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PURPOSE. An important, yet not exclusive, aspect of primary open angle glaucoma is elevated
intraocular pressure (IOP) profiles within fluctuations and pressure peaks. The study aimed at
establishing minimally invasive methods for recurrent IOP elevation in rats to investigate the
impact of IOP dynamics and pathomorphologic retinal alterations during and after IOP
elevation.

METHODS. Intraocular pressure was elevated unilaterally in Long Evans rats to a level of »35
mm Hg for 1 hour in a total of 30 manipulations within 6 weeks, by using two methods: (1)
suction-cup oculopression and (2) loop-adjusted oculopression. Retinal thickness (RT) was
measured via optical coherence tomography (OCT), and neuronal survival was analyzed.
Additional experiments were performed for ‘‘in situ’’ OCT investigations during exposures to
different IOP levels.

RESULTS. A mean IOP exposure of þ737.3 6 9.6 DIOP mm Hg for loop adjustment and
þ188.9 6 16 DIOP mm Hg for suction cup was achieved. Optical coherence tomography
examination revealed notable changes of RT between controls, untreated, and treated eyes,
and evaluation of neuronal loss showed a significant decrease of retinal ganglion cell (RGC)
density in both groups. In situ OCT investigation showed paradoxical retinal distortion and
deformation of the optic nerve head toward the eye background.

CONCLUSIONS. After accurate IOP elevation with minimally invasive methods, it was possible to
detect RGC loss and retinal thinning. While suction cup is capable of simulating accurate
arbitrary IOP profiles, loop adjustment enables the detection of pressure-dependent retinal
alterations. For the first time, it was feasible to investigate consequences of variable IOP
elevation profiles, including pressure peaks, by using real-time live imaging in vivo.
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The pathology of glaucoma is still subject to research. In
general, it is considered a multifactorial, heterogeneous

group of ocular diseases and is the second most common cause
of human blindness worldwide.1 Furthermore, it is defined by a
progressive and irreversible loss of retinal ganglion cells (RGCs)
and their axons,2 which leads to visual field loss in more
advanced stages.3 Glaucoma is often associated with an
elevated intraocular pressure (IOP),4 but solely 60% to 75% of
the patients who suffer from primary open angle glaucoma
(POAG) show an IOP elevation of more than 21 mm Hg.5

Several studies have demonstrated that an elevated IOP does
not remain at a stable level, but rather that it underlies strong
dynamics including IOP fluctuations, pressure peaks, and
circadian variations of approximately 10% to 20% (up to 64
mm Hg).6–8 Moreover, there are hints of a relationship between
IOP fluctuations and increased mean IOP, which further
impacts the visual field.9–12 While half of these studies indicate
a direct link to disease progression, others do not. On the other
hand, the remaining 25% to 35% of the glaucoma patients
suffering from normal tension glaucoma manifest glaucomatous
symptoms without significant elevation of the IOP.13 Neverthe-
less, an elevated IOP level is still considered a major risk factor.

Diagnosing glaucoma is based on anamnesis, IOP measurement,
perimetry, and imaging methods. Using optical coherence
tomography (OCT) and confocal scanning laser technology,
glaucomatous alterations, such as an increase of papillary
excavation, bended vessels at the disc margin, decrease of the
retinal thickness, and optic disc hemorrhages in 3% to 6% of the
cases, can be detected and monitored. As glaucoma is a slow,
progressive neurodegenerative disease, already 20% to 40% of
the RGCs are irreversibly marred by the time of clinical
diagnosis.14 By now, numerous different hypotheses concern-
ing the pathogenesis exist, but none is sufficient to elucidate
the disease pattern on its own. It is assumed that the interaction
of individual pathomechanisms, such as IOP-dependent and
IOP-independent dysregulations of the ocular blood flow and
retinal ischemia, lead to the final loss of RGCs. These pressure-
induced dysfunctions and autoregulations in retinal blood
vessels often lead to RGC loss by, for example, anoxia and
reperfusion injury.15,16 Currently, there are several methods for
inducing invasive and chronic experimental IOP elevations in
laboratory animals, such as injection of hypersaline sodium
chloride solution into the episcleral vein17 or its cauteriza-
tion,18 injection of microparticles into the anterior chamber,19
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and laser photocoagulation to the trabecular meshwork.20

However, these models provide a static IOP elevation, which
does not comply with the IOP dynamics in POAG patients and,
therefore, a model enabling dynamic IOP adjustments is
needed. The first such model reported was that of Joos et
al.,21 who adjusted a loop around the eyeball of a rat in a kind
of oculopression for intermittent, short-term, minimally inva-
sive IOP elevation, with a strong potential to conduct arbitrary
IOP elevation. Another method based on cup suction
oculopression initially described by Ulrich and Ulrich,22 has
been developed for the determination of ophthalmic artery
blood pressure in humans and rabbits and might be suitable for
arbitrary IOP elevation in rats as well. Therefore, the present
study aimed at examining both methods to study a slow,
progressive RGC loss model by recurrent short-term IOP
elevations and investigated its IOP dynamics during unilateral
manipulation. To simulate a variable IOP profile with
fluctuations from physiologic IOP to pressure peaks compara-
ble to those of POAG patients, an accumulation of 30 hours of
IOP elevation was scheduled for a timespan of 6 weeks. The
elevation was performed in rat eyes to an estimated
glaucomatous IOP level above 30 mm Hg. The potential
glaucomatous effects in the retina, such as thinning of the
retinal thickness due to RGC loss, were assessed by OCT and
verified by RGC density analysis via Brn3a immunostaining in
cross-sections. Enhanced RGC quantification was performed by
optic nerve axon counting. As a new and innovative approach,
OCT imaging was combined with the loop-adjusted oculopres-
sion method described by Joos et al.21 For the first time, this
might offer the possibility of real-time in vivo OCT imaging to
investigate alterations of the retinal constitution during IOP
pressure changes.

METHODS

Animals, IOP Measurements, and Experimental
IOP Elevation

Animals. The experiments were approved by the national
investigation office in Koblenz, Germany, and the animals were
treated in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Eight-week old
male Long Evans rats (Charles River, Sulzfeld, Germany) were
maintained in climate-controlled rooms with 12-hour light–
dark cycle and fed ad libitum. After the final in vivo
experiments, the animals were euthanized by CO2 fumes,
and final cardiac blood was withdrawn, followed by cardiac
perfusion with 4% paraformaldehyde/heparin (2000 U/L)
solution (Roth, Karlsruhe, Germany).

Minimally Invasive Short-Term IOP Elevation and
Study Design. For IOP manipulation, all animals were sedated
by using medetomidine (0.185 mL/kg, intramuscular, Dorbene
vet; Pfizer, New York, NY). Left eyes (OS) served as control
eyes and were moistened continuously with carbomer
(ThiloTears; Alcon, Hünenberg, Germany) during the manipu-
lation of the right eyes (OD), which were treated with
oxybuprocain (Novesine 0.4%; OmniVision, Puchheim, Ger-
many). After manipulation, both eyes were covered with
dexpanthenol (Bepanthen; Bayer, Leverkusen, Germany).

Intraocular pressure elevation was induced in the right eyes
by loop-adjusted oculopression (LAOP) in 12 animals as
described earlier.21 Briefly, a silicone loop was tightened
around the bulbus to the desired IOP level of 35 mm Hg. The
IOP elevation by cup-suction oculopression (CSOP) in another
12 animals is based on sucking the cornea into a cup
maintained by a hydrostatic device; herewith the range of the
eyeball is reduced and consequently the IOP rises.22 A silicone

cup with 0.4-cm diameter (Timmer Pneumatik, Neuenkirchen,
Germany) was used and connected with perfusor lines and
several three-way valves (both Braun, Melsungen, Germany) to
a hydrostatic mercury column coupled with a 50-mL syringe
(Fig. 1). In total, 30 recurrent unilateral IOP elevations, applied
for 1 hour in a range of 30 to 35 mm Hg within a period of 6
weeks, were scheduled for both methods.

To identify possible contralateral impacts due to the
unilateral IOP elevation, 12 eyes of healthy rats of the same
age served as the control group (CTRL). Control animals
underwent IOP recording, OCT examination, as well as RGC
evaluation and optic nerve axon analysis. Controlled psycho-
logic (handling by examiners, routine investigations on
behavior, etc) and physiologic stress (anesthesia procedures
on days before IOP recordings, routine exercises) was
simulated in controls to ensure comparable stress levels as in
the treated groups.

Calibration Study. Simultaneously to the key animal
experiments, the CSOP method needed additional validation
to examine whether IOP elevation correlates linearly to the
applied negative pressure level, as Stodtmeister et al.23 have
proposed. Furthermore, we investigated whether the IOP
remained stable or if dynamic IOP changes occurred during the
manipulation. Nine rats underwent unilateral IOP elevations at
five different negative pressure levels:�100,�200,�300,�400,
and �500 mm Hg. Each level was applied for 1 hour and IOP
was measured every 5 minutes. The study started with the
lowest negative pressure level, and animals were given a pause
of 2 days between the next assessments.

IOP Measurements. Intraocular pressure was measured
routinely with the TonoLab tonometer (icare, Espoo, Finland)
in awake rats between 9 and 12 AM, before IOP elevation
(baseline); 2, 4, and 6 weeks after first IOP elevation; and 1 day
before euthanasia (end). Furthermore, IOP was assessed in
sedated animals before, during, and after IOP manipulation.
The mean of 10 consecutive measurements was calculated for
each analysis per eye and time point.

Imaging for Glaucomatous-Like Alterations Using
Spectral-Domain (SD)–OCT

OCT Setup. Retinae were evaluated by using SD-OCT
(Spectralis OCT; Heidelberg Engineering, Heidelberg, Ger-
many). Several changes of the OCT setup, as given by Guo et
al.,24 were needed to enable investigations in rodents, and
parameters were standardized throughout all examinations as
follows: (1) the OCT device was set to 15.25 diopters, (2) the
corneal radius was experimentally determined to 2.75 mm
prior, (3) the reference arm was adjusted and fixed at 20500,
(4) high-resolution imaging was selected, (5) pattern size was
determined to 208 3 158, which equates to 2.4 mm of X-size
and 1.9 mm of Z-size, and (6) ART ¼ 30 frames. To minimize
light scattering and to enhance the sharpness of the images,
pupils were dilated with tropicamide (Mydriaticum; Pharma
Stulln, Stulln, Germany) and eyes were kept moistened with
hyaluronic acid (Artelac Splash; BauschþLomb, Rochester, NY).

Assessment of the Retinal Thickness. Six weeks after
the first IOP elevation, the retinal thickness (RT) around the
optic nerve head (ONH) was assessed 2 days after the last IOP
elevation and 1 day before euthanasia. In accordance with Guo
et al.,24 our raster scanning pattern consisted of 19 grids with a
distance of 6100 lm in between. The central 10th grid was
centered on the middle of the ONH. Images were acquired
from left and right retinae, and RT was measured from the
border of the nerve fiber layer to the end of the outer segment
of the photoreceptor layer at 3400 magnification. Three
measurements were taken at 6700-, 6800-, and 6900-lm
distance to the ONH in the nasal (N) and temporal (T)
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directions, which corresponds to the 10th grid (sinistral or
dexter), as well as inferior (I) at 1st, 2nd, and 3rd grid, and
superior (S) at the 17th, 18th, and 19th grids (Figs. 4A, 4B).

Pressure-Dependent Retinal Alterations by OCT in In
Vivo Real-Time Imaging. To approve an OCT approach to
detect pressure-dependent retinal alterations in real-time while
the vascular loop was adjusted, three rats were used.
Fluctuating IOP pattern was applied in a wave-like IOP profile:
45 mm Hg for 29 minutes � release of the loop for 1 minute;
IOP decrease to normal levels � IOP increase to 30 mm Hg for
30 minutes � release of the loop; IOP decrease to normal
levels. Retinal thickness was measured correspondingly to the
IOP changes before and during the loop manipulation.
Afterwards, additional OCT examinations were performed
with these preconditioned animals at different IOP levels of
35, 45, and 55 mm Hg to investigate mechanical alterations.

RGC Counts, Axonal Damage Grading, and
Analysis of Optic Nerve Axon Density

Brn3a Immunostaining in Retinal Cross-Sections. Eyes
were marked to ensure nasotemporally oriented cross-sections
and then enucleated, immersions were fixed in 4% parafor-
maldehyde and paraffin embedded by using a routine protocol.
Nasotemporal 10-lm cross-sections were sliced through the
ONH for a comparison between the retinal thickness evaluated
by OCT and the RGC density in the same retinal axis.

Brn3a is a suitable marker for RGC quantification25 and
Brn3a immunostaining was performed in retinal cross-sections.
Briefly, after antigen retrieval in DAKO’s Target retrieval
solution (958C, 40 minutes; DAKO, Hamburg, Germany) and
blocking, a primary antibody goat anti-Brn3a (C20; Santa Cruz
Biotechnology, Santa Cruz, CA) and secondary antibody rabbit
anti-goat IgG (P0449, DAKO), labeled with horseradish
peroxidase, were used. Visualization was made with 3,30-
diaminobenzidin (DAB; DCS diagnostics, Hamburg, Germany)
and routine hematoxylin (Merck, Darmstadt, Germany) coun-

terstaining followed (Fig. 4G). Brn3a-positive cells were
counted by using 340 magnification and a Vanox T microscope
(Olympus, Hamburg, Germany) and set in relation to the
retinal length (Brn3a cells per mm).26,27 Retinal ganglion cell
density was calculated in five nasotemporally oriented cross-
sections per eye.

Optic Nerve Axon Damage and Density. Optic nerves
were fixed in 3% glutaraldehyde (Merck) in 0.1 M sodium
cacodylate buffer, washed in cacodylate buffer (pH 7.3),
thereafter incubated with 1% osmium tetraoxide for 2 hours
and dehydrated. After embedding in epoxy resin, semithin
transverse sections of the optic nerves were cut at 0.7 lm with
a glass knife, using an ultramicrotome (Leica, Solms, Germany),
and stained with paraphenylenediamine (PPD). From each
optic nerve, up to 15 images were taken at 3100 magnification
in a standardized crosswise procedure, representing 25% of the
total area of the optic nerve cross-section. As previously
described by Ding et al.,28 optic nerve damage was categorized
by using a 5-point damage grading scale, representing degree of
damage as follows: grade 1 ¼ healthy optic nerve with no or
only very few damaged axons, no gliosis; grade 2 ¼ very mild
damage, no gliosis; grade 3¼mild damage with frequent PPD-
stained axons; grade 4¼ severe damage with many PPD-stained
axons and gliotic indications; and grade 5 ¼ severe damage
with frequent damaged axons and gliotic areas.28 Examples of
these PPD-stained cross-sections and grades are shown in
Figure 5A. The number of axons in all images were assigned
automatically with ImageJ software (National Institutes of
Health, Bethesda, MD) using a customized macro including
standardized threshold setting and the free available particle
analyzer. Axon density in an area of 0.05 mm2 (number of
axons per 0.05 mm2) was calculated in each optic nerve.

Statistical Analysis

Intraocular Pressure. For routine IOP recordings, IOP
values of each eye, animal, and time point were analyzed.

FIGURE 1. Suction-cup oculopression. (A) The hydrostatic device consisting of a mercury reservoir (Hg-res) connected to a scaled mercury column
(Hg-col) was used to generate a negative pressure level with a perfusor syringe (syr). Four silicone cups were queued in the system via three-way
valves (3-wv) that allowed an individual IOP elevation in up to four different animals simultaneously. (B) As the cornea and sclera are flexible, but
not stretchable, structures, IOP elevation is generally based on the reduction of the bulbus range by sucking the cornea into a cup (Ø, 0.4 cm). (C)
Attached cup on a rat eye. The circle indicates the area for IOP measurement using the TonoLab.
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FIGURE 2. Dynamics, calibration, and elevation of IOP in vivo. (A–E) After applying negative pressure levels ranging from�100 (A) to�500 (E) mm
Hg to increase IOP in vivo, measurement periods of 5 minutes within a 1-hour period showed continuous decreases with hyperbolic trends. (F)
Mean values with SD are given in the table. (G) The IOP elevation from 12.2 6 1.8 mm Hg at baseline to 16.5 6 3.4 mm Hg at�100 mm Hg negative
pressure showed a significant increase (P¼0.02). Further pressure elevation to�200 mm Hg led to a significant IOP elevation to 20.8 6 5.6 mm Hg
(P < 0.01). Comparing �200 to �300 mm Hg, the IOP was elevated again to 27.6 6 6.7 mm Hg (P < 0.01). Elevation to �400 mm Hg revealed
further significant increase of the IOP to 30.9 6 10.6 mm Hg (P¼0.01). Exertion of�500 mm Hg did not lead to significant IOP elevation. A straight

calibration line could be generated, as IOP values are linear for each elevation until�400 mm Hg, related to the corresponding negative pressure
level with y ¼ 0.0485x þ 11.91 and an excellent R2 value of 0.99. *P < 0.05, **P < 0.01.
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In accordance with Biermann et al.,29 the cumulative IOP
exposure during the IOP elevation was calculated as the

P
of

integrated areas under the curve (DIOP mm Hg) of each animal
after IOP values of the contralateral, untreated eye were
subtracted.

In the calibration experiments, a mean IOP for each of the
five different negative pressure levels was calculated. To
illustrate the dynamics of the IOP during the calibration
experiment, data for every measuring period were averaged
per negative pressure level.

Integral calculus, regression analyses, and exponential and
linear trend lines were prepared in Excel (Microsoft, Redmond,
WA). Statistical evaluation was performed with Statistica
(StatSoft, Tulsa, OK).

Retinal Thickness, RGC, and Axon Density. Retinal
thickness measurement and RGC analysis were performed
twice by two independent observers masked to the protocol to
ensure reproducibility. Data underwent normal distribution
analysis. The three values of the RT measured in each direction
were averaged per eye. To detect differences between treated,
contralateral, and control eyes, the mean RT was summarized
by all quadrants and the mean RTs in the inferior–superior axis
and the nasotemporal axis were analyzed. The RGC density in
the nasotemporal axis was calculated by averaging the values
of Brn3a cells per mm of five cross-sections each eye. Accuracy
of the automated axon counting was verified manually on a
random basis (sample size: 10% of all images, two observers),
revealing an excellent detection, and data were proofed for
normal distribution.

Tests. For multiple test schemes, Tukey’s honestly signifi-
cant difference post hoc tests were used. P values < 0.05 were
considered as significant. All data are given as mean 6 standard
deviation (SD).

RESULTS

Experimental Unilateral IOP Elevation in Rats

In general, both minimally invasive methods revealed to be
suitable for arbitrary IOP elevation in a range of 30 to 35 mm
Hg in rats.

In the calibration experiment for the CSOP method, the
mean IOP was determined to be 12.2 6 1.8 mm Hg at baseline.
Exertion of the pressure levels at�100,�200,�300, and�400
mm Hg effected significant elevation of the IOP each time (P <
0.05, Figs. 2A–D). Exertion of �500 mm Hg did not provoke
further significant IOP elevation (31.2 6 10.3 mm Hg, P ¼
0.99) and indicated the limit of the used cup (Fig. 2E).
Regression analysis revealed a linear relation between negative
pressure levels (until�400 mm Hg) and IOP increase (Fig. 2G).

Corneal opacities, such as corneal hemorrhages, were
observed in all manipulated eyes of the CSOP group and one
animal showed a cloudy, cataract-like lens. Paradoxically, there
was also spontaneous minimal corneal blurring in left,
untreated eyes in four animals. Consequently, the experiment
was paused, and the eyes of all CSOP rats fully recovered after
dexpanthenol treatment within 1 week. Owing to those
unexpected complications, only 10 of 30 scheduled IOP
elevations could be performed that led to a cumulative mean
IOP exposure ofþ188.9 6 16 DIOP mm Hg. Side effects due to
the loop manipulation were not observed in the LAOP group. A
cumulative mean IOP exposure ofþ737.3 6 9.6 DIOP mm Hg
was achieved by 30 LAOP elevations (Fig. 3A).

Routine Monitoring of the IOP in Awake Rats

In both methods, IOP levels were observed in awake rats,
between 13.3 6 1.3 mm Hg (OS) and 13.7 6 2.1 mm Hg (OD)

at baseline and a maximum of 22.8 6 2.5 mm Hg (OS) and 22.4
6 2.5 mm Hg (OD). The IOP of the control group ranged
between 13.6 6 1.8 mm Hg at baseline and 17.1 6 1.7 mm Hg
in the course of the study. These data indicate the occurrence
of not only increasing IOP levels but also higher IOP
fluctuations in awake animals in both experimental groups in
comparison to control group. Detailed IOP data are given in
Figures 3B and 3C.

Retinal Thickness and Live Imaging Using
Spectralis OCT

No significant difference of the mean RT could be identified
between contralateral and manipulated eye of the CSOP group
in all quadrants (OS: 185.3 6 11.7 lm, OD: 184.8 6 10 lm; P

¼ 0.8), or in the inferior–superior axis (OS: 186.3 6 10.0 lm,
OD: 186.3 6 10.6 lm; P¼ 0.9) and the nasotemporal axis (OS:
183.1 6 9.8 lm, OD: 183.6 6 12.4 lm; P¼ 0.8). However, in
comparison to the control group, the mean RT in all quadrants
of contralateral and manipulated CSOP eyes was significantly
thinner (CTRL: 189.3 6 9.3 lm, CSOP OS: 184.8 6 10 lm,
CSOP OD: 185.3 6 11.7 lm; P < 0.01). These observations
continued in axial analysis, where RT of controls in the
inferior–superior axis was 187.2 6 9.8 lm and in the
nasotemporal direction, 191.5 6 8.2 lm. Therefore, inferior–
superior RT in CSOP was slightly decreased, and RT in the
nasotemporal axis was significantly thinner (P < 0.01, Fig. 4C).
In the LAOP group, the mean RT in the treated eye was notably
decreased, with a mean RT of 191.2 6 10.8 lm compared to
the contralateral mean RT of 193.9 6 9.8 lm in all quadrants (P
¼ 0.08). This effect was also found when analyzing the RT in
the nasotemporal axis, with 191.2 6 8.8 lm in the
manipulated retina compared to 193.9 6 8.2 lm in the
contralateral retina (P¼ 0.1). In the inferior–superior axis, the
mean RT was slightly decreased in OD (191.6 6 12.4 lm)
compared to the RT in OS (193.8 6 11.1 lm, P ¼ 0.35). It is
conspicuous that the RT in the LAOP group was found to be
significantly thicker as in the CSOP group (P < 0.01).
Furthermore, the RT in all quadrants of the untreated eyes in
LAOP animals was even significantly thicker compared to the
controls (CTRL: 189.3 6 9.3 lm, LAOP OS: 193.9 6 8.2 lm; P

¼ 0.01). This trend was also seen in the axial analysis, but a
significant increase was only notable in the inferior–superior
axis of untreated retinae in LAOP animals (P ¼ 0.01, Fig. 4E).

The OCT approach was suitable to detect pressure-
dependent retinal alterations, such as horizontal stretching
and vertical impacts, during LAOP performance. Surprisingly,
in vivo real-time imaging showed a dynamic RT increase during
LAOP manipulation, which was related to the applied IOP (Fig.
6).

Retinal Morphology and RGC Density in
Nasotemporal Cross-Sections

The histologic evaluation of the CSOP animals proved an
evident, but not significant, loss of RGCs in the nasotemporal
axis of treated eyes, as there were 58.1 6 3.6 Brn3a cells per
mm compared to 65.4 6 9.8 Brn3a cells per mm in
contralateral eyes (P ¼ 0.26, Fig. 4D). Despite little manipula-
tion time, the data demonstrate 11% fewer RGCs after 10 IOP
elevations. It is notable that RGC densities in both eyes of
CSOP animals were found to be significantly decreased as
compared to a density of 92.0 6 9.0 Brn3a cells per mm in
controls (P < 0.01, Fig. 4D).

In comparison, a loss of 12% after 30 IOP elevations was
observed in LAOP. This loss was statistically significant with
84.1 6 9.2 Brn3a cells per mm in the untreated eyes compared
to 74.2 6 8.3 Brn3a cells per mm in manipulated eyes (P ¼
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FIGURE 3. Intraocular pressure exposure and routine IOP recording in awake animals. (A) The cumulative mean IOP exposure in the manipulated
right eyes was calculated as DIOP mm Hg exposure on the abscissa, as the difference between IOP values of the manipulated (OD) and contralateral
(OS) eye. Ten hours of IOP elevations using CSOP led to a cumulative IOP exposure of 188.9 6 16 DIOP mm Hg. In the LAOP group, the cumulative
IOP during 30 IOP elevations (30 h) was 737.3 6 9.6 DIOP mm Hg. (B) In the CSOP group, a significant elevation of the physiologic IOP at different
time points was identified not only in manipulated eyes but also in contralateral eyes compared to control group. The latter was determined to be
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0.03, Fig. 4F). Furthermore, no changes in the RGC densities
were determined between the untreated eyes of LAOP animals
and controls, but a significant decrease of RGCs was found in
retinae after IOP exposures (P ¼ 0.01, Fig. 4F).

Morphologic changes in the Brn3a-stained cross-sections,
indicating acute pathogenetic effects, were not observed in any
retinae. Furthermore, the retinal architecture in the nasotem-
poral axis seemed intact 6 weeks after the first IOP elevation
and was in accordance with the observations during OCT
imaging (Fig. 4G).

Grade of Axonal Damage and Axon Density in the
Optic Nerves

Analysis of the grading revealed increased axonal damage in the
optic nerves of eyes exposed to IOP elevation. After applying a
5-point damage grading scale, whereby grade 1 represents
healthy axons and grade 5 represents severe damage, the mean
grade of degeneration in the optic nerves was 2.0 6 0.3 in OS
versus 2.7 6 0.5 in OD (P < 0.01) in the CSOP group and 1.6
6 0.2 in OS versus 2.2 6 0.2 in OD (P < 0.01) in LAOP
animals. The data indicate a significant increase of axonal
damage in the manipulated eyes 6 weeks after the first
intermittent IOP elevation in comparison to the untreated,
contralateral eye as well as to a grade of 1.5 6 0.2 (P < 0.01) in
control optic nerves (Fig. 5C).

The result of the axon density analysis was comparable to
the Brn3a data. In comparison to the axon density in the
control group, all animals in the experimental groups showed a
significantly decreased number of axons not only in their
manipulated eyes but also in their contralateral ones. Controls
had 22,528 6 2127 axons per 0.05 mm2 and showed no
difference with the untreated left eyes in LAOP animals (23,144
6 1956 axons per 0.05 mm2), while the untreated eyes of the
CSOP group with 21,035 6 3410 axons per 0.05 mm2 revealed
a slight reduction. Axon density of the manipulated eyes
therefore showed a significant decrease of approximately 17%
6 weeks after the first IOP elevation in comparison to the axon
density in untreated eyes (CSOP OD: 17,505 6 2890, P¼ 0.02;
LAOP OD: 19,266 6 2366, P < 0.01) and in controls (CTRL
versus CSOP OD: P < 0.01; CTRL versus LAOP OD: P¼ 0.04).
Details of axonal damage and axon density in the optic nerves
are given in Figure 5.

DISCUSSION

Both methods worked properly to increase IOP. Results of the
calibration study showed linear dependence between negative
pressure levels and showed that IOP increase is related to cup
size and shape as described for this method.22,23 Intraocular
pressure values using LAOP are basically comparable to the
data of Joos et al.,21 but this method offers opportunities to
achieve higher IOP values. Furthermore, both recurrent short-
term IOP elevations for a period of 6 weeks elicited significant
RGC loss and marked changes of the retinal architecture.

In comparison to static glaucoma animal models, which
show high bias in IOP values and result in relatively progressive
RGC losses in short durations,30–32 this short-term recurrent
IOP elevation model revealed a slow progression. A RGC loss of
approximately 10% in the nasotemporal axis and an axonal loss
of approximately 17% within 6 weeks correspond to the
human pathology of glaucoma. Its practicability, success rate,
as well as its control seem not to be difficult. However, both
methods are more or less invasive, concerning the corneal
opacities, and are prospectively suitable for simulating
complex and arbitrary IOP patterns up to high IOP levels.
Both methods have specific advantages and disadvantages,
which have to be considered in future studies: our cup caused
corneal alterations in lasting utilization, a problem that has to
be controlled in the future, and it is limited to a mean IOP level
of 31 mm Hg. It turned out that cups with the same diameter
but with more acute angles elicited an IOP increase of up to 80
mm Hg; once the cup is calibrated, the accuracy of the method
is outstanding and well-controlled pressure changes are
realizable (Lueckner T, et al. IOVS 2013;54:ARVO E-Abstract
1985). The LAOP method is not as accurate in adjusting the
desired IOP increase and needs high practical skills, but it is
more suitable for longer-lasting, recurrent elevations without
irritations. The major advantage of LAOP is the opportunity for
in vivo real-time retinal imaging using OCT devices to
investigate pressure-dependent retinal alterations during IOP
elevation.

Routine IOP recording revealed increased bilateral IOP in
awake rats of the experimental groups throughout the study,
while no manipulations were proceeding. Partially, these IOP
increases were statistically significant compared to IOP levels
of controls. Comparable phenomena were observed in other
studies in which an increased degree of optic nerve injury after
hypersaline injection was associated with significant higher
IOP values.33

But it has to be noted that the controls were subjected to
similar stress levels as animals undergoing IOP manipulation
and responded with a slight IOP increase between baseline and
the end of the study. Nevertheless, nearly all recorded IOP
values of controls in our study stayed in a physiologic range
between a minimum of 8.1 6 0.7 mm Hg34 and a maximum of
16.7 6 2.3 mm Hg,33 assessed for rats during light phase with
the TonoLab. Even a few recurrent IOP elevations elicited
prolonged dynamic bilateral IOP regulation, but also IOP levels
up to 22.9 6 2.6 mm Hg were reached in the experimental
groups. This leads to the conclusion that stress influences IOP
values in healthy animals, but stress combined with intermit-
tent IOP elevations elicit higher IOP values and also higher
fluctuations in awake animals. This conclusion reflects aspects
of the hypothesis described by Brody et al.,35 who has stated
that in humans, psychologic stress during short-term IOP
elevation elicits higher IOP values than the short-term IOP
elevation itself. Moreover, there were several hints of bilateral
effects after unilateral manipulation, especially in the CSOP
group, because the data of OCT investigations, Brn3a

13.6 6 1.8 mm Hg (CTRL) with 13.5 6 1.4 mm Hg in OS and 14.6 6 1.6 mm Hg in OD in animals at baseline before CSOP IOP manipulation started.
After 2 weeks of manipulation, the IOP was significantly elevated to 18.1 6 3.6 mm Hg in OS (P¼0.02) and to 19.9 6 5.7 mm Hg in OD (P < 0.01)
compared to 14.5 6 2.1 mm Hg in controls. The IOP of the CSOP group fluctuated in the subsequent weeks and reached a significantly elevated
IOP level at the end point with 22.9 6 2.6 mm Hg in OS (P < 0.01) and 22.4 6 2.4 mm Hg in OD (P < 0.01) compared to 17.1 6 1.7 mm Hg in
control eyes. The CSOP group underwent 10 experimental IOP elevations, which took place within the first 2 weeks, as shown below the abscissa

in the distribution of CSOP IOP elevations. (C) Animals of the LAOP group showed a fluctuating IOP pattern throughout the study. Before IOP
manipulation started using LAOP, baseline values revealed IOP levels of 13.6 6 1.8 mm Hg in the control group and 13.2 6 1.4 mm Hg in OS and
13.0 6 2.5 mm Hg in OD of the LAOP group. In contrast to the CSOP group, only contralateral eyes were significantly elevated after 6 weeks (CTRL:
15.4 6 2.5 mm Hg, OS: 20.6 6 3.8 mm Hg, P < 0.01, OD: 18.3 6 4.0 mm Hg) compared to the control group. LAOP IOP elevations were performed
continuously during 6 weeks as shown below the abscissa. Significances compared to controls at the same time points are marked as #. #P < 0.05,
##P < 0.01.
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FIGURE 4. Retinal thickness and RGC density. (A) Using Spectralis OCT, a distinct differentiation between the layers of the rat retina can be made
(layers labeled according to Guo et al.24). The RT was measured from the nerve fiber layer to the most distinctive layer, the outer segment of the
photoreceptor layer. (B) The RT measurements were done in temporal (T), superior (S), nasal (N), and inferior (I) direction at 6700-, 6800- and
6900-lm distance to the optic nerve head. (C) After 10 recurrent IOP elevations in the CSOP group, the mean RT (listed on adjusted ordinate for
better illustration of RT changes) in all quadrants as well as in the nasotemporal axis was significantly decreased in the manipulated and contralateral
eye in comparison to the control (CTRL, P < 0.05). Interestingly, RT did not differ between the left and the manipulated right eyes, and analysis of
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immunostaining, and IOP measurements were in line: (1) the

retinal thickness in both eyes was reduced significantly

compared to controls, especially in the nasotemporal axis (P

< 0.05, Fig. 4C); (2) RGC density in the nasotemporal axis was

reduced significantly (P < 0.01) and did not differ between

treated and untreated eyes (Fig. 4D); and (3) IOP values were

elevated, partially significantly (P < 0.05), in both eyes in

comparison to controls (Fig. 3B). A bilateral sectorial impact

using the cup suction method, accompanied by RGC loss in the

nasotemporal axis of the untreated retina, might be an

explanation for that unexpected observation. Despite the

occurrence of heterogeneous labeling, nonspecific DAB

FIGURE 5. Evaluation of optic nerve damage. (A) The optic nerve damage was determined by using a 5-point damage grading scale according to
Ding et al.28 Each grade represents a different stage of optic nerve damage; grade 1: healthy nerve; grade 2: slight damage with only few damaged
axons; grade 3: moderate damage with frequent degenerated axons; grade 4: severe damage with mostly degenerated axons and the appearance of
gliotic areas; grade 5: severe axon degeneration in the optic nerve with frequent gliotic areas. Note the appearance of swollen and shrunken axons
up to total degeneration (black arrows) and gliotic tissue (white triangle). Scale bar: 20 lm. (B) The frequency of axonal damage grades as shown
in (A) was calculated as the distribution of optic nerve damage. Damage grades of CTRL eyes and contralateral and manipulated eyes of the CSOP
and LAOP groups were compared. The highest frequency of grade 1 is shown for CTRL eyes (52%); grade 2 for contralateral eyes of CSOP group
(64%); grade 3 (40%), grade 4 (9%), and grade 5 (4%) for treated eyes of the CSOP group. Overall, optic nerves of manipulated eyes from CSOP and
LAOP show higher damage grades than optic nerves in contralateral eyes and CTRL eyes. (C) The mean optic nerve damage was calculated per
group. CTRL and LAOP OS showed almost the same damage grades. Significant differences were identified between contralateral and manipulated
eyes of CSOP (P < 0.01) and LAOP (P < 0.01) groups. Additionally, significantly elevated optic nerve damage was found in manipulated eyes of
CSOP (P < 0.01) and LAOP (P < 0.01) compared to control group. (D) The number of axons has been analyzed as axonal density to an area of 0.05
mm2 in the optic nerves (number of axons per 0.05 mm2). Here, manipulated eyes from CSOP and LAOP groups show significantly reduced axon
density compared to CTRL eyes (P < 0.01) as well as when compared to their contralateral eyes (CSOP: P < 0.05, LAOP: P < 0.01). Significances to
controls are marked as # and to the contralateral eyes, as *. #P < 0.05, ##P < 0.01; *P < 0.05, **P < 0.01.

RGC density revealed comparable results. (D) Brn3a immunostaining of retinal cross-sections revealed a significant loss of RGCs in both eyes after
IOP elevations, compared to the control. Even a more severe, but not significant (P¼ 0.26), loss of RGCs in the nasotemporal axis was observed in
eyes (OD) after IOP elevations. (E) Examination of the RT in the LAOP group showed a generally thicker retina in both eyes, which was partially
significant in comparison to controls. In the LAOP group, the mean RT in all quadrants of the right eyes after 30 IOP elevations was notably, but not
significantly, decreased compared to the contralateral left eyes (P ¼ 0.37). The detailed analysis of both axes confirmed the findings of slight
decreases in the treated eyes. (F) Thirty recurrent IOP elevations in the right eyes (OD) led to a significant loss of Brn3a cells in the nasotemporal
axis in comparison to the contralateral eyes (P¼ 0.03). As for the CSOP group, RGC density was significantly decreased in both eyes against the
control and may indicate methodic peculiarities of the IOP elevation techniques with different (bilateral?) impacts. Significances to controls are
marked as # and to the contralateral eyes, as *. #P < 0.05, ##P < 0.01; *P < 0.05, **P < 0.01. (G) The panel gives an overview of the retinal
architecture and the RGC density after Brn3a immunostaining in controls (CTRL), untreated, and manipulated eyes of the experimental groups
(CSOP/LAOP). Brn3a-positive cells (triangles) were distinguishable despite the DAB background. In general, slight reduction of Brn3a-positive cells
and retinal thickness (especially in CSOP animals) were observable, while the retinal layers displayed no acute pathologic changes. Scale bar: 50
lm.
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background in neuronal tissue, and the extreme reliability of
accurate slicing, Brn3a immunostaining in retinal cross-
sections might not be the best approach for RGC quantification
primarily. But in our study it offered the possibility for
comparative analysis of the retinal thickness, histologic
morphology, and RGC loss in the nasotemporal axis. To deal
with the aforementioned problems in our Brn3a immunostain-
ings (Fig. 4G), the common method of optic nerve axon
counting was used to assure a reliable RGC quantification.
Axonal densities in the optic nerves of controls and untreated
eyes of both experimental groups were similar. In contrast,
significant axonal damage and axonal losses were determined
after exposure to IOP elevations (P < 0.05, Figs. 5B–D). Using
the CSOP technique, the damage seemed to be more intense
after shorter time of intermittent IOP elevations, in comparison
to the loop-adjusted method first described by Joos et al.21

Nevertheless, retinal changes in the nasotemporal axis of the
untreated eyes in CSOP were prominent. Whether these
changes are linked to methodic peculiarities of the IOP
elevation technique, and whether these bilateral effects are
substantial and to which extent stress plays a role, needs

further clarification in following studies. In summary, using the
CSOP method, it is possible to induce glaucomatous-like
alterations such as prolonged IOP variability, decrease of the
retinal thickness, and significant loss of RGCs even by a few
intermittent IOP elevations. This approach further offers the
possibility to investigate the impact of wide-ranging controlled
single IOP elevations and might be a suitable tool to simulate
situations of acute angle closure glaucoma in vivo.

In the present study, significant RT changes, using the OCT
device, are lacking behind the time point of significant RGC
loss; this shows that the problematic nature of diagnosis in
humans is transferred to in vivo investigations. Nevertheless,
the OCT device offered many opportunities, but many
researchers report high bias in OCT thickness measurements
with occasional paradoxical data, using animal models with
static IOP elevations. Thus, it has been shown that reliable
OCT data are achievable24 but difficult to obtain, and results
have been either sparely or not published, while generally, it is
practicable to track retinal changes in rodent models with
pressure-independent retinal degenerations.36–40 Even in our
study, CSOP animals displayed signs of a thinning of the retinal

FIGURE 6. ‘‘In situ’’ pressure-dependent retinal alterations by OCT real-time imaging. (A) The application of a wave-like IOP profile (black line, IOP
in mm Hg, ordinate right) during 60 minutes (abscissa) resulted in a periodic increase and decrease of the RT in the manipulated eyes, while the RT
in the untreated left eyes minimally decreased with time. (B) Representative fundi (left side) and images of the nasotemporal retinal axis (right side)
at different IOP levels are given. The ONH formed one line (grey line) with the retina in the nasotemporal axis when the retina was at a normal IOP
level of 10 mm Hg, and the border of the retinal nerve fiber layer (outlined in yellow) appeared nearly planar. The loop was adjusted to a target IOP
of 35, 45, and 55 mm Hg. A deformation of the ONH toward the eye background could be observed in the fundus images, which impacts the retinal
organization (distortions of the nerve fiber layer, yellow line), as shown in the OCT nasotemporal cross-sections. (C) The mean RT in all four
quadrants in micrometers (ordinate) was plotted against the applied IOP and time span (abscissa) and increased significantly at 45 mm Hg (P¼
0.02) and at 55 mm Hg (P < 0.01) compared to RT at a baseline IOP of 10 mm Hg. (D) Stronger impacts were noticed in the nasotemporal axis,
where retinal cross-section appeared to curve in the nasotemporal axis and showed a significant increase in the RT at 45 mm Hg (P < 0.01) and 55
mm Hg (P < 0.01). (E) In the inferior–superior axis, only IOP of 55 mm Hg caused a significant increase in the RT. *P < 0.05, **P < 0.01.
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thickness. The opposite was observed in LAOP animals, where
the retinal thickness became thicker (Figs. 4C, 4E). To
overcome this issue, our OCT imaging method was combined
with the technique of loop-adjusted IOP elevation by Joos et
al.21 This new approach was extremely suitable for achieving
‘‘in situ’’ insight into the occurrence of pressure-dependent
retinal alterations. With the use of the LAOP technique, retinal
impacts were examined at IOP pressure levels of 35, 45, and 55
mm Hg, and preliminary data suggested that the retinal
thickness became thicker with increasing IOP levels (Teister
J, et al. IOVS 2013;54:ARVO E-Abstract 1458). Moreover,
marked expansion was observed at 35 mm Hg, which was in
accordance with the observations made in the LAOP group of
our study, and the increase was statistically significant at the
higher IOP levels of 45 and 55 mm Hg (Figs. 6C, 6D). The
vertical expansion seemed to be positively linked to the
applied pressure level, as our data showed in a wave-like
profile between normal IOP values and 35 mm Hg (Fig. 6A).
Briefly, the higher the IOP, the thicker was the retina in the
present short-term recurrent IOP elevation animal model.
Based on our investigations, a horizontal stretching, as well as
an increasing vertical expansion of the retina in response to the
IOP elevation in vivo, might be offered as an explanation and
for further investigation. Therefore, the thinning of the retina,
using an OCT device in pressure-related glaucoma animal
models, can be interpreted as a surrogate parameter as stated
by Guo et al.,24 but only in consideration of the current IOP
value. We further conclude that increase and decrease of the
retinal thickness are related to the progression of RGC loss in
pressure-related glaucoma animal models. An increase oc-
curred in the loop-adjusted model that could be interpreted as
a swelling or edema of the retina in an early-damage stage due
to changes of the IOP levels. When these IOP manipulations
were paused for a longer time as in our CSOP group, the
expected decrease in retinal thickness was observed.

In summary, both methods are suitable for simulating
variable and arbitrary selectable IOP profiles in vivo to
investigate the impact of IOP dynamics occurring in POAG
patients, including IOP fluctuation ranging from normal IOP
levels to high pressure peaks. Furthermore, combining the
LAOP technique and OCT imaging, it is now possible to
investigate real-time pressure-dependent retinal alterations in
situ when the IOP is elevated. This innovative approach
contributes to the investigation of the role of IOP fluctuation
and its impact on the retina in the pathology of glaucoma.
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