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Purpose: To explore pressure-related effects in the adult porcine retina in vitro.

Methods: Retinal explants were subjected to 0, 10, 30, or 60 mmHg of pressure for
24 or 48 hours in culture. Overall tissue damage in sections was assessed by lactate
dehydrogenasemedia levels, hematoxylin and eosin staining, and TUNEL staining. Inner
retinal neurons were evaluated by protein kinase C alpha (rod bipolar cells), CHX10
(overall bipolar cell population), parvalbumin (amacrine cells), and RBPMS (ganglion
cells) immunohistochemistry.

Results: All retinas kept in culture displayed increased pyknosis and apoptosis
compared with directly fixed controls. The 10-mmHg explants displayed attenuation
of overall tissue damage compared with the 0-, 30-, and 60-mmHg counterparts. No
difference in the number of rod bipolar cells was seen in the 10-mmHg explants
compared with directly fixed controls, whereas significantly fewer cells were detected
in the remaining pressure groups. No difference in the number of ganglion cells in the
0-, 10-, and 60-mmHg groups was seen compared with directly fixed controls after
24 hours, whereas a lower number was found in the 30-mmHg counterpart. A decline
of ganglion cells was found in the 0-, 10-, and 60-mmHg group after 48 hours, but no
further decrease was seen in the 30-mmHg group. No differences were detected in
overall bipolar and amacrine cells in the pressure groups after 24 hours compared with
directly fixed controls.

Conclusions: A moderate amount of pressure attenuates culture-related retinal
neurodegeneration. Rod bipolar cells are specifically vulnerable to excessive pressure.

Translational Relevance: These findings are relevant for glaucoma-related research.

Introduction

Various tissues within the body are constantly
exposed to biomechanical forces such as pressure,
stretch, torsion, twisting, and compression that provide
cells with vital information about their surroundings to
which they respond and adapt.1 Biomechanical stimuli
have gained increased interest in recent years due to
elucidation of their importance in maintaining tissue
homeostasis, as well as the important roles they play in
pathological conditions.2

The interior of the normal eye, including the
neuroretinal sheet, is constantly exposed to the intraoc-
ular pressure (IOP), which causes biomechanical
stretch and compression of the tissue. The reason why

the IOP exists has not yet been fully revealed; however,
our understanding of the biomechanical system within
the retina in which mechanosensitive cells rapidly
respond to normal IOP fluctuations is progressively
expanding.1,3

Elevated IOP is currently the leading risk factor
for developing glaucoma, a neuropathy affecting the
retinal ganglion cells (RGCs) and their axons, leading
to characteristic structural damage in the optic nerve
head and irreversible visual field loss.4 Lowering the
IOP by surgery or eye drops remains the only treat-
ment for glaucoma and has been shown to at least
partly slow its progression.4,5 Currently, no definitive
cure for the disease exists, and the exact cellular mecha-
nisms behind the progression of the disease remain
unknown.
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Pressure-related effects on RGCs have been well
explored in several in vivo studies indicating that the
primary insult in glaucoma occurs in RGC axons,
followed by degeneration and decline of RGC function
and loss of ganglion cell bodies, as well as their
axons.6,7 Interestingly, a few studies have shown that
other retinal neuronal subtypes located in the inner
nuclear layer (INL), as well as glial cells, are affected
early and have been implicated as sources of primary
pressure-related insult.8–13

To further elucidate dynamic cellular changes in
glaucoma, several in vitro studies, ranging from
primary cell to eye cups, have been conducted.14–17
Explanting retinal full-thickness pieces on a rigid
culture membrane enables isolation of the pressure
component on the tissue and precise control of
pressure levels.15 Most in vitro studies have explored
pressure-related effects on the retinal tissue in small
animal models, and the number of experiments involv-
ing larger animals is limited. In this study, we wanted
to isolate and explore the effects of compressive force
caused by pressure on a retina more resembling the
human one. We also wanted to perform a comprehen-
sive analysis of morphological changes in the three
inner retinal neuronal subtypes involved in retinal
signal transmission, with the goal of identifying detri-
mental pressure-related effects in bipolar cells, as well
as in amacrine and ganglion cells. Finally, we wanted
to investigate any possible beneficial effects related to
pressure with the hypothesis that a moderate amount
of pressure may support neuronal viability and be
important for retinal homeostasis within the culture
environment.

The porcine eye shares many similarities with the
human counterpart, including size, an enriched cone
area in the retina, and the presence of retinal vascu-
lature.18,19 To investigate the impact of pressure on the
tissue, we used adult porcine retinal explants subjected
to 0 mmHg (atmospheric pressure only); 10 mmHg,
resembling the normal IOP; 30 mmHg, correspond-
ing to conditions in primary open-angle glaucoma; and
60 mmHg, resembling acute glaucoma.20 We report
beneficial as well as detrimental effects.

Materials and Methods

Animals and Retinal Explant Culture

All procedures and animal handling were in accor-
dance with the guidelines and requirements of the
Government Committee on Animal Experimentation
at Lund University (permit 8914-19) and complied
with the ARVO Statement for the Use of Animals in

Ophthalmic and Vision Research. After transportation
from a local breeder to the Biomedical Centre at Lund
University, young adult pigs (Sus scrofa domesticus) 4
to 6 months old were killed after sedation by an intra-
venous overdose of sodium pentobarbital (Apoteket,
Umeå, Sweden). Both eyes were immediately enucle-
ated, placed in a vial containing CO2 Independent
Medium (Invitrogen, Paisley, UK) at 4°C on ice, and
moved to the laboratory where they were dissected
as follows. The anterior segment was removed by
sharp incision in the pars plana 360°, and the vitre-
ous was carefully removed using sterilized tissue paper.
The neuroretinas were gently dissected free from the
pigment epithelium with micro-forceps, and the optic
nerve was cut using micro-scissors. Six full-thickness
retinal pieces measuring approximately 5 × 5 mm were
dissected from the centrally located visual streak on
the temporal and nasal side of the optic nerve head
between the three major vascular arcades as described
previously.21

Retinal pieces were explanted onto Millicell PCF
Culture Plate Inserts (0.4-μm pore size, one retinal
piece/well; MilliporeSigma, Billerica, MA), with
the inner retina facing the membrane according
to a previously published protocol.22 This proto-
col was chosen to optimize tissue survival in vitro.
Each explant was cultured in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F-
12; Invitrogen), including 3.151 mg/mL glucose,
supplemented with 10% fetal bovine serum to support
cellular viability (Sigma-Aldrich, St. Louis, MO)
and 1% antibiotics (2 mM l-glutamine, 100 U/mL
penicillin, and 100 ng/mL streptomycin (Sigm-
Aldrich). Then, 1.5 mL medium was distributed
into the culture wells 90 minutes prior to explantation
of the retinal tissue to reach gas and temperature
equilibrium.23

Pressure System

Retinal explants were cultured within an acrylic
glass pressure chamber (AGP-1000, Strex Cell, San
Diego, CA) which was placed inside an incubator at
37°C. Explants were cultured in two six-well plates
inside the chamber on a raised platform with steril-
ized water underneath in order to maintain humid-
ity. A control unit regulating the chamber pressure
was placed in the room outside the incubator and
was connected to the chamber within the incubator by
plastic tubes. Gas into the control unit was obtained
by an inflow tube, allowing air from the room to flow
through the control unit and back into the pressure
chamber placed within the incubator. The control
unit was used to set the pressure and also to set air
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exchange within the chamber every 30 minutes. The
pressure within the chamber, which was monitored on
the control unit, was found to be within ±1 mmHg
of the set pressure, also during the 30 seconds of air
exchange. This system allowed the retinal explants to
be subjected to atmospheric pressure with the addition
of pressure resulting from compression by the inflow-
ing gas.

Groups

Four pressure groups were investigated and
subjected to a pressure of 0 (atmospheric pressure
only), 10, 30, or 60 mmHg for either 24 or 48 hours
of tissue culture inside a pressurized chamber (see
above). In each pressure group, explants from the
left eye from each pig were subjected to pressure
for 24 hours, and explants from the contralateral
eye were subjected to pressure for 48 hours. In the
60-mmHg group, two explants were accidentally
cultured with the outer retina facing the membrane
and were therefore excluded. Ten to 12 explants were
investigated for each pressure at each time point.
At 24 hours, 12 explants were investigated in the 0-
mmHg group; 12 explants in the 10-mmHg group; 12
explants in the 30-mmHg group; and 10 explants in
the 60-mmHg group. At 48 hours, 12 explants were
investigated in the 0-mmHg group; 12 explants in
the 10-mmHg group; 12 explants in the 30-mmHg
group; and 12 explants in the 60-mmHg group. This
procedure generated 94 retinal explants in total. In
addition, six retinal pieces from two different eyes
were fixed immediately after enucleation and explan-
tation and were used as controls without further
culturing.

Histology

After 24 or 48 hours of culture, explants were
fixed in 4% paraformaldehyde in 0.1-M phosphate
buffer, pH 7.2, for 2 hours at room temperature. The
directly fixed control retinas were processed in the same
manner immediately after explantation. After fixation,
the explants were infiltrated with 0.1-M Sörensen’s
medium with increasing concentrations of sucrose up
to 25%. Cultured and directly fixed control retinal
explants were then embedded in egg albumin/gelatin
medium and cryosectioned at 12 μm, and the tissue
sections were transferred to glass slides. For overall
morphological assessment, sections on slides 1, 10,
20, and 25 were stained with hematoxylin and eosin
(H&E) and slides 10 and 20 were used for analysis. For
immunohistochemistry and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL),

two slides from the central part of each explant
were
used.

For immunohistochemistry, sections from cultured
and control retinas were rinsed three times with
phosphate-buffered saline (PBS) and then incubated
with PBS buffer containing 0.25% Triton X-100 and
1% bovine serum albumin, for 45 minutes at room
temperature. Together with the primary antibody, the
sections were incubated overnight at 4°C and rinsed in
PBS, followed by incubation for 45 minutes together
with the secondary antibody Anti-Mouse IgG (Fab
specific)-FITC antibody and/or Rhodamine Red-X-
AffiniPure F(ab′)2 antibody (FITC antibody; Jackson
ImmunoResearch Laboratories, West Grove, PA)
and rhodamine antibody (Nordic BioSite AB, Täby,
Sweden). Finally, slides containing the sections were
mounted in VECTASHIELD Anti-Fade Mounting
MediumwithDAPI (Vector Laboratories, Burlingame,
CA). Negative control experiments were performed
as above but without the respective primary antibody.
A rabbit polyclonal antibody raised against protein
kinase C alpha (PKC-α; diluted 1:200; Sigma-Aldrich)
was used that has been found to label rod bipolar
cells in the porcine retina.24 As no single antibody
can be used to label cone bipolar cells specifically,
we used a mouse monoclonal antibody raised against
CHX10 (1:100; Santa Cruz Biotechnology, Santa
Cruz, CA), which has been shown to label the entire
bipolar population in mice (rod and cone bipolar
cells).25 A mouse monoclonal antibody raised against
parvalbumin (1:1000; MilliporeSigma) was used to
assess AII amacrine cells, which are primarily postsy-
naptic to rod bipolar cells.26 In addition, a rabbit
polyclonal antibody raised against RNA-binding
protein with multiple splicing (RBPMS; 1:200; Abcam,
Cambridge, UK) was used for the identification of
RGCs.27 To detect apoptotic cells, TUNEL stain-
ing was performed using the TMR Red In Situ Cell
Death Detection Kit (Roche Diagnostics, Mannheim,
Germany).

LDH Assay

For assessment of overall cell viability, media from
the four pressure groups were sampled after 24 or 48
hours and stored at −80°C. After thawing, the samples
were diluted (1:3), with PBS and analyzed for lactate
dehydrogenase (LDH) activity using the CytoTox
96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison,WI) according to the manufacturer’s instruc-
tions. Three media samples per explant were used for
analysis.
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Morphological Analysis

Formorphological analysis, two tissue sections from
each retinal explant were photographed in a light
microscope using the 20× objective (BX53; Olympus,
Tokyo, Japan). For each section, three photographs
were taken using a digital camera system (Olympus
DP74), one from the very center of the section and one
on each side, leaving approximately one image frame
of space between photographs. Thus, for each stain-
ing and labeling, each retinal explant generated six
images, and each group generated 60 to 72 images to
be analyzed. The directly fixed control explants gener-
ated 18 images from six different central sections per
staining/labeling.

All images were analyzed in a blinded manner.
For evaluation of overall tissue damage, the amount
of pyknotic cells in the ganglion cell layer (GCL),
INL, and outer nuclear layer (ONL) were graded in
H&E-stained sections. The inner retina (GCL/INL)
and outer retina (ONL) were graded separately. Images
were graded on a scale from0 to 3, whereGrade 0 repre-
sented the normal retina with no pyknotic cells; Grade
1, fewer than 10 pyknotic cell bodies in the GCL/INL
and fewer than 15 in the ONL; Grade 2, more than
Grade 1 but less than 50% of the cells pyknotic; and
Grade 3, more than 50% pyknotic cell bodies in the
GCL/INL and ONL.

ImageJ (National Institutes of Health, Bethesda,
MD) was used for quantification of TUNEL-labeled
cells. On each image, the inner retina (from the INL
to the inner limiting membrane) and outer retina
(ONL) were delineated using the polygon selection
tool, and TUNEL-positive cells were automatically
counted using the ImageJ plugin Cell Counter.28

PKC-α–labeled images were used to quantify rod
bipolar cells. The number of labeled cell bodies in
the INL was counted manually. Only well-labeled
and whole cell bodies were counted. In addition,
total PKC-α expression in rod bipolar cells, includ-
ing dendrites, cell bodies, axons, and terminals, was
measured by using the polygon selection tool in ImageJ
including the outer plexiform layer (OPL), INL, and
inner plexiform layer (IPL) with subsequent analy-
sis of mean fluorescence intensity. To quantify rod
and cone bipolar cells, CHX10-labeled images were
used. The number of labeled cells was assessed by
cell counting in the INL using the ImageJ plugin
Cell Counter.28 To assess the number of ganglion
cells, RBPMS-labeled images were used and labeled
cells counted manually. Only completely labeled cells
positioned in the ganglion cell layer were counted.
Debris and fragmented cellular structures were
excluded.

Statistical Analyses

Morphological data from all pressure groups, as well
as LDHdata from the sampledmedia, were statistically
analyzed. For LDH analysis, the three media samples
per explant were pooled, and the average activity
(absorbance level) was calculated. For morphological
evaluation, calculation of the coefficient of variation
(standard deviation/mean) for each staining/labeling
from each explant was performed, and it was found
to be above 15% in the far majority of instances,
indicating a high degree of regional variability. For
this reason, raw data obtained from each image were
used in these statistical analyses. Prism 9.4.1 for Mac
(GraphPad, San Diego, CA) was used for the statis-
tical analyses. For H&E-stained sections, the ordinal
pyknosis data were analyzed using the Kruskal–Wallis
test with the addition of Dunn’s multiple comparisons
test. Because the median in all compared groups was
the same, the frequency distribution of pyknosis (%)
was calculated and presented.

For the remaining morphological analyses, a
normality test was performed for data in all groups,
using D’Agostino’s and Pearson’s tests. In cases
where the majority of groups in the respective label-
ing/staining passed the normality test, one-way analysis
of variance (ANOVA) with Tukey’s multiple compar-
isons test was performed, and the mean and standard
deviation (SD) were calculated. In the remaining
analyses, the Kruskal–Wallis test with Dunn’s multiple
comparisons test was used to compare groups, with
calculations of the median and interquartile range.
For assessment of the dynamic pattern of RBPMS-
labeled ganglion cells at each pressure, data were
analyzed using the Mann–Whitney test with median
and interquartile range. P < 0.05 was considered
significant.

Results

Overall Tissue Damage

LDH Analysis
The intracellular enzyme LDH, a cell damage

marker, was sampled and measured in the culture
media to assess the cellular viability in retinal explants.
Explants subjected to a pressure of 10 mmHg for
24 hours displayed significantly lower LDH release
compared with the remaining pressure groups (0-
mmHg, P < 0.05; 30-mmHg, P < 0.01; 60-mmHg, P <

0.05) (Fig. 1). No difference in LDH release was found
after 48 hours in culture.
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Figure 1. Statistical analysis (one-way ANOVA) of the cell damage
marker LDH in culturemedia derived from retinal explants subjected
to a pressure of 0, 10, 30, or 60 mmHg for 24 or 48 hours. After 24
hours in culture, the 10-mmHg group displayed significantly lower
LDH release in the media compared with the other pressure groups.
After 48 hours in culture, there was no difference among the groups.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Bars represent
mean values; error bars, standard deviations. Pooled data from each
explant were used.

H&E Staining
H&E staining was used to assess pyknosis in the

inner and outer retina. In directly fixed control retinas,
the inner and outer retina displayed only occasional
pyknotic cell bodies (Fig. 2A). Retinas in all pressure
groups (0, 10, 30, and 60 mmHg) showed pyknotic
cell bodies in all three nuclear layers after 24 and 48
hours in culture (Figs. 2B–2I). After 24 and 48 hours
in culture, a significantly lower amount of pyknotic cell
bodies was found in the 10-mmHg group compared
with the 30- and 60-mmHg counterparts in the inner
retina and compared with all groups in the outer retina:
inner retina at 24 hours, P < 0.01 (30-mmHg) and P <

0.01 (60-mmHg); outer retina at 24 hours,P< 0.001 (0-
mmHg), P < 0.0001 (30-mmHg), and P < 0.0001 (60-
mmHg); inner retina at 48 hours, P < 0.05 (30-mmHg)
and P < 0.001 (60-mmHg); outer retina at 48 hours, P
< 0.0001 (0-mmHg), P < 0.0001 (30-mmHg), and P <

0.0001 (60-mmHg) (Figs. 2J, 2K).

TUNEL
TUNEL staining was performed to detect apoptotic

cells in the inner and outer retina. In directly fixed
control retinas, almost no TUNEL-labeled cells were
found in the inner and outer retina (Fig. 3A). In
contrast, cultured retinal explants from all pressure
groups displayed labeled cells with varying intensity in
the inner and outer retina (Figs. 3B–3I). After 24 hours

in culture, the number of TUNEL-positive cells was
significantly lower in retinas subjected to a pressure of
10 mmHg compared with all other pressure groups in
the inner retina and compared with the 30- and 60-
mmHg groups in the outer retina: inner retina, P <

0.001 (0-mmHg), P < 0.0001 (30-mmHg), and P <

0.001 (60-mmHg); outer retina, P < 0.001 (30-mmHg)
and P < 0.01 (60-mmHg) (Fig. 3J). In addition, a
higher number of positive cells was detected in the 30-
mmHg group compared with the remaining pressure
groups in the inner retina (0-mmHg, P < 0.001; 10-
mmHg, P < 0.0001; 60-mmHg, P < 0.001) (Fig. 3J).

After 48 hours in culture, a significantly lower
number of TUNEL-positive cells was found in the 10-
mmHg group compared with all other pressure groups
in the inner and outer retina: inner retina, P < 0.001
(0-mmHg), P < 0.0001 (30-mmHg), and P < 0.001
(60-mmHg); outer retina, P < 0.0001 (0-mmHg), P
< 0.0001 (30-mmHg), and P < 0.0001 (60-mmHg)
(Fig. 3K). The number of labeled cells in the 30-mmHg
group was significantly higher compared with remain-
ing pressure groups in the inner retina (0-mmHg, P <

0.0001; 10-mmHg, P < 0.0001; 60-mmHg, P < 0.0001)
(Fig. 3K).

Inner Retinal Neurons

Rod Bipolar Cells—PKC-α Immunohistochemistry
PKC-α immunohistochemistry was used for the

detection of rod bipolar cells. Directly fixed control
retinas displayed well-labeled rod bipolar cell bodies in
the outer part of the INL, vertical axons extending to
the IPL, and dendrites in the OPL (Fig. 4A). In these
retinas, labeling was present throughout the specimens,
whereas in cultured explants PKC-α labeling displayed
a varying pattern, with some regions containing
well-labeled cells and others almost no labeling
(Figs. 4B–4I).

When counting the number of PKC-α–labeled cell
bodies after 24 and 48 hours in culture, no differ-
ence was found in the 10-mmHg group compared
with directly fixed control retinas. A lower number of
labeled cells was detected in the 0-, 30-, and 60-mmHg
groups compared with the 10-mmHg group (0-mmHg,
P < 0.0001; 30-mmHg, P < 0.0001; 60-mmHg, P <

0.0001) (Figs. 4J, 4K). In addition, after 48 hours of
culture, a lower number of labeled cells was found in the
60-mmHg group compared with the 0- and 30-mmHg
counterparts (0-mmHg,P< 0.05; 30-mmHg,P< 0.05)
(Fig. 4K).

To assess the total expression of PKC-α, the mean
fluorescence intensity was measured using ImageJ.
After 24 and 48 hours in culture, the 10-mmHg group
displayed higher fluorescence intensity compared with
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Figure 2. Statistical analysis (Kruskal–Wallis) of the overall tissue damage score using H&E staining for assessment of pyknosis in the inner
(INL and GCL) and outer (ONL) retina. Pyknosis was scored in the inner and outer retina separately from 0 to 3 (see Materials and Methods).
The frequency distribution of the pyknosis scoring (0–3) is shown in the bar graphs. (A) Directly fixed control retina. (B–E) Retinal explants
subjected to pressure for 24 hours in culture. (F–I) Retinal explants subjected to pressure for 48 hours in culture. (J, K) After 24 and 48 hours
in culture, a significantly lower amount of pyknosis was seen in the 10-mmHg group compared with the 30- and 60-mmHg groups in
the inner retina and compared with all pressure groups in the outer retina. Bars represent median values; error bars, interquartile ranges.
Raw data were used for the analyses. OS, outer segment; IS, inner segment; NFL, nerve fiber layer. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. Scale bar: 100 μm.
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Figure 3. Statistical analysis (Kruskal–Wallis) of TUNEL staining for assessment of apoptotic cells in the inner (GCL and INL) and outer (ONL)
retina. (A) Directly fixed control retina. (B–E) Retinal explants subjected to pressure for 24 hours in culture. (F–I) Retinal explants subjected to
pressure for 48 hours in culture. (J) After 24 hours in culture, a significantly lower number of labeled cells was found in the 10-mmHg group
compared with all pressure groups in the inner retina and compared with the 30- and 60-mmHg counterparts in the outer retina. (K) After
48 hours in culture, the 10-mmHg explants showed significantly fewer labeled cell bodies compared with the remaining pressure groups
in the inner and outer retina. Bars represent median values; error bars, interquartile ranges. Raw data were used for the analyses. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar: 100 μm.

all other groups: at 24 hours, P < 0.001 (directly fixed
control retinas), P < 0.0001 (0-mmHg), P < 0.0001
(30-mmHg), and P < 0.0001 (60-mmHg); at 48 hours,
P < 0.01 (directly fixed control retinas), P < 0.0001
(0-mmHg), P < 0.0001 (30-mmHg), and P < 0.0001
(60-mmHg) (Figs. 4L, 4M). Cultured retinas from

remaining pressure groups (0-, 30-, and 60-mmHg)
displayed no significant difference in fluorescence
intensity when compared with directly fixed control
explants. The 60-mmHg explants displayed signifi-
cantly lower intensity compared with all other cultured
groups (for P values) (Figs. 4L, 4M).
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Figure 4. Statistical analysis (one-wayANOVA) of PKC-α labeling for assessment of rod bipolar cells. (A) Directly fixed control retinawith cell
bodies in theouter INL (arrow). (B–E) Retinal explants subjected topressure for 24hours in culture. (F–I) Retinal explants subjected topressure
for 48 hours in culture. (J, K) After 24 and 48 hours in culture, a significantly higher number of labeled cells was found in retinas subjected to
10 mmHg compared with the remaining pressure groups. (L, M) After 24 and 48 hours in culture, significantly higher fluorescence intensity
was seen in the 10-mmHg group compared with all groups. Bars represent mean values; error bars, standard deviations. Raw data were used
for the analyses. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar: 100 μm.

Cone and Rod Bipolar Cells—CHX10
Immunohistochemistry

CHX10 immunohistochemistry was used for the
detection of cone and rod bipolar cells. In directly
fixed control retinas, CHX10-labeled sections revealed
several rows with well-labeled, small, and round cell

bodies situated in the outer part of the INL (Fig. 5A).
The cultured retinal specimens also displayed
well-labeled cells in the outer part of the INL;
however, areas with little or almost no labeling
were also found (Figs. 5B–5I). After 24 hours of
culture, no significant difference in the number
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Figure 5. Statistical analysis (one-way ANOVA) of CHX10 labeling for assessment of rod and cone bipolar cells. (A) Directly fixed control
retinas. (B–E) Retinal explants subjected to pressure for 24 hours in culture. (F–I) Retinal explants subjected to pressure for 48 hours in culture.
(J) In retinal explants cultured for 24 hours, no difference in the number of labeled cells was found among the groups. (K) In retinal explants
cultured for 48 hours, a significantly lower number of labeled bipolar cells in the 60-mmHg group was seen compared with the remaining
groups. Bars represent mean values; error bars, standard deviations. Raw data were used for the analyses. *P< 0.05; **P< 0.01; ***P< 0.001;
****P < 0.0001. Scale bar: 100 μm.

of labeled cells was detected among any of the
groups. After 48 hours in culture, a lower number
of cells was found in the 60-mmHg group compared
with all other groups (directly fixed control retinas, P
< 0.001; 0-mmHg, P < 0.0001; 10-mmHg, P < 0.0001;
30-mmHg, P < 0.0001) (Fig. 5K).

AmacrineCells—Parvalbumin Immunohistochemistry
Parvalbumin immunohistochemistry was

performed for detection of amacrine cells in the INL.
Parvalbumin labeled sections in directly fixed controls
and cultured explants revealed well-labeled, round
cell bodies in the innermost INL and GCL, and two
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Figure 6. Statistical analysis (Kruskal–Wallis) of parvalbumin labeling for assessment of amacrine cells in the INL. (A) Directly fixed control
retinas, with amacrine cell bodies in the innermost INL (arrow) and in the GCL (not counted). (B–E) Retinal explants subjected to pressure for
24 hours in culture. (F–I) Retinal explants subjected to pressure for 48 hours in culture. (J, K) After 24 and 48 hours in culture, no difference
in the number of cells was found in any of the groups. Bars represent median values; error bars, interquartile ranges. Raw data were used for
the analyses. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar: 100 μm.

labeled horizontal strata in the IPL (Figs. 6A–6I). For
cell counts, cells in the GCL were excluded, and only
well-labeled and round cells in the innermost INL were
counted. After 24 and 48 hours in culture, no difference
in the number of labeled cells was found in any of the
groups.

Ganglion Cells—RBPMS Immunohistochemistry
RBPMS immunohistochemistry was performed

for the detection of ganglion cells. RBPMS-labeled
sections in directly fixed control retinas and cultured
retinas displayed well-labeled and mainly large cell
bodies in the GCL; however, in cultured explants,
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Figure 7. Statistical analysis (Kruskal–Wallis) of RBPMS labeling for assessment of ganglion cells in the GCL. (A) Directly fixed control retina.
(B–E) Retinal explants subjected to pressure for 24 hours in culture. (F–I) Retinal explants subjected to pressure for 48 hours in culture. (J)
After 24 hours in culture, a lower number of labeled cells was seen in the 30-mmHg group compared with directly fixed control retinas. (K)
After 48 hours in culture, a lower number of labeled cells was found in the 0- and 60-mmHg groups compared with directly fixed control
retinas; no differences were detected among the pressure groups. (L) Statistical analysis (Mann–Whitney) comparing the number of RBPMS-
labeled cells in each pressure group at 24 and 48 hours in culture showed a decrease in the 0-, 10-, and 60-mmHg groups after 48 hours in
culture. Bars representmedian values; error bars, interquartile ranges. Rawdatawere used for the analyses. *P< 0.05; **P< 0.01; ***P< 0.001;
****P < 0.0001. Scale bar: 100 μm.

fragmented structures were also seen (Figs. 7A–7I).
In retinas cultured for 24 hours, no differences in
the number of RBPMS-labeled ganglion cells were
detected between the directly fixed control retinas
compared with the 0-, 10-, and 60-mmHg groups,

whereas a significantly lower number of cells was seen
in the 30-mmHg counterpart (P < 0.05) (Fig. 7J).
There was no difference in the number of RBPMS-
labeled cells among the 10-, 30-, and 60-mmHg groups;
however, a significantly higher number of labeled cells
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was seen in the 0-mmHg group compared with the 30-
and 60-mmHg counterparts (30-mmHg,P< 0.001; 60-
mmHg,P< 0.05) (Fig. 7J). After 48 hours of culture, a
lower number of labeled cells was detected in the 0- and
60-mmHg groups compared with directly fixed control
retinas (0-mmHg, P < 0.01; 60-mmHg, P < 0.01)
(Fig. 7K). No differences were detected when compar-
ing the pressure groups. To assess the dynamic pattern
of RBPMS-labeled ganglion cells at each pressure, a
comparison of labeled cells at 24 and 48 hours was
performed separately (Fig. 7L). Compared to 24 hours
in culture, a significant decrease in the number of
labeled cells was found in the 0-, 10-, and 60-mmHg
groups after 48 hours in culture (0-mmHg, P < 0.0001;
10-mmHg,P< 0.01; 60-mmHg,P< 0.05) (Fig. 7L). In
the 30-mmHg group, no such decrease was detected.

Discussion

Summary

In this paper, we wanted to explore pressure-related
effects on the retina in a large-animal model, with the
aim of investigating any possible beneficial as well as
detrimental impacts. We concentrated our efforts on
overall tissue damage and morphological changes in
the principal inner retinal neurons: bipolar, amacrine,
and ganglion cells. To this end, we used an in vitro
system in which the pressure causing compression of
the retina can be precisely controlled and isolated
without the influence of other mechanical stimuli such
as tissue stretch. By supplanting the tissue with nutri-
tion and oxygen from the media, the influence of
ischemia is also minimized. A disadvantage of using
compressed air to increase pressure is the possibility of
pH and O2 changes in the media.29 Osborne et al.,15
in a similar experiment using human retinal explants,
showed no change in pH between cultures kept under
0 mmHg (atmospheric pressure) compared with 60
mmHg, whereas oxygen partial pressure was slightly
increased.15

We chose to compare cultured retinal explants for
24 and 48 hours with the pressure set at 0 mmHg
(atmospheric pressure only), 10 mmHg to resemble
normal IOP, 30 mmHg to correspond to conditions
in primary open-angle glaucoma, and 60 mmHg to
duplicate acute glaucoma. Interestingly, we found that
retinas subjected to a moderate amount of pressure (10
mmHg) showed less overall tissue damage and superior
preservation of rod bipolar cell morphology compared
with retinas in which no pressure was applied. This
finding has, to our knowledge, not been described
previously. We also found that excessive pressure

(30 and 60 mmHg) resulted in increased tissue damage
and impaired rod bipolar morphology after 24 hours.

Moderate Pressure is Beneficial for Retinal
Homeostasis

The interior of the eye constitutes a highly
biomechanical environment in which retinal cells are
constantly exposed to IOP. The retina has been found
to be mechanosensitive, responding to dynamic forces
such as shear stress, mechanical strain, and tension
from the nearby environment.1,3 We have previously
found that adult porcine retinal explants subjected to
lateral tension survive better in the in vitro milieu
compared with tissue kept with no such tension.30 With
this in mind, comparing retinas cultured within the
pressure chamber at 0 mmHg with retinas subjected to
moderate pressure (10 mmHg) is especially interesting.

Previous studies have shown that the axotomy and
loss of contact with the retinal pigment epithelium
(RPE), as well as ischemia during the time from enucle-
ation to actual explantation included in the culture
paradigm, invariably results in degeneration of the
adult retina in vitro.31–33 To improve retinal survival,
we used an optimized in vitro model and cultured
the retinal explants with the inner limiting membrane
(ILM) facing the culture membrane, which has been
shown to attenuate culture-related degeneration.22 We
also ensured that explantation was performed within
90 minutes after enucleation, which also limits tissue
damage.33 In spite of these efforts, evidence of culture-
related damage was clearly present in retinas cultured
under atmospheric pressure (0 mmHg).

In contrast to retinas cultured at 0mmHg, several of
our findings indicate that a pressure of 10mmHg atten-
uated culture-related neuronal degeneration, suggest-
ing that this moderate pressure was in fact benefi-
cial for retinal homeostasis. The LDH analysis, an
objective method for investigation of cellular damage,
showed that LDH release in media derived from
explants subjected to 10 mmHg was significantly lower
compared to all pressure counterparts, including the 0-
mmHg group, after 24 hours in culture. Further, the
10-mmHg group displayed a lower amount of pyknosis
and apoptosis after 24 and 48 hours in culture. Finally,
using PKC-α labeling, no difference in the number of
rod bipolar cell bodies was detected in the 10-mmHg
group compared with directly fixed control retinas at
both time points, whereas the number of cells was
significant lower in the 0-mmHg group.

The reason why the interior of the normal eye
is constantly subjected to the IOP has not been
elucidated. Similarly, why 10-mmHg explants in our
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study showed improved survival compared to the 0-
mmHg counterparts is not readily apparent. Various
mechanosensitive channels responding to a range of
stimuli including pressure have been found in retinal
neurons, as well as in glial cells.1,34 These channels
interact with the extracellular matrix and the cytoskele-
ton, resulting in profound effects on retinal homeosta-
sis, including calcium ion (Ca2+) transport.1,3 Thus,
an intricate system of mechanotransduction exists in
the retina, and our results indicate that stimulation of
this system by a moderate amount of pressure may be
important for maintaining retinal neurons and tissue
homeostasis within the culture environment.

Interestingly, when assessing the total expression
of PKC-α using ImageJ, the mean fluorescence inten-
sity was found to be significantly higher in the 10-
mmHg group compared with directly fixed controls,
whereas no difference was found in the 30- and 60-
mmHg groups compared with these controls. Protein
kinase C is a group of enzymes highly expressed in
neurons and vital for various cellular functions. In the
retina, the PKC-α isoform is specifically expressed in
rod bipolar cells and is involved in phototransduc-
tion and inner retinal signal transmission.35 The PKC-α
enzyme can be activated by a range of stimuli and upon
such activation translocate from the soma to the axon
terminals in the IPL.35 The finding of increased rod
bipolar cell survival combinedwith an increased overall
PKC-α expression in 10-mmHg explants suggests that
the enzyme may be an important player involved in the
retinal tissue response to pressure.

Excessive Pressure Effects on Inner Retinal Neuronal
Subtypes

Excessive IOP is a well-known risk factor for retinal
neuronal death in glaucoma. Detrimental pressure-
related effects in the form of progressive ganglion cell
death have been well studied in several in vivo and
in vitro glaucoma models.6,7,16,36 The prime focus of
earlier studies has been on pressure-related ganglion
cell death; however, rod bipolar cells and amacrine cells
have previously been shown to undergo early changes
in the form of functional impairment and morpholog-
ical changes when subjected to elevated pressure.10–13
We found that retinas subjected to 30 and 60 mmHg
displayed a higher amount of pyknosis and apopto-
sis compared with retinas subjected to a pressure of 10
mmHg after 24 and 48 hours in culture, and there was
greater LDH release in the media after 24 hours. This
suggests that a significant number of retinal cells are
affected by excessive pressure in vitro.

In our experiment, ganglion cells did not appear to
be especially affected by excessive pressure. Compared
with directly fixed control retinas, fewer ganglion cells

were found in the 30-mmHg group after 24 hours and
60-mmHg group after 48 hours in culture. However,
the 0-mmHg group also showed fewer ganglion cells
after 48 hours. This is in line with the study by Osborne
et al.,15 who did not find any relationship between
excessive pressure and ganglion cell death in a similar
setup. Given the particular interest in pressure-related
effects on ganglion cells, we also chose to assess the
dynamic pattern of RBPMS-labeled ganglion cells
in the pressure groups. After 48 hours in culture, a
decrease in the number of labeled cells was found in the
0-, 10-, and 60-mmHg groups compared with the 24-
hour counterparts, indicating that excessive pressure
may not be the cause of ganglion cell degeneration
within the pressure culture model. Progressive loss of
ganglion cells after axotomy of the optic nerve (which
is a part of the explant paradigm) is a well-known event
and most likely explains the decline of ganglion cells
after 48 hours.31

Interestingly, we found no loss of parvalbumin-
labeled amacrine cells in the pressure groups compared
with directly fixed retinal explants at either 24 or 48
hours in culture, and no differences were detected when
comparing the pressure groups. This suggests that
culture-related degeneration and excessive pressure
effects are not general phenomena and strengthens the
notion that these factors affect specific retinal neuronal
subtypes.

In contrast, the number of labeled rod bipolar cells
was distinctly lower in explants subjected to 30 and
60 mmHg after 24 hours compared with directly fixed
controls, which was not the case for the 10-mmHg
counterparts. When examining the entire bipolar cell
population (rod and cone bipolars), a lower number of
CHX10-labeled cells was found at 48 hours but not at
24 hours, and only in the 60-mmHg group, indicating
that cone bipolar cells may be less sensitive to pressure-
related damage compared with rod bipolar counter-
parts.

Relevance for Glaucoma Research
Historically, glaucoma has been considered a

disease related to elevated IOP.37 Two main theories
have been considered related to the neuropathy seen in
glaucoma: direct mechanical disturbance of the tissue
and insufficient blood supply (ischemia).38 Currently,
glaucoma is often classified as either open-angle with
an IOP within normal limits or angle-closure with
an elevated IOP.4 Although the relevance of the IOP
in glaucoma pathogenesis has decreased, lowering the
IOP remains the only treatment and has been shown
to slow the progression of the disease, even in patients
with relatively low IOP.39
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Previous glaucoma studies have mainly focused on
the loss of retinal ganglion cell axons in the nerve
fiber layer; however, pathological changes have also
been described in the INL. Clinically, a correlation
between increased thickening of the INL and the sever-
ity of glaucomatous functional loss in patients has
been shown by using spectral-domain optical coher-
ence tomography,13 and neuronal subtypes within this
layer have been implicated in primary glaucoma-
related damage. In our model, we isolated the compres-
sive pressure component from ischemia and found a
lower number of PKC-labeled rod bipolar cells already
after 24 hours in culture when subjected to exces-
sive pressure, suggesting a relationship to compressive
force. As mentioned above, this was not the case for
ganglion or amacrine cells. In line with this finding, rod
bipolar cells have been shown to undergo functional
loss prior to ganglion cells during elevated pressure.12
In addition, Shen et al.,40 using three different models,
including ocular hypertension, showed that the PKC-
α enzyme and rod bipolar response sensitivity were
altered before ganglion cells. Even though the exact
role of rod bipolar cells and the PKC-α enzyme in
glaucoma is still not elucidated, our findings combined
with earlier work suggest a role of rod bipolar cells and
the PKC enzyme in early glaucoma pathology.

Acknowledgments

The authors extend their gratitude to Hodan
Abdshill for excellent technical assistance and knowl-
edge regarding all aspects of the study.

Supported by the faculty of Medicine at Lund
University (ALF Grant No. 42808), and kind
donations from the Ingrid Nordmarks Foundation
and the estate of Ingvar Emmertz.

Disclosure: F. Svare, None; F. Ghosh, None

References

1. Tan J, Kalapesi F, Coroneo M. Mechanosensitiv-
ity and the eye: cells coping with the pressure. Br J
Ophthalmol. 2006;90:383–388.

2. Romani P, Valcarcel-Jimenez L, Frezza C, Dupont
S. Crosstalk between mechanotransduction and
metabolism.Nat RevMol Cell Biol. 2020;22:22–38.

3. Clark A. The cell and molecular biology of glau-
coma: biomechanical factors in glaucoma. Invest
Ophthalmol Vis Sci. 2012;53:2473.

4. Weinreb R, Aung T, Medeiros F. The patho-
physiology and treatment of glaucoma. JAMA.
2014;311:1901.

5. Bengtsson B, Heijl A, Johannesson G, Andersson-
Geimer S, Aspberg J, Lindén C. The Glaucoma
Intensive Treatment Study (GITS), a randomized
clinical trial: design, methodology and baseline
data. Acta Ophthalmol. 2018;96:557–566.

6. Buckingham B, Inman D, Lambert W, et al. Pro-
gressive ganglion cell degeneration precedes neu-
ronal loss in a mouse model of glaucoma. J Neu-
rosci. 2008;28:2735–2744.

7. Zhao D,Wong V, Nguyen C, et al. Reversibility of
retinal ganglion cell dysfunction from chronic IOP
elevation. Invest Ophthalmol Vis Sci. 2019;60:3878.

8. Kim I, Kim K, Joo C, et al. Reaction of Müller
cells after increased intraocular pressure in the rat
retina. Exp Brain Res. 1998;121:419–424.

9. Zhang S, Wang H, Lu Q, et al. Detection of
early neuron degeneration and accompanying glial
responses in the visual pathway in a rat model
of acute intraocular hypertension. Brain Res.
2009;1303:131–143.

10. Cuenca N, Pinilla I, Fernández-Sánchez L, et al.
Changes in the inner and outer retinal layers after
acute increase of the intraocular pressure in adult
albino Swiss mice. Exp Eye Res. 2010;91:273–285.

11. Hernandez M, Rodriguez FA, Sharma SC, Vecino
E. Immunohistochemical changes in rat retinas at
various time periods of elevated intraocular pres-
sure.Mol Vis. 2009;15:2696–2709.

12. Pang JJ, Frankfort B, Gross L, Wu S. Elevated
intraocular pressure decreases response sensitivity
of inner retinal neurons in experimental glaucoma
mice. Proc Natl Acad Sci USA. 2015;112:2593–
2598.

13. Kim EK, Park H-Y, Park CK. Relationship
between retinal inner nuclear layer thickness and
severity of visual field loss in glaucoma. Sci Rep.
2017;7:5543.

14. Ishikawa M, Yoshitomi T, Zorumski C, Izumi
Y. Downregulation of glutamine synthetase
via GLAST suppression induces retinal axonal
swelling in a rat ex vivo hydrostatic pressure model.
Invest Ophthalmol Vis Sci. 2011;52:6604.

15. Osborne A, Aldarwesh A, Rhodes J, Broad-
way D, Everitt C, Sanderson J. Hydrostatic pres-
sure does not cause detectable changes in sur-
vival of human retinal ganglion cells. PLoS One.
2015;10:e0115591.

16. Wu J, Mak H, Chan Y, et al. An in vitro pressure
model towards studying the response of primary
retinal ganglion cells to elevated hydrostatic pres-
sures. Sci Rep. 2019;9:9057.



Pressure-Related Effects TVST | February 2023 | Vol. 12 | No. 2 | Article 19 | 15

17. Schnichels S, Paquet-Durand F, Löscher M, et al.
Retina in a dish: cell cultures, retinal explants and
animal models for common diseases of the retina.
Prog Retin Eye Res. 2021;81:100880.

18. Gerke CG, Jr, Y Hao, Wong F. Topography of
rods and cones in the retina of the domestic pig.
Hong Kong Med J. 1995;1:302–308.

19. Murali A, Ramlogan-Steel C, Andrzejewski S,
Steel J, Layton C. Retinal explant culture: a plat-
form to investigate human neuro-retina. Clin Exp
Ophthalmol. 2018;47:274–285.

20. Vroemen P, Gorgels T, Webers C, de Boer J. Mod-
eling the mechanical parameters of glaucoma. Tis-
sue Eng. 2019;25:412–428.

21. Taylor L, Arnér K, Engelsberg K, Ghosh F. Effects
of glial cell line-derived neurotrophic factor on the
cultured adult full-thickness porcine retina. Curr
Eye Res. 2013;38:503–515.

22. Taylor L, Arnér K, Taylor I, Ghosh F. Feet on the
ground: physical support of the inner retina is a
strong determinant for cell survival and structural
preservation in vitro. Invest Ophthalmol Vis Sci.
2014;55:2200.

23. Place T, Domann F, Case A. Limitations of oxy-
gen delivery to cells in culture: an underappreciated
problem in basic and translational research. Free
Radic Biol Med. 2017;113:311–322.

24. Ghosh F, Arnér K. Cell type differentiation
dynamics in the developing porcine retina. Dev
Neurosci. 2010;32:47–58.

25. Morrow E, Chen C, Cepko C. Temporal order of
bipolar cell genesis in the neural retina.Neural Dev.
2008;3:2.

26. KolbH.Roles of amacrine cells. In: NelsonR, Fer-
nandez E, Jones B, eds. Webvision: The Organiza-
tion of theRetina andVisual System. Salt LakeCity,
UT: University of Utah Health Sciences Center;
2005:3.

27. Pereiro X, Ruzafa N, Urcola J, Sharma S, Vecino
E. Differential distribution of RBPMS in pig, rat,
and human retina after damage. Int J Mol Sci.
2020;21:9330.

28. MaidanaD, Tsoka P, Tian B, et al. A novel ImageJ
macro for automated cell death quantitation in the
retina. Invest Ophthalmol Vis Sci. 2015;56:6701.

29. Lei Y, Rajabi S, Pedrigi R, Overby D, Read A,
Ethier C. In vitro models for glaucoma research:
effects of hydrostatic pressure. Invest Ophthalmol
Vis Sci. 2011;52:6329.

30. Taylor L, Moran D, Arnér K, Warrant E, Ghosh
F. Stretch to see: lateral tension strongly determines
cell survival in long-term cultures of adult porcine
retina. Invest Ophthalmol Vis Sci. 2013;54:1845.

31. Villegas-Pérez M, Vidal-Sanz M, Rasminsky M,
Bray G, Aguayo A. Rapid and protracted phases
of retinal ganglion cell loss follow axotomy in the
optic nerve of adult rats. J Neurobiol. 1993;24:23–
36.

32. Kobuch K, Herrmann W, Framme C, Sachs H,
Gabel V, Hillenkamp J. Maintenance of adult
porcine retina and retinal pigment epithelium in
perfusion culture: characterisation of an organ-
otypic in vitro model. Exp Eye Res. 2008;86:661–
668.

33. Svare F, Åkerström B, Ghosh F. It’s about time:
time-dependent tissue damage in the adult porcine
retina after enucleation. Cells Tissues Organs.
2021;210:58–65.

34. Križaj D, Ryskamp D, Tian N, et al. From
mechanosensitivity to inflammatory responses:
new players in the pathology of glaucoma. Curr
Eye Res. 2013;39:105–119.

35. Wood J, Mccord R, Osborne N. Retinal protein
kinase C. Neurochem Int. 1997;30:119–136.

36. Agar A, Li S, Agarwal N, Coroneo M, Hill M.
Retinal ganglion cell line apoptosis induced by
hydrostatic pressure. Brain Res. 2006;1086:191–
200.

37. Realini T. A history of glaucoma pharmacology.
Optom Vis Sci. 2011;88:36–38.

38. Flammer J, Orgül S, Costa V, et al. The impact of
ocular blood flow in glaucoma.ProgRetin EyeRes.
2002;21:359–393.

39. Anderson D, Normal Tension Glaucoma Study.
Collaborative Normal Tension Glaucoma Study.
Curr Opin Ophthalmol. 2003;14:86–90.

40. Shen Y, Luo X, Liu S, Shen Y, Nawy S, Shen
Y. Rod bipolar cells dysfunction occurs before
ganglion cells loss in excitotoxin-damaged mouse
retina. Cell Death Dis. 2019;10:905.


