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Abstract

Our previous study verified the protective effects of Lycium barbarum polysaccharides (LBP) on retinal neurons and blood vessels in acute
ocular hypertension (AOH) mice. To investigate the effect of LBP on the reactivity of retinal glial cells, an AOH mouse model was estab-
lished in one eye by maintaining ocular hypertension of 90 mmHg for 60 minutes. Either LBP solution (1 mg/kg) or phosphate-buffered
saline was administrated to the mice by gavage daily, starting 7 days before the AOH insult and continuing until the mice were sacrificed
for specimen collection on day 4 post-insult. After AOH insult, increased numbers of astrocytes and microglia were observed, together
with decreased expression of the following glial cell biomarkers in the retinal ganglion cells of AOH mice: glial fibrillary acidic protein,
glutamine synthetase, aquaporin-4, S-100 proteins, ionized calcium-binding adaptor molecule 1, amyloid precursor protein and receptor
of advanced glycosylation end-products. After intervention with LBP, the above changes were significantly reduced. Remarkably, morpho-
logical remodeling of blood vessel-associated retinal astrocytes, marked by glial fibrillary acidic protein, was also observed. These results,
taken together, suggest that LBP regulated the production of amyloid-p and expression of receptor of advanced glycosylation end-products,
as well as mediating the activity of retinal glial cells, which may lead to the promotion of better maintenance of the blood-retinal barrier
and improved neuronal survival in AOH insult. This study was approved by the Committee for the Use of Live Animals in Teaching and
Research (approval No. CULTRA-#1664-08).
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Introduction

Neurodegeneration of retinal ganglion cells (RGCs) in
glaucoma goes through two phases: 1) direct damage to cell
bodies and their axons, and 2) secondary damage due to
responses by non-neuronal cells. Among these, the second-
ary damage is considered to be the major cause of RGC loss
(Tombran-Tink et al., 2008), with the reactivity of glial cells
playing an important role. Previous studies showed that as-
trocytic gliosis in the optic nerve head was closely associated
with the degeneration of optic nerve axons (Prasanna et al.,
2011; Howell et al., 2014; Schneider and Fuchshofer, 2016).
However, details of the reactivity of retinal glial cells in acute
ocular hypertension (AOH) conditions during the develop-
ment of RGC degeneration are still unclear.

AOH, including injury due to ischemia and mechanical
high pressure, commonly exists in the progress of glaucoma-
tous neuropathy. The advantage of an AOH animal model is
that it can simulate the pathophysiological mechanism of an
acute attack of glaucoma, to highlight the influence of isch-
emia-reperfusion and damage to the blood-retinal barrier in
the pathogenesis of RGC degeneration. In addition, AOH is
a convenient in vivo model for the study of neuroprotective
mechanisms. Our previous studies verified that Lycium bar-
barum polysaccharides (LBP), a kind of traditional Chinese
medicine extract, exhibits neuroprotective effects in isch-
emia/reperfusion models and glaucomatous animals (Chiu
et al, 2010; Li et al., 2011; Mi et al., 2012b; Yang et al., 2017).
Recently, it was reported that regardless of whether the ad-
ministration was pretreatment or posttreatment, LBP could
protect RGCs in AOH insult, with improvements in visual
function in an animal-behavior test, electroretinography and
the thickness of the optic nerve fiber layer (Lakshmanan et
al,, 2019a, b). Thus, the underling protective mechanisms of
LBP in neurodegeneration need to be investigated.

As primary components in the neurovascular unit, glial
cells play key roles in the pathogenesis of neurodegeneration
in the retina and central nervous system (CNS) (Deane et
al., 2003). Microglia activation is reportedly involved in the
pathogenesis of RGC degeneration in different murine glau-
coma models (Chiu et al., 2009; Huang et al., 2018). Howev-
er, the effects of LBP on retinal glial reactivity are unclear.

The toxic impact of amyloid-p (AP) on neurons is seen in
many CNS diseases, such as Alzheimer’s disease (Ning et al.,
2008). As the receptor for advanced glycation endproducts
(AGEs), receptor of advanced glycosylation end-products
(RAGE) can bind multiple ligands, such as AGEs, and neu-
ronal toxicants, such as AP, which cause neurodegeneration
in CNS. Over-expression of RAGE on blood vessel endothe-
lial cells can promote the transportation of circulating Ap
and AGEs, to accumulate into the parenchyma and cause the
release of endothelin-1 (ET-1) (Deane et al., 2003). In our
previous study, we verified the above-described role of vas-
cular RAGE and observed over-expression of Ap on retinal
neurons in an AOH model (Mi et al., 2012a). However, it is
not known whether vascular RAGE is the only pathway for
the production of AP. Therefore, we have evaluated the effect
of LBP on the reactivity of retinal glial cells and investigated

the relationship between retinal gliosis and A toxicity in
AOH.

Materials and Methods

Animals

Male C57BL/6N mice (aged 10-12 weeks, weight 20-25 g)
were used in this study, in order to be consistent with our
previous research into LBP (Mi et al., 2012a). The animal
feeding environment was maintained on a 12-hour light-
dark cycle and the mice received food and water ad libitum.
All animals were specific-pathogen-free level, purchased
from the University of Hong Kong, China. All experimental
designs and protocols were approved by the Committee for
the Use of Live Animals in Teaching and Research (approval
No. CULTRA-#1664-08) on January 1, 2008, and conducted
under the institutional guidelines for the care and use of lab-
oratory animals at The University of Hong Kong, China.

Establishing the mouse model of AOH

General anesthesia was administered to the animals through
intraperitoneal injection of a mixture of ketamine (80 mg/kg)
and xylazine (8 mg/kg). Topical eye drops were used for de-
sensitizing the cornea, with proparacaine hydrochloride 0.5%
(Alcaine; Alcon, Ltd., Fort Worth, TX, USA), and dilating the
pupil (Mydriacyl, Alcon, Ltd.). AOH was induced according
to the procedure used in our previous study (Mi et al., 2012a).
Briefly, a micro glass tube, linked to a reservoir of balanced salt
solution (Alcon, Ltd.), was inserted into the anterior chamber
of one eye/animal for 60 minutes, to increase the intraocular
pressure to 90 mmHg and maintain it at that level. To keep
the animal’s temperature at 37 + 0.5°C, a heating pad was used
during the surgical procedure. Tobramycin ointment (0.3%;
Alcon, Ltd.) was applied to the conjunctival sac to prevent in-
fection after the AOH operation.

Drug administration

Based on the finding in our previous study that pretreatment
with LBP from 7 days before AOH could effectively rescue
RGCs, we used the same protocol for LBP administration (Mi
etal,, 2012a). LBP was extracted from dried fruits of Lycium
barbarum (Ningxia, China) by decoloration and delipidation
in alcohol, and boiling in distilled water by Shanghai Insti-
tute of Materia Medica, Chinese Academy of Sciences. The
extract was then freeze-dried into powder for storage. For
experimental use, the LBP solution was freshly prepared by
dissolving the powder in phosphate-buffered saline (PBS;
0.01 M, pH 7.4) before use, as previously reported in our lab
(Mi et al.,, 2012b; Yang et al., 2017). The mice were randomly
assigned to two treatment groups (n = 7 per group), one for
oral feeding with LBP (1 mg/kg) and the other, with PBS
vehicle. Daily gavage was performed with a feeding needle,
from 7 days before AOH until sacrifice for sampling.

Sample processing

On the fourth day after the AOH operation, the mice were
sacrificed, using an overdose of sodium pentobarbital. The
eyeballs were removed while fresh and fixed in 4% para-
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formaldehyde at 4°C overnight (retinal flat-mounts for 2—4
hours). Samples were dehydrated with a graded series of
ethanol and xylene, and subsequently embedded in paraffin
wax with a clear orientation marking the 12 oclock position
on each eyeball. Seven-um-thick cross-sections were cut.

Immunohistochemistry analysis

Retinal samples were rinsed with PBS, and kept in a solution
of PBS with 0.3% Triton X-100 (Sigma, Darmstadt, Ger-
many) and 10% goat serum (Sigma) for 1 hour. Then, they
were incubated with different primary antibodies (Table
1) overnight at 4°C, followed by incubation with a second
set of antibodies. Cross-sections were incubated with fluo-
rescent secondary antibodies (Table 1) for 2 hours at room
temperature, or with biotinylated secondary antibodies for
1 hour, followed by conjugation with an avidin-biotin-per-
oxidase-complex kit and detection of diaminobenzidine.
Flat-mounted retinas were incubated with the secondary an-
tibody at 4°C overnight. A diamidino-2-phenylindole (0.2%)
staining procedure was used in some conditions to visualize
the nucleus. After these procedures, the retinal sections or
flat-mounts were observed under a fluorescent microscope
(Zeiss, Oberkochen, Germany) or confocal laser scanning
microscope (LSM 510 Meta, Zeiss).

Histological evaluations

Astrocytes were labeled with S-100 on flat-mounted retinas
and counted under an eye-piece grid of 200 x 200 um’ along
the median line of each quadrant, starting from the optic
disc to the border, at 400-pm intervals. Six microscopic fields
for each quadrant, for a total of 24 per retina, were counted.
This method was described previously (Fu et al., 2008).

For quantification of ionized calcium-binding adaptor
molecule 1 (Iba-1)(+) microglia and neuronal RAGE ex-
pressed on RGCs, at least ten discontinuous sections from
each animal were randomly chosen. We have previously
reported this method (Mi et al., 2012a). On retinal cross-sec-
tions, Iba-1(+) microglia were counted only if the cell body
was stained. Signals from processes without a labeled soma

Table 1 Antibodies for the immunohistochemistry study

were not counted. For consistency, the sections containing
the optic nerve stump were used, and at least three discon-
tinuous sections (per animal) were analyzed. Images at 400x
magnification of the middle retina at 1.1 mm on both sides
of the optic nerve head (Chi et al., 2010) were analyzed us-
ing Stereo Investigator” software (MBF Bioscience-Micro-
BrightField, Inc., Williston, Vermont, USA). RAGE staining
intensity in neurons was analyzed using immunohistochem-
istry scores, as described in a previous study (Li et al., 2011).
Briefly, three photographs at 400x magnification were taken
on each side of the retina, from the central, middle and
peripheral areas. The immunohistochemistry scores were
evaluated according to the immunostaining intensity and
the numbers of cells with positive signals. Then the average
staining intensity (per cell) of neuronal RAGE was given
by scoring RAGE-labeled neurons in the ganglion cell layer
(GCL) versus the number of diamidino-2-phenylindole-la-
beled neurons in the GCL.

Statistical analysis

The non-AOH control group was composed of the contralat-
eral eyes of mice from the PBS-fed-AOH group and the LBP-
fed-AOH group. The data from the PBS-fed-AOH group
were compared with the non-AOH control group to evaluate
the AOH injury. The data from the LBP-fed-AOH group
were compared with the PBS-fed-AOH group and non-AOH
control group to evaluate the effects of LBP on AOH injury.
Data analyses were performed in a blinded manner, to elim-
inate subjective bias. The slides were analyzed by observers
blinded to the group of each mouse. Data were assembled as
the mean + standard deviation (SD) and then analyzed by
one-way analysis of variance using GraphPad Prism software
7.0 (GraphPad Software Inc., San Diego, CA, USA). The sta-
tistically significant difference was set at P < 0.05.

Results

LBP reduces retinal gliosis in the AOH retina
Immunoreactivity of GFAP

Increased expression of glial fibrillary acidic protein (GFAP)

Antibody Dilution  Host Source Catalog No.
S-100 1:200 Rabbit Abcam, Cambridge, MA, USA ab868
Glutamine synthetase 1:600 Mouse Millipore, Burlington, MA, USA MAB302
Glial fibrillary acidic protein 1:400 Mouse Sigma, Darmstadt, Germany G3893
Glial fibrillary acidic protein 1:1000 Rabbit Dako, Kyoto, Japan 70334
Aquaporin-4 1:400 Rabbit Millipore, Burlington, MA, USA AB3594
Tonized calcium binding adaptor molecule 1 1:800 Rabbit Wako, Osaka, Japan 019-19741
Receptor of advanced glycosylation end-products 1:200 Rabbit Abcam, Cambridge, UK ab3611
Amyloid precursor protein 1:100 Mouse Millipore, Burlington, MA, USA MAB348
Alexa Fluor 568 (goat anti-rabbit) 1:200 Molecular Probes, Waltham, MA, USA A11036
Alexa Fluor 488 (goat anti-mouse) 1:200 Molecular Probes, Waltham, MA, USA A11029
Alexa Fluor 350 (goat anti-rabbit) 1:200 Molecular Probes, Waltham, MA, USA A21068
Diamidino-2-phenylindole 1:5000 Sigma, Darmstadt, Germany D9564
Biotinylated goat anti-rabbit immunoglobulin 1:200 Dako, Kyoto, Japan E0432
Diaminobenzidine kit Invitrogen, Waltham, MA, USA 2114
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in retinal astrocytes and Miller cells has been interpreted
as a gliosis marker under stress conditions, as has been re-
ported in many studies involving the retina and brain (Wang
et al., 2018; Rattner et al., 2019), and it was also true in the
AOH retina (Hirrlinger et al., 2010). In the present study, we
verified Hirrlinger et al’s (2010) result. In the non-AOH con-
trol retina, positive GFAP staining was found in astrocytes
in the GCL and around retinal blood vessels in the inner
nuclear layer (Figure 1A). Contrary to that, there was an
obvious increase in GFAP staining in the processes of Miiller
cells and in the astrocytes around retinal blood vessels in the
PBS-fed-AOH group (Figure 1B). However, in the LBP-fed-
AOH group (Figure 1C) the processes of the Miiller cells
were not stained.

Effects of LBP on the numbers of retinal astrocytes

To further evaluate the effect of LBP on retinal gliosis, S-100
was used to detect the cell bodies of retinal astrocytes and
to count the cell numbers on retinal flat-mounts. Compared
with the non-AOH control (Figure 2A), the number of
S-100-labeled astrocytes was increased in the PBS-fed-AOH
group (Figure 2B). However, in the LBP-fed-AOH group,
it was lower than in the PBS-fed-AOH group and similar to
the number in the non-AOH control retina (Figure 2C). The
cell counts demonstrated that retinal gliosis was significantly
decreased in the LBP-fed-AOH group versus the PBS-fed-
AOH (P < 0.05), although there was still evidence of gliosis
in the LBP-fed-AOH group when compared with the non-
AOH control (P < 0.05; Figure 2D and E).

Effects of LBP on morphological remodeling of blood
vessel-associated astrocytes

GFAP staining was also used on retinal flat-mounts to ob-
serve the morphological changes of the retinal astrocytes
located around blood vessels. Compared with the non-AOH
control retina (Figure 3A), in the PBS-fed-AOH group (Fig-
ure 3B), the GFAP-stained astrocytes appeared as masses of
cell bodies and processed similar to uncombed hair; how-
ever, in the LBP-fed-AOH group (Figure 3C), the processes
of astrocytes were arranged more smoothly than in the PBS-
fed-AOH group. In addition, there appeared to be more
processes of astrocytes contacting the blood vessels when
compared with the non-AOH control, suggesting a new and
different pattern of endfeet contact around blood vessels. We
also checked the contralateral eyes of animals in the group
with LBP treatment and AOH insult, but did not observe
similar morphological changes of the endfeet of retinal astro-
cytes when compared with the injured eye (data not shown
here).The key enzyme in glutamate-glutamine cycling, gluta-
mine synthetase (GS), was used to detect functional changes
in glutamine metabolism in astrocytes (Figures 3D-F).
In the non-AOH control retina (Figure 3G), there was no
co-labeling signal, suggesting that GS is not expressed on
astrocytes in the normal retina, which agrees with previous
reports (Zhang et al., 2009; Coucha et al., 2019; Mages et al.,
2019). However, in the PBS-fed-AOH group, most astro-
cytes showed yellow, co-labeled GS signals (Figure 3H). In

a previous study, it was suggested that the expression level
of GS in Miiller cells did not change in AOH (Hirrlinger et
al,, 2010). Here, using the method of co-labeled staining on
flat-mounted retinae, our data clearly showed up-regulation
of expression of GS in astrocytes, suggesting that increased
glutamate toxicity was present in astrocytes after AOH
stress. In the LBP-fed-AOH group (Figure 3I), the labeling
color in most astrocytes was green, suggesting that there was
a decrease in glutamine toxicity in retinal astrocytes when
treated with LBP.

Immunoreactivity of aquaporin-4

Aquaporin-4 (AQP-4) is a marker reflecting the capability of
the balancing water across the wall of blood vessels, which
can also be used to detect functional changes in glial cells
and astrocytes (Catalin et al., 2018). In normal con-ditions,
seen in the non-AOH control retinae (Figure 4A and D),
light AQP-4 staining signals were seen in the pro-cesses of
Miiller cells, in the inner plexiform layer and in their endfeet
in the internal and external limiting membranes, and in the
retinal blood vessels. In the PBS-fed-AOH group (Figure
4B and E), strong staining was observed not only in the pro-
cesses and endfeet of Miiller cells, but also in their cell bod-
ies associated with the strong signals around blood vessels,
suggesting that the strong signaling of AQP4 around blood
vessels is a response of the endfeet of astrocytes. However,
in the LBP-fed-AOH group (Figure 4C and F), the staining
was comparable to the level in the non-AOH control group.
Using co-labeling staining of AQP-4 with GFAP in retinal
flat-mounts, the astrocytes showed extraordinary morpho-
logical changes in the PBS-fed-AOH group at some locations
around the blood vessels, associated with the extensive ex-
pression of AQP-4 (Figure 4E and H). However, in the LBP-
fed-AOH group (Figure 4F and I), with lower expression of
AQP-4 around blood vessels, the endfeet of astrocytes also
showed different shapes when compared with the non-AOH
controls (Figure 4D and G). Thus, these data suggest that
AOH induced degenerative changes to retinal astrocytes,
associated with possible loss of the function of their endfeet
around blood vessels, whereas LBP treatment made the end-
feet of astrocytes more resistant to the insult of AOH.

Reactivity of retinal microglia/macrophages

The effect of LBP to reduce gliosis was also observed in other
cell types, such as the microglia and macrophages. Com-
pared with the non-AOH control retina (Figure 5A), in the
PBS-fed-AOH group, there was a clear increase in the num-
ber of Iba-1-labeled microglia and macrophages in retinal
tissue (Figure 5B). However, in the LBP-fed-AOH group,
this number was lower (Figure 5C) than in the PBS-fed-
AOH group, but still higher than in the non-AOH control
group (Figure 5A). Quantification of these numbers showed
significant differences between the three groups (P < 0.05;
Figure 5D).

LBP down-regulates the expression of APP
Amyloid precursor protein (APP) is the key material for
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non-AOH PBS+AOH LBP+AOH

Figure 1 Expression of GFAP is down-regulated in LBP-fed-AOH
retinae at 4 days after AOH.

(A-C) Representative photographs of GFAP-stained retinal sections
in the non-AOH control group (non-AOH; A), PBS-fed-AOH group
(PBS + AOH; B) and LBP-fed-AOH group (LBP + AOH; C). Note the
strong GFAP staining in the processes of Miiller cells (arrow) and the
astrocytes (arrowheads) around retinal blood vessels in (B), compared
with the staining in (C) and (A). Scale bar: 50 um. AOH: Acute ocular
hypertension; GCL: ganglion cell layer; GFAP: glial fibrillary acidic pro-
tein; INL: inner nuclear layer; LBP: Lycium barbarum polysaccharides;
ONL.: outer nuclear layer; PBS: phosphate-buffered saline.

Non-AOH PBS+AOH LBP+AOH

AQP-4 AQP-4

GFAP x AQP-4

Figure 4 Alteration of AQP-4 and morphological remodeling of
blood-vessel-associated astrocytes in LBP-fed-AOH retinae at 4 days
after AOH.

(A—-C) Representative photos of AQP-4 immunostaining on retinal
sections in the non-AOH control (non-AOH; A), PBS-fed-AOH (PBS
+ AOH; B) and LBP-fed-AOH (LBP + AOH; C) groups. Note that the
enlarged boxes in A-C show that the signals of AQP-4 on the blood
vessels and the cell bodies of Miiller cells were stronger in B than in
A and C. The arrowhead in B indicates the strong signal of AQP-4 in
the processes of Miiller cells in the IPL; and the arrows in B show the
strong signal of AQP-4 in the endfeet of Miiller cells in the internal lim-
iting membrane and external limiting membrane. (D-F) Representative
photographs of AQP-4 immunostaining on retinal flat-mounts, in the
non-AOH control group (D), PBS-fed-AOH group (E) and LBP-fed-
AOH group (F). Note the signals of AQP-4 around retinal blood vessels
(white arrows). (G-I) Merged photographs of GFAP (green, marked
by Alexa Fluor 488) and AQP-4 (red, marked by Alexa Fluor 568) on
retinal flat-mounts, in the non-AOH control group (G), PBS-fed-AOH
group (H) and LBP-fed-AOH group (I). Scale bars: 50 um. AOH: Acute
ocular hypertension; AQP-4: aquaporin-4; GCL: ganglion cell layer;
GFAP: glial fibrillary acidic protein; IPL: inner plexiform layer; LBP:
Lycium barbarum polysaccharides; OPL: outer plexiform layer; PBS:
phosphate-buffered saline.
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Figure 2 Decrease in the number of S-100-labeled astrocytes in
LBP-fed-AOH retinae at 4 days after AOH.
(A-C) Representative photographs of S-100-labeled astrocytes (green,
marked by Alexa Fluor 350) on retinal flat-mounts, in the non-AOH
control group (non-AOH; A), PBS-fed-AOH group (PBS + AOH; B)
and LBP-fed-AOH group (LBP + AOH; C). Scale bar: 50 um. (D) Quan-
tification of the numbers of astrocytes in 1 mm®. (E) Quantification of
the increased ratio of astrocytes relative to the non-AOH control. Data
are presented as the mean + SD (n = 7 per group). *P < 0.05 (one-way
analysis of variance). AOH: Acute ocular hypertension; LBP: Lycium
barbarum polysaccharides; PBS: phosphate-buftered saline.

Non-AOH

PBS+AOH LBP+AOH

GFAP

GS

Merge

Figure 3 Morphological remodeling of blood vessel-associated
astrocytes in LBP-fed-AOH retinae at 4 days after AOH.

(A—C) Representative photographs of GFAP-stained astrocytes on ret-
inal flat-mounts, in the non-AOH control group (non-AOH; A), PBS-
fed-AOH group (PBS + AOH; B) and LBP-fed-AOH group (LBP +
AOH; C). (D-F) GS immunostaining of retinal flat-mounts in the non-
AOH control group (D), PBS-fed-AOH group (E) and LBP-fed-AOH
group (F). (G-I) Merged photographs of GFAP (green, marked by Al-
exa Fluor 488) and GS (red, marked by Alexa Fluor 568) on retinal flat-
mounts in the non-AOH control group (G), PBS-fed-AOH group (H)
and LBP-fed-AOH group (I). Scale bars: 50 um. AOH: Acute ocular hy-
pertension; GFAP: glial fibrillary acidic protein; GS: glutamine synthe-
tase; LBP: Lycium barbarum polysaccharides; PBS: phosphate-buffered
saline.
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Figure 5 Decreased number of Iba-1(+) cells in LBP-fed-AOH
retinae at 4 days after AOH.

(A—C) Representative photographs of Iba-1-stained microglia and
macrophages (green, marked by Alexa Fluor 350) on retinal sections,
in the non-AOH control group (non-AOH; A), PBS-fed-AOH group
(PBS + AOH; B) and LBP-fed-AOH group (LBP + AOH; C). Scale bar:
50 um (D) Quantification of cells. Data are presented as the mean +
SD (n = 7 per group). *P < 0.05 (one-way analysis of variance). AOH:
Acute ocular hypertension; GCL: ganglion cell layer; Iba-1: ionized
calcium-binding adaptor molecule 1; INL: inner nuclear layer; LBP:
Lycium barbarum polysaccharides; ONL: outer nuclear layer; PBS:
phosphate-buffered saline.
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Figure 7 Up-regulation of the expression of RAGE in neurons of
PBS-fed retinae and down-regulation in LBP-fed retinae at 4 days
after AOH.

(A) Representative photographs of RAGE-stained neurons in the gan-
glion cell layer on retinal sections in the non-AOH control (non-AOH),
PBS-fed-AOH (PBS + AOH) and LBP-fed-AOH (LBP + AOH) groups.
Scale bars: 20 um. (B) Quantification of the immunointensity of neuro-
nal RAGE. Data are presented as the mean + SD (1 = 7 per group). *P <
0.05 (one-way analysis of variance). AOH: Acute ocular hypertension;
DAPI: diamidino-2-phenylindole; LBP: Lycium barbarum polysac-
charides; PBS: phosphate-buffered saline; RAGE: receptor of advanced
glycosylation end-products; RGC: retinal ganglion cell.
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Figure 6 Up-regulation of the expression of APP in PBS-fed retinae
and down-regulation in LBP-fed retinae at 4 days after AOH.

(A—C) Representative photographs of APP immunostaining on retinal
sections in the non-AOH control group (non-AOH; A), PBS-fed-AOH
group (PBS + AOH; B) and LBP-fed-AOH group (LBP + AOH; C). (D)
Enlarged photographs from the PBS-fed-AOH retina show the co-lo-
calization of GFAP and APP, confirming the presence of APP staining
in the processes of Miiller cells in the IPL (arrows) and in astrocytes or
the processes of Miiller cells in the OPL (arrowheads). Scale bars: 50
pum in A-C; 20 pm in D. AOH: Acute ocular hypertension; APP: amy-
loid precursor protein; GCL: ganglion cell layer; GFAP: glial fibrillary
acidic protein; INL: inner nuclear layer; IPL: inner plexiform layer;
LBP: Lycium barbarum polysaccharides; OPL: outer plexiform layer;
PBS: phosphate-buffered saline.

the production of AP,_,,. APP was detected in the retinae of
chronic ocular hypertension rats (McKinnon et al., 2002).
In the present study, mild positive APP staining in the outer
plexiform layer and the neurons of the GCL was detected in
the non-AOH control retinae (Figure 6A). In the PBS-fed-
AOH group, strong APP staining was observed not only in
the outer plexiform layer and neurons of the GCL, but also
in the processes of Miiller cells in the inner plexiform layer
(Figure 6B). Co-labeling with GFAP showed that some of
the positive APP signals found in the outer plexiform lay-
er belonged to astrocytes or the processes of Miiller cells
around blood vessels. In addition, the processes in the inner
plexiform layer were confirmed to belong to activated Miiller
cells (Figure 6D), which have previously been reported to
express GFAP under stress conditions (Hirrlinger et al,,
2010). In the LBP-fed-AOH group (Figure 6C), the expres-
sion of APP was lower than in the PBS group; however, some
strong APP-stained signals were still found in the GCL and
outer plexiform layer. This result could be attributed to as-
trocytic gliosis in the LBP-fed-AOH group.

LBP down-regulates the expression of RAGE on RGCs

The neurons in the GCL and inner nuclear layer showed
similar levels of staining in the non-AOH and AOH condi-
tions, and therefore we analyzed neurons in the GCL to ex-
amine the expression level of neuronal RAGE in the retina.
Semi-quantification analysis showed that the relative stain-
ing intensity of neuronal RAGE in the PBS-fed-AOH group
was higher than that in the non-AOH group (P < 0.05), but
lower than that in the LBP-fed-AOH group (P < 0.05; Figure
7A and B). Although the number of surviving neurons was
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lowest in the PBS-fed-AOH group, the semi-quantitative
analysis suggested that the staining density of RAGE per
neuron in the PBS-fed-AOH group was the highest, when
compared with the other two groups; and feeding LBP to the
mice decreased the expression of RAGE in the neurons.

Discussion

Along with the damage to retinal neurons and vasculature
reported in our previous study (Mi et al., 2012a), in the
present study, we demonstrated that transient elevation of
intraocular pressure to 90 mmHg for 60 minutes induced
extensive retinal gliosis. LBP treatment reduced the glial
activation and decreased the RAGE-associated damage to
retinal neurons. However, a limitation of this study is that
the intraocular pressure induced in the experiment is much
higher than that caused by the clinical disease. The main
mechanism of AOH is ischemia/reperfusion injury, which
only represents part of the pathogenesis of glaucoma and
does not reflect the whole pathological process.

AOH insult induces damage to many components of the
neurovascular unit in the retina. Besides degeneration of
neurons, retinal gliosis is another negative consequence.
In CNS degeneration, it has been reported that astrocyte
gliosis could activate microglia cells associated with the
release of inflammatory factors, oxidative stress and other
damage to the tissue, which could threaten the survival of
neurons (Duncombe et al., 2017; Magaki et al., 2018). Thus,
reduction of gliosis has been considered a kind of neuropro-
tection. Our previous study showed the effect of LBP on the
reduction of expression of GFAP after middle cerebral artery
occlusion injury (Li et al., 2011). In the present study, we
verified this effect of LBP in the AOH model, together with
demonstrating a decreased number of astrocytes. The pos-
sible mechanism is related to the effect of LBP on regulation
of ET-1 because ET-1 promotes astrocyte proliferation in
vitro and in vivo, which was verified in the ocular hyperten-
sion rat model (Prasanna et al., 2011). Our previous study
showed that there was an up-regulation of ET-1 in the AOH
retina and that the up-regulation was reversed by LBP treat-
ment (Mi et al., 2012a), suggesting that LBP could inhibit the
proliferation of retinal astrocytes in AOH by regulating the
expression of ET-1.

In addition to gliosis, we detected obvious morphological
changes in the endfeet of astrocytes around blood vessels.
This included enrichment of GFAP staining in their cell bod-
ies and reduction of their endfeet touching blood vessels. To-
gether with the up-regulated expression of GS in astrocytes
and the increased expression of AQP-4 around the nearby
wall of blood vessels, these changes in astrocytes may be a
form of structural and functional degeneration. The increase
in expression of GS and AQP-4 has been reported to cause
damage to tissues in ischemia (Zhang et al., 2009; Li et al.,
2011). Moreover, we found in the LBP-treated AOH retina
that the blood vessel-associated astrocytes showed entirely
different morphology compared with the PBS-fed AOH
retina and even with the non-AOH retina. The remarkably
remodeled astrocytes appeared to have smoothly arranged

2350

processes, and more processes touching the blood vessels,
but lacking the edema-induced enlargement of their endfeet
seen in similar ischemic conditions (Yeung et al., 2009; Li et
al., 2011). Considering the protective effect of LBP on neu-
rons and blood vessel cells seen in our previous study (Mi et
al., 2012a), this kind of morphological remodeling of astro-
cytes might be beneficial to the integrity of the blood-retinal
barrier and to resisting ischemic insults. Together with our
previous data showing that LBP protected vascular cells and
decreased IgG leakage (Mi et al., 2012a), we can conclude
that LBP promotes maintenance of the blood-retinal barrier
through several pathways.

Microglia, another type of retinal glial cells, play a key role
in immune mediation under ischemic damage (Rayasam
et al., 2018). Iba-1 is a general marker, which can label all
of the retinal microglia/microphage in both the resting and
activated states. Previous studies verified that in AOH insult
there was an increased number of activated retinal microglia
with phagocytic properties, which played a pathogenic role
in RGC death. Thus, decreasing the number of microglia is
neuroprotective for RGC survival (Wang et al., 2014; Huang
et al,, 2018). In the optic nerve transection RGC-injury
model, it was reported that LBP affected retinal microglial
polarization, with decreased MI and increased M2, together
with decreasing the production of pro-inflammatory cyto-
kines and increasing the production of anti-inflammatory
cytokines (Li et al., 2019). Thus, the inhibitory effect of LBP
on the increase in the number of microglia observed in this
study is neuroprotective.

In the neurovascular unit, cell-cell crosstalk between as-
trocytes and microglia has been confirmed recently (Pierozan
et al., 2016; MacLean et al., 2019; Subauste, 2019). In this
study, our data showed that LBP decreased the activation of
microglia and astrocytes, suggesting that reduced activity of
microglia might also be a kind of cooperative mechanism,
contributing to the functional recovery of the microenvi-
ronment and neurovascular unit under AOH conditions.
A similar effect of LBP was reported in our previous study
using a chronic glaucoma model, which suggested that LBP
has protective effects on the survival of RGCs (Chiu et al.,
2009; Huang et al., 2018). In CNS injury, a high level of
S-100 production in astrocytes may contribute to inducible
nitric oxide synthase and nitric oxide production in microg-
lia, causing activated astrocytes to participate in immune
regulation of microglia (Donato et al., 2009). As a marker
of astrogliosis, expression of S-100 was down-regulated by
LBP treatment in this study, indicating that the activation of
microglia was also down-regulated by LBP through cell-cell
crosstalk. Regarding the repair process in the LBP-fed AOH
retina, how to regulate the beneficial crosstalk between as-
trocytes and microglia should be further investigated.

RAGE could mediate multiple signaling pathways to pro-
mote AB-induced neurodegeneration. Vascular RAGE could
serve as a cross-membrane transporter for the deposition
of A in tissue (Criscuolo et al., 2017; Lana et al., 2017; Ma-
cLean et al., 2019). Our previous study revealed elevated
RAGE expression in many cell types in the AOH retina (Mi et
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al,, 2012a). In this study, we detected elevated RAGE expres-
sion on RGCs, suggesting that neuronal RAGE may contrib-
ute to AP production on neurons directly, without cell-cell
signaling transportation. In addition, we observed up-regu-
lation of APP in RGCs, suggesting the involvement of APP
in the production of AP in AOH conditions. As an essential
precursor of AP, increased APP has been verified to promote
the production of A by upregulating b-secretase expression
and activity in ischemia (Zhiyou et al., 2009; Xie et al., 2017).
Thus, it is possible that RAGE regulates B-site APP-cleaving
enzyme 1, to generate AP from APP (Cho et al., 2009). In the
AOH retinae in this study, we also found up-regulation of
APP in astrocytes and Miiller cells. Together with the eleva-
tion of glial RAGE observed in our previous AOH study (Mi
et al., 2012a), retinal gliosis in AOH affects multiple signaling
pathways in the neurovascular unit. However, the related mo-
lecular mechanisms need to be further investigated.

Our previous study reported that in AOH insult, there was
an increased expression of AP on RGCs. Treatment with LBP
could reduce the transportation of circulating Ap by regulat-
ing the expression of vascular RAGE (Mi et al., 2012a). In this
study, we showed that LBP reduced the expression of neuro-
nal RAGE on RGCs, suggesting that regulation of the APP-
RAGE axis may be another way for LBP to reduce the pro-
duction of AP in neurons. It is known that Ap is neurotoxic.
Our previous studies demonstrated that LBP could protect
cerebral neurons from AP toxicity in vitro and in vivo (Yu et
al., 2007; Ho et al., 2009). Thus, in the AOH condition, as in
many ischemic retinopathies, LBP could regulate the expres-
sion of RAGE in different cell types to decrease AP levels in
the retina, to recover the stability of the microenvironment.

In this study, we gave the animals LBP as a pretreatment,
before initiating AOH. According to previous studies, the
pretreatment approach to LBP administration has been
found to have neuroprotective effects in different animal
models of retinal neuronal degeneration (Chiu et al., 2009;
Mi et al.,, 2012a; Yang et al., 2017). In a recent study, post-
treatment with LBP was also reported to protect RGCs in an
AOH model (Lakshmanan et al., 2019a). In a clinical trial
with patients who had retinitis pigmentosa, daily consump-
tion of Lycium barbarum granules showed neuroprotective
effects, to improve the outcome for the patients in terms of
visual acuity, visual fields and electroretinograms (Chan et
al,, 2019). In that trial, the daily supplement of Lycium bar-
barum granules contained 175 mg of LBP, which is higher
than the dosage used in our study. There are many differenc-
es between human and the animal models, but it is suggested
that a daily supplement of LBP may be neuroprotective for
ocular hypertensive patients.

In summary, our results revealed that the neuroprotective
action of LBP is related to regulating the reactivity of retinal
glial cells. The remodeling effect of astrocytes around blood
vessels may be a target of LBP for blood vessel protection.
The anti-RAGE effect of LBP could be a novel way by which
the retina is protected after damage or disease.
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