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Abstract

Glaucoma is characterized by axonal degeneration of retinal ganglion cells (RGCs)

and apoptotic death of their cell bodies, and lowering intraocular pressure is

associated with an attenuation of progressive optic nerve damage. Nevertheless,

intraocular pressure (IOP) reduction alone was not enough to inhibit the

progression of disease, which suggests the contribution of other factors to the

glaucoma pathogenesis. In this study, we investigated the cytoprotective effect of

geranylgeranylacetone (GGA) on RGCs degeneration using a normal tension

glaucoma (NTG) mouse model, which lacks glutamate/aspartate transporter

(GLAST) and demonstrates spontaneous RGC and optic nerve degeneration
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without elevated intraocular pressure (IOP). Three-week-old GLAST+/− mice were

given oral administration of GGA at 100, 300, or 600 mg/kg/day or vehicle alone,

and littermate control mice were given vehicle alone for 14 days, respectively. At 5

weeks after birth, the number of RGCs was counted in paraffin sections of retinal

tissues stained with hematoxylin and eosin. In addition, retrograde labeling

technique was also used to quantify the number of RGC. Expression and

localization of heat shock protein 70 (HSP70) in retinas were evaluated by reverse

transcription polymerase chain reaction and immunohistochemistry, respectively.

Activities of caspase-9 and -3 in retinas were also assessed. The number of RGCs

of GLAST+/− mice significantly decreased, as compared to that of control mice.

RGC loss was significantly suppressed by administration of GGA at 600 mg/kg/

day, compared with vehicle alone. Following GGA administration, HSP70 was

significantly upregulated together with reduction in the activities of caspase-9 and

-3. Our studies highlight HSP70 induction in the retina is available to suppress

RGC degeneration, and thus GGA may be applicable for NTG as a promising

therapy.
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1. Introduction

Glaucoma is one of the leading causes of blindness worldwide (Quigley et al.,

2006), characterized by axonal degeneration of retinal ganglion cells (RGCs) and

apoptotic death of their cell bodies. Typically, glaucoma is associated with chronic

elevation in intraocular pressure (IOP), and lowering IOP is associated with an

attenuation of progressive optic nerve damage (Kass et al., 2010; Collaborative

Normal-Tension Glaucoma Study Group, 1998; The Advanced Glaucoma

Intervention Study, 2000). Nevertheless, a growing body of evidence have

demonstrated that IOP reduction alone was not enough to inhibit the progression of

disease (Koseki et al., 1997; Shigeeda et al., 2002), which suggests the contribution

of other factors to the glaucoma pathogenesis. In Japan where normal tension

glaucoma (NTG) comprises the majority of glaucoma (Iwase et al., 2004), it is of

special importance to elucidate IOP-independent factors and explores alternative

therapeutic strategy such as cytoprotection of RGCs.

Heat shock proteins (HSPs), the major molecular chaperons, comprise a family of

stress-induced proteins, highly conserved and rapidly induced in response to stress

to counteract the formation of aberrantly folded proteins (Young et al., 2004; Itoh

and Tashima, 1991). Up to date, multiple lines of evidence have revealed that HSP

with a molecular mass of 70 kDa (HSP70), plays a critical role in cytoprotection,

preventing apoptosis and allowing cellular adaptation in stress conditions (Rajdev

et al., 2000; Kawana et al., 2000; McClellan and Frydman, 2001; Zhan et al.,

2010).
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Recently, numerous studies have demonstrated that systemic administration of

geranylgeranylacetone (GGA), an acylic isoprenoid, show cytoprotective effects in

various pathological conditions, including retinal detachment (Kayama et al.,

2011), experimental autoimmune uveoretinitis (Kitamei et al., 2007), ischemia-

induced injury in the central nervous system (Kitamei et al., 2007; Yasuda et al.,

2005; Fujiki et al., 2006), liver transplantation (Fudaba et al., 2001) and

myocardium (Ooie et al., 2001), via upregulation of HSP70 and/or suppression of

apoptosis. In addition, GGA has been also demonstrated to be effective in

protecting RGCs in a rat glaucoma model (Ishii et al., 2003). Considering GGA has

been widely used in clinical practice for decades with its cytoprotective effect

but few adverse effects, it imposes the potential to be a promising approach to

treat NTG.

Recent studies have shown that loss of a glutamate transporter, glutamate/aspartate

transporter (GLAST) or excitatory amino-acid carrier 1 (EAAC1), in mice leads to

RGC degeneration similar to human NTG (Harada et al., 2007a; Harada et al.,

2007b; Harada et al., 2010; Semba et al., 2014; Kimura et al., 2015; Nakano et al.,

2016). In these mice, not only glutamate neurotoxicity but also oxidative stress is

involved in their mechanisms. Glutamate neurotoxicity and oxidative stress have

been proposed to contribute to retinal damage in various eye diseases including

glaucoma (Osborne, 2008). Together with the decrease of glutamate transporters

and glutathione levels observed in glaucoma patients (Gherghel et al., 2013;

Naskar et al., 2000; Goyal et al., 2014), these mice seem to be useful as the animal

models of NTG (Harada et al., 2007a; Harada et al., 2007b; Harada et al., 2010;

Semba et al., 2014; Kimura et al., 2015; Nakano et al., 2016). In this study, we

investigated the cytoprotective effect of oral GGA on RGC loss observed in

GLAST heterozygous (GLAST+/−) mice, as well as underlying molecular

mechanisms.

2. Material and methods

2.1. Animals and reagents

Experiments were performed using 3-week-old C57 BL/6J mice (WT; CLEA

Japan, Tokyo, Japan) and GLAST+/− mice (Harada et al., 2007a; Harada et al.,

2007b), both of which were fed at standard laboratory chow and allowed free

access to water in an air-conditioned room. All animal experiments were approved

by the Hokkaido University Animal Use Committee and conducted in accordance

with the ARVO (Association of Research in Vision and Ophthalmology) Statement

for the Use of Animals in Ophthalmic and Vision Research. GGA (teprenone),

vitamin E, and Arabic gum were purchased from Wako Pure Chemical Industries,

Ltd. (Tokyo, Japan). Anesthesia was induced by intraperitoneal injection of

pentobarbital (0.05 mg/g body weight).
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2.2. Administration of GGA

GGA was emulsified with 0.5% Arabic gum and distilled water containing 0.2%

vitamin E. For a vehicle-treated control, the same component without GGA was

prepared and emulsified. Using a feeding needle, 3-week-old GLAST+/− mice

received oral administration of GGA at 100, 300, or 600 mg/kg/day or vehicle

alone for 14 days until the end of the 5th week, while WT mice received vehicle

alone during the same period.

2.3. Histological and morphometric analyses

At the end of the 5th week (i.e., following the 14-day administration of GGA or

vehicle), eyes were enucleated from the mice following euthanasia with an

overdose anesthetic and fixation by intracardiac perfusion of 4% paraformaldehyde

in phosphate-buffered saline (PBS). Paraffin sections (5-μm thick) of retinal

specimens were cut through the optic nerve and stained with hematoxylin and

eosin (H&E). The number of neurons in the ganglion cell layer (GCL) was counted

from one ora serrata through the optic nerve to the other ora serrata, and the results

of 3 serial sections were averaged for each sample in each group. Eight eyes from 4

animals were used for each group.

To further confirm the results of H&E staining, RGCs were retrogradely labeled

from the superior colliculus with Fluoro-Gold (Biotium, Hayward, CA), and RGC

density was determined as previously described (Harada et al., 2006; Harada et al.,

2007a; Harada et al., 2007b). Briefly, four standard areas (0.04 mm2) of each

whole-mounted retina at the point of 0.1 mm from the optic disc were randomly

chosen, and labeled cells were counted.

2.4. Real-time polymerase chain reaction (PCR) for HSP70
mRNA expression

Total RNA was extracted using TRIzol Reagent (Life Technologies, Carlsbad, CA)

from the retinas of 3-week-old WT and GLAST+/− mice 24 hours after vehicle or

GGA was administrated. Reverse transcription was performed with GoScrip

Reverse Transcriptase (Promega, Madison, WI) and oligo dT(20) primers

following the manufacturer’s instructions. The TaqMan probe for mouse HSP70

was purchased from Life Technologies. Real-time PCR was performed using the

GoTaq qPCR Master Mix (Promega), THUNDERBIRD Probe qPCR Mix

(TOYOBO, Tokyo, Japan) and StepOnePlusTM Real-Time PCR System (Life

Technologies). β-actin (sense 5′-CAT CCG TAA AGA CCT CTA TGC CAA C-

3′, anti-sense 5′-ATG GAG CCA CCG ATC CAC A-3′) was used as endogenous

control. Threshold cycle (CT) was determined automatically and relative changes

in mRNA expression were calculated using the ΔΔCT values (Livak and
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Schmittgen, 2001). All PCR reactions were repeated in triplicate and the average

values were used in statistical analyses.

2.5. Immunohistochemistry for HSP70

To examine retinal HSP70 accumulation at the end of the 5th week, paraffin

sections of mouse retinas were dewaxed in xylene, dehydrated in ethanol at various

concentrations, followed by microwave-based antigen retrieval using Dako Target

Retrieval Solution (Dako North America, Inc, Carpinteria, CA) for 15 minutes and

inactivation of endogenous peroxidase by incubation with Dako Protein Block

(Dako North America) for 30 minutes. Then, the sections were incubated with the

rabbit anti-HSP70 antibody (1:100, ab31010, Abcam, Tokyo, Japan) for 2 hours,

followed by incubation with the biotinylated secondary antibody (1:500 dilution;

Jackson ImmunoResearch Lab., West Grove, PA) at room temperature for 1 hour.

Subsequently, the sections were incubated with VECTASTAIN ABC-AP Kit

(Vector Lab., Burlingame, CA) for 30 minutes and in alkaline phosphatase

substrate solution (BCIP/NBT AP Substrate Kit IV, Vector Lab.) for 40 minutes, to

develop blue reaction products according to the manufacturer’s protocols. Finally,
sections were dehydrated with ethanol and xylene, mounted with a mounting

medium (MP500, Matsunami Corporation, Osaka, Japan) and coverslipped. All the

sections were examined by microscopy (BIOREVO, Keyence, Osaka, Japan). The

average brightness value of HSP70 in whole neural retina was calculated using the

analyzing unit installed in the microscopy (BZII analyzer, Keyence). Since

stronger immunoreactivity shows darker blue, low brightness value means large

amounts of HSP70. To make the results easier to understand, the results were

expressed as the ratio to mean 1/brightness value of WT mice retinas. Six samples

were enrolled from each group. For all immunostaining procedure, negative

controls were used to confirm the immunostaining was specific, using PBS instead

of the primary antibody.

2.6. Measurement of caspase-9 and -3 activities

At the end of the 4th week, activities of caspase-9 and -3 were measured in the

retinas obtained from WT mice and GLAST+/− mice treated with vehicle or GGA.

They were measured using a commercially available caspase-9 and -3 colorimetric

protease assay kits (MBL, Nagoya, Japan), according to the manufacturer’s
instructions. Six to 8 eyes were enrolled from each group.

2.7. Statistics

Results are presented as mean ± SEM. Statistical differences (P < 0.05) were

determined by ANOVA followed by Fisher’s PLSD as the post-hoc test using

BellCurve for excel software.
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3. Results

3.1. Dose-dependent inhibition of RGC loss by GGA adminis-
tration

RGC degeneration in GLAST+/− mice starts at 3 weeks old (Kayama et al., 2011).

To determine whether GGA inhibits RGC loss, 3-week-old mice received oral

administration of GGA at 100, 300, or 600 mg/kg/day or vehicle alone for 14 days.

Following the 14-day administration (i.e., at the end of the 5th week), the number

of RGCs of GLAST+/− mice significantly decreased (328 ± 45, n = 8), as

compared with that of WT mice (435 ± 13, n = 8. p < 0.01; Fig. 1). Importantly,

RGC loss tended to be suppressed by GGA administration at 100 mg/kg/day (375

± 5, n = 8) and 300 mg/kg/day (401 ± 20, n = 8) and was significantly suppressed

by administration at 600 mg/kg/day (423 ± 12, n = 8. p < 0.05; Fig. 1). These

results suggest that GGA administration protects RGCs.

[(Fig._1)TD$FIG]

Fig. 1. Dose-dependent inhibition of RGC loss by GGA administration. (A) H&E staining of retinal

sections. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale bars: 50

μm. (B) Quantification of cell number per section in the GCL. *, p < 0.05, **, p < 0.01.
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3.2. GGA-mediated protection of RGCs detected by retrograde
labeling

To confirm protection of RGCs by 600-mg/kg/day GGA administration, we further

examined RGC density by the method of retrograde labeling. Similarly, RGC

density of GLAST+/− mice retinas (4445 ± 220/mm2, n = 6.) was significantly

lower than that of WT mice (5224 ± 153/mm2, n = 6. p < 0.01), whereas a

decrease in RGC density was suppressed by 600-mg/kg/day GGA administration

(4978 ± 64/mm2, n = 6. p < 0.01; Fig. 2). Collectively, these data confirm the

protective effect of GGA on RGCs loss in GLAST+/− mice.

3.3. Upregulation of retinal HSP70 expression after GGA
administration

To confirm whether GGA induces the expression of HSP70 in the retinas of

GLAST+/− mice, we first performed quantitative real-time PCR analysis. Twenty-

four hours after pretreatment of GGA or vehicle, total RNA was isolated from the

[(Fig._2)TD$FIG]

Fig. 2. GGA-mediated protection of RGCs detected by retrograde labeling. (A) Retrogradely labeled

RGCs. Scar bar: 50 μm. (B) Quantification of retrogradely labeled RGCs. Note that RGC number was

significantly lower in GLAST+/− mice than control mice, while loss of RGC was suppressed by 600 mg/

kg/day GGA administration. **, p < 0.01.
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retinas of WT or GLAST+/− mice. As shown in Fig. 3, GGA treatment

significantly upregulated HSP70 expression in GLAST+/− mice retinas by twofold,

while no significant difference in HSP70 expression could be observed between

WT mice and GLAST+/− mice treated with vehicle.

3.4. Retinal HSP70 accumulation after GGA administration

To examine whether GGA treatment increases protein levels of HSP70 in retinas,

we performed immunohistochemistry. Indeed, GGA treatment increased the

deposition of HSP70 throughout the retina, especially in the GCL and the inner

nuclear layer (INL; Fig. 4A). Further quantification of HSP70 deposition in retinas

showed that retinal HSP70 expression was similar in WT and GLAST+/− mice,

whereas a significant increase by 13% was detected following GGA treatment to

GLAST+/− mice (p < 0.05; Fig. 4B).

3.5. Retinal caspase-9 and -3 deactivation after GGA
administration

Next, to further explore the underlying mechanism through which GGA inhibited

RGCs loss, we performed activity assays to investigate the levels of retinal

caspase-9 and -3 activities following GGA or vehicle treatment at the 4th week. As

compared with WT mice (n = 8), caspase-9 and -3 activities increased by 25% and

11%, respectively, in GLAST+/− mice treated with vehicle (n = 6. p < 0.05 for

both; Fig. 5A,B), but were suppressed by 15% and 13%, respectively, following

GGA treatment to GLAST+/− mice (n = 6. p < 0.01 for both; Fig. 5A,B).

[(Fig._3)TD$FIG]
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Fig. 3. Upregulation of retinal HSP70 expression after GGA administration. Note that no significant

difference in retinal HSP70 expression could be identified between GLAST+/− mice and WT mice

treated with vehicle, while retinal HSP70 expression was upregulated following GGA administration to

GLAST+/− mice. **, p < 0.01.
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4. Discussion

GGA has been demonstrated to suppress apoptosis via induction of HSP70 protein

in various ocular disorders, including uveitis (Kitamei et al., 2007), ultraviolet-

induced photokeratitis (Lennikov et al., 2013), retinal detachment (Kayama et al.,

2011), and glaucoma with laser-induced IOP elevation (Ishii et al., 2003).

However, to the best of our knowledge, there is no report about the applicability of

GGA in the treatment for NTG. In the current study, we confirmed RGC

degeneration in GLAST+/− mice, consistent with the previous report (Harada et al.,

2007a; Harada et al., 2007b), and we demonstrated that the degeneration could be

inhibited by the systemic administration of GGA. Previously, HSP70 expression

[(Fig._4)TD$FIG]

Fig. 4. Retinal HSP70 accumulation after GGA administration. (A) Immunohistochemistry of HSP70

in retinas. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale bar: 50

μm. (B) Quantification of HSP70 accumulation in retinas. Note that accumulation of HSP70 was almost

equal in retinas of GLAST+/− mice and WT mice treated with vehicle, while GGA administration

significantly increased HSP70 accumulation in GLAST+/− mice. *, p < 0.05.
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Fig. 5. Retinal caspase-9 and -3 deactivation after GGA administration. Note that both caspase-9 and -3

activities increased in GLAST+/− mice as compared to WT mice, but were significantly suppressed

following GGA administration. *, p < 0.05, **, p < 0.01.
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was shown to be upregulated 24 hours after the systemic administration of GGA in

experimental autoimmune uveoretinitis (Kitamei et al., 2007). In this study, using

real-time PCR, we detected the upregulation of HSP70 expression in the retinas of

GLAST+/− mice 24 hours after the systemic administration of GGA, and also

demonstrated increased retinal HSP70 accumulation using immunohistochemistry.

HSP70 inhibits apoptosis through several pathways, including inhibition of caspase

activities. Previous reports have shown that, in response to various stimuli, pro-

apoptotic proteins such as Bcl-2 family members mediate mitochondrial outer-

membrane permeabilization, leading to cytochrome c release through the

mitochondrial pore to the cytoplasm (Chipuk and Green, 2008; Youle and

Strasser, 2008). Subsequently, cytochrome c contributes to the formation of

apoptosome through activating apoptotic protease activating factor (Apaf)-1 (Saleh

et al., 1999; Li et al., 1997), which in turn recruits, cleaves and activates caspase-9

and the effector caspases-3 (Li et al., 1997). In GLAST+/− mice, both increased

oxidative stress and glutamate toxicity contribute to RGC apoptosis (Harada et al.,

2007a; Harada et al., 2007b Harada et al., 2010; Semba et al., 2014; Kimura et al.,

2015; Nakano et al., 2016). In this study, we confirmed increased activities of both

caspase-9 and -3 in GLAST+/− mice compared to normal littermates, indicating

increased caspase activities were involved in RGC apoptosis as the pathogenesis of

NTG. On the other hand, HSP70 inhibits the formation of apoptosome via 1)

preventing cytochrome c release from mitochondria by directly binding with

proapoptotic Bcl-2 family members, such as Bax (Stankiewicz et al., 2005; Gotoh

et al., 2004), 2) preventing recruitment of procaspase-9 to the Apaf-1 apoptosome

by directly binding with Apaf-1 (Beere et al., 2000), thus inhibiting the subsequent

activation of caspase cascade causing RGC apoptosis. Given that HSP70 also

inhibits apoptosis through intervening with multiple apoptosis-associated signaling

pathways (Park et al., 2001; Matsumori et al., 2005; Ravagnan et al., 2001), future

studies are required to clarify the possibility of other targets.

Although lowering IOP in glaucoma is associated with an attenuation of

progressive optic nerve damage (Gordon et al., 2002), a variety of IOP-

independent factors, such as oxidative stress (Osborne, 2008), aging (Buono

et al., 2002), glutamate toxicity (Zhang et al., 2012), and vascular factors (Meyer

et al., 1996) are thought to play some roles, underscoring the importance of

clarifying the precise mechanisms in RGC loss and exploring alternative approach

for future treatments of glaucoma, especially NTG. In this study, we showed GGA

could inhibit RGC apoptosis through induction of HSP70 protein, using GLAST

mutant mice. Initially developed as an antiulcer drug in Japan, GGA has been

widely used in the world for decades, which proved its high level of safety.

Including this study, vast evidence has shown that GGA contributes to

cytoprotection through introduction of HSP70. Taking together, GGA may be

useful as an alternative therapy for the treatment of NTG.
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