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High hydrostatic pressure induces apoptosis of retinal
ganglion cells via regulation of the NGF signalling pathway
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Abstract. High pressure is the most important factor
inducing retinal ganglion cell (RGC) apoptosis. However, the
underlying mechanisms remain obscure. The present study
investigated the effects of different levels of hydrostatic pres-
sure (HP) on RGCs and the potential mechanisms involved.
Primary cultured rat RGCs were exposed to five levels of
HP (0, 20, 40, 60 and 80 mmHg) for 24 h. Morphological
changes in RGCs were observed. The viability and apoptosis
rate of RGCs were detected using a Cell Counting Kit-8
assay and Annexin V-fluorescein isothiocyanate/propidium
iodide flow cytometry, respectively. Western blotting, reverse
transcription-quantitative polymerase chain reaction and
immunofluorescence were used to detect the expression and
mRNA levels of nerve growth factor (NGF), protein kinase B
(AKT), apoptosis signal-regulating kinase 1 (ASK1), forkhead
box Ol (FoxOl) and cAMP response element binding protein
(CREB). In the 0- and 20-mmHg groups, there were no apop-
totic morphological changes. In the 40 mmHg group, parts of
the cell were shrunken or disrupted. In the 60 mmHg group,
neurite extension was weakened and parts of the cells were
disintegrating or dying. In the 80 mmHg group, the internal
structures of the cells were not visible at all. The apoptosis
rates of RGCs were significantly higher and the viability rates
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significantly lower under 40, 60 and 80 mmHg compared with
under O or 20 mmHg (all P<0.01). The expression and mRNA
levels of NGF, AKT and CREB decreased in a dose-dependent
manner in the 40-, 60- and 80-mmHg groups (all P<0.05),
but those of ASK1 and FoxOl increased in a dose-dependent
manner (all P<0.05). Interestingly, the alterations to the
expression and mRNA levels of CREB were significantly
larger compared with the changes in ASK1 or FoxOl in the
40-, 60- and 80-mmHg groups (all P<0.01). The results of
the present study demonstrate that elevated HP of 40, 60 or
80 mmHg reduces viability and induces apoptosis in RGCs,
which may occur through effects on the NGF/ASK1/FoxO1
and NGF/AKT/CREB pathways, of which the latter is more
strongly affected.

Introduction

Glaucoma, affecting ~80 million people, is the leading cause
of irreversible blindness globally (1). Retinal ganglion cell
(RGC) degeneration and a progressive loss of visual fields are
the primary features of glaucoma (2). Normal pressure is one
of the essential conditions for cellular function and cell integ-
rity; high intraocular pressure (HIOP) is considered to be the
main risk factor enhancing RGC death and visual functional
damage in glaucoma (3). However, the underlying molecular
mechanisms of consistent RGC loss induced by HIOP remain
unclear (4). Further insight into the pathogenesis of glaucoma
is critical for protecting RGCs.

Nerve growth factor (NGF) may protect RGCs against
apoptosis induced by palmitic acid injury, and the effect is
partly modulated by protein kinase B (AKT)/forkhead box O1
(FoxOl1) (5). AKT /Activation of cAMP-responsive element
binding protein 1 (CREBI) activity may play an important
role to control the viability of neuronal cells during retinal
development (6). FoxOl serves a crucial function in modu-
lating apoptosis and survival in multiple cell types (7-9).
Cyclin-dependent kinase-5 can modulate of the cellular
location of FoxOl1 for regulating the apoptosis of neurons (10).
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In addition, deletion of the apoptosis signal-regulating kinase
1 (ASK1) gene may also prevent RGC death in mouse models
of glaucoma (11). CREB may also protect RGCs against death
following axotomy (12). Although the above studies have
suggested that NGF, AKT, ASK1, FoxOl and CREB have
crucial functions in RGC apoptosis in palmitic acid injury
models or RGC death in mouse models, there is no direct
evidence to demonstrate whether they function in RGCs with
in vitro hydrostatic pressure (HP)-induced damage.

In the present study, the degree to which HP caused apop-
tosis in RGCs cultured for 24 h was initially determined, and
subsequently the underlying mechanisms of accelerated RGC
apoptosis were investigated by measuring the protein and
mRNA expression levels of NGF, AKT, ASK1, FoxOl1 and
CREB, paving the way for the discovery of novel therapeutic
strategies to protect RGCs and preserve vision in patients with
glaucoma.

Materials and methods

Cell separation and primary culture. Retinas from new-born
Sprague Dawley rats were dissociated by trituration and
dissociated in 1.25 g/l trypsin and 2 g/l hyaluronidase
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). RGCs
from retinas were purified by Thy-1.1 antibody panning as
previously described (13). Cell suspensions were transferred
to a petri dish coated with rat monoclonal anti-macrophage
antibody (1:75; cat no. ab56297; Abcam, Cambridge, UK)
for 45 min at room temperature, then loaded into a petri dish
coated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit immunoglobulin (Ig)G (1:400; cat no. ab97057,;
Abcam) for 30 min at room temperature to isolate microglia.
Cells separated from the petri dish wall were transferred to
another petri dish coated with HRP-conjugated goat anti-rabbit
IgM (1:300; cat no. ab97180; Abcam) and mouse anti-rat
monoclonal antibody Thyl.l (1:100; cat no. ab6721; Abcam)
for 30 min at room temperature, following which the cells that
separated from the petri dish wall were removed. Next, trypsin
digestion was performed at 37°C for 8 min, following which
the cells were pelleted by centrifugation at 500 x g for 5 min
at room temperature and seeded onto 96-well plates coated
with poly-Aminutrin and laminin. Following incubation at
37°C for 24 h, purified RGCs were grown in fresh cell culture
medium (97.5% Neurobasal Medium, 2% B27 and 0.5%
200 mM/1 L-glutamine) at 37°C in a 5% CO, atmosphere. The
medium was then refreshed every two days. The growth status
and morphological changes were observed using an inverted
phase contrast optical microscope (CKX31/41; Olympus
Corporation, Tokyo, Japan) at x100 magnification. The cells
were then collected for further analysis. The present study
was ethically approved by the Ethics Committee for Animal
Research of Chengdu University of Traditional Chinese
Medicine (Chengdu, China).

Pressure system. An open pressure control system was
designed to stimulate the cultured RGCs with stable, adjustable
elevated HP as previously described (14). The plexiglass pres-
sure chamber was concatenated via a low-pressure two-stage
regulator (cat no. A032009; Thermo Fisher Scientific, Inc.)
to a source of 5% CO,/95% oxygen air (Thermo Fisher
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Scientific, Inc.). This system provided constant HP ranging
from 0-200 mmHg. Gas to the chamber was warmed and
humidified by bubbling through water. The water flask and
pressure chamber were maintained at 37°C via placement in
an electronically controlled conventional incubator. Notably,
the system had the advantages of easy and precise control of
the gas flow and pressure.

Experimental group. Purified RGCs were cultured for 48 h,
then subsequently divided into five groups, namely, the
0-, 20-, 40-, 60- and 80-mmHg groups. RGCs in the 0-, 20-,
40-, 60- and 80-mmHg groups were exposed to HPs of 0-, 20-,
40-, 60- and 80-mmHg, respectively, for 24 h.

Detecting viability with a Cell Counting Kit-8 (CCK-8).
Following the application of different HPs for 24 h, RGC
viability was measured using a CCK-8 (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) assay according to the
manufacturer's protocol. In brief, 0.1 ml cell suspension per
well were seeded in a 96-well culture plate at a density of
5x10* RGCs/ml. A total of 10 ul CCK-8 solution was added
to each well of the plate. Subsequent to a 4 h incubation at 5%
CO, and 37°C, the optical density 450 of each well of the plate
was measured with a Tecan Genios reader (Varioskan™ LUX,
Thermo Fisher Scientific, Inc.). There were three replicates for
each group.

Measuring apoptosis rate with Annexin V fluorescein
isothiocyanate (FITC)/propidium iodide (PI) flow cytometry.
Subsequent to being subjected to different HPs for 24 h, RGCs
were collected following trypsinization using a pancreatic
enzyme (Procell Life Science and Technology Co. Ltd.,
Wuhan, China) without ethylenediaminetetraacetic acid and
centrifuged at 200 x g for 5 min at room temperature. The
collected cells were re-suspended in pre-cooled 1x phosphate
buffered saline (PBS) at 200 x g for 5-10 min, then washed
twice and suspended in 1x Binding Buffer of 300 pl. A total of
5 ul FITC-conjugated Annexin V (Nanjing KeyGen Biotech
Co., Ltd., Nanjing, China) was added to the cell suspension.
The cells were then incubated for 15 min at room temperature
in the dark, then washed with binding buffer and analysed by
flow cytometry using Cell Quest software (version 7.5.3; BD
Biosciences, Franklin Lakes, NJ, USA). Experiments were
performed at least 3 times.

Western blotting. Total protein (25 ug per sample) was
extracted from the retinal tissues and the protein concentra-
tion was determined by BCA assay kit (Pierce Biotechnology;
Thermo Fisher Scientific, Inc.). The proteins were subjected
to 8-13% SDS-PAGE gel electrophoresis and transferred
onto a polyvinylidene fluoride membrane, the membrane was
immersed in 5% skim milk and incubated for 12 h at 4°C with
primary antibodies, including mouse monoclonal anti-B-actin
(1:200; cat no. ab6199; Abcam), rabbit anti-rat NGF polyclonal
antibody (1:200; cat no. ab6199; Abcam), rabbit anti-rat AKT
polyclonal antibody (1:200; cat no. ab8805; Abcam), rabbit
anti-rat ASK1 polyclonal antibody (1:200 cat no. ab131506;
Abcam), rabbit anti-rat FoxOl polyclonal antibody (1:200;
cat no. abl2161; Abcam) and rabbit anti-rat CREB polyclonal
antibody (1:200; cat no. ab31387; Abcam). The proteins
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Table I. Primers used for NGF, AKT, ASK1, FoxO1, CREB and 3-actin.

mRNA Genbank ID Primer Sequence (5'-3")
NGF XM_006233053.2 Forward CATAGCGTAATGTCCATGTTGTTCT
Reverse CAGTGATGTTGCGGGTCTGC
AKT NM_033230.2 Forward CCTGAAGCTACTGGGCAAGGG
Reverse ACAAAGCAGAGGCGGTCGTG
ASK1 NM_001277694.1 Forward GGGCCGATCTGCTTACCTCT
Reverse TCAGCCGCCAACTCTTTACC
FoxOl1 NM_001191846.2 Forward TCCTCGAACCAGCTCAAACGC
Reverse GGATACACCAGGGAATGCACATC
CREB NM_134443.1 Forward TAGTGCCCAGCAACCAAGTT
Reverse TGCTTCCCTGTTCTTCATTAGAC
[B-actin NM_031144.3 Forward ACCCGCGAGTACAACCTTCTT
Reverse TATCGTCATCCATGGCGAACT

NGF, nerve growth factor; AKT, protein kinase B; ASK 1, apoptosis signal-regulating kinase 1; FoxO1, forkhead box O1; CREB,cAMP-response

element binding protein.

were then incubated with HRP-conjugated goat-anti-rabbit
IgG secondary antibodies (1:500; cat no. ab97057; Abcam)
for 45 min at 37°C. Following a final wash in tris-buffered
saline with 0.1% Tween-20, the membrane was reacted with
electrochemiluminescence reagent (Merck KGaA, Darmstadt,
Germany). Densitometric analysis was performed by ImageJ
software (1.48 u; National Institutes of Health, Bethesda, MD,
USA) and normalized to -actin.

Immunofluorescence staining. Cells on coverslips were fixed
with 4% paraformaldehyde for 20 min at room temperature.
Next, the coverslips were washed with PBS (pH 7.4) for 3 min
and incubated in 5% bovine serum albumin (Sigma-Aldrich;
Merck KGaA) at room temperature for 1 h. Immunoreaction
was then performed overnight with monoclonal anti-mouse
Thyl.1 antibody (1:100; cat no. ab6721; Abcam). All coverslips
were subsequently treated with anti-mouse immunoglobulin
G H&L secondary antibodies (1:200; cat no. ab6720; Abcam)
for 60 min at 37°C. The cell nuclei were counterstained with
DAPI for 10 min at room temperature, then covered with
an anti-fading mounting medium prior to optical micros-
copy (CKX31/41; Olympus Corporation) at x100 and x200
magnification. Fluorescent intensities were quantified using
Image-Pro® Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. A reverse transcriptase cDNA
synthesis kit (Toyobo Life Science, Osaka, Japan) was used
for obtaining cDNA. qPCR was performed using the SYBR
Green PCR Master Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) with the Applied Biosystems 7500 RT-PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The RT-qPCR thermocycling conditions were as follows: A
total of 2 min initial denaturation at 95°C, then 45 cycles of

denaturation at 95°C for 10 sec and annealing at 60°C for
30 sec. The relative expression levels of the target mRNAs
were normalized to that of B-actin. The 2244 method (15)
was used to calculate the relative fold changes in mRNA
expression. The sequences of the primer pairs are presented
in Table I.

Statistical analysis. All data are presented as the
mean + standard deviation. Statistical analysis was performed
in SPSS 21.0 (IBM Corp., Armonk, NY, USA). Comparisons
were performed using one-way analysis of variance, and the
comparison between specific groups was performed using
the least significant difference test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Identification and purity testing of RGCs.Immunofluorescence
was used to identify RGCs and detect their purity with
an anti-Thyl.l antibody. Areas of positive fluorescent
green signal observed by fluorescent microscopy mainly
appeared in the cytomembrane. Certain cell neurites also
exhibited green fluorescence. RGC purity was calculated
as the proportion of the number of cells marked with green
fluorescence out of the total number of cells in a given field of
view by inverted phase contrast microscopy. The results from
12 fields of view demonstrated that the purity of the RGCs was
96.97% (Fig. 1).

Elevated HP induces apoptosis-associated morphological
changes in RGCs in vitro. Ohashi et al (16) reported that
elevated HP influences the morphological changes of cells.
In the present study, morphological changes in RGCs were
observed by inverted phase contrast microscopy. In the
0-mmHg group, the cells tended to congregate and present
long neurites (Fig. 2A). In the 20-mmHg group, the RGCs
were similar to those in the 0-mmHg group (Fig. 2B).
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Figure 1. Identification and purity testing of retinal ganglion cells. Green is Thyl.l immunofluorescence staining and blue is DAPI staining (magnification,
x100 and x200).

‘I

Figure 2. Elevated HP induced apoptotic morphological changes in RGCs in vitro. The effect was observed by inverted phase contrast microscopy.
(A) Micrograph of RGCs cultured at HP values of 0 mmHg (magnification, x100). (B) Micrograph of RGCs cultured at HP values of 20 mmHg (magnifica-
tion, x100). (C) Micrograph of RGCs cultured at HP values of 40 mmHg (magnification, x100). (D) Micrograph of RGCs cultured at HP values of 60 mmHg
(magnification, x100). (E) Micrograph of RGCs cultured at HP values of 80 mmHg (magnification, x100). HP, hydrostatic pressure; RGC, retinal ganglion cell.
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Figure 3. Elevated HP reduced viability and induced apoptosis in RGCs in vitro. These effects were observed using a Cell Counting K-8 assay and by
Annexin V FITC/PI flow cytometry, respectively. (A) Annexin V FITC/PI flow cytometry results at different HP values (0, 20, 40, 60 and 80 mmHg).
(B) Quantification of cell viability rates. (C) Quantification of cell apoptosis rates. Data are presented as the mean + standard deviation (n=3). “P<0.01 vs. the
0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion cell; PI, propidium iodide; FITC, fluorescein isothiocyanate; UL, upper left; UR, upper right;

LL, lower left; LR, lower right.

However, in the 40-mmHg group, sections of the cell bodies
were shrunken, and certain cell membranes were disrupted,
although a number of cells remained intact (Fig. 2C). In the
60-mmHg group, there were numerous floating cells with
shrunken cell bodies and incomplete cell membranes. In
addition, the extension of the neurites was weakened, parts
of the cells were disintegrating or dying and the internal
structures of the cells were only dimly visible (Fig. 2D). In
the 80-mmHg group, the apoptotic morphological changes in
the RGCs were similar compared with those of the 60-mmHg
group, but the internal structures of the cells were not visible
at all (Fig. 2E). These results indicate that HPs of 40, 60 and
80 mmHg may induce apoptotic morphological changes in
RGC:s in vitro.

Elevated HP reduces viability and induces apoptosis in RGCs
in vitro. Once cells were subjected to different HPs for 24 h,
Annexin V FITC/PI flow cytometry results revealed that the
apoptosis rates of the 40-, 60- and 80-mmHg groups were
significantly higher (P<0.01; Fig. 3A and C) and the viability
rates were significantly lower (P<0.01; Fig. 3B) compared with
those of the 0-mmHg group. These results are consistent with
those of Li e al (17) and Zhang et al (18), whose studies demon-
strated that elevated HP may cause apoptosis in RGCs in vitro.
In the present study, the apoptosis rates gradually increased and
the viability rates gradually decreased from the 40 mmHg to
the 80 mmHg group (P<0.05; Fig. 3B and C). However, there
was no significant difference in apoptosis rates or viability rates
between the 0-mmHg group and 20-mmHg groups (P>0.05;
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Figure 4. Influence of elevated HP on mRNA and protein expression levels in pressure-treated RGCs. (A) NGF, AKT, ASK1, FoxOl and CREB protein expres-
sion levels of RGCs were detected by western blotting. (B) Quantified protein expression of ASK1, FoxO1 and CREB at 20, 40, 60 and 80 mmHg compared
with 0 mmHg. (C) Quantified mRNA expression levels of ASK1, FoxO1 and CREB at 20, 40, 60 and 80 mmHg compared with 0 mmHg. To compare the
NGF/ASK1/FoxOl and NGF/AKT/CREB pathways, the expression levels at 0 mmHg were defined as the baseline; the data were calculated by subtracting the
protein and mRNA expression levels at 0 mmHg from the protein and mRNA expression levels at 20, 40, 60 and 80 mmHg. (D) Quantified protein expression
levels of NGF, AKT, ASK1, FoxOl and CREB. (E) Quantified mRNA expression levels of NGF, AKT, ASK1, FoxOl and CREB. Data are presented as the
mean + standard deviation (n=3). “P<0.01 vs. CREB at the same level of HP. "P<0.05 and ""P<0.01 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC,
retinal ganglion cell; NGF, nerve growth factor; AKT, protein kinase B; ASK1, apoptosis signal-regulating kinase 1; FoxOl, forkhead box O1; CREB, cAMP

response element binding protein.

Fig. 3B and C). These results indicate that elevated HP of 40,
60, or 80 mmHg notably reduces the viability rate and increases
the apoptosis rate of RGCs cultured for 24 h.

Elevated HP promotes RGC apoptosis by altering the
expression of NGF, AKT, ASK1, FoxOl and CREB. Protein
expression levels were analysed by western blotting and immu-
nofluorescence, and mRNA expression levels were assessed
using RT-qPCR (Figs. 4-9). Compared with the 0-mmHg
group, the protein and mRNA levels of NGF, AKT and CREB
in the 40-, 60- and 80- mmHg groups significantly decreased
in a dose-dependent manner (P<0.05; Fig. 4A, D and E),
while those of ASK1 and FoxOl significantly increased in a
dose-dependent manner (P<0.05; Fig. 4A, D and E). Similar
results were confirmed by immunofluorescence (P<0.05;
Figs. 5-9). To evaluate the differences in the NGF/ASK1/FoxOl1
and NGF/AKT/CREB pathways, the expression levels in
the 0-mmHg group were defined as the baseline; the data
in Fig. 4B and C were calculated by subtracting the protein
and mRNA expression levels at 0 mmHg from the protein
and mRNA expression levels at 20, 40, 60 and 80 mmHg.
Interestingly, the changes in the protein and mRNA levels of
CREB were significantly greater compared those of ASK1 or
FoxOl1 from an HP of 40 to 80 mmHg (P<0.01; Fig. 4B and C).
These results reveal that HPs of 40, 60 and 80 mmHg may
restrain the expression of NGF, AKT and CREB and enhance
the expression of ASK1 and FoxOl to induce apoptosis in

RGCs in vitro. In addition, the expression of CREB changes
more substantially compared with that of ASK1 or FoxOl1.

Discussion

It is generally recognized that HIOP is a chief risk factor
for expedited RGC apoptosis in glaucoma (19). A growing
number of studies have demonstrated that increased apop-
tosis, proliferation and migration exist in cells treated with
elevated HP (20,21). Thus, cells exposed to elevated HP may
generally function as an in vitro model of glaucomatous RGC
apoptosis, as performed in the present study (22). Although
Osborne et al (23) revealed that elevation of HP did not cause
apoptosis in human RGCs cultured at 60 mmHg for 24 h,
this difference may be associated with the speed of pres-
sure fluctuations (24). In the present study, an open pressure
control system was successfully established. In this system,
HP values were first set as required. Next, five pressure
values (0, 20, 40, 60 and 80 mmHg) were selected to simulate
HIOP injury. Finally, the present study was able to identify
HP levels that resulted in the apoptosis of cultured RGCs. It
was observed that treatment with 40, 60 and 80 mmHg over
a period of 24 h reduced the viability rates and increased
the apoptosis rates of RGCs. However, these patterns were
not observed in the 0- or 20-mmHg group. Thus, the data
suggests that a HP of 40, 60 or 80 mmHg may reduce viability
and enhance apoptosis in RGCs in vitro, while 20 mmHg HP
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Figure 5. Influence of elevated HP on NGF protein expression in each group of RGCs. (A) Micrographs of immunofluorescence exhibiting NGF expression in
RGCs. Green is FITC immunofluorescence staining, and blue is DAPI staining (magnification, x100). (B) Quantification and statistical analysis of fluorescence
intensity. Data are presented as the mean + standard deviation (n=3). 'P<0.05 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion cell; NGF,
nerve growth factor; FITC, fluorescein isothiocyanate.

does not cause RGC apoptosis, meaning that the viability Lee et al (25) reported that when RGC were exposed to
and apoptosis rates of RGCs will not noticeably change until ~ pressure of 100 mmHg for 20 h, 20 out of 31 examined cells
pressure reaches 40 mmHg. exhibited apoptotic morphological changes, presenting cell
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Figure 6. Influence of elevated HP on AKT protein expression in each group of RGCs. (A) Micrographs of immunofluorescence exhibiting AKT expression in
RGCs. Green is FITC immunofluorescence staining, and blue is DAPI staining (magnification, x100). (B) Quantification and statistical analysis of fluorescence
intensity. Data are presented as the mean + standard deviation (n=3). “P<0.05 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion cell; AKT,
protein kinase B; FITC, fluorescein isothiocyanate.

body shrinkage and neurite retraction. However, only 3 out of  exposure to 15 mmHg pressure (26). A report by Miao et al (20)
20 examined cells exhibited the spontaneous morphological had demonstrated that an elevated pressure of 60 mmHg
changes of cell body shrinkage and neurite retraction under  hindered cell migration. In the present study, an elevated HP
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Figure 7. Influence of elevated HP on ASK1 protein expression in each group of RGCs. (A) Micrographs of immunofluorescence exhibiting ASK1 expression in
RGCs. Green is FITC immunofluorescence staining, and blue is DAPI staining (magnification, x100). (B) Quantification and statistical analysis of fluorescence
intensity. Data are presented as the mean + standard deviation (n=3). "P<0.05 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion cell;
ASK1, apoptosis signal-regulating kinase 1; FITC, fluorescein isothiocyanate.

of 40, 60 and 80 mmHg was revealed to induce apoptotic  cells. These changes gradually increased with rising HP, which
morphological changes including cell body shrinkage and indicates that exposure to elevated HP may engender apoptotic
neurite retraction of RGCs, in addition to the disintegration of = morphological changes in RGCs. Lee et al (25) reported that
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Figure 8. Influence of elevated HP on FoxOl protein expression in each group of RGCs. (A) Micrographs of immunofluorescence exhibiting FoxOl expression
in RGCs. Green is FITC immunofluorescence staining, and blue DAPI staining (magnification, x100). (B) Quantification and statistical analysis of fluorescence
intensity. Data are presented as the mean + standard deviation (n=3). "P<0.05 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion cell;
FoxOl1, forkhead box O1; FITC, fluorescein isothiocyanate.

caspase-3 activation was associated with the dismantling of the  activity of the NGF signalling pathway in connection with
cytoskeleton and apoptotic morphological changes in RGCs  active caspase-3 (27). In the present study, there was reason
exposed to high pressure. Cell apoptosis occurs by reduced  to hypothesise that the underlying mechanisms of apoptotic
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Figure 9. Influence of elevated HP on CREB protein expression in each group of RGCs. (A) Micrographs of immunofluorescence exhibiting CREB expression
in RGCs. Green is FITC immunofluorescence staining, and blue is DAPI staining (magnification, x100). (B) Quantification and statistical analysis of fluores-
cence intensity. Data are presented as the mean + standard deviation (n=3). "P<0.05 vs. the 0 mmHg group. HP, hydrostatic pressure; RGC, retinal ganglion
cell; CREB, cAMP response element binding protein; FITC, fluorescein isothiocyanate.

morphological changes may be associated with the dysregula- RGC apoptosis is the predominant change observed in
tion of the NGF pathway. Thus, further research needs to be  glaucoma (28). Preliminary studies (29,30) have reported that
performed. RGC loss is associated with the downregulation of NGF and
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40-, 60- or 80- mmHg hydrostatic pressure (HP)

Figure 10. Schematic illustrating the mechanism in which elevated HP induces apoptosis in RGCs through the regulation of the NGF signalling pathway. The
protein and mRNA expression level of NGF were decreased in RGCs exposed to HP levels of 40, 60 and 80 mmHg HP; the binding of NGF to TRK receptors
activate the PI3K/AKT signalling pathway. When AKT is activated by NGF-stimulated phosphorylation, it may influence RGC apoptosis in three ways.
First, it may phosphorylate the target of FoxO1 to mediate cell fate decisions by regulating apoptosis. Second, AKT may phosphorylate ASK1 and reduce its
activity; the kinase JNK1/2, downstream of ASK1, phosphorylates and activates FoxO1 protein, resulting in cell apoptosis. Third, the decrease in NGF may
trigger reduced phosphorylation of AKT and CREB to induce RGC apoptosis. HP, hydrostatic pressure; RGC, retinal ganglion cell; NGF, nerve growth factor;
AKT, protein kinase B; ASK1, apoptosis signal-regulating kinase 1; FoxOl, forkhead box O1; CREB, cAMP response element binding protein; INK1/2, c-Jun
N-terminal kinase 1/2; PI3K, phosphoinositide-3 kinase; TRK, tropomyosin receptor kinase.

NGF receptor expression in the retina, in contrast, treatment
with NGF may substantially alleviate the damage induced
by glaucoma. The binding of NGF to tropomyosin receptor
kinase receptors activates the phosphoinositide-3 kinase/AKT
signalling pathway, which is indispensable for maintaining
the balance between neuronal life and death (31,32). When
AKT is activated by NGF-stimulated phosphorylation, it
phosphorylates multiple targets to promote cell survival (33).
Although the above experiments revealed the association of
NGF and AKT to the loss of RGCs in a rat model of glau-
coma, there is no direct evidence to indicate whether they
exert the same effects in RGCs with HIOP-induced damage.
In the present study, it was revealed that NGF and AKT were
closely associated with in vitro RGC apoptosis induced by
HP of 40, 60 and 80 mmHg. In addition, downstream of
NGF/AKT, ASK1/FoxO1 and CREB have important functions
in cell apoptosis. Forkhead box proteins, including FoxOl, are
among the targets of AKT and may mediate cell fate decisions
by regulating proliferation, differentiation and migration,
in addition to apoptosis and survival (7,34). Dysregulation
and mutation of forkhead box proteins, including FoxOl,
frequently cause human genetic diseases, including glaucoma

and tumorigenesis (35,36). Similarly, ASK1 has been reported
to be phosphorylated by AKT at serine 83, which reduces
its activity (37,38). Studies by Harada et al (39,40) and
Katome et al (11) have revealed that the deletion of the ASK1
gene prevented RGC death in a variety of mouse models of
glaucoma. The kinase c-Jun N-terminal kinase 1/2, down-
stream of ASK1, may phosphorylate and activate FoxOl1
protein, resulting in cell apoptosis (41). On the other hand,
Phan et al (42) had reported that negletein together with NGF
enhanced the phosphorylation of AKT and CREB, helping
to protect neurons from cell death and promoting neurito-
genesis in serum-deprived PC12 cells. In the present study,
the increased expression levels of ASK1 and FoxOl were
observed in RGCs exposed to 40,60 and 80 mmHg HP. CREB,
another downstream target of NGF/AKT, had reduced protein
and mRNA expression levels in RGCs exposed to HP levels
of 40, 60 and 80 mmHg, and there were also trends toward
decreased protein and mRNA expression levels of NGF and
AKT. Interesting, taking 0 mmHg as the baseline, it was
revealed that the changes in the protein and mRNA expression
levels of CREB, part of the NGF/AKT/CREB pathway, were
substantially larger compared with those in ASK1 or FoxOl1
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of the NGF/ASK1/FoxOl pathway from HP values of 40 to
80 mmHg. This implies that the NGF/AKT/CREB pathway
may serve a notable role in the apoptosis of RGCs exposed to
HP values of 40 to 80 mmHg, as presented in Fig. 10.

In conclusion, the observations of the present study
suggest that HPs of 40, 60 and 80 mmHg may induce apop-
totic morphological changes and increase the apoptosis rate
of RGCs in vitro. Regulation of the NGF/ASK1/FoxOl and
NGF/AKT/CREB pathways may be notable mechanisms
resulting in RGC apoptosis upon exposure to elevated HP. In
addition, the NGF/AKT/CREB pathway may be the primary
mechanism of apoptosis in RGCs exposed to elevated HP
in vitro. Therefore, it would be worthwhile further investi-
gating the underlying mechanisms in order to extend present
understanding of RGC apoptosis under HIOP. The results of
the present study provide novel evidence for the molecular
mechanisms of RGC apoptosis under elevated HP and pave
the way for discovering novel therapeutic methods for patients
with glaucoma.
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