol and 1 μM dutasteride at 10 mmHg (p<0.05) compared to retinas incubated without 

PK11195 at 10 mmHg (Fig. 5c, Source data S5-3).

3.6. Effects of pressure elevation on retinal morphology

We also examined the effects of pressure elevation on retinal morphology. Consistent with 

our previous reports (Ishikawa et al., 2010, 2011, 2014), retinas incubated at 10 mmHg (Fig. 

6a) or 35 mmHg (Fig. 6b) exhibited a normal appearance. Retinas incubated at 75 mmHg 

showed axonal swelling in the NFL as previously reported (Fig. 6c, 6d) (Ishikawa et al., 

2014). Immunohistochemical double staining revealed that the swollen axons of the RGC 

were specifically labeled with anti-Thy 1.1 antibody, an axonal marker of RGCs (Mata et al., 

2015) (Fig. 6e). We found no colocalization of anti-Thy 1.1 antibody with anti-GFAP 

antibody, a glia marker whose expression is augmented in Müller cells following high 

pressure incubation (Ishikawa et al., 2010) (Fig. 6e). Electron microscopy revealed 

substantial axonal swelling in the NFL after exposure to high pressure (75 mmHg; Fig. 6f–

6h) compared with control retinas incubated at 10 mm Hg (Fig. 6i). Elevated pressure also 

increased the number of degenerated cells (Fig. 6j) or apoptotic cells with chromatin 

condensation at the edge of the nucleus (Fig. 6k).

A quantitative assessment of structural changes induced by pressure elevation is summarized 

in Table 2 (Source data S6). The NFLT in retinas incubated at 75 mmHg was significantly 

increased compared to control retinas incubated at 10 mm Hg (p<0.05). NDS were also 

significantly increased after exposure to high pressure (75 mmHg) (p<0.05). At 75 mmHg, 

the density of damaged cells in the GCL was greater in retinas incubated at 75 mmHg 

compared to control retinas incubated at 10 mmHg.

3.7. Effects of pressure and TSPO ligands on retinal morphology

Consistent with our previous study (Ishikawa et al., 2014), we found that exogenously 

administered AlloP attenuated the development of axonal swelling at high pressure (Figure 
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supplement S3a). This prompted us to test whether atriol or dutasteride, which block 

endogenous AlloP production, worsens the histological changes induced by elevated 

pressure. Retinas incubated in 1 μM atriol with high pressure exhibited severe damage 

characterized by edematous changes in the IPL and bull’s eye cellular formation in the INL, 

characterized by nuclear pyknosis with pale cytoplasm, along with axonal swelling (Fig. 7a). 

The damage by atriol at 75 mmHg was substantially diminished by 1 μM AlloP (Figure 

supplement S3b) and also by 1 μM MK801 (Figure supplement S3c), indicating that TSPO 

activation resulting in AlloP synthesis helps to prevent NMDA receptor-mediated damage at 

high pressure. Dutasteride (1 μM) also induced excitotoxic changes characterized by bull’s 

eye formation in the INL and edematous changes in the IPL along with axonal swelling in 

the NFL (arrowheads) at 75 mmHg (Fig. 7b).

We then examined the effects of the PK11195, which enhances AlloP production, on retinal 

morphology. At 75 mmHg administration of PK11195 substantially inhibited axonal 

swelling without showing excitotoxic retinal damage (Fig. 7c). In the presence of PK11195, 

1 μM atriol induced severe neuronal damage and axonal swelling at 75 mmHg (Fig. 7d). 

Because the enzymatic reaction by 5aRD occurs downstream of the translocation of 

cholesterol to the inner mitochondrial membrane by TSPO (Rupprecht et al., 2010), we also 

examined the effects of the 5aRD inhibitor, dutasteride, against the neuroprotective effects of 

PK11195. At 75 mmHg, dutasteride induced severe neuronal damage in addition to axonal 

swelling in spite of the presence of PK11195 (Fig. 7e). These results indicate that enhanced 

AlloP production via sequential activation of TSPO and 5aRD is necessary for PK11195-

mediated neuroprotection. Exogenous 1 μM AlloP restored protection in the presence of 

atriol and PK11195 (Figure supplement S3d).

Electron microscopy revealed that the combination of high pressure and atriol (1 μM) 

resulted in degeneration of swollen axons (Fig. 7f). Dutasteride (1 μM) also induced 

degeneration of swollen axons (Fig. 7g) and marked accumulation of degenerated cell 

organelles or electron-dense materials in the swollen axons (Fig. 7h). The combination of 

high pressure and PK11195 also induced marked axonal swelling in the presence of atriol 

(Fig. 7i) or dutasteride (Fig. 7j).

A quantitative assessment of structural changes induced by pressure elevation and/or 

administration of atriol, dutasteride, or PK11195 is summarized in Table 3 (Source data S7). 

The increase in the NFLT, NDS, and the density of the damaged cells in the GCL induced by 

exposure to 75 mmHg was significantly decreased by PK11195 at 75 mmHg compared to 

controls incubated in aCSF at 75 mmHg (p<0.05). The NDS and the density of the damaged 

cells in the GCL were significantly increased by administration of 1 μM atriol, 1 μM 

dutasteride, a combination of PK11195 and atriol, or PK11195 and dutasteride compared to 

control incubated in aCSF at 75 mmHg (p<0.05).

3.8. Effects of pressure elevation on RGCs and neuroprotection with AlloP and PK11195 in 
whole mounted retinas

In whole mounted retinas, RGC damage induced by pressure elevation was visualized as 

reduced numbers of cells that were positive for NeuN (Figure 8a, b). Fig. 8a illustrates 

examples of confocal images of NeuN-labeled RGCs that were obtained from a control eye 
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incubated at 10 mmHg. Pressure elevation (75 mmHg) reduced the number of cells that were 

positive for NeuN (Fig. 8b). The confocal images in Fig. 8c and Fig. 8d illustrate the 

neuroprotective effects of AlloP (1 μM) and PK11195 (50 μM) on RGC survival in 

hyperbaric conditions, respectively. The graph in Fig. 8e shows the number of NeuN-

positive RGCs in the retina in each condition (Source data S8-1).

3.9. Pressure-induced apoptosis and neuroprotection with AlloP and PK11195

At 10 mmHg, a few TUNEL-positive cells are observed only in the GCL and ONL (Fig. 8f). 

Exposure to elevated pressure induced apoptosis that was apparent in the GCL and to a 

lesser extent in the INL (Fig. 8g). The number of TUNEL-positive cells was reduced when 1 

μM AlloP (Fig. 8h) or 50 μM PK11195 (Fig. 8i) was administered. The graph in Fig. 8j 

shows the number of apoptotic cells in the retina in each condition (Source data S8-2).

4. Discussion

In the present study, we used an ex vivo model that incubated dissected rat eyecups under 

pressure for 24 hours in a newly developed closed pressure-loading system. The pressure 

was adjusted to simulate conditions in the normal retina (10 mmHg) and conditions that can 

occur during an acute angle closure attack (75 mmHg). This model avoids the influence of 

circulating steroids, making it possible to investigate direct effects of pressure-loading on 

neurosteroidogenesis. In the process of endogenous AlloP synthesis, translocation of 

cholesterol to the inner mitochondrial membrane by TSPO (Rupprecht et al., 2010) and the 

catalytic reaction by 5aRD (Dong et al., 2001; Agis-Balboa et al., 2007) are considered rate 

limiting steps. In the present study, quantitative real-time PCR, ELISA, and 

immunohistochemistry demonstrated that pressure loading induced upregulation of both 

TSPO and subclasses of 5aRD (mainly type 2).

TSPO, previously called the peripheral benzodiazepine receptor, is localized predominantly 

on the outer mitochondrial membrane (Culty et al., 1999). In the central nervous system, 

TSPO is expressed in both glial cells and neurons (Tokuda et al., 2010; Veiga et al., 2005), 

and is reported to participate in a variety of processes including apoptosis, glial proliferation 

(Casellas et al., 2002; Gavish et al., 1999; Papadopoulos et al., 2006; Veenman et al., 2007), 

and cellular pathology (Veiga et al., 2005; Vowinckel et al., 1997; Yasuno et al., 2008; 

Rupprecht et al., 2010; Edison et al., 2008; Meßmer and Reynolds, 1998; Cosenza-Nashat et 

al., 2009; Gerhard et al., 2005; Turner et al., 2004; Ouchi et al., 2005). In the retina, TSPO is 

significantly upregulated in microglia in mouse models of retinal inflammation and injury 

(Wang et al., 2014; Karlstetter et al., 2014). However, changes in TSPO expression have not 

been examined in glaucoma models. The present immunostaining studies demonstrate that 

expression of TSPO is markedly enhanced in the inner retina including RGC under 

hyperbaric conditions. Because the present study indicates that TSPO is colocalized with 

5aRD and AlloP in RGC, it appears that RGC are the principal site of retinal neurosteroid 

synthesis under hyperbaric conditions.

Our previous study (Ishikawa et al., 2014) demonstrated that dutasteride, an inhibitor of both 

5aRD1 and 5aRD2 (Tian, 1994), dampened AlloP synthesis more effectively than 

finasteride, an agent that primarily inhibits 5aRD2 with less effect on 5aRD1 (Nickel, 2004). 
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Based on these results, it is likely that both 5aRD1 and 5aRD2 contribute to AlloP 

production in the pressure-loaded retina. Consistent with these findings, we observed 

significant increases in 5aRD2 expression and less preferential increases in 5aRD1 at 75 

mmHg in three different sets of experiments in the present study. The present quantitative 

real-time RT-PCR, ELISA, and immunostaining studies reveal no remarkable changes in 

5aRD3 expression, indicating that 5aRD3 is unlikely to play a major role in 

neurosteroidogenesis under pressure-loading.

Finasteride is approved by the Food and Drug Administration for treatment of benign 

prostatic hyperplasia (BPH) and androgenic alopecia, while dutasteride is used for treatment 

of BPH. Thus, it is plausible that significant numbers of men with glaucoma take 5aRD 

inhibitors. Visual impairment has been reported with finasteride in a glaucoma patient (Lee 

and Lee, 2013), raising the possibility that glaucoma patients taking 5aRD inhibitors may be 

at risk of retinal damage as a result of inhibition of AlloP synthesis during periods of 

elevated IOP. Because administration of finasteride also induces excitotoxic neuronal cell 

death in the hippocampus and cerebellum in fetal sheep brain (Yawno et al., 2009), risk may 

extend to other brain regions.

In the present study, we determined whether AlloP synthesis requires TSPO. As our results 

show, the increase in AlloP synthesis induced by high pressure is significantly diminished by 

1 μM atriol, an agent that preferentially inhibits TSPO (Midzak et al., 2011). This finding 

strongly suggests that the increase in AlloP synthesis by high pressure requires TSPO, and is 

mediated, at least in part, by induction of TSPO expression. Additionally, we found that 

administration of atriol in the presence of high pressure resulted in retinal degeneration with 

edematous changes in the IPL and bull’s eye cellular formation in the INL, findings that are 

characteristic of excitotoxic retinal damage (Izumi et al., 1995; Izumi et al., 1999). To 

determine the contribution of excitotoxicity to this retinal degeneration, we examined 

MK801, a NMDA receptor antagonist, in atriol-treated retinas under hyperbaric conditions, 

and found that MK801 substantially inhibited atriol-associated retinal degeneration. These 

findings indicate that atriol promotes excitotoxicity in pressure-loaded retinas by inhibiting 

neurosteroidogenesis. Protection against atriol-induced excitotoxicity by exogenously 

administered AlloP further suggests the therapeutic potential of AlloP and related 

compounds.

It has long been thought that PK11195, which binds the peripheral benzodiazepine receptor, 

acts as a TSPO antagonist. However, other studies reveal that PK11195 has at least partial 

agonist activity at TSPO, depending upon cell type and drug concentration (Shany et al., 

1994; Choi et al., 2010). Indeed, in our rat ex vivo glaucoma model, PK11195 clearly 

enhanced actions mediated by TSPO, indicating that PK11195, at the concentration used in 

the current study, behaves as a TSPO agonist at both 10 mmHg and 75 mmHg, and prevents 

pressure-induced RGC injury and apoptotic RGC death. Consistently, atriol and dutasteride, 

both of which block AlloP synthesis by inhibition of TSPO and 5aRD, respectively, reversed 

the neuroprotective effects of PK11195, indicating that PK11195 exerts its neuroprotection 

by AlloP synthesis via sequential activation of TSPO and 5aRD. These results indicate that 

PK11195 or other TSPO agonists may be useful in protecting glaucomatous eyes from 

pressure-induced excitotoxic degeneration by induction of AlloP synthesis.
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Preliminary studies in humans indicate that TSPO agonists have anxiolytic effects mediated 

by AlloP (Rupprecht et al., 2009). A potential problem in the use of TSPO agonists is that 

these agents would likely increase AlloP concentration in the systemic circulation, possibly 

resulting in negative feedback effects against local neurosteroidogenesis. Another significant 

concern is that neurosteroids are very potent and effective modulators of tonic and phasic 

GABAergic inhibition, resulting in sedation, incoordination, cognitive impairment and other 

side effects that could limit therapeutic use. In both rodents and humans, however, studies to 

date indicate that TSPO agonists do not appear to cause significant adverse effects 

(Rupprecht et al., 2009; Marx et al., 2011; Zorumski et al., 2013).

Taken together, our findings indicate that enhanced AlloP synthesis mediated by TSPO and 

5aRD has important roles in maintaining retinal integrity under hyperbaric conditions. TSPO 

agonists and GABAergic neuroactive steroids have potential as therapeutic agents to protect 

glaucomatous eyes from pressure-induced injuries.
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Fig. 1. 
a. The diagram depicts key steps and enzymes involved in the synthesis of AlloP from 

cholesterol. This scheme is modified from Fig. 3 in the manuscript by Zorumski et al. 

(2013). b. The closed pressure-loading system. Rat ex vivo eye cup preparations were placed 

at the bottom of a 100 mL glass beaker filled with aCSF. The beaker was set at the bottom of 

an acrylic pressure chamber. A 95% O2–5% CO2 gas mixture was delivered through an 

infusion valve via disposable plastic tubing that terminated 1 cm above the bottom of the 

cylinder. Eyecups were incubated at 30°C for 24 hours. Pressure was adjusted to 10 mmHg, 

35 mmHg and 75 mmHg by a control dial on the effusion valve. Atriol, MK801, PK11195, 
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and dutasteride were added to the aCSF buffer during some experiments. c. Quantitative 

real-time RT-PCR analysis of tspo mRNA. Tspo mRNA expression increased in a pressure-

dependent manner and was significantly upregulated at 35 mmHg and 75 mmHg compared 

to 10 mm Hg. *p<0.05. d. Protein levels of TSPO in the pressure-loaded retinas were 

measured with ELISA. TSPO level significantly increased at 35 mmHg and 75 mmHg 

compared to 10 mmHg. *p<0.05. e–g. Immunofluorescent localization of TSPO (green; 

FITC) by confocal microscopy. Merge of differential interference contrast images and 

fluorescence images using DAPI and an antibody against TSPO. e. TSPO immunostaining at 

10 mmHg. Fluorescence was minimal in a retina incubated at 10 mmHg. f. TSPO 

immunostaining at 35 mmHg. The retina showed marginal changes in fluorescence in the 

GCL. g. TSPO immunostaining at 75 mmHg. Positive immunofluorescence of TSPO was 

observed in the GCL at 75 mmHg. Fig. 1e–1g are at the same magnification. Scale bars, 20 

μm. h. Summary of TSO fluorescence intensity (arbitrary units) as mean ± SEM. *p<0.05
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Fig. 2. 
a. Quantitative real-time RT-PCR analysis of srd5a mRNA. Expression of srd5a1 mRNA 

showed no remarkable changes at 35 mmHg, but significantly increased at 75 mmHg 

(*p<0.05) compared to 10 mmHg. Srd5a2 mRNA was significantly increased at 35 mmHg 

(*p<0.05) and 75 mmHg (*p<0.05) compared to control pressure (10 mmHg). Srd5a3 
mRNA showed no remarkable changes at 35 mmHg and 75 mmHg compared to 10 mmHg. 

b. Protein levels of 5aRD1, 5aRD2 and 5aRD3 in pressure-loaded retinas. Protein levels 

were measured with ELISA. 5aRD1 level showed no remarkable changes at 35 mmHg, but 

significantly increased at 75 mmHg (*p<0.05) compared to 10 mmHg. Protein levels of 

5aRD2 significantly increased at 35 mmHg (p<0.05) and 75 mmHg (p<0.05) compared to 

10 mmHg. 5aRD3 level showed no changes at 35 mmHg and 75 mmHg compared to 10 

mmHg. c–k. Immunofluorescent localization of 5α-reductase (5aRD) (green; FITC) by 

confocal microscopy. Merge of differential interference contrast images and fluorescence 
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images using DAPI and an antibody against 5aRD. c–e. 5aRD1 immunostaining at each 

pressure. Fluorescence was minimal in a retina incubated at 10 mmHg (c) and 35 mmHg (d), 

but significantly increased in GCL (arrowheads) and INL (arrows) at 75 mmHg (e). f–h. 
5aRD2 immunostaining in a retina incubated at each pressure. At 10 mmHg, there was 

minimal fluorescence in the retina (f). At 35 mmHg, increased reaction was detected in the 

GCL (arrowheads) and INL (arrows) (g). Positive immunofluorescence was observed in the 

GCL and INL at 75 mmHg (h). Arrowheads and arrows indicate positive fluorescence in the 

GCL and INL, respectively. i–k. 5aRD3 immunostaining at each pressure. Fluorescence was 

weak in retinas incubated at 10 mmHg (i), 35 mmHg (j), and 75 mmHg (k). Fig. 2c–2k are 

at the same magnification. Scale bars, 20 μm. l. Summary of immunofluorescence intensity 

by anti-5aRD antibodies. *p<0.05.
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Fig. 3. 
Immunofluorescent localization of AlloP (green; FITC) by confocal microscopy. a–c. AlloP 

immunostaining at each pressure. a. AlloP immunostaining was minimal in a retina 

incubated at 10 mm Hg. b. At 35 mmHg, the retina showed marginal changes in 

fluorescence in the GCL. c. Positive immunofluorescence was observed mainly in the GCL 

and the INL at 75 mmHg. Arrowheads and arrows indicate immunofluorescence in the GCL 

and INL, respectively. d. Summary of pressure-dependent immunofluorescence by anti-

AlloP antibody. Statistical differences compared to controls incubated at 10 mmHg were 

analyzed using Dunnett’s multiple comparison test. *p<0.05. e and f. Effects of atriol and 
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dutastreride on AlloP staining. Administration of atriol almost completely eliminated the 

fluorescence observed at 75 mmHg (e), while marginal fluorescence was detected in the 

vicinity of the RGC in the retina incubated with 1 μM dutasteride at 75 mmHg (f). g. 
Administration of PK11195 significantly increased AlloP fluorescence in the GCL 

(arrowheads), INL (arrows) and ONL at 75 mmHg. h and i. Enhancement of AlloP 

fluorescence by PK11195 was inhibited by atriol (h) and dutasteride (i). j. Summary of 

immunofluorescence by anti-AlloP antibody. Statistical differences were analyzed using 

Tukey’s multiple comparison test. Bars with asterisks are significantly different from 

controls incubated with aCSF at 75 mmHg (*p<0.05).
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Fig. 4. 
a–c. Immunofluorescent localization of AlloP (green; FITC) by confocal microscopy. a. 
Effects of PK11195 on immunostaining. Administration of PK11195 significantly increased 

fluorescence of AlloP in the GCL (arrowheads), IPL, INL (arrows) and ONL at 10 mmHg. b 
and c. Administration of atriol (b) and dutasteride (c) significantly decreased fluorescence 

in the presence of PK11195 at 10 mmHg. a–c are at the same magnification. Scale bars, 20 

μm. d. Summary of immunofluorescence by anti-AlloP antibody. Statistical differences were 

analyzed using Tukey’s multiple comparison test. Bars with asterisks are significantly 

different from controls incubated with aCSF at 10 mmHg (*p<0.05). e–h. Effects of 
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PK11195 on the immunofluorescence of TSPO at 75 mmHg (e) and 10 mmHg (g). 

Administration of PK11195 significantly enhanced immunofluorescence of TSPO in the 

GCL, IPL, INL, OPL, ONL, and OLM at 75 mmHg (e and f). PK11195 also increased 

immunofluorescence of TSPO in the GCL, IPL, INL, and OPL at 10 mmHg (g and h). 

Arrowheads indicate GCL. *p<0.05. i–l. Effects of PK11195 on the immunofluorescence of 

5aRD2 at 75 mmHg (i) and 10 mmHg (k). Administration of PK11195 significantly 

enhanced immunofluorescence of 5aRD2 in the GCL, INL, ONL, and OLM at 75 mmHg (i 
and j). PK11195 also increased immunofluorescence of 5aRD2 in the GCL and IPL at 10 

mmHg (k and l). Arrowheads indicate GCL. *p<0.05.
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Fig. 5. 
Measurement of AlloP in retinal extracts using LC-MS/MS. a. AlloP levels significantly 

increased at 75 mmHg compared to control pressure (10 mmHg) by Dunnett’s test. b. At 75 

mmHg, administration of 1 μM atriol or 1 μM dutasteride (Duta) significantly depressed the 

increase of AlloP compared to retinas incubated in aCSF. Administration of 50 μM PK11195 

(PK) significantly increased AlloP levels at 75 mmHg compared to retinas incubated without 

PK at 75 mmHg. Administration of 1 μM atriol or 1 μM Duta significantly inhibited the 

AlloP increase at 75 mmHg. Statistical differences were analyzed using Tukey’s multiple 

comparison test. Bars with asterisks are significantly different from controls incubated with 

aCSF at 75 mmHg (*p<0.05). c. Administration of 50 μM PK also increased AlloP levels at 

10 mmHg compared to retinas incubated without PK at 10 mmHg. Administration of 1 μM 

atriol or 1 μM Duta significantly dampened the AlloP increase by PK. Statistical differences 
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were analyzed using Tukey’s multiple comparison test. Bars with asterisks are significantly 

different from controls incubated with aCSF at 10 mmHg (*p<0.05).
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Fig. 6. 
a–d. Light micrographs of pressure-dependent changes in the retina. In retinas incubated at 

10 mmHg (a) and 35 mmHg (b), no major changes were detected. Arrow indicates blood 

vessel. Prominent axonal swelling of the RGCs (arrowheads) was observed in a retina 

incubated at 75 mmHg (c). a–c are at the same magnification. Scale bars, 20 μm. d. 
Enlargement of the axonal swelling (Ax) in the retina after pressure loading at 75 mmHg. 

Asterisks indicate vacuoles in the NFL. GCL; ganglion cell layer. e. Immunohistochemistry 

revealed that swollen RGC axons (arrowheads) were specifically labeled with anti-Thy 1.1 
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antibody (red; RGC axonal marker), but not with anti-GFAP antibody (green; glial marker). 

Arrows indicate the end feet of Müller cells labeled with anti-GFAP antibody. f–k. Electron 

micrographs of the NFL and GCL after pressure elevation (75 mmHg). f and g. Note the 

transversely (f) and longitudinally (g) sectioned swollen axons (Ax) at 75 mmHg. Asterisks 

indicate vacuole formation in the NFL. Mu; Müller cell, Vit; vitreous cavity. h and i. 
Electron microscopy revealed substantial swelling of axons after exposure to high pressure 

(h; 75 mm Hg) compared with control axons in a retina incubated at 10 mm Hg (i). h and i 
are at the same magnification. Scale bars, 500 nm. j and k. Elevated pressure also increased 

the number of degenerated cells (j) or apoptotic cells with chromatin condensation at the 

edge of the nucleus in the GCL (k).
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Fig. 7. 
Light micrographs of retinas incubated at 75 mmHg. a and b. Treatment with 1 μM atriol (a) 

or 1 μM dutasteride (b, Duta) induced excitotoxic changes characterized by bull’s eye 

formation in the INL and edematous changes in the IPL along with axonal swelling in the 

NFL (arrowheads) in retinas at 75 mmHg. Duta also induced damage in the ONL. c. Axonal 

swelling in the NFL induced by pressure elevation was inhibited in a retina incubated with 

50 μM PK11195 at 75 mmHg. Bold arrow and thin arrow indicate blood capillary and 

nuclear pyknosis in the GCL, respectively. d. Administration of 1 μM atriol induced retinal 

degeneration characterized by bull’s eye formation in the INL, edema in the IPL and axonal 
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swelling (arrowheads) in a retina treated with 50 μM PK11195 (PK) at 75 mmHg. The ONL 

was also damaged. Bold arrow indicates blood capillary. e. Administration of 1 μM Duta 

induced excitotoxic retinal degeneration and axonal swelling (arrowheads) in a retina treated 

with 50 μM PK at 75 mmHg. a–e are at the same magnification. Scale bars, 20 μm. f–j. 
Electron micrographs of the NFL. f. Combination of high pressure and atriol (1 μM) resulted 

in degeneration of swollen axons (Ax). g and h. Combination of high pressure and 

dutasteride (1 μM) resulted in axonal swelling (Ax) with degenerated cell organelles (Mt; 

swollen mitochondria) (g) and electron-dense materials in the swollen axons (h). The 

combination of high pressure and 1 μM atriol (i) or 1 μM Duta (j) also induced marked 

axonal swelling (Ax) in the presence of PK11195. Mu; Müller cells.
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Fig. 8. 
a–d. RGC survival using the RGC marker (NeuN) in the whole mount retina. a. Confocal 

images of NeuN-labeled RGCs in a control eye incubated at 10 mmHg. b. The density of 

NeuN-positive RGCs was reduced at 75 mmHg compared to control pressure (10 mmHg). c 
and d. Administration of AlloP (1 μM) (c) or PK11195 (50 μM) (d) enhanced RGC survival 

under hyperbaric conditions. a–d are at the same magnification. Scale bars, 200 μm. e. The 

graph presents the number of NeuN-positive cells in the whole mount retina under each 

experimental condition. Quantitative analysis confirmed that administration of AlloP (1 μM) 

or PK11195 (50 μM) promoted significant RGC survival compared with control retina 

incubated in aCSF at 75 mmHg. The densities of RGC soma in retinas incubated in aCSF at 

10 mmHg are shown as reference. *p<0.05. f–i. Visualization of apoptotic cells by 

fluorescence microscopy. Merge of differential interference contrast images and 

fluorescence images using DAPI and TUNEL-fluorescent staining of retinas incubated at 10 

mmHg (f), and 75 mmHg (g). f. At 10 mmHg, a few TUNEL-positive cells (fine arrows) can 

be observed within the GCL, INL, and ONL. g. At 75 mmHg, there was a marked increase 

of TUNEL-positive cells in the GCL as well as some cells in the INL and ONL. h and i. 
Administration of 1 μM AlloP (l) or 50 μM PK11195 (m) significantly decreased a number 

of TUNEL-positive cells at 75 mmHg. f–i are at the same magnification. Scale bars, 30 μm. 

j. The graph presents the number of TUNEL-positive RGCs per 200 μm of the retinal 
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section. Quantitative analysis confirmed that administration of AlloP (1 μM) or PK11195 

(50 μM) promoted significant inhibition of apoptotic cells compared with control retina 

incubated in aCSF at 75 mmHg. The number of apoptotic cells in retinas incubated in aCSF 

at 10 mmHg is shown as a reference point. *p<0.05.
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Table 1

The list of the oligonucleotides used for quantitative real-time RT-PCR with GenBank accession number, 

forward and reverse primer sequences, and product size.

Gene (Protein) GenBank accession number Forward (F) and reverse (R) primer sequences Product size (bp)

Tspo (TSPO) NM_012515.2 F: TACACTGGTCAGCTGGCTCTGAA
R: ACAAGCATGAGGTCCACCAAAG

93

Srd5a1 (5aRD1) NM_017070.3 F: TGCACTGTTCACACTCAGCACAC
R: GCAACAGCGCTAACAGAGCACTA

138

Srd5a2 (5aRD2) NM_022711.4 F: GGGACCCTGATCCTGTGCTTA
R: GGAACTCCCGACGACACACT

73

Srd5a3 (5aRD3) NM_001013990.1 F: GTACTGAGCCAAGTGCCCATGA
R: ATGTGGAACCACCGAGCTTGTAG

83

Gapdh (GAPDH) NM_017008.3 F: GCCAAAAGGGTCATCATCTCCG
R: ACATTGGGGGTAGGAACACGGA

143

Neuropharmacology. Author manuscript; available in PMC 2017 June 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ishikawa et al. Page 36

Table 2

Effects of pressure elevation on the NFLT, NDS, and the density of the damaged cells in the GCL. p values 

were calculated using Dunnett’s multiple comparison test.

Condition (n) NFLT vs. RT (%)[p] NDS [p] Damaged cells in the GCL [p]

10 mmHg (10) 1.3 ± 0.7 [-] 0.1 ± 0.3 [-] 0.1 ± 0.3 [-]

35 mmHg (10) vs. 10 mmHg 1.4 ± 0.9 [p>0.05] 0.1 ± 0.3 [p>0.05] 0.3 ± 0.5 [p>0.05]

75 mmHg (10) vs. 10 mmHg 9.6 ± 1.7 [*p<0.05] 1.1 ± 0.3 [*p<0.05] 16.2 ± 5.0 [*p<0.05]
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Table 3

Effects of pressure elevation and administration of atriol, MK801, or AlloP on the NFLT, NDS, and the density 

of the damaged cells in the GCL. p values were calculated using Dunnett’s multiple comparison test.

Condition (n) NFLT vs. RT (%) [p] NDS [p] Damaged cells in the GCL 
[p]

75 mmHg+1 μM Atriol (10) vs. 75 mmHg 7.8 ± 1.0 [p>0.05] 3.6 ± 0.5 [*p<0.05] 55.7 ± 11.2 [*p<0.05]

75 mmHg+1 μM Dutasteride (10) vs. 75 mmHg 7.6 ± 1.6 [p>0.05] 3.4 ± 0.7 [*p<0.05] 56.4 ± 17.1 [*p<0.05]

75 mmHg + 50 μM PK11195 (10) vs. 75 mmHg 0.9 ± 0.9 [*p<0.05] 0.1 ± 0.3 [*p<0.05] 2.2 ± 2.2 [*p<0.05]

75 mmHg + 50 μM PK11195 +1 μM Atriol (10) vs. 75 
mmHg

4.1 ± 3.6 [*p>0.05] 3.3 ± 0.5 [*p<0.05] 33.4 ± 18.4 [*p<0.05]

75 mmHg + 50 μM PK11195 +1 μM Dutasteride (10) vs. 
75 mmHg

4.4± 2.6 [p>0.05] 3.6± 0.5 [*p<0.05] 52.5 ± 12.7 [*p<0.05]
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