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ARTICLE INFO ABSTRACT

Keywords: Astaxanthin (AST), a natural marine carotenoid, possess a wide variety of biological functions. In particular, as a
Astaxanthin strong antioxidant, AST effectively scavenges oxygen free radicals and reduces oxidative stress. In addition,
GLAST

recent in vitro studies have suggested that AST attenuates glutamate-induced apoptosis and cytotoxicity. The
glutamate/aspartate transporter (GLAST) deficient (GLAST”") mouse is a mouse model of normal tension glau-
coma (NTG) caused by both the glutamate neurotoxicity and oxidative stress in the retina. In the present study,
we investigated the effects of AST on the ganglion cell complex, indicator of glaucomatous structural damage,
using spectral domain-optical coherence tomography. As a result, AST significantly attenuated the thinning of
ganglion cell complex in GLAST”" mice in comparison to an AST-free control group. Our results suggest the
possibility that AST has protective effects against glutamate neurotoxicity and oxidative stress in the retina. At
present, the only treatment for NTG that is available in the clinical setting is to reduce the IOP as much as
possible. Thus, our results suggest that AST supplementation may be effective for some types of NTG in which
glutamate neurotoxicity and oxidative stress are involved.
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Ganglion cell complex

Optical coherence tomography (OCT)
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1. Introduction

Glaucoma, one of the leading causes of blindness worldwide, is
characterized by the progressive degeneration of retinal ganglion cells
(RGCs). It causes irreversible visual field loss and optic nerve degener-
ation. While it is usually associated with elevated intraocular pressure
(I0P), there is a subtype of glaucoma termed normal tension glaucoma
(NTG) in which an affected individual presents an IOP within a statis-
tically normal range. Although no obvious causes of NTG have been
identified, the optic nerve becomes susceptible to damage, even at the
normal range of IOP in NTG. In addition to IOP, the following factors
have been proposed as possible causes: impaired ocular blood flow,
genetic factors, aging, oxidative stress, glutamate neurotoxicity, myopia
and reduced neurotrophic factors [1-8]. Since little is known about why
the normal range of IOP causes damage in NTG, at present, the only
treatment strategy available in the clinical setting is to reduce the IOP as
much as possible.

The glutamate/aspartate transporter (GLAST)-deficient (GLAST™")

mouse is used as a model of NTG because it demonstrates the progressive
loss of RGCs and optic nerve degeneration without an elevated IOP. The
reason for the loss of RGCs and optic nerve degeneration in the GLAST”"
mice has been thought to be glutamate neurotoxicity and oxidative
stress [9]. Glutamate is one of the major excitatory neurotransmitters in
the mammalian retina, and is integrated from the extracellular space via
glutamate transporter. GLAST is expressed in Miiller cells, and it in-
corporates glutamate released by synaptic signaling in the retinal
extracellular space [10]. This system contributes to glutamate homeo-
stasis in the retina. Thus, impaired GLAST leads to the accumulation of
extracellular glutamate, which causes glutamate neurotoxicity in the
retina. Moreover, the uptake of glutamate by GLAST into the Miiller cells
provides a substrate for synthesizing glutathione, which is an important
radical scavenger [11]. Glutathione, as an antioxidant, has a strong
protective role against oxidative stress in the retina [12]. Therefore, the
GLAST expressed in Miiller cells is essential not only for keeping the
extracellular glutamate concentration below the neurotoxic level, but
also for maintaining the glutathione levels in the retina by providing the
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Fig. 1. Methods of SD-OCT examination by Micron® IV, and the relationship between the SD-OCT (P106) image findings and the histological findings in hematoxylin

and eosin-stained sections (P120) of the C57BL/6J mouse retina.

substrate for glutathione synthesis.

Astaxanthin (AST, 3,3'-dihydroxy-,p-carotene-4,4’-dione), a natural
marine carotenoid, is found in many kinds of marine organisms,
including salmon trout, shrimp, lobster, and fish eggs [13]. AST has been
reported to possess a wide variety of biological functions, including
anti-inflammatory, anti-carcinogenic and anti-diabetic activities, as well
as neuroprotective effects in both in vivo and in vitro studies [13-15]. In
particular, as a strong antioxidant, AST effectively scavenges oxygen
free radicals and reduces oxidative stress [13]. Furthermore, recent
studies showed that AST attenuated glutamate-induced apoptosis and
cytotoxicity in in vitro studies. Wen et al. reported that AST significantly
attenuated glutamate-induced cell viability loss by attenuating caspase
activation, mitochondrial dysfunction and modulating Akt/GSK-3p
signaling in HT22 cells, a mouse hippocampal neuronal cell line, after
exposure to glutamate [16]. Moreover, Lin et al. reported that AST might
attenuate glutamate-induced apoptotic signals via suppression of reac-
tive oxygen species production and calcium influx, thus leading to the
alleviation of endoplasmic reticulum stress and the modulation of Bcl-2
family proteins in SH-SY5Y cells, a human neuroblastoma cell line, after
exposure to glutamate [17]. In addition, it has been reported that AST
also has protective effects in the retina [18-20].

Thus, in the present study, we evaluated the effects of AST on thin-
ning of the ganglion cell complex (GCC) in GLAST”" mice using spectral-
domain optical coherence tomography (SD-OCT). The GCC is three-
layered structure consisting of a layer of retinal nerve fiber, a layer of
retinal ganglion cell, and an inner plexiform layer, which is an indicator
of glaucomatous structural damage. We have suspected that AST has a
protective effect on the GCC in GLAST”" mice. In addition, we investi-
gated the morphological changes by electron microscopy.

2. Materials and methods
2.1. Experimental animals

All experimental procedures performed in this study conformed to
the regulations of the Association for Research in Vision and Ophthal-
mology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the institutional committee on
ethics for animal experiments (Approval Number: M18019).

GLAST”" mice were generously provided by Dr. Takayuki Harada
(Visual Research Project, Tokyo Metropolitan Institute of Medical Sci-
ence, Tokyo, Japan) [21]. C57BL/6J mice were purchased from Clea,
Japan (Tokyo, Japan) and were used as wild-type controls. The mice
were kept in the Hirosaki University Graduate School of Medicine Ani-
mal Care Service Facility under a cycle of 12-h of light (50 Ix

illumination) and 12 h of darkness (<10 Ix environmental illumination)
in an air-conditioned atmosphere. Mice were given ad libitum access to
food and water. The AST group was fed a diet containing 0.1% AST. AST
powder was generously provided by AstaReal (Tokyo, Japan) and mixed
with Oriental MF supplied by Oriental Food (Tokyo, Japan). Control
groups were fed with Oriental MF alone. AST was mixed with oriental
MF powder (Oriental Food) so that the final concentration of AST
became 0.1%. Since carotenoids such as AST are known to be transferred
to the fetus and breast milk, the feeding was started from prenatal
pregnancy [22,23]. The results of GLAST”" mice and C57BL/6J mice fed
Oriental MF alone have been previously reported [24,25].

2.2. SD-OCT examination

SD-OCT were performed according to previously described methods
using a Micron® IV (Phoenix Research Labs, Pleasanton, CA, USA) [24].
In brief, SD-OCT was carried out at 4 time points from postnatal (P) day
44 to P156 (P44, P80, P114 and P156) for control fed GLAST” mice, at 4
time points from P50 to P157 (P50, P78, P106 and P150) for GLAST”
mice fed with AST containing food (+AST), and at 4 time points from
P36 to P148 (P36, P72, P106 and P148) for C57BL/6J mice. The mice
were anesthetized with an intraperitoneal injection of a mixture of
medetomidine hydrochloride (0.315 mg/kg), midazolam (2.0 mg/kg),
and butorphanol tartrate (2.5 mg/kg). The pupils were dilated with the
instillation of eye drops containing a mixture of 0.5% tropicamide and
0.5% phenylephrine hydrochloride. The mouse ocular fundus was
simultaneously monitored by a fundus camera, and the position of the
retinal SD-OCT image was set circumferentially around the optic disc by
considering potential structural differences between the upper and
lower hemispheres of the mouse eye (360°; diameter, 500 pm; 140 pm
away from the optic disc margin; Fig. 1) [24,25]. The corneal surface
was protected using a 1.5% hydroxyethyl cellulose solution. Fifty images
were averaged to eliminate projection artifacts. The quantitative anal-
ysis of the acquired SD-OCT images was performed using the InSight®
software program (Phoenix Research Labs). During all experimental
procedures, the physical condition of the mice was frequently monitored
by inspection and gentle palpation by the researchers.

2.3. Measurement of the ganglion cell complex thickness

We measured the thickness of the GCC. Segmentation was performed
using the InSight® software program, as previously reported [24,25].
The borderlines of the GCC sublayer were automatically identified by
the software program using SD-OCT images and were manually cor-
rected by the researchers when necessary. The average distance (pm) of
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Fig. 2. A (the uppermost panel). Representative SD-OCT images of C57BL/6J mice (a, b, ¢, and d), control fed GLAST”" mice (e, f, g, and h), and GLAST” mice + AST
(i, j, k, and ). Panels a, b, ¢, and d correspond to C57BL/6J mice at P36, P72, P106, and P148, respectively. Panels e, f, g, and h correspond to control fed GLAST”"
mice at P44, P80, P114, and P156, respectively. Panels i, j, k, and I correspond to GLAST”" mice + AST at P50, P78, P106, and P150, respectively.

B (the second upper panel). Comparison of the GCC thickness at the final observation point observed by SD-OCT in C57BL/6J

mice (a), control fed GLAST”" mice (b), and GLAST”" mice + AST (c).

C (the third upper panel). The longitudinal changes in the thickness of the GCC. Diamonds, C57BL/6J

mice; closed circles, control fed GLAST”" mice; open circles, GLAST”" mice + AST. Animal numbers: C57BL6J mice, P36~P148 (n = 4); control fed GLAST”,
P44~P114 (n = 4), p156 (n = 5); GLAST”" mice + AST, P50 (n = 6), P78~P106 (n = 5), P150 (n = 4). Statistical significance: ***, P < 0.001 (Student’s t-test). Bars
indicate standard error
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D (the bottom panel). Comparison of the change in the GCC thickness from the baseline to each observation points. Diamonds, C57BL/6J
mice; closed circles, control fed GLAST”" mice; open circles, GLAST”" mice + AST. Animal numbers: C57BL6J mice, P36~P148 (n = 4); control fed GLAST”",
P44~P114 (n = 4), p156 (n = 5); GLAST”" mice + AST, P50 (n = 6), P78~P106 (n = 5), P150 (n = 4). Statistical significance: *, P < 0.05 (Student’s t-test). Bars

indicate standard error.
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Fig. 2. (continued).

the GCC was calculated using raw data summarized in an Excel® file
generated by the InSight® software program. The overall average GCC
thickness was presented as the mean + standard error.

2.4. Ultrastructural examination by electron microscopy

Electron microscopy was performed using eyes enucleated from
GLAST” mice + AST on P131, control fed GLAST”" mice on P127, and
C57BL/6J mice on P147 according to a previously described method
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Table 1
The thickness (pm) of the GCC in C57BL/6J mice, control fed GLAST-/- mice,
and GLAST-/- mice + AST.

point 1 point 2 point 3 point 4
(baseline)
C57BL6J mice 67.93 + 64.74 £ 0.62  63.04 + 1.48 65.15 =+ 0.45
1.35 (95.30%) (92.80%) (95.91%)
Control fed 63.90 + 58.90 £1.22  53.93 +1.18 50.69 + 1.52
GLAST-/- 1.31 (92.18%) (84.40%) (79.33%)
mice
GLAST-/- mice ~ 59.74 + 59.15 +£2.42  59.51 +2.78 55.87 + 2.79
+ AST 2.15 (99.01%) (99.61%) (93.52%)

Values indicate the mean =+ standard error. The numbers in parentheses indicate
the percentage in comparison to baseline.

[26]. Immediately after enucleation, the eyes were fixed with 2.5%
glutaraldehyde and 2% paraformaldehyde solution at pH 7.4 for 24 h at
4 °C. An aliquot of the same fixation solution was injected into the
anterior chamber. The retina and choroid were dissected out, post-fixed
in phosphate buffered 1% osmium tetroxide at pH 7.4 for 3 h at 4 °C,
dehydrated in an ascending ethanol series (50-100%), and embedded in
epoxy resin. Thin sections (80-90 nm) were stained in uranyl and lead
salt solutions. The sections were photographed by a transmission elec-
tron microscope (H-7600, Hitachi, Tokyo, Japan) at 100 kV.

2.5. Statistical analysis

The statistical analysis of the data obtained in the present study was
performed using the SPSS software program (version 26, Statistical
Package for the Social Sciences, Chicago, IL, U.S.A.). The normality of
the distribution of the segmentation data from the three groups was
confirmed using the Shapiro-Wilk test. Parametric or non-parametric
methods were chosen according to the presence of normality. Stu-
dent’s t-test was performed to analyze differences in the GCC thickness
obtained by SD-OCT segmentation between the baseline and final
observation points in each group (GLAST”" mice + AST, P50 vs. P157;
control fed GLAST”" mice, P44 vs. P156; C57BL/6J mice, P36 vs. P148;
respectively) (Fig. 2B). In addition, Student’s t-test was performed to
analyze differences in change from baseline to the final observation
points in the GCC thickness obtained by SD-OCT segmentation between
GLAST”" mice + AST and control fed GLAST”" mice. P values of <0.05
were considered to indicate statistical significance.

C57BL/6J mice, P147

Control fed GLAST mice, P131
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3. Results

3.1. Qualitative analyses of the ganglion cell complex obtained by SD-
OoCT

We analyzed the GCC on SD-OCT images of GLAST”" mice + AST,
control fed GLAST”" mice, and C57BL/6J mice to qualitatively charac-
terize the SD-OCT findings (Fig. 2A). Typical SD-OCT findings in C57BL/
6J mice obtained from P36 to P148 are shown in Fig. 2A, a, b, ¢ and d.
Conversely, the SD-OCT findings in control fed GLAST”" mice obtained
from P44 to P156 are shown in Fig. 2A, e, f, g and h. And the SD-OCT
findings in the GLAST”" mice + AST obtained from P50 to P150 are
shown in Fig. 2A, i, j, k and 1. As previously reported, it was found that in
control fed GLAST”" mice the GCC became thinner due to the loss of
RGCs and thinning of RNFL in comparison to both GLAST”" mice + AST
and C57BL/6J mice [9]. The SD-OCT findings at the final observation
point are shown in Fig. 2B. The GCC thickness in both GLAST”" mice +
AST and C57BL/6J mice qualitatively appeared thicker than the control
fed GLAST”" mice. To confirm statistical significance, we longitudinally
and quantitatively analyzed the GCC thickness obtained by SD-OCT in
each group. The results in this study are shown in Fig. 2C and Table 1.
The thickness of GCC in the control fed GLAST”" mice between the
baseline and final observation points are significantly changed, but not
in other groups. Fig. 2D shows the change in the GCC thickness from the
mean values at baseline to each observation point. The rate of reduction
was significantly different between GLAST” mice + AST and control fed
GLAST”" mice.

3.2. The ultrastructural findings of the RNFL and RGCs in each group

The electron microscopic findings of each group are shown in Fig. 3.
Panel a corresponds to the C57BL/6J mice at P147, Panel b corresponds
to the control fed GLAST”" mice at P131, and Panel ¢ corresponds to the
GLAST”" mice + AST at P127, respectively. Arrows indicate the RNFL
thickness in each panel. The RNFL thickness in control fed GLAST”" mice
were qualitatively thinner than the other groups, as shown in Fig. 3a—c.

4. Discussion

In the present study, we first showed that AST attenuates the thin-
ning of the GCC in GLAST”" mice. The rate of reduction of the GCC
thickness in GLAST”" mice + AST was almost similar to that of C57BL/
6J mice. Furthermore, electron microscopy demonstrated that the RNFL
thickness in GLAST”" mice 4+ AST and C57BL/6J mice were qualitatively
thicker than the control fed GLAST”" mice. The thicker RNFL indicates
that AST suppressed the cell death of RGCs in GLAST”" mice.

In the retina, GLAST is expressed in Miiller cells and maintains

GLAST’ mice + AST, P127

Fig. 3. Comparison of the retinal nerve fiber layer and ganglion cell layer observed by electron microscopy in C57BL/6J mice, control fed GLAST”" mice, and
GLAST”" mice + AST. Panel a corresponds to C57BL/6J mice at P147. Panel b corresponds to control fed GLAST”" mice at P131. Panel ¢ corresponds to GLAST”"
mice + AST at P127. Arrows indicate the RNFL thickness in each panel.
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glutamate homeostasis by taking up the extracellular glutamate released
for glutamatergic neurotransmission into the Miiller cells [10]. More-
over, GLAST is essential not only for keeping the extracellular glutamate
concentration below the neurotoxic level, but also for maintaining the
glutathione levels in the retina by providing the substrate for gluta-
thione synthesis [9,11]. Thus, glutamate neurotoxicity and oxidative
stress increase in the GLAST”” mouse retina. The GLAST”~ mouse is used
as a model of NTG because it shows similar morphological changes to
glaucoma due to the loss of RGCs without an elevated IOP, and the loss
of RGCs is thought to be caused by both glutamate neurotoxicity and
oxidative stress [9]. Actually, both glutamate neurotoxicity and
decreasing GSH are also considered an etiology of glaucoma [4,6]. Thus,
GLAST”" mice are used to elucidate the pathogenesis of NTG. Recently,
several studies have reported that many agents, including geranylger-
anylacetone, an acylic isoprenoid, VCP modulator, a major ATPase in
the cell, dedicator of cytokinesis 3, a guanine nucleotide exchange factor
and a novel NR2D interacting protein, and valproic acid used for
treatment of epilepsy, mood disorders, migraines and neuropathic pain,
protected the RGCs in GLAST heterozygous or deficient mice [27-30].
Moreover, it is thought that glutamate neurotoxicity may play a bigger
role than oxidative stress in RGC death in GLAST”" mice [21]. Thus, it
may suggest that AST—rather than oxidative stress—reduced glutamate
neurotoxicity in our study. This also means that AST may reduce
glutamate neurotoxicity, as was reported in previous in vitro studies [16,
171.

AST is a natural marine carotenoid and can be used as a health
supplement. Recently, AST was reported to possess a wide variety of
biological functions. In particular, as a strong antioxidant, AST effec-
tively scavenges oxygen free radicals and reduces oxidative stress [13].
AST also reduces oxidative stress in the retina [31]. In addition, in
cultured neural cells, AST protects cells against glutamate-induced
apoptosis [16,17]. For these reasons, we investigated whether or not
AST has a protective effect in the GCC of GLAST”~ mice, because the RGC
degeneration of GLAST”" mice is caused by both glutamate neurotox-
icity and oxidative stress. As expected, AST had a protective effect
against thinning of the GCC in GLAST”" mice.

In previous studies of mice fed with AST, the effect of AST was
observed at concentrations of 0.03%-0.5% [32-34]. Among them, Yook
et al. examined mice fed a diet containing AST (0, 0.02, 0.1, and 0.5%)
for supplementation to define the effect of AST on adult hippocampal
neurogenesis [32]. Their findings revealed that AST enhanced cell
proliferation and survival at doses of 0.1% and 0.5%. Based on the re-
sults of these studies, in the present study, we used 0.1% AST so that
nutritional status was maintained, even in the AST group.

The present study was associated with some limitations. First,
although we hypothesized that AST attenuates the thinning of the GCC
thickness via a reduction of oxidative stress and glutamate neurotox-
icity, we did not measure the quantitative levels of some of the oxidative
stress and cell death induced by glutamate neurotoxicity. However
previous studies have shown that AST reduces oxidative stress in the
retina, in addition, AST was shown to attenuate glutamate-induced
apoptosis and cytotoxicity in in vitro studies [16,17]. Thus, it suggests
that oxidative stress and glutamate-induced apoptosis and cytotoxicity
may be decreased in our study. Second, it is unclear whether AST was
more effective for glutamate neurotoxicity or oxidative stress to atten-
uate the thinning of the GCC in GLAST”" mice. Third, although it has
been reported that GLAST”" mice showed impaired retinal function
examined by multifocal electroretinogram [9], we did not analyze the
retinal functions but mainly focused on the morphological changes
evaluated by SD-OCT in this study. Since several studies have reported
that the thinning of the RGCs layer ameliorated retinal function in
GLAST”" mice by interventional studies [23,31], it can be expected that
AST treatment prevents the decline in retinal function of GLAST”" mice.
Fourth, although we did not investigate molecular mechanisms of effects
of AST in GLAST”" mice, it needs to be further clarified in the future
study.

Biochemistry and Biophysics Reports 23 (2020) 100777

In conclusion, we found that AST attenuates the thinning of the GCC
in GLAST”" mice. Our results suggest the possibility that AST has pro-
tective effects against glutamate neurotoxicity and oxidative stress in
vivo. Because reducing IOP as much as possible is the only currently
available treatment for NTG in the clinical setting, our results suggest
that AST supplementation may be effective for protecting against some
factors involved in NTG, such as glutamate neurotoxicity and oxidative
stress.
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