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Purposk. Pituitary adenylate cyclase-activating polypeptide (PACAP) has shown potent
neuroprotective effects in central nervous system and retina disorders. However, whether
PACAP can attenuate retinal neurodegeneration induced by acute ocular hypertension
(AOH) and the underlying mechanisms remain unknown. In this study, we aimed to
investigate the effects of PACAP on the survival and function of retinal ganglion cells
(RGCs), apoptosis, and inflammation in a mouse model of AOH injury.

MertHops. PACAP was injected into the vitreous body immediately after inducing AOH
injury. Hematoxylin and eosin staining and optical coherence tomography were used
to evaluate the loss of retina tissue. Pattern electroretinogram was used to evaluate the
function of RGCs. TUNEL assay was used to detect apoptosis. Immunofluorescence and
western blot were employed to evaluate protein expression levels.

Resurts. PACAP treatment significantly reduced the losses of whole retina and inner
retina thicknesses, Tujl-positive RGCs, and the amplitudes of pattern electroretinograms
induced by AOH injury. Additionally, PACAP treatment remarkably reduced the number
of TUNEL-positive cells and inhibited the upregulation of Bim, Bax, and cleaved caspase-
3 and downregulation of Bcl-xL after AOH injury. Moreover, PACAP markedly inhibited
retinal reactive gliosis and vascular inflammation, as demonstrated by the downregula-
tion of GFAP, Ibal, CD68, and CD45 in PACAP-treated mice. Furthermore, upregulated
expression of NF-«B and phosphorylated NF-«B induced by AOH injury was attenuated
by PACAP treatment.

Concrusions. PACAP could prevent the loss of retinal tissue and improve the survival and
function of RGCs. The neuroprotective effect of PACAP is probably associated with its
potent anti-apoptotic and anti-inflammatory effects.
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Acute angle closure, which is more prevalent in Asian
people, can lead to permanent visual impairment and
irreversible blindness.!"?> An acute attack of glaucoma is char-
acterized by a sudden rise in intraocular pressure, usually
above 70 mmHg, that results in retinal ischemia and reti-
nal ganglion cell (RGC) loss.? Pressure-induced acute ocular
hypertension (AOH) injury is a well-established model of
acute angle closure.* AOH injury imitates the ischemia
process in acute attacks of glaucoma and is known to result
in RGC apoptosis, impairment of visual function, and inflam-
mation.’> Merely lowering intraocular pressure is not suffi-
cient to treat glaucoma. Alternative neuroprotective strate-
gies to improve the survival and function of retinal neurons
are urgently needed.

Pituitary adenylate cyclase-activating polypeptide
(PACAP) is an endogenous peptide with few side effects
that was originally isolated from ovine hypothalamus
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and belongs to the vasoactive intestinal peptide, secretin,
and glucagon peptide family.®7 PACAP and its receptors
are present in the central nervous system and in retinal
tissue.”® PACAP was found to exert potent neuroprotective
effects in animal models of neurodegenerative diseases,
including Alzheimer’s disease, Parkinson’s disease, and
cerebral ischemia injury.”~!* A similar role for PACAP in the
retina was also found in non-pressure animal models of
glaucoma in several previous studies.'?"!> PACAP was found
to prevent retinal tissue loss in monosodium glutamate-
induced retinal injury'> and was found to improve RGC
survival through anti-apoptotic and anti-inflammatory
effects in N-methyl-p-aspartate (NMDA)-induced retinal
damage.'>'¥ Our previous study also found that PACAP
could inhibit RGC apoptosis induced by optic nerve crush
(ONC) injury.’> The pathogenesis and clinical characteris-
tics of normal tension glaucoma and acute angle closure
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glaucoma are largely different.! Few studies have investi-
gated the effect of PACAP in a glaucoma model of AOH
injury. Seki et al.'® found that PACAP could prevent RGC
loss; however, the effect of PACAP on visual dysfunction,
apoptosis, retinal reactive gliosis, and vascular inflamma-
tion induced by AOH injury, as well as the underlying
mechanisms of PACAP in AOH injury, remain largely
unknown.

Thus, we conducted a series of experiments to investigate
the specific effects and underlying mechanisms of PACAP
treatment in a mouse model of AOH injury which will aid
the application of PACAP in the treatment of glaucoma.

MATERIALS AND METHODS

Mouse Model of AOH Injury and PACAP
Administration

Female C57BL/6J mice (6-8 week of age) were purchased
from the Animal Laboratory of Zhongshan Ophthalmic
Center (Guangzhou, China) and housed in temperature-
controlled rooms on a 12-hour light/dark cycle. The mice
were given free access to food and water. All animal care and
experimental procedures were approved by the Institutional
Animal Care and Use Committee of Zhongshan Ophthalmic
Center (permit number SYXK 2019-175) and complied with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

For the induction of AOH injury, mice were anesthetized
with pentobarbital. A mixture of 0.5% tropicamide and 0.5%
phenylephrine eye drops was used to dilute the pupil. A 31-
gauge sterile needle connected to a saline reservoir with a
height of 150 cm was cannulated into the anterior cham-
ber in the right eye. Intraocular pressure was raised to 110
mmHg for 60 minutes; the needle was then removed to
allow natural retinal reperfusion.*'’ The contralateral left
eye was also cannulated while the intraocular pressure was
not elevated and served as control in this study.

In the PACAP-treated group, PACAP1-38 (137061-48-4;
Selleck Chemicals, Inc., Houston, TX, USA) at a concentra-
tion of 1077 M was injected into the vitreous body imme-
diately after reperfusion of the retina with a total volume
of 2 pL (Fig. 1A). This concentration was selected based on
our previous study.'> A heating pad was used to prevent
hypothermia in anesthetized mice, and tobramycin ointment
was topically applied to prevent ocular infection. Mice were
sacrificed at 1, 3, and 7 days after AOH injury (Fig. 1A) for
subsequent experiments.
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Selection of the Time Points of Various
Experiments

The time points of histological analysis, spectral-domain
optical coherence tomography (SD-OCT), Tujl immunoflu-
orescence, pattern electroretinogram (PERG), terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), and CD45 immunofluorescence (7 days or 1 day
after AOH injury) were selected based on numerous previ-
ous studies,'®22 which found that TUNEL-positive cells and
CD45-positive cells were significantly increased 1 day after
AOH injury and that the retinal tissue and retinal func-
tion were significantly damaged 7 days after AOH injury.
However, little is known about the time-course changes of
some apoptosis-related factors (Bim, Bax, Bcl-xl, cleaved
caspase-3) and inflammation-related factors (glial fibrillary
acidic protein [GFAP], CDG68, nuclear factor kappa B [NF-«B],
and phosphorylated NF-«B [p-NF-«B]). We therefore investi-
gated the changes of these factors at different time points
with western blot. The time point that showed the most
significant change was selected to investigate the effect of
PACAP on the changes of these factors induced by AOH
injury. In addition, the time points used for immunofluores-
cence of these factors (cleaved caspase-3, GFAP, and CDG68)
were selected based on the results of the western blot.

Histological Analysis

Histological analysis was performed 7 days after AOH injury.
Paraffin-embedded sections crossing the optic disc were
stained with hematoxylin and eosin (H&E) as described
in our previous study.?> The slides were then mounted
with coverslips, and images were acquired with a light
microscope. Two images were captured in the middle area
(approximately 1100 pm away from the optic disc) on each
side of the optic disc, and the thicknesses of the whole retina
and sublayers of the retina, including nerve fiber layer (NFL),
ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL), and outer
nuclear layer (ONL), were measured using Image]J software
(National Institutes of Health, Bethesda, MD, USA) and calcu-
lated as the mean of these two fields.

High-Resolution Spectral-Domain Optical
Coherence Tomography

SD-OCT tests were performed 7 days after AOH injury. Mice
were anesthetized and pupils were dilated as mentioned
above. Horizontal and vertical high-resolution OCT images

A TUNEL Staining
Immunofluorescence
Western Blot
[ I | |
0d 1d 3d 7d
Acute Ocular Hypertension Immunofluorescence H&E Staining
Intravitreal Injection of PACAP Western Blot SD-OCT

FiGure 1.

Pattern Electroretinogram
Immunofluorescence
Western Blot

(A) Schematic of the timeline of inducing acute ocular hypertension injury, intravitreal injection of PACAP, and subsequent

experiments. (B) Retinal flatmount image showing the 12 areas captured from the central, middle, and peripheral areas of the retina for
quantification. TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; H&E, hematoxylin and eosin; SD-OCT, spectral-domain

optical coherence tomography.
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crossing the optic disc were acquired with a SD-OCT system
(Envisu R4310; Bioptigen, Inc., Morrisville, NC, USA) using
the radial volume scan with a diameter of 1 mm. The thick-
nesses of the whole retinal and ganglion cell complex (GCC,
including NFL, GCL, and IPL) were measured at four sites
(two sites were horizontal and another two sites were verti-
cal) 0.42 mm away from the optic disc with Bioptigen Diver
3.4.4 software and were calculated as the mean of these four
sites.

Pattern Electroretinogram

PERG was conducted 7 days after AOH injury. Mice were
anesthetized and pupils were dilated as mentioned above.
The mice were placed approximately 20 cm away from
the stimulator monitor, with the pupils pointing laterally
(approximately 45°) and upward. PERG responses were
evoked using an alternating, black-and-white horizontal
grating pattern displayed on a monitor with RETI-Scan
21 (Roland Consult, Brandenburg, Germany). PERG was
measured with a gold wire corneal electrode. A reference
electrode was inserted in the skin of the cheek, and a ground
electrode was inserted in the skin near the tail. The P50-N95
amplitude was measured from the peak of the P50 wave to
the trough of the N95 wave.?4?

Western Blot

Retina tissues were freshly dissected 1 day, 3 days, and 7
days after AOH injury and then homogenized in radioim-
munoprecipitation assay buffer containing a protease and
phosphatase inhibitors cocktail. Protein concentration was
measured with the BCA Protein Assay Kit (BL521A;
Biosharp, Hefei, China) according to the manufacturer’s
instructions. Protein samples (20 pg) from each sample were
loaded into 15% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and transferred to
polyvinylidene fluoride (PVDF) membranes. The PVDF
membranes were blocked with 5% nonfat powdered milk
for 1 hour at room temperature (RT) and then incu-
bated with primary antibodies (Table). Then the membranes
were washed three times and incubated with correspond-
ing horseradish peroxidase—conjugated goat anti-mouse

TaBLE. Primary Antibody List
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(1:5000, A21010; Abbkine, Wuhan, China) or anti-rabbit
(1:5000, A21020; Abbkine) secondary antibodies for 1 hour
at RT. After washing, proteins were detected with enhanced
chemiluminescence reagent (FD8030; FDbio, Hangzhou,
China) using the ChemiDoc Touch Imaging System (Bio-Rad,
Hercules, CA, USA). The band intensity was quantified by
Image Lab 6.0 software (Bio-Rad).

Retinal Flatmount Preparation, Imaging, and
Quantification

The eyeballs were enucleated 1 day or 7 days after AOH
injury and were fixed in 4% paraformaldehyde for 45
minutes. The retina tissues were dissected and then perme-
abilized and blocked in phosphate-buffered saline contain-
ing 0.5% Triton X-100 and 5% bovine serum albumin at 4°C
overnight. Subsequently, retinas tissues were incubated with
primary antibodies (Table) at 4°C overnight. Then, the reti-
nas were incubated with corresponding Alexa Fluor 488-
or 555-conjugated secondary antibody (1:500, 4408S, 44128,
4413S, 4416S; Cell Signaling Technology, Danvers, MA,
USA) for 2 hours at RT. Then, 4',6-diamidino-2-phenylindole
(DAPI) was added to label the nuclei. Next, the retinas were
flattened by cutting four radial incisions and mounted with
microscope slides. Fluorescein images of the four quadrants
of the retina (Fig. 1B) were captured with confocal laser
scanning microscopy (LSM880; Carl Zeiss Meditec, Jena,
Germany). For each quadrant, images were taken of the
central, middle, and peripheral areas, which were approx-
imately 500 pm, 1100 pm, and 1700 pm, respectively, away
from the optic disc. A total of 12 images were obtained for
each sample. The numbers of Tujl-positive cells and CD45-
positive cells in the central, middle, and peripheral areas
were calculated as the mean number of the correspond-
ing four fields. Subsequently, the total average number was
calculated as the mean of all 12 fields.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling

TUNEL staining was performed 1 day after AOH injury
with a TUNEL kit (In Situ Cell Death Detection with
Fluorescein; Roche, Munich, Germany) according to the

Antibody Species Company Catalog No. Application
Bim Rabbit Cell Signaling Technology 2933 Western blot
Bax Rabbit Cell Signaling Technology 2772 Western blot
BclxL Rabbit Abcam Ab32370 Western blot
Cleaved caspase-3 Rabbit Cell Signaling Technology 9664 Western blot
GFAP Mouse Servicebio Technology GB12096 Western blot
CDG68 Rabbit Cell Signaling Technology 97778 Western blot
NF-«B Rabbit Cell Signaling Technology 8242 Western blot
p-NF-«B Rabbit Cell Signaling Technology 3033 Western blot
GAPDH Rabbit ABclonal A19056 Western blot
B-actin Rabbit Servicebio Technology GB11001 Western blot
Tujl Mouse BioLegend 801202 Immunofluorescence
CD45 Rat BD Pharmingen 550539 Immunofluorescence
Cleaved caspase-3 Rabbit Cell Signaling Technology 9579 Immunofluorescence
Alexa Fluor 568 isolectin GS-IB4 conjugate N/A Invitrogen 121412 Immunofluorescence
Cy3-conjugated anti-GFAP N/A MilliporeSigma MAB3402C3 Immunofluorescence
Ibal Rabbit Wako Chemicals 019-19741 Immunofluorescence
CD68 Rat Bio-Rad Laboratories MCA1957 Immunofluorescence
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manufacturer’s instructions. In brief, the frozen sections
were incubated with the TUNEL kit for 2 hours at 37°C,
and the nuclei were stained with DAPI. Fluorescein images
were captured in the central, middle, and peripheral areas
on each side of the optic disc using confocal laser scanning
microscopy (LSM880; Carl Zeiss Meditec), and six images
were obtained for each sample. The number of TUNEL-
positive cells of the GCL, INL, and ONL was measured in
the central, middle, and peripheral areas of the retina and
calculated as the mean of the corresponding two fields. The
total average number of TUNEL-positive cells of each layer
was calculated as the mean of all six fields.

Retinal Cryosection

After enucleation, eyeballs were fixed in 4% paraformalde-
hyde overnight and dehydrated in 10% sucrose for 0.5 hour,
20% sucrose for 2 hours, and 30% sucrose overnight. Eyeballs
were then embedded in Tissue-Tek optimal cutting tempera-
ture compound (Sakura Finetek, Torrance, CA, USA), frozen,
and cut into 10-pm-thick slices. The cryosections were incu-
bated with primary antibody (Table) and the corresponding
secondary antibody as mentioned above. Fluorescein images
were photographed in the central, middle, and peripheral
areas on each side of the optic disc with confocal laser
scanning microscopy (LSM880; Carl Zeiss Meditec), and six
images were obtained for each sample. The numbers of
certain positive cells in the central, middle, and peripheral
areas were calculated as the mean of the corresponding two
fields. The total average number of certain positive cells was
calculated as the mean of all six fields.

Statistical Analysis

All experiments in this study were performed at least three
times in each group. Each point shown in the statistical
graphs indicates an individual data point. Statistical analy-
ses were performed using Prism 7 (GraphPad, San Diego,
CA, USA). Data are presented as means =+ standard error of
mean (SEM) and were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. P <
0.05 was considered statistically significant.

REsuULTS

PACAP Attenuated the Loss of Retina Tissue After
AOH Injury in Isolated Retinas

To investigate the effect of PACAP on histological change
after AOH injury, H&E staining was performed 7 days after
AOH injury in isolated retinas. H&E staining (Figs. 2A-2C)
showed that the thicknesses of the whole retina and sublay-
ers of the inner retina (the NFL/GCL, IPL and INL) were
significantly reduced after AOH injury, but not the OPL and
ONL. However, the loss of thickness in the whole retina and
sublayers of the inner retina was significantly attenuated in
PACAP-treated retinas.

PACAP Attenuated the Loss of Retina Tissue After
AOH Injury in Live Mice

SD-OCT scanning performed in live mice could better reflect
the real condition of post-AOH retinal tissue damage. SD-
OCT results (Figs. 2D-2F) demonstrated that the thicknesses
of the whole retina and the GCC were markedly decreased
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after AOH injury, with the change in the GCC being more
significant. However, these changes were partly reversed
when treated with PACAP, further confirming that PACAP
treatment could reduce the loss of retina tissue after AOH
injury.

PACAP Improved the Survival of RGCs after AOH
Injury

Next, we assessed the effect of PACAP on the survival of
RGCs after AOH injury by counting the number of Tujl-
positive cells. The results of retinal flat mounts showed that
the numbers of Tujl-positive RGCs in all areas of the retina
were significantly reduced 7 days after AOH injury, and
PACAP treatment retained a fair number of RGCs (Fig. 3).
Our results demonstrate that PACAP could improve the
survival of RGCs after AOH injury.

PACAP Attenuated the Loss of Visual Function
After AOH Injury

A significant decrease in the number of RGCs that was
induced by AOH injury might affect the visual function of
mouse eyes. Therefore, we applied PERG to assess the effect
of PACAP on the function of RGCs in AOH injury. The P50-
N95 amplitude of the PERG was markedly reduced in mice
7 days after AOH injury compared with that of the control
mice, whereas the amplitude was well preserved by PACAP
treatment in AOH injury (Fig. 4). Our results indicate that
PACAP treatment could attenuate the loss of RGC function
in AOH injury.

PACAP Inhibited Apoptosis of RGCs Induced by
AOH Injury

Apoptosis is a critical event involved in retinal neuronal
death after AOH injury.?® TUNEL staining was performed to
preliminarily evaluate the anti-apoptotic effect of PACAP in
AOH injury. TUNEL-positive cells were notably increased in
the central, middle, and peripheral areas of the GCL and INL
but not in the ONL 1 day after AOH injury when compared
with the control (Fig. 5). In contrast, the number of TUNEL-
positive cells was significantly reduced in the GCL and INL
following treatment with PACAP (Fig. 5).

We further assessed the effect of PACAP on the expres-
sion levels of apoptosis-related factors including Bim, Bax,
Bcl-xL, and cleaved caspase-3. Western blot analyses showed
that the expressions of Bim, Bax, and cleaved caspase-
3 were upregulated after AOH injury and peaked at day
3, whereas these changes were alleviated by PACAP treat-
ment (Figs. 6A, 6B, 6D). The immunofluorescence result
for cleaved caspase-3 was consistent with the western
blot results and showed that PACAP treatment significantly
reduced the number of cleaved caspase-3—positive cells,
which were mainly located in the GCL (Figs. GE-61). The
expression of Bcl-xL as demonstrated in western blot was
downregulated after AOH, with a trough at day 7 (Fig. 6C).
However, PACAP treatment significantly inhibited the down-
regulation of Bcl-xL after AOH injury (Fig. 6C). Collectively,
these results indicate that PACAP exerted a potent anti-
apoptotic effect in AOH injury, at least partly through the
modulation of apoptosis-related factors.
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PACAP Ameliorated the Reactive Gliosis After
AOH Injury

Reactive gliosis was found to occur in AOH injury and
to be associated with further retinal neuronal death.”” To
investigate whether PACAP treatment could alleviate the
reactive gliosis induced by AOH injury, we explored the
expression of GFAP, a specific marker of macroglia includ-
ing astrocytes and Miiller cells. As shown in the western blot
results, GFAP was significantly increased after AOH injury
and peaked at day 7, whereas PACAP significantly inhibited
the upregulation of GFAP 7 days after AOH injury (Fig. 7A).
Consistently, immunofluorescence results for GFAP showed
that the expression of GFAP as quantified by percent area
was also markedly upregulated in the central, middle, and
peripheral areas of the retina after AOH injury (Figs. 7B-7F).

P < 0.0001. Each point shown in the bar charts indicates an individual data point.

Additionally, thickened cell bodies and outward extension
of the processes from the NFL to the ONL of GFAP-positive
cells were found after AOH injury (Fig. 7B), whereas these
changes were attenuated with the PACAP treatment (Fig. 7B).

Moreover, we investigated the effect of PACAP on changes
in microglia and macrophages (these two cell populations
are antigenically not distinguishable and henceforth are
referred to as microglia/macrophages®®??) in AOH injury.
Western blot analysis of CD68, a specific marker of acti-
vated microglia/macrophages, showed that the expression
of CDG68 was upregulated soon after AOH injury, with a peak
at day 3 (Fig. 8A). Fluorescence double-labeling of CD68
and Ibal (a specific marker of all microglial/macrophage
cells) was performed 3 days after AOH injury. Signifi-
cant morphological changes (reduced branches, larger and
rounder soma) and enhanced migration (from the IPL and
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OPL to the GCL and INL) were found in Ibal-positive cells
after AOH injury (Fig. 8B). In addition, the number of
Ibal/CDG68-positive cells was significantly increased after
AOH injury (Figs. 8B-8F). These results indicate that
microglial/macrophage cells were overactivated after AOH
injury. When treated with PACAP, Ibal-positive cells showed
a more ramified shape and reduced migration (Fig. 8B).
Moreover, the number of Ibal/CDG68-positive cells was also
notably reduced (Figs. 8B-8F). Together, these results indi-
cate that PACAP treatment effectively attenuated the overac-
tivation of macroglia and microglia/macrophages after AOH

injury.

PACAP Inhibited the Retinal Vascular
Inflammation Induced by AOH Injury

AOH injury was reported to induce retinal vascular inflam-
mation, which is characterized by leukocyte attachment to
retinal blood vessels and infiltration into retina and is asso-
ciated with further neuronal injury.'® We therefore labeled
all leukocytes with CD45 and labeled vessels with 1B, to
investigate the effect of PACAP on the retinal vascular inflam-
mation in AOH injury. As shown in Figure 9, the number of

ek

‘P < 0.001,

Ao

P < 0.0001. Each point shown in the bar

CD45-positive leukocytes, which colocalized mainly with the
intermediate-sized peripheral blood vessels and infiltrated
into the retina, was significantly increased in the central,
middle, and peripheral areas 1 day after AOH injury, whereas
such increases were significantly redressed by PACAP treat-
ment. The results demonstrated that retinal vascular inflam-
mation induced by AOH injury could be effectively inhibited
by PACAP treatment.

PACAP Inhibited Activation of the NF-«B Pathway
After AOH Injury

Previous studies have shown that activation of NF-kB was
involved in AOH injury and subsequent RGC death.’*:3!
We therefore investigated whether PACAP treatment could
inhibit activation of the NF-«B pathway in AOH injury. P-
NF-«B is the activated form of NF-«B; western blot analy-
ses showed that both NF-«B and p-NF-«B were significantly
increased after AOH injury, whereas PACAP treatment signif-
icantly inhibited upregulation of NF-«B and p-NF-«B 3 days
after AOH injury (Fig. 10). These results indicate that PACAP
treatment could inhibit the upregulation of total and phos-
phorylated NF-«B after AOH injury.
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Ficure 6. The effect of PACAP on the expression levels of apoptosis-associated factors. (A-D) The expression of Bim, Bax, Bcl-xL, and
cleaved caspase-3 was evaluated by western blot (12 = 3-5). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to ensure equal
loading. (E) Representative images of retinal frozen sections labeled with cleaved caspase-3 (green) and DAPI (blue) 3 days after AOH injury
(magnification 40x). (F-I) Bar charts showing the quantitative analyses of average cleaved caspase-3—positive cell counts in the central,
middle, and peripheral areas of the retina (# = 3, two images per sample) and the total average number of cleaved caspase-3—positive cells
(n = 3, six images per sample) of different groups. Data are shown as mean = SEM and were analyzed using ANOVA followed by Tukey’s
post hoc test. "P < 0.05, “P < 0.01, "P < 0.0001. Each point shown in the bar charts indicates an individual data point.
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Ficure 7. PACAP treatment inhibited the overactivation of macroglia including astrocytes and Miller cells induced by AOH injury.
(A) The expression of GFAP was assessed by western blot. GAPDH was used to ensure equal loading (7 = 3). (B) Representative images of
retinal frozen sections labeled with GFAP (red) and DAPI (blue) 7 days after AOH injury (magnification 40x). (C-F) Bar charts showing the
quantitative analyses of the percentage of GFAP-positive areas in the central, middle, and peripheral areas of the retina (# = 5, two images
per sample) and the total average of these areas (n = 5 six images per sample). Data are shown as mean £+ SEM and were analyzed using
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ANOVA followed by Tukey’s post hoc test. ‘P < 0.05, ™ P < 0.001,

data point.

DiscussioN

The neuroprotective effects and underlying mechanisms of
PACAP in mice models of AOH injury were not verified in
previous studies. Our results found that PACAP treatment
prevented the losses of retinal tissue and maintained the
survival and function of RGCs after AOH injury. PACAP treat-
ment could inhibit the apoptosis in AOH injury possibly
through the modulation of apoptosis-related factors. In addi-
tion, PACAP treatment effectively suppressed reactive gliosis,
retinal vascular inflammation, and activation of the NF-«B
pathway in AOH injury.

Irreversible losses of retinal layers and impairment of
visual function are common features in rodent models of
AOH injury®* In the current study, H&E staining results
showed that the thickness of the whole retina and sublay-
ers of the inner retina (NFL/GCL, IPL, INL) was signifi-
cantly reduced after AOH injury; these results are similar

P < 0.0001. Each point shown in the bar charts indicates an individual

to those of previous studies.'”3* This finding was further
confirmed by non-invasive SD-OCT examination performed
in live mice. Atlasz et al.!?> found that intravitreal injection
of PACAP effectively prevented the loss of retina tissues
induced by excitotoxic retinal injury. Similarly, our results
demonstrate that PACAP could prevent the loss of retina
tissue, especially that of the inner retina, in AOH injury.
Furthermore, we also found that PACAP treatment markedly
improved the survival of RGCs in AOH injury as observed in
Tujl labeling. Corresponding to the significant decrease of
RGC counts in AOH injury, the function of RGCs as assessed
by PERG was found to be significantly damaged in AOH
injury. The effect of PACAP on the function of RGCs in
AOH injury has not been investigated before. We found that
PERG amplitude was well preserved by PACAP treatment in
AOH injury. Together with our previous study conducted in
a rat model of ONC, which found that PACAP significantly
improved the survival of RGCs in ONC injury,'> PACAP has
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Ficure 8. PACAP treatment inhibited the overactivation of microglial/macrophage cells. Overall microglial/macrophage cells were labeled
by Ibal, and the activated microglial/macrophage cells were labeled by CD68. (A) The expression of CD68 was evaluated by western blot;
B-actin was used to ensure equal loading (7 = 3-5). (B) Representative images of retinal frozen sections double labeled by Ibal (red), CD68
(green), and DAPI (blue) 3 days after AOH injury. Inset images are at higher magnifications of the representative microglia/macrophages.
(C-F) Bar charts showing quantitative analyses of the average Ibal/CDG68-positive cell counts in the central, middle, and peripheral areas
of the retina (n = 5, two images per sample) and the total average number of Ibal/CDG68-positive cells (n = 5, six images per sample)
of different groups. Data are shown as mean + SEM and were analyzed using ANOVA followed by Tukey’s post hoc test. “P < 0.01,
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P < 0.001,

demonstrated remarkable neuroprotective effects in relation
to glaucoma.

Apoptosis, a programmed cell death pathway, has been
hypothesized to be involved in the neurodegeneration of
glaucoma.’®3* In line with previous studies,'”-'® we found
that TUNEL-positive cells were significantly increased in the
GCL and INL after AOH injury, whereas the change was
redressed when treated with PACAP. Notably, TUNEL posi-
tivity is not limited to apoptotic cells, as necrotic cells are
TUNEL positive, as well.>> Although TUNEL staining shows
high sensitivity in distinguishing apoptosis from necrosis,*
the results of TUNEL staining in the current study were not
concrete evidence but a strong suggestion that PACAP exerts
a potent anti-apoptotic effect in AOH injury.

To further understand whether and how PACAP was
involved in apoptosis, we investigated several apoptosis-
related factors, including Bim, Bax, Bcl-xL, and cleaved
caspase-3. Bax is a proapoptotic factor that responds to
apoptotic stimuli and promotes intrinsic apoptosis.?’*® Bim
belongs to the BH3-only protein family and was found to
be a main direct activator of Bax.® Bcl-xL, a anti-apoptotic
factor, inhibits the intrinsic apoptosis pathway by prevent-
ing the release of cytochrome ¢ from mitochondria,* but
caspase-3 is a principle executor of intrinsic and extrinsic
apoptosis and is cleaved by various proteases to be acti-

P < 0.0001. Each point shown in the bar charts indicates an individual data point.

vated (i.e., cleaved caspase-3).°° The current study investi-

gated time-course changes in these factors and found that
Bim, Bax, and cleaved caspase-3 were significantly upregu-
lated and peaked at day 3, whereas Bcl-xL was downregu-
lated and was most significant 7 days after AOH injury. The
results were similar to those of several previous studies.®!-43
However, these changes were reversed following PACAP
treatment. The anti-apoptotic effect of PACAP is mainly
mediated through the PAC1 receptor in central nervous
system and retinal disorders,*5 and the PAC1 receptor was
found to upregulate in ONC injury, as shown in our previous
study.*® The PAC1 receptor is associated with several path-
ways, including the adenylyl cyclase/protein kinase A path-
way and the phosphatidylinositol 3’-OH kinase/Akt path-
way, through which PACAP acts on intrinsic apoptosis-
related factors and subsequently caspase-3 activity in central
nervous system and retinal disorders.*%5 Together, our
results indicate that PACAP treatment exerts a potent anti-
apoptotic effect in AOH injury that is, at least in part, asso-
ciated with the modulation of apoptosis-related factors.
The normal retina works through interactions among
neurons, glial cells, and blood vessels. Reactive gliosis has
been reported to be associated with the neurodegenera-
tion of glaucoma.””>*” Macroglia, including astrocytes and
Miiller cells, are major glial cells in the retina, as these cells
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Ficure 9. PACAP treatment alleviated the retinal vascular inflammation induced by AOH injury. Retinal blood vessels were labeled with
1B4, and leukocytes were labeled with CD45. (A) Representative images of retinal flatmounts labeled with CD45 (green), IB4 (red), and DAPI
(blue) 1 day after AOH injury. (B-E) Bar charts showing the quantitative analyses of CD45-positive leukocyte counts in the central, middle,
and peripheral areas of the retina (# = 3, four images per sample) and the total average number of CD45-positive leukocytes (1 = 3, 12
images per sample) of different groups. Data are shown as mean + SEM and analyzed using ANOVA followed by Tukey’s post hoc test.
"P < 0.01, ™P < 0.001, ™ P < 0.0001. Each point shown in the bar charts indicates an individual data point.

supply nutrients to RGCs, support neuroretina structure, and migrate from the IPL and OPL to the GCL and INL, and the

mediate neuronal signal transmission.*®** AOH injury could morphology of the microglia/macrophages switched from
induce reactive gliosis of macroglia, characterized by signif- a dendritic-shape to an ameboid-shape after AOH injury.
icant upregulation of GFAP and enhanced migration.!”?” In These results were consistent with previous studies.”>>*

line with these studies, the current study found that the These changes were partly reversed by PACAP treatment,
expression of GFAP was markedly upregulated, processes which is similar to the findings of a study by Kim et al.,>
of GFAP-positive cells were elongated extending from the which reported that PACAP effectively inhibited the activa-
NFL to ONL, and somas were thickened in the NFL and tion of microglia/macrophages induced by lipopolysaccha-
GCL after AOH injury. These changes were significantly ride. These results suggest that the neuroprotective effect of
attenuated by PACAP treatment. Microglial cells, which are PACAP might partly be associated with the suppression of

located in the IPL and OPL in normal retina, are resident reactive gliosis in AOH injury.

immune cells of the central nervous system and retina.>® Leukocyte attachment to retinal vessels and infiltra-
Injury triggers the rapid activation of microglial cells, which tion into the retina are hallmarks of vascular inflamma-
subsequently transition from a surveillance to a shielding tion, which was found to occur soon after AOH injury
state. However, pathological activation of microglial cells and accelerated retinal neuronal injury.'®:>°-58 Similarly, we
is hypothesized to aggravate neurodegenerative diseases, found that the number of CD45-positive leukocytes was

including glaucoma.’'>? In the current study, we found that  significantly increased after AOH injury. In addition, CD45-
the number of reactive microglia/macrophages labeled with positive leukocytes were present mainly in intermediate-
Ibal and CDG68 was significantly increased after AOH injury. sized peripheral blood vessels and infiltrated into the retina
In addition, activated microglia/macrophages were found to after AOH injury. Riera et al.>®® found that PACAP could
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Ficure 10. PACAP treatment inhibited the activation of the NF-«B
pathway induced by AOH injury. (A) The expression of NF-kB was
evaluated by western blot. GAPDH was used to ensure equal loading
(n = 4). (B) The expression of p-NF-«B was evaluated by western
blot. GAPDH was used to ensure equal loading (z = 4). Data are
shown as mean £+ SEM and were analyzed usmg ANOVA followed

by Tukey’s post hoc test. ‘P < 0.05, “P < 0.01, ""P < 0.001, ™P <

0.0001. Each point shown in the bar charts 1nd1cate€ an 1nd1v1dual
data point.

significantly reduce the number of CD45-positive leukocytes
in renal ischemia/reperfusion injury. However, whether
PACAP can reduce the number of CD45-positive leuko-
cytes in AOH injury remain unknown. In the current study,
we found that these changes were effectively redressed
following treatment by PACAP. Collectively, our results indi-
cate that PACAP treatment improves RGC survival at least
partly by inhibiting retinal vascular inflammation in AOH
injury.

An abundance of evidence has shown that the ubig-
uitously expressed transcriptional factor NF-«B plays an
essential role in inflammatory processes, including reac-
tive gliosis and vascular inflammation.®°-%> In response
to injury, activated NF-«B undergoes nuclear translocation
and binds to corresponding DNA sites, thereby promot-
ing the transcription of proinflammatory factors.®> A previ-
ous study found that PACAP treatment attenuated kidney
ischemia/reperfusion injury by suppressing the NF-«B path-
way.®® However, the effect of PACAP on modulation of
the NF-«B pathway in AOH injury remains unknown. In
the current study, we found that both NF-xB and p-NF-«B
expression levels were increased after AOH injury, whereas
PACAP treatment significantly inhibited the upregulation of
NF-«B and NF-kB phosphorylation. PACAP was found to act
on the NF-«B pathway, most likely through the PAC1 recep-
tor.>% Qur results suggest that the anti-inflammatory effect
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of PACAP might, at least in part, be associated with inhibition
of the NF-«B pathway.

In summary, the current study provides convincing
evidence that intravitreal injection of PACAP prevents the
loss of retinal tissue and improves the survival and func-
tion of RGCs in AOH injury. These results can possi-
bly be explained by the potent anti-apoptosis and anti-
inflammation effects of PACAP. This study has identified
PACAP as a promising therapeutic option for the treatment
of glaucoma.
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