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The effects of Rho-kinase inhibitor H-1152P, the dyes acid violet-17 and
indocyanine green on retinal function in the electrophysiological model of the
isolated and perfused vertebrate retina

Introduction:

The retina is a highly organized and most metabolically active tissue in the body,
converting the light signals into visual information conveyed to the central nervous
system (CNS). A growing concern regarding retinal toxicity is raised following the
daily use of intraocular dyes as adjuvant operative tool and the intraocular application
of the drugs in the modern ophthalmology. Clinically, the retinal function can be
evaluated by recording the retinal electrical response (electroretinogram = ERG) to a
flash of light. The electroretinogram (ERG) is used to investigate stimulus processing
of the photoreceptors and the higher neuronal network of the retina. It allows also the
research on the effects of drugs and their possible toxicity on retinal function.
Preclinical evaluation of the safety and the neuroprotective potency of drugs are
crucial steps in the drug development process. The electrophysiological model of the
isolated perfused retina is a well defined and flexible technique to investigate
different questions of drug effects directly and exclusively on retina function. The
model can test the safety and the neuroprotective potency of drugs which are
important steps before their intraocular use. In addition to the electrophysiological
testing, the isolated bovine retinas can be removed after the experiments and

histological investigations of the retinal preparations can be conducted.

General Methodology:

The electrophysiological model of the isolated perfused retina

The electroretinogram (ERG) of the isolated bovine retina is a sensitive and reliable
tool for evaluating effects of the applied drugs on the retina. In our study we have
investigated the effects of the Rho-kinase inhibitor H-1152P, a novel vital dye acid
violet-17 (AV-17) and indocyanine green (ICG) on retinal function. We tested the
effects of substances on the b-wave amplitude because the b-wave amplitude is the
most sensitive criterion to detect changes reflecting the integrity of the inner neural
network of the retina.



Bovine eyes were obtained from a local slaughterhouse and harvested immediately
post-mortem. They were transported in darkness in a serum-free standard medium
containing 120 mM NaCl, 2 mM KCI, 0.1 mM MgCl;, 0.15 mM CaClz, 1.5 mM
NaH;PO,, 13.5 mM Na;HPO4, and 5 mM glucose.

The preparation was carried out in darkness under dim red illumination. Eyes were
hemisected at the junction of sclera and cornea. The lens and vitreous body were
removed. The posterior eyecup was divided to four sclera-choroid-retina segments
and from each segment four circular pieces were obtained using a 7-mm trephine. By
gentle shaking the retina was separated from the underlying pigment epithelium. The
retina mounted on a supporting mesh and placed in a perfusion chamber located in
an electrically and optically insulated box.

Each ERG was recorded in the surrounding nutrient medium via two silver/silver-
chloride electrodes on either side of the retina. Perfusion velocity was controlled by a
roller pump and set to 1 ml/min.

Temperature was kept constant at 30°C. The perfusing medium was pre-equilibrated
and saturated with oxygen and could be monitored by a Clark oxygen electrode.
Retinas were dark-adapted, and ERGs were elicited at 5-min intervals using a single
white flash for stimulation. The flash intensity was set to 6.3 mix at the retinal surface
using calibrated neutral density filters. The duration of light stimulation (500 ms) was
controlled by a timer. ERGs were filtered and amplified (100-Hz high-pass filter, 50-
Hz notch filter, 100.000x amplification) using a Grass CP 511 amplifier. Data were
processed and converted using an analog-to-digital data acquisition board (NI USB-
6221; National Instruments, Austin, TX, USA) and a personal computer. The ERGs
were recorded and analysed by DASYLab Professional Version 10.0.0 (National
Instruments, Austin, TX, USA), (Fig. 1).

Retinas were superfused with serum-free nutrient solution and stimulated repeatedly
until stable b-wave amplitudes were recorded. The b-wave amplitude was measured

from the through of the a-wave to the peak of the b-wave.
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Figure 1. Setup for ERG recording from the isolated perfused bovine retina (A)
Overview of the Faraday cage with two separate incubation boxes for perfusion
chambers. (B) Stimulation and recording unit. (C) Scheme of the optical and electrical
circuits for the ERG recording from the perfused retina. (D) Components of the

perfusion chamber.



Live/Dead assay

Retinas followed after ERG-measurements and cultured retinas were incubated for
30 minutes in 4 yM Ethidium homodimer-1 (EthD-1) diluted in 0.1% glucose-PBS,
rinsed briefly with 0.1% glucose-PBS twice, fixed with 2% paraformaldehyde (PFA)-
PBS for 15 minutes followed by 4% PFA-PBS for 15 minutes. After three rinses in
PBS for 5 minutes, the retinas were permeabilized in 0.1% Triton X-100/PBS for 10
minutes and counterstained with DAPI (1 pg/ml in PBS) for 10 minutes to detect the
nuclear morphology. The retinas were rinsed twice in PBS, mounted in Mowiol, and
analysed by fluorescence. Quantification of the stained cells was performed using the

Imaged software. Data are presented as the mean + standard error of mean (SEM).

Immunohistochemistry on paraffin sections

The retinas were fixed in formalin, embedded in paraffin, sectioned at 6 ym on a
microtome and mounted on Fisherbrand SuperFrost Plus glass slides. After
deparaffinization in xylol for three times for 5 minutes and rehydration in a graded
series of alcohol descending from 100% to 50%, the slides were rinsed with PBS and
blocked with PBS containing 3% BSA and 0.3% Triton X-100 (BSA-PBST) for 30
minutes at room temperature (RT). The sections were incubated with the primary
antibodies diluted in the blocking buffer overnight at 4 °C. Negative controls were
incubated in the blocking buffer alone. The sections were rinsed in PBS and
incubated with the fluorescent-secondary antibodies. The nuclei were counterstained
with DAPI (1 pyg/ml in PBS) for 5 minutes and the slides mounted with Mowiol were

analysed by fluorescence microscopy.

Immunohistochemistry on flat-mounted retinas

For the immunohistochemical detection of microglial reactivity in the nerve fiber layer
flat-mounted retinas were fixed in paraformaldehyde and washed three times for 1 h
in PBS containing 0.2% Triton X-100. After blocking in 3% BSA-PBST overnight at
4°C, the retinas were incubated with the antibodies against CD11b or GFAP for 48 h
at 4°C whereas the negative controls were incubated with the blocking buffer alone.
Retinas were washed in PBS three times for 1 h each and incubated with the
secondary antibodies indicated above overnight at 4°C. The nuclei were
counterstained with DAPI for 10 minutes and the retinas were analysed by

fluorescence microscope.



Quantification of microglia reactivity
The morphological quantification of microglia reactivity on the images of the flat-
mounted retinas was performed by calculating form factor 1 (FF1) and form factor 2

(FF2). Briefly, the form factor 1 (FF1) is derived from the following equation:

cell area
FFl1 =4nx

(cell perimeter)2

The form factor 2 (FF2) was calculated from the following ratio:

cell area
FF2 = ———
CONvex arsa

For each retina, the mean FF1 and FF2 values of the quantified cells were calculated

and for each treatment group as well.

Immunoblotting

The retinas were rinsed briefly in PBS and homogenized in ice-cold tissue lysis buffer
(50 mM Tris-HCI, pH 7.4, 2 mM MgCI2, 1% NP-40, 10% glycerol, 100 mM NacCl, and
1% protease and phosphatase inhibitor cocktails added just before use) using 40 ul
buffer per retina. The total lysates were cleared by centrifugation at 12000g for 20
minutes. The protein concentration of the supernatant was determined using the BCA
assay according to the manufacturer’s instructions. Five pg of protein was run in 5-
12% denaturing and non-reducing gels at a constant voltage of 120 V for 1-1.5 hours
and transferred onto nitrocellulose membranes using a semi-dry blotting apparatus at
25 V for 30 minutes. Ponceau S staining was carried out to verify equal protein
loading. Immunoblotting and signal detection by enhanced chemiluminescence were
performed, by incubating the membranes with the primary antibodies against
cathepsin-B, GFAP, or vimentin overnight at 4°C followed by horseradish peroxidase-

conjugated secondary anti-rabbit or anti-mouse antibodies for 1 h at RT.

Experimental layout and statistical analysis

Statistical analysis was done using the SAS System 9.2 for Windows 7 (X64VSPRO,
SAS Institute, Cary, NC, USA) and “Origin 6.0” (Microcal) software. For statistical
evaluation we fitted two ANOVA models to the data and Student’s t- test. P < 0.05

was considered as statistically significant.



Study (1):

Publication:

The neuroprotective potential of Rho-kinase inhibition in promoting cell survival and
reducing reactive gliosis in response to hypoxia in isolated bovine retina, Aizhan Alt,
Ralf-Dieter Hilgers, Aysegul Tura, Khaled Nassar, Toni Schneider, Arno Huber, Kai
Januschowski, Salvatore Grisanti, Julia Luke, Matthias Luke. Cellular Physiology and
Biochemistry 2013; 32: 218-234

Methods:

To evaluate the outcomes of Rho-kinase inhibition in an ex-vivo model of retinal
hypoxia we used a most specific Rho-kinase inhibitor H-1152P. Bovine retinas were
perfused with an oxygen saturated nutrient solution with or without the Rho-kinase
inhibitor H-1152P and stimulated repeatedly until stable amplitudes were reached and
the electroretinogram was recorded at five minutes intervals. To induce hypoxia the
oxygen supply was stopped for 15, 30, and 45 minutes and nitrogen was added to
the nutrient solution. Subsequently the oxygen saturation was restored. The Rho-
kinase inhibitor was applied at the concentrations of 1 or 5 yM to the nutrient
solution. The extent of the cell damage and glial reactivity was determined by
live/dead staining, immunohistochemistry, and Western blot. Retinal specimens were
stained for Cathepsin-B, CD11b, cleaved caspase-3, GFAP and Vimentin. The nuclei
were evaluated with DAPI for both Ethidium homodimer-1 staining and for formalin
fixed paraffin embedded sections.

Results:

During 15 minutes of hypoxia no considerable effects of the b-wave amplitude were
observed. Longer periods of hypoxia (30 and 45 minutes) caused a time-dependent
reduction of the b-wave amplitudes, which could not be prevented by the H-1152P.
However, a full recovery of the b-wave was observed at the end of the washout,
(Fig. 2).

Hypoxia also resulted in an increase in cell damage and the activation of the glial
cells in the untreated retinas whereas the administration of H-1152P significantly
reduced the extent of these events, (Fig. 3). The induction of hypoxia resulted in a

notable increase in the levels of cytoplasmic Cathepsin-B after 45 minutes. However,



the administration of H-1152P could suppress the leakage of Cathepsin-B into the
cytoplasm, which was also confirmed by the immunoblots of the total retinal lysates.
The induction of hypoxia for 15 minutes did not result in a considerable difference in
the upregulation of GFAP pattern in either the untreated or the treated retinas.
However, the longer exposure to hypoxia led to the significant upregulation of GFAP.
In contrast, the administration of the Rho-kinase inhibitor (1uM and 5SuM)
considerably interfered with the upregulation of GFAP particularly in the Muller cells
after a hypoxic period of 30 and 45 minutes. Similarly, the intermediate filament
vimentin was significantly upregulated in the untreated retinas after 30 minutes of
hypoxia, whereas the treatment with 1 yM H-1152P reduced the level of vimentin.
Upregulation of the GFAP and vimentin after 45 minutes of hypoxia and the H-1152P
dependent decrease in this process was also confirmed by immunoblotting.

The glial reactivity detected by the immunostainings for the microglia marker CD11b
on the retinal flat mounts was preserved in the retinas treated with 1 yM H-1152P
after all the hypoxic periods. These findings were also confirmed by the
morphological quantifications of the microglia based on the form factors FF1 and
FF2, (Fig. 4).
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Figure 3. The neuroprotective effect of the Rho-kinase inhibitor in the ganglion
cell layer of hypoxic retinas. The administration of the Rho-kinase inhibitor could
significantly reduce the percentage of dead cells compared to control without a

considerable difference between the concentrations of 1 yM and 5 uM.
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Figure 4. Decrease in the microglial reactivity in response to the Rho-kinase
inhibitor.

Conclusion:
Our work provides further support to the neuroprotective potential of the
pharmacological Rho-kinase inhibitor H-1152P under hypoxic conditions. However,

the inhibitor could not prevent the hypoxia induced retinal dysfunction.
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Study (2):

Publication:

Testing the effects of the dye Acid violet-17 on retinal function for an intraocular
application in vitreo-retinal surgery. Aysegul Tura, Aizhan Alt, Christos Haritoglou,
Carsten H. Meyer, Toni Schneider, Salvatore Grisanti, Julia Like, Matthias LUke.
Graefes Arch Clin Exp Ophthalmol. 2014 Dec; 252(12):1927-37

Methods:

In this work we tested the effects of a novel trityl dye Acid violet-17 and its solvent
carrier containing D20 on retinal function and on the retinal cultures. The retina was
superfused with the serum-free “nutrient solution” and stimulated repeatedly until
stable amplitudes were recorded. Thereafter, the dye solution with solvent carrier at
different concentrations or the solvent carrier alone was applied epiretinally. The
duration of retinal exposure was varied between 30 seconds and 5 minutes (30, 60,
120 and 300 seconds). After application of the dye solution (0.0125%, 0.025% or
0.05%) the preparation was reperfused with standard solution for at least 130
minutes.

After the same preparation of bovine eyes the retinas were gently dissociated from
the underlying pigment epithelium and transferred on to the cellulose nitrate filter in
the Petri dish prefilled with fresh HBBS supplemented with calcium and magnesium.
Pieces of retina with the underlying cellulose nitrate filter were dissected using a 6-
mm biopsy punch along a radius of approximately 1 cm from the central retina. The
retinal pieces and the underlying filter were transferred on to culture inserts with a
pore size of 0.4 uym placed into a 6-well plate (n=2 retinas/insert). The wells were
prefilled with 1 ml of culture medium (Neurobasal-A supplemented with 1X B-27, 1%
BSA, 1 mM L-Glutamine, 100 Units/ml penicillin, 100 ug/ml streptomycin, 50 ng/ml
BDNF, 20 ng/ml CNTF, denoted as N+). A few drops of culture medium were also
pipetted into the inserts at a volume barely sufficient to cover the retinas. The retinas
were allowed to recover overnight in a 37°C incubator with 5% CO, and humidity.

On the following day, a new 6-well plate was prepared by filling the wells with 1 ml of
fresh culture medium and placing new inserts of 0.4 um pore size into each well. The
retinas were placed on to the new inserts. The test substances (AV-17 at a
concentration range of 0.0625-0.5 mg/ml; solvent; culture medium) were carefully

pipetted into the inserts at a volume of 500 pl/insert, avoiding the detachment of the
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retinas from the filter underneath and ensuring that the ganglion cell layer was
covered by the test substance. Retinas were incubated in duplicates with the test
substances for 30 seconds or 5 minutes. Afterwards, the retinas were washed three
times for 5 minutes with sterile PBS and placed back on to the initial culture inserts.
The culture medium in each well of the initial culture plate was replenished 1:1 (v/v)
with fresh medium and the retinas were incubated overnight at 37°C as described
above to allow for recovery.

To determine the outcomes of the exposure to the dye or its solvent on the viability of
the cells in the ganglion cell layer, cultured retinas were incubated with AV-17 (at a
concentration range of 0.0625-0.5 mg/ml) or the solvent alone for 30 seconds or 5
minutes in duplicates. Retinas exposed to the fresh culture medium for 30 seconds or
5 minutes and washed similarly as the other treated retinas were included as
controls. The extent of the cell damage and glial reactivity was determined by

live/dead staining, immunohistochemistry and Western blot.

Results:

The solvent carrier including the heavy water did not induce a significant effect on the
b-wave amplitude. Application of the dye AV-17 at the concentration of 0.25 mg/ml
led to a direct reduction of the b-wave amplitude, which was most prominent after the
exposure time of 30 seconds and 120 seconds. The exposure times of 60 and 300
seconds led to a not significant reduction of the b-wave amplitudes, (Fig. 5). A full
recovery of the b-wave amplitude was reached on an average of 20-25 minutes after
applying AV-17.

The application of the AV-17 at a higher concentration of 0.5 mg/ml induced a
significant reduction of the b-wave amplitude. The effects on the b-wave amplitude
were partially reversible at the end of the washout, but the impairment of full recovery
did not reach the level of significance.

Exposure of the lower concentrated AV-17 (0.125 mg/ml) for 5 min induced a not
significant reduction of the b-wave amplitude and its fast recovery at the end of the

washout.
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Figure 5. Effects of 0.25 mg/ml AV-17 on the b-wave amplitude of the isolated

perfused bovine retina. Average of representative test series. The black arrow

marks the application of solvent carrier. Only the retinal exposure time was varied as

indicated in the panel. A representative standard deviation for the test series is given.

Exposure to the dye at the concentrations of 0.0625 mg/ml and 0.125 mg/ml was well
tolerated by the retinal cells in term of the cellular viability. With increasing
concentrations of the dye (0.25 and 0.5 mg/ml), we observed a considerable
decrease in viability after the 5-minute exposure to the dye compared to the retinas
treated with the solvent alone.

However, a slight increase in GFAP-expression and fiber thickness was observed
after the application of the dye at an intermediate concentration of 0.125 mg/ml.
Exposure to AV-17 at a concentration of 0.5 mg/ml resulted in a relevant upregulation
in the GFAP levels as opposed to all the other groups.

Exposure of the cultured retinas to the dye at the concentrations of 0.0625 and 0.125
mg/ml for 5 minutes led to the slight upregulation of GFAP in the nerve fiber layer and
Muller cells. With increasing concentrations of the dye (0.25 and 0.5 mg/ml), the
upregulation of GFAP became more prominent even after an exposure of 30
seconds. The retinas treated with the solvent alone for 5 minutes exhibited a very low
degree of GFAP-immunoreactivity. The majority of the microglia in the retinas
exposed to AV-17 at the concentrations of 0.125 and 0.5 mg/ml also exhibited a

ramified morphology. However, the number and length of these protrusions were
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gradually reduced with increasing concentrations of the dye for the group treated with
0.5 mg/ml AV17 for 5 minutes.

The solvent carrier was very well tolerated not only in terms of cell survival in the
ganglion cell layer but also the extent of glial reactivity, resulting in no considerable
activation of the astrocytes, Miller cells or the microglia compared to the normal

retinas treated with medium.

Conclusion:

Application of AV-17 at a concentration of up to 0.125 mg/ml in a D,O-carrying
solvent was well tolerated in terms of retinal function, survival in the GCL, and glial
reactivity and appears safe for intraocular administration. The extent of viability in the
ganglion cell layer was reduced after the long-term exposure to the dye at high

concentrations together with an increase in glial reactivity.

Study (3):

Publication:

The concentration dependent effects of indocyanine green on retinal function in the
electrophysiological ex-vivo model of the isolated perfused vertebrate retina, Mahdy
Ranjbar, Aizhan Alt, Khaled Nassar, Mihaela Reinsberg, Toni Schneider, Salvatore
Grisanti, Julia LUike, Matthias Like. Ophthalmic Res. 2014;51(3):167-71

Methods:

In this work we evaluated the effects of a dye indocyanine green (ICG) at different
concentrations on retinal function in the model of isolated superfused bovine retina.
The retina was superfused with the serum-free nutrient solution and stimulated
repeatedly until stable amplitudes were recorded. The standard medium was
replaced by ICG at the concentration of 0.025%, 0.0025%, 0.00025 and 0.000025%
for 45 minutes. For each concentration of ICG a new isolated retina was used.
Afterwards the preparation was reperfused with standard medium for at least 85

minutes. Additionally, we tested ICG at the concentration of 0.05% for 21 seconds

Results:
During exposure of ICG at the concentration of 0.025% and 0.0025% for 45 minutes

we found a significant reduction of the b-wave amplitude. Exposure of lower
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concentrated ICG (0.00025% and 0.000025%) did not have any statistically
significant impact on the ERG, (Fig. 6).
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Figure 6. Effects of ICG at the different concentrations for 45 min on the b-wave
amplitude of the isolated perfused bovine retina. Effects of ICG on the b-wave
amplitude of the isolated perfused bovine retina. Average of representative drug
series. The horizontal bar marks the application of the indicated different
concentrations for 45 min. A representative standard deviation for the test series is

given.

The effects of ICG at the concentration of 0.0025% on the ERG were reversible at
the washout, whereas at the concentration of 0.025% the b-wave amplitude still
remained decreased within the recovery time. The lower tested concentrations did
not lead to a significant deficiency of b-wave recovery during the washout, (Tabl.1).

The exposure of ICG at a concentration of 0.05% for 21 seconds led to highly
significant reduction of the b-wave amplitude by abolishing the responses directly
after exposure. However, at the end of the washout a partial recovery was observed,
in which the b-wave amplitude was not significant different to the amplitudes prior to

exposure.
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ICG-

PBR (SD) [%] p-value
concentration
0.025% -27.7 (9.6) 0.0082**
0.0025% -10.4 (10.0) 0.1917
0.00025% +6.6 (28.5) 0.9142
0.000025% +11.1 (25.9) 0.7509

Table 1. ERG results 85 minutes after ICG exposure and reperfusion with
standard medium in the meantime; PBR: persistent b-wave reduction; SD:

standard deviation

Conclusion:
ICG at the concentration of 0.025% or higher have persistent effects on retinal
function. Lesser concentrations might be safe, but are not sufficient for the

visualization of ILM.

English summary

The electroretinogram (ERG) of isolated and perfused bovine retina is a sensitive
tool for testing effects of applied drugs and substances on retina function. However,
using the isolated retina corresponds most closely to the situation in vivo where the
substance is directly applied on retinal surface during vitreoretinal surgery.

With this model of isolated retina it is possible to provide stable ERG recordings for at
least 10 h. In our electrophysiological model we tested different drugs: Rho-kinase
inhibitor H-1152P, novel vital dye Acid violet-17 (AV-17) and indocyanine green
(ICG).

Our experiments provide further support to the neuroprotective potential of the
pharmacological Rho-kinase inhibitor H-1152P under hypoxic conditions. The retina
is very sensitive to hypoxic stress, which occurs in variety of pathological conditions
in the eye, such as diabetic retinopathy, choroidal neovascularisation, age-related
macular degeneration and vascular occlusions. Several research investigations are
focused on developing of strategies and neuroprotective substances aimed at
preventing the death of neurons and the restoration of the normal function under

such unfavourable conditions. Yet, no clinical trial has shown neuroprotective efficacy
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of the tested agents in the ocular diseases until now, which necessitates the
identification of novel cellular targets central to the pathological processes induced by
hypoxia in the retina. In our experiments we tested Rho-kinase inhibitor, as a Rho-
kinase inhibition increased the retinal cell survival under different injury paradigms in
the retina including NMDA-induced neurotoxicity, serum deprivation, optic nerve
crush, and transient retinal ischemia. The selective inhibition of Rho-kinase therefore
appears as a very efficient strategy to achieve concurrently the multiple aspects of
neuroprotection in the retina, such as the prevention of neurite retraction, promotion
of neuronal survival, suppression of excessive glial reactivity which might otherwise
result in detrimental effects on the rescued neurons, and the maintenance of the
retinal blood flow. However, the outcomes of Rho-kinase inhibition on retinal function
under hypoxia have not been elucidated yet.

Our study showed that the presence of the inhibitor did not prevent the functional
decrease during the hypoxic phase or promote a faster recovery during the
reperfusion. However, the cells treated with the inhibitor were significantly protected
from damage and are expected to function properly once the normal conditions are
restored. The inhibitor could therefore be applied during hypoxic conditions to restrict
the extent of retinal damage especially in the ganglion cell layer, which could have a
clinical significance.

Vital dyes improve the visualisation of less recognizable structures like epiretinal
membranes or the internal limiting membrane (ILM) during macular surgery. The aim
of our study was to investigate the biocompatibility of a new dye, acid violet-17 (AV-
17) and indocyanine green (ICG) on retinal function, using the electrophysiological
ex-vivo technique of the isolated superfused bovine retina model.

A reduction of the ERG amplitudes of the isolated perfused vertebrate retina was
noticed after the application of AV-17 for all test series. However, this effect could not
be interpreted as a toxic effect and can be explained by the absorption of the applied
light via the dye. Moreover, a recovery was observed after application for all test
series at the washout. Exposure to the dye at the lower concentrations was well
tolerated by the retinal cells in terms of the cellular viability in the ganglion cell layer
and the maintenance of glial cells in a quiescent state. However, some remarkable
effects on cell viability at the higher concentrations were found. This was associated
with the activation of astrocytes and Miiller cells, providing further evidence to the

ongoing retinal stress. Based on our results we conclude that the application of AV-
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17 at a concentration of 0.125mg/ml or below in a D,O-carrying solvent appears safe
for intraocular administration. Nevertheless, restricting the time the retina is exposed
to this novel dye would be advisable to avoid adverse effects through excessive glial
reactivity.

Our investigations regarding the effects of ICG revealed an exposure time and also a
concentration dependent impact of ICG at the concentrations of 0.025% or higher on
retinal function in an isolated, superfused retina model. Lesser concentrations
regarding the ERG might be safe, but are not clinically applicable caused by the
decreasing staining ability. Therefore, the continuous use of ICG in macular surgery
should be taken into question, because a safe ICG solution with sufficient staining
properties might not exist.

The ERG model of isolated perfused retina is a sensitive and well defined screening
method for new drugs. Moreover, the drug concentration which reaches the retina is
close to the intraoperative situation in human macular surgery. In conclusion, our
findings provide further support to the neuroprotective potential of the Rho-kinase
inhibition under hypoxic conditions, the application of AV-17 at a concentration of
0.125 mg/ml or below appears save and the application of ICG at a concentrations of

0.025% or higher have persistent effects on retinal function.
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Deutsche Zusammenfassung

Die Effekte des Rho-kinase-Inhibitors H-1152P, sowie der Farbstoffe Acid-
violet-17 und Indocyaningrin auf die retinale Funktion im
elektrophysiologischen Modell der isolierten und umstromten

Vertebratennetzhaut

Das Elektroretinogramm (ERG) der isolierten und umstromten Rindernetzhaut ist
eine sensitive Testmethode, um die Effekte der applizierten Substanzen
beziehungsweise Wirkstoffe auf die retinale Funktion testen zu kdnnen. Dieses
Modell ermdglicht es, die Wirkstoffeffekte auf die retinale Funktion gezielt zu
untersuchen, unabhangig von systemischen Stoffwechselprozessen, wie es am
lebenden Tier zutrifft.

Der experimentelle Aufbau des Modells der isolierten und umstromten
Vertebratennetzhaut entspricht besonders der klinischen Situation in vivo, bei der
Substanzen intraoperativ teilweise direkt auf die Netzhautoberflache gegeben
werden. Innerhalb dieses Modells ist es moglich, die isolierte Netzhaut Uber mehr als
10 Stunden am Leben zu erhalten, ohne einen signifikanten Verlust der
Amplitudenhohe der ERG-Messung beobachten zu konnen. Im Rahmen der
vorgelegten Dissertation erfolgte in unserem elektrophysiologischen Modell die
Testung unterschiedlicher Substanzen: des Rho-kinase-Inhibitors H-1152P und der
beiden Farbstoffe Acid-violet-17 (AV-17) und Indocyaningrin (ICG). Unsere
Experimente konnten weitere Hinweise liefern, dass der Wirkstoff Rho-kinase-
Inhibitor H-1152P einen neuroprotektiven Effekt unter Hypoxie entfalten kann. Die
Netzhaut wiederum ist sehr sensibel gegenuber Hypoxie- induziertem Stress. Dies ist
Grundlage verschiedenster pathologischer Situationen im Auge, wie es insbesondere
die diabetische Retinopathie, die Entwicklung der chorioidalen Neovaskularisation im
Rahmen der Makuladegeneration, sowie okulare Gefal3verschlusse darstellen.

Eine Vielzahl klinischer Untersuchungen zielten darauf ab, neuroprotektive Wirkstoffe
zu entwickeln, die die Apoptose von Neuronen verhindern sollen beziehungsweise
eine Wiederherstellung einer normalen Funktion von Neuronen nach einer
Minderversorgung wie es die Hypoxie darstellt, herbeizufuhren. Doch konnten in
bisher keiner klinischen Studie wesentliche neuroprotektive Effekte der bisher
untersuchten Medikamente gefunden werden. Daher ist es erforderlich, Wirkstoffe zu

erforschen und zu untersuchen, die neue Ansatze auf zellularem Niveau anbieten
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und in die pathologischen Prozesse der Netzhaut unter Hypoxie eingreifen. Eine
solche Substanz stellt der Rho-kinase-Inhibitor H-1152P dar.

In Experimenten hatte sich gezeigt, dass die Rho-kinase-Inhibition zu einem
verbesserten Uberleben retinaler Neuronen gefiihrt hatte, welches bei NMDA
induzierter Neurotoxizitat bei retinaler Ischamie sowie in Sehnervenkompressions-
versuchen nachgewiesen werden konnte.

Die selektive Inhibition der Rho-kinase stellt daher moglicherweise einen sehr
effizienten Weg dar, eine Neuroprotektion der Netzhaut zu bewirken, die Apoptose
von Neuronen einerseits und sekundare Veranderungen, wie z.B. die exzessive
gliale Reaktivitat, andererseits zu vermeiden. Eine Untersuchung der Wirkung der
Rho-kinase-Inhibition auf die retinale Funktion unter Hypoxie war bisher noch nicht
untersucht worden.

Unsere Studie zeigte, dass eine durch die Hypoxie induzierte retinale
Funktionsstorung auch in Anwesenheit des Rho-kinase-Inhibitors nicht verhindert
und auch die Erholung wahrend der Reperfusionsphase nicht beschleunigt werden
konnte. Jedoch zeigte sich in den histologischen Untersuchungen, dass die
Netzhaute, welche mit dem Rho-kinase-Inhibitor H-1152P inkubiert worden waren,
signifikant weniger durch Hypoxie induzierte Apoptose aufweisen. Dementsprechend
konnte der Inhibitor in der Phase der Hypoxie das Ausmal} des retinalen Schadens
reduzieren, wobei dies insbesondere auf der Ebene der Ganglienzellen beobachtet
werden konnte, was speziell im Rahmen retinaler Gefaliverschlisse von besonderer
klinischer Bedeutung sein konnte.

Die Farbstoffe AV-17 und ICG werden zur Visualisierung wenig gut darstellbarer
Strukturen, wie z.B. der epiretinalen Gliose oder auch der Membrana limitans interna
in der Makulachirurgie, benutzt. Ziel unserer Studien war es, die Biokompatibilitat
sowohl des neuen Farbstoffes AV-17 und von ICG auf die retinale Funktion in
unserem Modell der isolierten und umstromten Vertebratennetzhaut zu testen. Die
Reduktion der ERG-Amplituden wahrend der Inkubation in unserem Modell, konnte in
allen experimentellen Versuchen gezeigt werden. Diese Amplitudenreduktion
wahrend der Inkubation kann allerdings nicht als toxischer Effekt an sich gewertet
werden, sondern erklart sich aus der Absorption der Lichtreize durch den Farbstoff.
Sobald wiederum der Farbstoff aus der Perfusionskammer herausgespult worden
war, zeigte sich eine vollstandige Erholung des ERGs in allen Untersuchungsreihen

und bei allen applizierten Konzentrationen. Ebenso zeigten die histologischen
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Untersuchungen, insbesondere bei den niedrigen Konzentrationen, die getestet
worden waren, nach wie vor eine gute Vitalitat der Zellen auf Ebene der
Ganglienzellschicht. Ebenso kam es nicht zu einer glialen Zellreaktion. In den
héheren Konzentrationen, die getestet worden waren, zeigten sich flr den Farbstoff
AV-17 allerdings deutliche Veranderungen in Bezug auf die Zellviabilitdt. Diese
zeigte eine Aktivierung von Astrozyten und Mdullerzellen, was wiederum als Hinweis
gedeutet werden kann, dass es zu einer retinalen Stresssituation gekommen war.
Basierend auf unseren Resultaten auch im Zusammenhang mit den histologischen
Aufarbeitungen der inkubierten Netzhaute in unserem experimentellen Modell,
konnte die Konzentration 0.125 mg pro ml in Zusammenhang mit dem getesteten
Tragermediums, welches auch schweres Wasser (D,0O) enthalt, als fur die
intraokulare Gabe als sicher bewertet werden. Allerdings muss darauf hingewiesen
werden, dass nicht nur die Applikation einer Konzentration entscheidend ist flr die
Entwicklung der moglicherweise toxischen Effekte auf die retinale Funktion bzw. auf
die retinalen Zellen durch einen Farbstoff, sondern ebenso auch die Inkubationszeit.
Wird diese entsprechend kurz gehalten, ist die Entstehung von Nebenwirkungen
aufgrund der Applikation des Farbstoffes AV-17 unwahrscheinlich.

Entsprechende Beobachtungen konnten in unserer Arbeit bezuglich des ICGs
dargestellt werden. So konnte schon in vorherigen Arbeiten gezeigt werden, dass
insbesondere die Expositionsdauer eine wichtige Rolle in der Induktion von retinaler
Toxizitat eine Rolle spielt, aber ebenso scheint diese auch konzentrationsabhangig
zu sein. Dabei konnte in unserer Arbeit gezeigt werden, dass auch bisher Ublich
applizierte Konzentrationen wahrend der Makulachirurgie toxische Effekte auf die
retinale Funktion entwickeln koénnen. Erst sehr niedrige Konzentrationen des
Farbstoffes ICG scheinen sicher zu sein. Allerdings muss eine Fahigkeit zum
Anfarben von intraokularen Strukturen als nicht ausreichend angesehen werden.
Basierend auf Untersuchungen muss die Anwendung von ICG in der Makulachirurgie
hinterfragt werden, da sichere Konzentrationen von ICG nicht existieren, die auch
gleichzeitig eine ausreichende Fahigkeit zur Anfarbung besitzen.

Die vorgelegten Untersuchungen zeigen dementsprechend, dass das Modell der
isolierten und umstromten Vertebratennetzhaut sehr sensitiv Effekte auf die retinale
Funktion nachweisen kann. Dabei konnen Situationen simuliert werden, wie sie
tatsachlich im Rahmen der klinischen Anwendung intraoperativ existieren.

Andererseits lassen sich auch pathophysiologische Situationen simulieren, wie es im
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Rahmen unseres Hypoxiemodells der Fall war, so dass z.B. auch Substanzen
getestet werden konnen, die moglicherweise ebenfalls eine neuroprotektive Potenz
besitzen. Daher eignet sich unser Modell einerseits, genaue Konzentrationsbereiche
fur Wirkstoffe anzugeben, in der sie mit hoher Wahrscheinlichkeit keine toxischen
Effekte auf die retinale Funktion bewirken beziehungsweise andererseits, dass sich
in unserem Modell auch mogliche Eigenschaften von Substanzen nachweisen
lassen, wie es die Neuroprotektion darstellt. So konnte fur den Farbstoff AV-17 ein
sicherer Konzentrationsbereich in der intraokularen Anwendung definiert werden,
beziehungsweise flr den Farbstoff ICG persistierende Effekte auf die retinale

Funktion nachgewiesen werden.
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Abstract

Aims: To investigate the outcomes of Rho-kinase inhibition in the electrophysiological ex vivo
model of the isolated perfused vertebrate retina under hypoxia. Methods: Bovine retinas were
perfused with an oxygen saturated nutrient solution with or without the Rho-kinase inhibitor
H-1152P. The retinas were stimulated repeatedly until stable amplitudes were reached and the
electroretinogram was recorded at five minute intervals. Hypoxia was induced for 15, 30, and
45 minutes, after which the oxygen saturation was restored. The extent of the cell damage and
glial reactivity was determined by Ethidium homodimer-1 staining, immunohistochemistry,
and Western blot. Results: Hypoxia caused a time-dependent reduction of the b-wave
amplitudes, which could not be prevented by the H-1152P. Although the Rho-kinase inhibitor
maintained higher b-wave amplitudes, these effects did not reach statistical significance.
Hypoxia also resulted in an increase in cell damage and the activation of the glial cells in the
untreated retinas whereas the administration of H-1152P significantly reduced the extent of
these events. Conclusion: H-1152P exerted a neuroprotective effect against necrosis on the
isolated bovine retina under hypoxia together with a reduction in glial cell reactivity. However,
the inhibitor could not prevent the hypoxia induced retinal dysfunction possibly due to the

interference with synaptic modulation.
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Introduction

The retina is one of the most metabolically active tissues in the body, consuming large
quantities of energy to convert the light signals into a visual information conveyed to the brain
[1, 2]. The high-energy demand of particularly the photoreceptors, which respond to the light
and the retinal ganglion cells, the axons of which constitute the optic nerve that transmits
the visual output to the brain, is fulfilled mainly by the oxygen-dependent generation of
adenosine triphosphate (ATP) [3, 4]. This in turn necessitates a constant blood flow through
the retinal vasculature and choroid, with the former providing oxygen and nutrients to the
ganglion cells and the inner retinal neurons and the latter supporting the photoreceptors
in the outer retina [2]. However, the impairment of vascular integrity or haemodynamics
can result in the reduction of the oxygen tension below the levels normally present in a cell,
tissue, or organism and lead to the state defined as hypoxia. The insufficient oxygen supply
would interfere with the metabolic events required for maintaining the homeostasis in the
retina and can therefore compromise the cell survival and function particularly after longer
durations [2, 5-8]. Hypoxia is indeed associated with a variety of pathological conditions in
the eye, such as glaucoma [9, 10], diabetic retinopathy [11], choroidal neovascularisation,
and age-related macular degeneration [12, 13], which may severely and irreversibly impair
the vision. The development of strategies aimed at preventing the death of neurons and
the restoration of the normal function under such unfavourable conditions therefore gains
an increasing concern. Although a growing number of neuroprotective agents have yielded
positive results in preclinical studies, only a few drugs were examined in human clinical
trials [14]. Yet, no clinical trial has shown neuroprotective efficacy in the ocular diseases
until now [15], which necessitates the identification of novel cellular targets central to the
pathological processes induced by hypoxia in the retina.

Rho-kinase (ROCK1 and ROCK2) is an intracellular serine/threonine kinase that
functions as a downstream effector of the RhoA-GTPase, and regulates mainly the assembly of
the actin cytoskeleton, which underlies a wide range of cellular responses to the extracellular
cues, such as contraction, migration, proliferation, and gene expression [16, 17]. Rho-kinase
is best characterized for its role in promoting the contractility of the smooth muscle cells by
favouring the phosphorylation of myosin and the formation of the actin-myosin bundles that
provide the cells with contractile strength [18]. Accordingly, the suppression of Rho-kinase
activity using pharmacological inhibitors like Fasudil and Y-27632 effectively promoted the
vasodilation in numerous experimental models [19-21], and the clinical use of the former
inhibitor yielded promising results for the treatment of several cardiovascular disorders
and subarachnoid haemorrhage in humans [22, 23]. Recent studies also demonstrated an
improvement in ocular blood flow at the optic nerve head in response to different Rho-
kinase inhibitors [24, 25]. In addition, the selective inhibition of Rho-kinase allowed for the
regeneration of the retinal ganglion cell axons in numerous models of optic nerve injury [26-
28] and prevented the retraction of the photoreceptor axons in an in vitro model of acute
retinal detachment [29]. Moreover, an increase in retinal cell survival in response to the
Rho-kinase inhibition has recently been demonstrated under different injury paradigms in
the retina including NMDA-induced neurotoxicity, serum deprivation, optic nerve crush, and
transient retinal ischemia [28, 30-34]. These findings altogether highlight the involvement of
Rho-kinase at a convergence point of diverse pathological events that can be associated with
hypoxia. The selective inhibition of Rho-kinase therefore appears as a very efficient strategy
to concurrently achieve the multiple aspects of neuroprotection in the retina, such as the
prevention of neurite retraction, promotion of neuronal survival, suppression of excessive
glial reactivity which might otherwise result in detrimental effects on the rescued neurons
[31], and the maintenance of the retinal blood flow. However, the outcomes of Rho-kinase
inhibition on retinal function under hypoxia have not been elucidated yet.

The synaptic activity within the retina can be evaluated continuously by recording
the electroretinogram (ERG) [6]. The b-wave is the ERG-component, which represents the
post-photoreceptor activity in the retina and was found to be having the highest degree
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of susceptibility to ischemia/hypoxia. Consistently, the recovery of the b-wave depends on
the severity of the experimental model and the duration of hypoxia/ischemia. The reduction
in the amplitude of the b-wave is therefore regarded as a sensitive indicator of reduced
oxygen delivery in humans as well as the in vivo and in vitro models [6, 35, 36]. In our
study, we evaluated the outcomes of Rho-kinase inhibition in an ex-vivo model of retinal
hypoxia, using H-1152P to modulate the Rho-kinase activity. H-1152P is a dimethylated
derivative of fasudil and has the highest degree of specificity among the currently available
pharmacological Rho-kinase inhibitors [37]. The ex-vivo effects of Rho-kinase inhibition on
the retinal function were determined by monitoring the b-wave amplitudes in isolated and
perfused bovine retinas during the hypoxia and reperfusion intervals. Moreover, the retinas
were subsequently analysed for the extent of cell survival and glial reactivity to evaluate the
outcomes of Rho-kinase inhibition on the cellular responses to hypoxia.

Materials and Methods

Chemicals and reagents

The analysis grade chemicals used for the preparation of the perfusion medium were purchased from
Merck (Darmstadt, Germany). H-1152P was purchased from Calbiochem (Merck) and reconstituted in
sterile tri-distilled water. The antibodies and the fluorescent reagents used were as follows: Rabbit anti-
Cathepsin-B (Acris Antibodies, Herford, Germany), mouse anti-CD11b (Serotec, Diisseldorf, Germany),
rabbit anti-cleaved caspase-3 (Cell Signalling Technology, Danvers, MA), rabbit anti-GFAP (DAKO, Hamburg,
Germany), mouse anti-Vimentin (Sigma-Aldrich, Munich, Germany), Cy3-conjugated goat anti-rabbit IgG
(Jackson Immunoresearch, Dianova, Hamburg, Germany), Alexa 546-conjugated anti-mouse IgG (Molecular
Probes, Invitrogen, Darmstadt, Germany), horseradish peroxidase-conjugated secondary anti-rabbit or
anti-mouse antibodies (Jackson Immunoresearch). The protease and phosphatase inhibitor cocktails were
purchased from Roche Applied Sciences (Mannheim, Germany). All the remaining chemicals were obtained
from Sigma-Aldrich.

ERG of isolated perfused bovine retina

Bovine eyes were obtained from a local slaughterhouse and harvested immediately post-mortem.
They were transported in darkness in a serum-free standard medium containing 120 mM NaCl, 2 mM KCl,
0.1 mM MgCl,, 0.15 mM CaCl,, 1.5 mM NaH,PO,, 13.5 mM Na,HPO,, and 5 mM glucose. Our study was in
accordance with guidelines from the public health department. Preparations were performed as described
previously [38].

Each ERG was recorded in the surrounding nutrient medium via two silver/silver-chloride electrodes
on either side of the retina. The recording chamber, containing a piece of retina, was placed in an electrical
and optical insulated box. Perfusion velocity was controlled by a roller pump and set to 1 ml/min.

Temperature was kept constant at 30°C. The perfusing medium was pre-equilibrated and saturated
with oxygen and could be monitored by a Clark oxygen electrode to demonstrate the hypoxic condition of
the nutrient solution. Retinas were dark-adapted, and ERGs were elicited at 5-min intervals using a single
white flash for stimulation. The flash intensity was set to 6.3 mlx at the retinal surface using calibrated
neutral density filters. The duration of light stimulation (500 ms) was controlled by a timer. ERGs were
filtered and amplified (100-Hz high-pass filter, 50-Hz notch filter, 100,000x amplification) using a Grass
CP 511 amplifier. Data were processed and converted using an analog-to-digital data acquisition board (NI
USB-6221; National Instruments, Austin, TX, USA) and a personal computer. The ERGs were recorded and
analysed by DASYLab Professional Version 10.0.0 (National Instruments, Austin, TX, USA).

Retinas were superfused with serum-free nutrient solution and stimulated repeatedly until stable
amplitudes were recorded. The oxygen supply into the nutrient solution was stopped for 15 min, 30 min or
45 min and nitrogen was added to the nutrient solution. Meanwhile, the responses were recorded. Thereafter,
perfusion with the standard solution was resumed at least for 75 min to monitor b-wave recovery during
washout. The b-wave amplitude was measured from the trough of the a-wave to the peak of the b-wave.

To determine the neuroprotective effect of H-1152P we performed the same experimental setup, in
which we applied the inhibitor at the concentrations of 1 or 5 uM to the nutrient solution, which was used
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for the perfusion of the retinas during the entire measurement period. We studied the effects of H-1152P
on ERG parameters varying the time of hypoxia as described before. Recovery of the ERG was followed up
for at least 75 min during the washout period. A new retina was used for each experiment with n=5 retinas
per group except for the 5 uM H-1152P and the 45-minute hypoxia groups, for which n=4 retinas were used.

Ethidium homodimer-1 staining

Following the ERG-measurements, the retinas were mounted onto cellulose nitrate filters (Sartorius,
Gottingen, Germany, 0.45 pm pore size, pre-soaked in 0.01M phosphate buffered saline (PBS) and cut into
approximately 1x1 cm pieces) with the ganglion cell layer exposed. The retinas were incubated for 30
minutes in 4 pM Ethidium homodimer-1 (EthD-1) (Molecular Probes) diluted in 0.1% glucose-PBS, rinsed
briefly with 0.1% glucose-PBS twice, fixed with 2% paraformaldehyde (PFA)-PBS for 15 minutes followed
by 4% PFA-PBS for 15 minutes. After three rinses in PBS for 5 minutes, the retinas were permeabilized in
0.1% Triton X-100/PBS for 10 minutes and counterstained with DAPI (1 pg/ml in PBS) for 10 minutes to
detect the nuclear morphology. The retinas were rinsed twice in PBS, mounted in Mowiol, and analysed
by fluorescence microscopy (Leica, Wetzlar, Germany). Quantification of the stained cells was performed
in 8-10 areas of 0.16 mm? per retina using the Image ] software (National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012) Image ]. Data are presented as the mean * standard
error of mean (SEM).

Immunohistochemistry on paraffin sections

The retinas were fixed in formalin, embedded in paraffin, sectioned at 6 um on a microtome (Leica,
Model RM2125RT) and mounted on Fisherbrand SuperFrost Plus glass slides (Fisher Scientific, Houston,
TX). After deparaffinization in xylol for three times for 5 minutes and rehydration in a graded series of
alcohol descending from 100% to 50%, the slides were rinsed with PBS and blocked with PBS containing
3% BSA and 0.3% Triton X-100 (BSA-PBST) for 30 minutes at room temperature (RT). The sections were
incubated with the primary antibodies diluted in the blocking buffer overnight at 4 °C. Negative controls
were incubated in the blocking buffer alone. The sections were rinsed in PBS and incubated with the
fluorescent-secondary antibodies. The nuclei were counterstained with DAPI (1 pg/ml in PBS) for 5 minutes
and the slides mounted with Mowiol were analysed by fluorescence microscopy (Leica).

Immunohistochemistry on flat-mounted retinas

For the immunohistochemical detection of microglial reactivity in the nerve fiber layer of flat-
mounted retinas, the protocol of Wang et al.[39] was performed with slight modifications. Briefly, the flat-
mounted retinas were fixed in paraformaldehyde as above and washed three times for 1 h in PBS containing
0.2% Triton X-100. After blocking in 3% BSA-PBST overnight at 4°C, the retinas were incubated with the
antibodies against CD11b diluted 1/5 in the blocking buffer for 48 h at 4°C whereas the negative controls
were incubated with the blocking buffer alone. Retinas were washed in PBS three times for 1 h each and
incubated with the secondary antibodies indicated above overnight at 4°C. The nuclei were counterstained
with DAPI for 10 minutes and the images were acquired under 400x magnification using a fluorescence
microscope (Leica).

Quantification of microglia reactivity

The morphological quantification of microglia on the images of the flat-mounted retinas was performed
by calculating two different form factors as described [40]. Briefly, the form factor 1 (FF1) is derived from
the following equation:

FF1= 4mx _cell area
(cell perimeter)?

The FF1 ratio yields values between 0 and 1, acquiring the latter value for a perfectly round (ameboid)
cell and decreasing as the number and/or length of the ramifications, hence the cell perimeter increases.
The FF1 is therefore a sensitive indicator of initial ramification, acquiring lower values with the presence
of even very short cytoplasmic processes. However, it does not always reflect the true degree of microglia
reactivity, since an oval shaped cell without ramifications also gets a considerably lower FF1 value compared
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to the round, reactive microglia [40]. For this purpose, we also quantified the microglia reactivity in terms
of the FF2, which was calculated from the following ratio:

FF2= _cell area
convex area

The convex area is the area of a polygonal object defined by the cell’s most prominent and extended
projections. For an ameboid (reactive) cell, both the normal and the convex areas would have similar values
and the FF2 approaches 1, whereas the long ramifications would significantly increase the convex area,
resulting in the reduction of the FF2 ratio [40]. The FF2 values therefore serve as a more specific indicator
for the true, long ramifications. Quantification of the microglia area, perimeter, and the convex area was
performed individually for each cell using the Image ] software on a minimum number of n=16 cells/retina
that were entirely localized within the boundaries of an image. The FF1 and FF2 ratios were calculated as
above individually for each cell and denoted as percentage. For each retina, the mean FF1 and FF2 values of
the quantified cells were calculated. For each treatment group, the mean * SEM of the FF1 and FF2 values
were calculated from the individual mean values obtained from n=3 independently processed retinas per

group.

Immunoblotting

The retinas were rinsed briefly in PBS and homogenized in ice-cold tissue lysis buffer (50 mM Tris-HCl,
pH 7.4, 2 mM MgCl,, 1% NP-40, 10% glycerol, 100 mM NaCl, and 1% protease and phosphatase inhibitor
cocktails added just before use) using 40 pl buffer per retina. The total lysates were cleared by centrifugation
at 12000g for 20 minutes. The protein concentration of the supernatant was determined using the BCA
assay (Pierce, Rockford, IL) according to the manufacturer’s instructions. Five pg of protein was run in
5-12% denaturing and non-reducing gels at a constant voltage of 120 V for 1-1.5 hours and transferred
onto nitrocellulose membranes using a semi-dry blotting apparatus (Biotec-Fischer, Reiskirchen, Germany)
at 25 V for 30 minutes. Ponceau S staining was carried out to verify equal protein loading. Immunoblotting
and signal detection by enhanced chemiluminescence were performed as described previously [31], by
incubating the membranes with the primary antibodies against cathepsin-B (1:1000), GFAP (1:2000), or
vimentin (1:1500) overnight at 4°C followed by horseradish peroxidase-conjugated secondary anti-rabbit
or anti-mouse antibodies (1:2500) for 1 h at RT.

Experimental layout and statistical analysis

The experimental layout results in data from 8 experimental groups. There are three different
hypoxia times (15, 30 and 45 minutes) and three different concentrations for the Rho-kinase inhibitor
H-1152P: 0 uM (control group), 1 uM, and 5 uM. However, in the 15 minutes hypoxia group, the high dose
of H-1152P (5uM) was not applied. Within each group measurements were taken every 5 minutes from 5
(start of experiment) up to 150 minutes. The first six measurements before hypoxia were used as baseline
measurements, followed by the group specific time of hypoxia and by a follow-up period of 105 minutes in
the 15 minutes hypoxia group or 75 minutes in the 45 minutes hypoxia group.

For statistical analysis we used the last baseline measurement (30 minutes), last measurement under
hypoxia (45, 60 or 75 minutes) and the maximal comparable follow-up time (120 minutes for 15 minutes
hypoxia, 135 minutes for 30 minutes hypoxia and 150 minutes for 45 minutes hypoxia). We fitted two
ANOVA models to the data. Our first model (Model 1) involves the dose 1 uM and control only. Hereby we
assume unstructured covariance and the exploratory between grouping factors substance (control, 1uM)
and hypoxia duration (15, 30 and 45 minutes) and the within grouping factor hypoxia-status (before, at the
end of hypoxia, at the end of recovery). The second model (Model 2) is used to analyse the high dose effect, so
we assume an AR(1) covariance structure and use the model building between grouping factors substance
(control, 1uM, 5uM) and hypoxia duration (30 and 45 minutes) and the within grouping factor hypoxia-
status (before, at the end of hypoxia, at the end of recovery). During fitting we performed a model diagnostic
as well. To describe the data, we calculated the percent changes of the b-wave amplitudes after hypoxia or
after recovery respectively from baseline. Differences between the b-wave after recovery as well as between
the post-hypoxia and baseline or between the experimental series at the different concentrations and the
control were analysed by linear contrasts. The statistical significance of the damaged cells in the ganglion
cell layer was analysed by two factor main effects ANOVA models followed by linear contrasts on main
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Fig. 1. Effects of hypox-
ia and H-1152P on the A
course of the electrore-
tinogram. The figures
indicate the course of
the b-wave amplitude
before and after hypoxia.
The dashed lines mark
the experiments with
continuous application
of H-1152P (1 puM and 5 R i ———————8
uM, green and blue, re- 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
spectively) compared to Time (minutes)

the control (continuous B

line, red). The grey back- 40
ground marks the dura-
tion of hypoxia (A: 15
minutes; B: 30 minutes;
C: 45 minutes). Average
of representative series.
The standard deviation
is given for each mean
value.
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effects. The statistical significance of microglia reactivity was analysed by the two-tailed t-test, assuming
equal variance between the samples. Statistical analysis was done using the SAS System 9.2 for Windows 7
(X64VSPRO, SAS Institute, Cary, NC, USA). P-values < 0.05 were assessed as significant.

Results

Functional outcomes of hypoxia for different durations

The perfusion of the isolated bovine retina was performed under stable environmental
conditions. Osmotic pressure, temperature, and pO, remained unchanged during perfusion.

In our experimental setting stable ERG-amplitudes were reached within two hours
perfusion and the superfused retinal preparations responded constantly to light stimulation
for more than ten hours [38].

Our first model shows that the b-wave varies significantly between baseline, under
hypoxia and atthe end of recovery (F=21.23, ndf 2, ddf 24, p<0.0001, Fig. 1A-C). Furthermore,
the mean b-wave changes significantly depending on the duration of hypoxia (F=10.98, ndf
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2, ddf 24, p=0.0004, Fig. 1A-C) and these two factors interact significantly with each other
(F=4.25, ndf 4, ddf 24, p=0.0097, Fig. 1A-C). We observed no significant difference in the
course of these events in response to the Rho-kinase inhibitor compared to the untreated
retinas (F=1.44, ndf 1, ddf 24, p=0.2422, Fig. 1A-C).

To be more specific, we observed a significant mean change in b-wave from baseline to
the last measurement under hypoxia (t=6.33, df 24, p<0.0001, Fig. 1A-C) and from the last
measurement under hypoxia to the last observation under recovery (t=-2.65, df 24, p=0.0139,
Fig. 1A-C), but no difference between baseline and recovery (t=0.70, df 24, p=0.4904, Fig.
1A-C). Hereby the mean change between baseline and the last measurement under hypoxia
is mainly caused by the difference in the 45 minutes group (1 pM: t=5.25, df 24, p<0.0001;
control group: t=4.10, df 24, p=0.0004, Fig. 1C) and the 30 minutes group (1 uM: t=5.14, df
24, p<0.0001; control group: t=3.98, df 24, p=0.0005, Fig. 1B).

After recording the stable b-wave amplitudes for 30 minutes, hypoxia was induced
by applying nitrogen to the nutrient solution (Fig. 1A). During 15 minutes of hypoxia,
the b-wave amplitudes were reduced from 19.35 pV (SD 4.07) to 15.2 uV (SD 3.43) in the
untreated retinas (t=-0.50, df 24, p = 0.6224) and increased from 17.4 uV (SD 4.45) to 25.0
uV (SD 10.85) during the additional application of 1 uM H-1152P to the nutrient solution
(t=-0.87, df 24, p=0.3935). However, the period of hypoxia was not long enough to induce a
considerable effect on the b-wave amplitude (t=0.70, df 24, p=0.4904).

Longer periods of hypoxia (30 and 45 minutes) resulted in progressively greater
decreases of the b-wave amplitude (Fig. 1B and 1C). To be more concrete, after 30 minutes
of hypoxia, we detected a significant decrease of the b-wave amplitudes from 10.2 pV (SD
1.04) to 6.2 uV (SD 0.69) (t=5.13, df 24, p=0.0005), which was fully reversible at the end of
the washout to 9.55 pV (SD 3.14) (t=0.93, df 24, p=0.3624). The application of 1 pM H-1152P
did not prevent the reduction of the b-wave amplitude during 30 minutes of hypoxia and we
detected a significant decrease of b-wave amplitudes from 14.7 pV (SD 6.91) to 6.95 pV (SD
0.74) (t=5.14, df 24, p < 0.0001, Fig. 1B). However, a rapid recovery was observed within 15
minutes of reperfusion and the ERG-amplitudes at the washout (t=0.56, df 24, p=0.5818)
reached the level before hypoxia. Yet, the treatment with 1 uM H-1152P did not improve
the course of the b-wave amplitudes compared to the control retinas (F=1.44, ndf 1, ddf 24,
p=0.2422).

After 45 minutes of hypoxia (Fig. 1C), the b-wave was significantly reduced from
13.1 uV (SD 4.09) to 7.1 uV (SD 2.40) (t=3.98, df 24, p = 0.0005), but a full recovery of the
b-wave amplitudes to 13.80 puV (SD 8.39) (t=1.18, df 24, p=0.2511, compared to baseline)
was observed at the end of the washout, which was comparable to the untreated retinas.
Administration of H-1152P at 1 uM could not prevent a significant decrease of the b-wave
from 16.9 pV (SD 7.48) to 10.8 uV (SD 6.50) (t=5.14, df 24, p < 0.0001) during hypoxia.

Our second model aims to compare the efficacy of different doses of the Rho-kinase
inhibitor under hypoxia for 30 and 45 minutes (Fig. 1B and C). We observed, that the b-wave
varies significantly between baseline, under hypoxia and at the end of recovery (F=47.94, ndf
2, ddf 44, p<0.0001). Therefore, we did not observe any significant difference in the mean
b-wave depending on the duration of hypoxia (F=0.29, ndf 1, ddf 20, p=0.5954) or between
the different concentrations of the inhibitor (F=0.85, ndf 2, ddf 20, p=0.4424).

A significant effect of hypoxia on the ERG-amplitudes was observed when the
concentration of H-1152P was increased to 5 uM (t=6.80, df 44, p<0.0001) and the b-wave
amplitude remained significantly reduced at the end of washout (t=3.07, df 44, p=0.0036).
After the exposure to the higher concentration the effect of the inhibitor was significantly
different compared to the control (t=2.06, df 44, p=0.0452). Though the reduction of the
amplitude was lower in the presence of 1 pM H-1152P, this effect was not significant
compared to the control (t=1.55, df 44, p=0.1284, Fig. 1B and C), but the b-wave was higher
in response to the inhibitor. Moreover, the effect of 5 uM after hypoxia was reversible at
the washout (t=0.92, df 44, p=0.3648) in contrast to the control. A reduction of the b-wave
amplitude during hypoxia could also not be prevented despite the application of 5 uM
H-1152P (t=6.80, df 44, p<0.0001, Fig. 1B and C) and we found a pronounced reduction of
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Fig. 2. The neuroprotective effect of the
Rho-kinase inhibitor in the ganglion cell A
layer of hypoxic retinas. (A) Ethidium ho-
modimer-1 (EthD-1) staining performed on
the flat mounts of the retinas immediately
after the functional measurements. The
damaged cells exhibited an increase in the
uptake of the fluorescent dye EthD-1. Nuclei
were counterstained with DAPI. Hypoxia re-
sulted in a time-dependent increase in the
extent of cell damage in the untreated reti-
nas, whereas the treatment with the Rho-
kinase inhibitor H-1152P led to a significant
reduction in the percentage of dead cells in
the ganglion cell layer. Bar indicates 25 pm.
(B) Quantification of the percentage of the
cell death in the ganglion cell layer after 15
to 45 minutes of hypoxia. Data represent the
mean = SEM of n=2 retinas after 15 minutes
of hypoxia and the retinas treated with 5
uM H-1152P during 45 minutes of hypoxia;
n=3 retinas for the untreated group (0 uM)
during 30 and 45 minutes of hypoxia; n=4
retinas that received 1 and 5 pM of H-1152P
during 45 and 30 minutes of hypoxia, re-
spectively; and n=5 retinas treated with 1
uM inhibitor during 30 minutes of hypoxia.
*p=0.0006, **p=0.0001.
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the b-wave amplitudes compared to the ERG-amplitudes before hypoxia. However, the effect
of hypoxia was reversible at the end of the washout.

Reduction in hypoxic cell damage in response to the Rho-kinase inhibitor

Based on the previous studies demonstrating the susceptibility of particularly the retinal
ganglion cells to hypoxic conditions [2], we initially focused on the extent of cell survival
in the ganglion cell layer as determined by the Ethidium homodimer-1 staining performed
on the retinas immediately after the functional measurements. Ethidium homodimer-1 is
a cell-impermeable dye that can only enter the cells with damaged membranes, where it
undergoes a 40-fold enhancement of red fluorescence upon binding to nucleic acids [41].

We observed no significant difference in the extent of cell damage among the retinas
treated with different concentrations of the inhibitor during a given period of hypoxia
(F=0.40, ndf 2, ddf 21, p=0.6741), but a significantly different mean percentage of dead cells
depending on the duration of hypoxia (F=22.11, ndf 2, ddf 21, p<0.0001), with a hypoxic
period of 45 minutes resulting in a significant increase in the percentage of dead cells
compared to 15 minutes (t=3.39, df 21, p=0.0028) and 30 minutes (t=2.64, df 21, p=0.0154).

Furthermore, the mean percentage of dead cells differed significantly between the
untreated retinas (F=35.43, ndf 2, ddf 2, p<0.0001) and the retinas treated with the Rho-
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Fig. 3. Changes in the pattern of Cathepsin-B expression after 45 minutes of hypoxia and in response to the Rho-
kinase inhibitor. (A) Immunostainings on the paraffin sections of a normal retina at time point 0 (T0) and retinas
exposed to hypoxia for 45 minutes with (+) or without (-) 1 uM H-1152P, demonstrating the gradual increase in
the levels of the cytoplasmic Cathepsin-B after hypoxia particularly in the ganglion cell layer (GCL) as well as
the photoreceptor outer segments underneath the outer nuclear layer (ONL), and the reduction in this process by
the Rho-kinase inhibitor. INL: inner nuclear layer. Bar= 25 um. (B) Representative immunoblot of the whole
retinal lysates demonstrating the upregulation of cathepsin-B in response to hypoxia (-) compared to the
normal retina at TO. H-1152P (1 uM, +) led to a considerable decrease in the levels of cathepsin-B after 45
minutes of hypoxia. Ponceau S staining was performed to verify equal protein loading.

kinase inhibitor during hypoxia (F=12.94, ndf 2, ddf 20, p=0.0002). Hereby, the prolonged
exposure to hypoxia resulted in a gradual increase in the extent of cell damage in the ganglion
cell layer, from 1.04 + 0.7% dead cells after 15 minutes (mean * SEM of n=2 retinas, t=5.96,
df 20, p<0.0001) to 15.17 + 1.63% dead cells after 30 minutes (mean + SEM of n=3 retinas,
t=8.41, df 20, p<0.0001) and to 20.7 = 0.85% dead cells after 45 minutes of hypoxia (mean
+ SEM of n=3 retinas, t=3.51, df 20, p=0.0022). However, the administration of the Rho-
kinase inhibitor could significantly reduce the percentage of dead cells compared to control
(t=4.07, df 20, p=0.0006 with 1 uM H-1152P; t=4.68, df 20, p=0.0001 with 5 pM H-1152P)
without a considerable difference between the concentrations of 1 uM and 5 uM (t=1.41, df
20, p=0.1729, Fig. 2A and B).

The rupture of the lysosomal membranes and the leakage of the lysosomal enzyme
Cathepsin-B into the cytoplasm is a common feature of necrotic cells, which was
also observed in different models of hypoxia/ischemia induced neurodegeneration [42-44].
To gain insight into the extent of cell damage in all the retinal layers, we therefore analysed
the level of Cathepsin-B in the retinal transverse sections. In the normal retinal pieces fixed
immediately after the isolation at time point 0 (TO), we detected a moderate degree of
Cathepsin-B immunoreactivity mainly as a cytoplasmic punctate staining in all the cellular
layers, consistent with the localization of this protein predominantly to the lysosomes.
However, the induction of hypoxia resulted in a notable increase in the levels of cytoplasmic
Cathepsin-B after 45 minutes, with a more diffuse expression pattern particularly in the
ganglion cells, suggesting the leakage of Cathepsin-B into the cytoplasm. Though the
administration of H-1152P could not completely prevent the upregulation of Cathepsin-B
under hypoxia, the levels of this protein remained considerably lower particularly in
the ganglion cell and photoreceptor layers after 45 minutes of hypoxia in contrast to the
untreated retinas. Moreover, the expression pattern of Cathepsin-B in the treated retinas was
also mainly punctate similar to the normal retinas at TO, suggesting that the administration
of H-1152P could suppress the leakage of Cathepsin-B into the cytoplasm, which was also
confirmed by the immunoblots of the total retinal lysates (Fig. 3A and B).
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Fig. 4. Decrease in the reactivity of the astrocytes and Miiller cells in response to the Rho-kinase inhibitor. (A)
Immunostainings for the glial marker GFAP (red) on the paraffin sections of the retinas demonstrating the
hypoxia dependent activation of the Miiller cells spanning the entire retinal width in the untreated retinas
(control) compared to the normal retinas at TO. The elevated GFAP-immunoreactivity in the nerve fiber
layer of these retinas (overlaying the GCL) may indicate the bundles of the end-feet of the Miiller cells as
well as an increase in the reactivity of the astrocytes. In the presence of the inhibitor, the pattern of GFAP
immunoreactivity was similar to that observed in the normal retinas at TO, which was confined mainly to
the nerve fiber layer with very weak levels of expression in the Miiller cell processes extending into the
inner nuclear layer (INL). The nuclei were counterstained in blue with DAPI. ONL: outer nuclear layer. (B)
Immunostainings for vimentin demonstrating the upregulation of this protein in the Miiller cell processes
as well as the nerve fiber layer of the untreated retinas after 30 minutes of hypoxia (control), and the H-
1152P dependent reduction in this event. (C) Representative immunoblots confirming the upregulation of
the main GFAP isoform (49 kDa, indicated by the arrow) and vimentin in response to hypoxia (0) compared
to the normal retinas at timepoint 0 (T0). Administration of H-1152P at 1 and 5 uM (1, 5) led to a consider-
able decrease in the levels of these intermediate filaments after 45 minutes of hypoxia. Ponceau S staining
was performed to confirm equal protein loading.

Decrease in hypoxia-dependent glial cell reactivity in response to the Rho-kinase inhibitor

The glial cells execute numerous supportive functions, which are essential for neuronal
function and survival. Though the up-regulation of glial reactivity is arapid response to various
stress conditions as a protective attempt, an excessive glial reactivity may exert detrimental
effects on the neurons. A common feature of the reactive astrocytes and Miiller cells, the
radial glia spanning the entire depth of the retina, is the up-regulation of the intermediate
filament glial fibrillary acidic protein (GFAP) [45-47]. To determine the extent of astrocyte
and Miiller cell reactivity in our hypoxia model, we therefore performed immunolabeling for
GFAP on the sections of the retina fixed immediately after the reperfusion period.

In the normal retinas at TO, we detected the GFAP-immunoreactivity mainly in the
nerve fiber layer where the astrocytes and the end-feet of the Miiller cells interact with
the ganglion cells. The induction of hypoxia for 15 minutes did not result in a considerable
difference in this expression pattern in either the untreated or the treated retinas. However,
the 30-minute exposure to hypoxia led to the significant upregulation of GFAP in both the
Miiller cells extending across the full depth of the retina and in the nerve fiber layer as thick
bundles which might represent the aggregated end-feet of the Miiller cells as well as the
activated astrocytes. This expression pattern was also prevalent after 45-minutes of hypoxia.
In contrast, the administration of the Rho-kinase inhibitor (1uM and 5uM) considerably
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Fig. 5. Decrease in the microglial reactivity in response to the Rho-kinase inhibitor. (A) Morphology of the mi-
croglia was determined by the immunostainings for the marker protein CD11b on the flat-mounted retinas
immediately after the functional recordings. Hypoxia resulted in the activation of microglia as detected by
the gradual retraction of the cellular protrusions and the acquisition of a more ameboid morphology over a
period of 45 minutes (control). The Rho-kinase inhibitor H-1152P reduced the extent of microglia reactivity
as demonstrated by the maintenance of the long cellular ramifications at all the hypoxic periods tested. Bar
indicates 25 um. (B) Quantification of microglial reactivity based on the form factor 1 (FF1), which reflects
the minor differences in the number and/or length of the ramifications. Data represent the mean SEM of
n=3 retinas for each group. *p=0.0485, **p=0.0477, ***p=0.0284. (C) Quantification of microglial reactivity
based on the form factor 2 (FF2), which is a more specific indicator of true, long ramifications. Data repre-
sent the mean SEM of n=3 retinas for each group. *p=0.0177, **p=0.0088.

interfered with the upregulation of GFAP particularly in the Miiller cells after a hypoxic
period of 30 and 45 minutes (Fig. 4A). Similarly, the intermediate filament vimentin, which is
another marker of astrocyte and Miiller cell reactivity [47], was significantly upregulated in
the untreated retinas after 30 minutes of hypoxia, whereas the treatment with 1 pM H-1152P
reduced the level of vimentin in the nerve fiber layer and Miiller cells (Fig. 4B). Upregulation
of the main GFAP isoform (49 kDa) and vimentin after 45 minutes of hypoxia and the H-1152P
dependent decrease in this process was also confirmed by immunoblotting (Fig. 4C).
Hypoxia also resulted in the activation of the microglia in the nerve fiber layer as
demonstrated by the immunostainings for the microglia marker CD11b on the retinal flat
mounts revealing the cellular morphology [48]. The microglia in the untreated retinas
exposed to 15 minutes of hypoxia exhibited the quiescent, ramified morphology. However,
as the hypoxic period increased to 30 and 45 minutes, the microglia gradually acquired the
reactive, ameboid morphology with the retraction of the protrusions and a decrease in the
number of the ramifications. In contrast, the quiescent, ramified microglial morphology was
preserved in the retinas treated with 1 uM H-1152P after all the hypoxic periods (Fig. 5A).
These findings were also confirmed by the morphological quantifications of the microglia
based on the form factors FF1 and FF2, which mainly reflect the low and high degrees of
ramification, respectively [40]. In the untreated retinas, the duration of hypoxia resulted in
a significant increase in the values of FF1 from 13.00 + 1.40% after 30 minutes to 27.37
+ 5.89% after 45 minutes (Fig. 5B, mean + SEM of n=3 retinas for each group, p=0.0284).
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Similarly, the FF2 values were increased from 44.67 + 3.72% after 30 minutes to 59.83 +
2.50% after 45 minutes of hypoxia in the untreated retinas (Fig. 5C, mean * SEM of n=3
retinas from each group, p=0.0088), confirming the retraction of the ramifications and the
acquisition of a more reactive morphology. In contrast, the microglia in the retinas treated
with 1 pM H-1152P had significantly lower FF1 values after both 30 minutes (10.17 *
0.26%, p=0.0477) and 45 minutes of hypoxia (Fig. 5B, 14.33 + 2.90%, p=0.0485, mean *
SEM of n=3 retinas for each group). Though we did not observe a significant decrease in
the FF2 values of the microglia in the treated retinas after 30 minutes of hypoxia (39.97 +
1.19%, p=0.1640), the FF2 values of the treated cells after 45 minutes of hypoxia were also
significantly lower (Fig. 5C, 45.47 + 4.60%, p=0.0177, mean + SEM of n=3 retinas for each
group) compared to the microglia in the untreated retinas, demonstrating the suppression
of microglia activation by the preservation of both the short and the long, true ramifications
in response to the Rho-kinase inhibitor.

Discussion

In our study, hypoxia resulted in a time-dependent reduction of the b-wave amplitudes,
which returned to the baseline values during the reperfusion period. This was associated
with a significant increase in the extent of cell damage and glial reactivity in the untreated
retinas. The Rho-kinase inhibitor exerted a neuroprotective effect in the retinas under
hypoxia, with a significant decrease in the amount of the damaged cells and the extent of
glial reactivity. Yet, despite the protective effect on the histological level, the inhibitor failed
to prevent the hypoxia-dependent functional reduction and did not improve the functional
outcome.

Necrosis is the neuronal death mechanism that predominates under conditions of
hypoxic/ischemic energy deprivation. However, necrotic events can also activate the
components of the apoptotic pathway by energy-independent mechanisms. Accordingly, the
combined inhibition of the major cysteine proteases from both the necrotic and the apoptotic
pathways is regarded as a more efficient strategy to restrict the neuronal damage after
hypoxic/ischemic injury [44]. In our model, the damaged cells exhibited mainly the features
associated with necrosis, such as the early decrease in the plasma membrane integrity as
detected by the Ethidium homodimer-1 uptake. Though the compromise of the membrane
integrity can also be observed at the later stages of the apoptotic cells, our immunostainings
for cleaved caspase-3 revealed a very low degree of immunoreactivity in all the treatment
groups (data not shown), weakening the possibility that the apoptotic mechanisms were
activated at the time points tested. A further support to the hypoxia-dependent necrosis
was gathered from the levels of the cytoplasmic Cathepsin-B, a lysosomal cysteine protease
which leaks into the cytoplasm due to the rupture of the lysosomal membranes under energy
deprivation and may lead to irreversible cell damage through the cleavage of the structural
proteins [42-44]. In our model, the leakage of Cathepsin-B in the untreated retinas was
prevalent in all the retinal layers after 45 minutes of hypoxia. The absence of the underlying
pigment epithelium and the choroid vessels underneath the photoreceptors in the isolated
retinas might have resulted in these signs of necrotic damage in the photoreceptors, which
are usually not as sensitive as the ganglion cells and the inner retinal neurons in some models
of hypoxia/ischemia [2, 49]. Our model therefore simulates a more severe hypoxic condition
where not only the retinal vasculature feeding the inner retina, but also the choroid vessels
supporting the photoreceptors fail to provide the neurons with oxygen. Nevertheless, despite
the adversity of the conditions, the administration of the Rho-kinase inhibitor resulted in a
significant reduction in cell damage as indicated by the better preserved plasma membrane
integrity. The inhibitor also considerably interfered with the leakage of Cathepsin-B into the
cytoplasm, thereby protecting the cells from irreversible damage. Inhibition of Rho-kinase
therefore appears to be a simple and efficient strategy to limit the extent of hypoxic cell
injury compared to the co-administration of multiple cysteine protease inhibitors.
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Rho-kinase is involved in the regulation of the cytoskeletal rearrangements that
generate the apoptotic contraction and membrane blebbing [17]. However, the interference
with these apoptotic events probably does not underlay the prevailing mechanism of the
protective effect of H-1152P in our model, since the damaged cells mainly exhibited the
features of necrosis. A likely mediator of cell damage which is targeted by the Rho-kinase
inhibitor in our model might be the extracellular glutamate. Glutamate is the major excitatory
neurotransmitter in the retina, which is released by the photoreceptors in darkness to
activate the bipolar and horizontal cells. The rapid clearance and recycling of glutamate from
the synapses is therefore essential for the normal neuronal functioning. The Miiller cells are
mainly responsible for the glutamate uptake via high affinity transporters, which rely on a
very negative membrane potential [50, 51]. However, in retinal ischemia and diabetes, the
glutamate uptake into the Miiller cells is reduced due to the depolarization of the Miiller cells
in response to elevated extracellular potassium. The excessive accumulation of glutamate
and aspartate in the synapses is implicated in the excitotoxic damage to the retinal ganglion
cells. Glutamate excitotoxicity is also a major cause of neuronal loss in the retinal disorders
including glaucoma, diabetes, inherited photoreceptor degeneration, and ischemia [52].
Interestingly, the Rho-kinase inhibitor Fasudil could exert a direct neuroprotective effect on
primary cerebral neurons through the attenuation of glutamate-induced neurotoxicity [53].
Moreover, glutamate can transiently activate Rho-kinase through the upstream activation
of RhoA in hippocampal neurons [54]. These findings favour the possibility that excessive
glutamate can also activate the Rho-kinase in the hypoxic retina and the administration of
H-1152P can interfere with certain events downstream of glutamate, which remains to be
determined.

The protective effect of the Rho-kinase inhibitor might also be related to a reduction
in glial reactivity. Indeed, the proliferation and elevated reactivity of Miiller cells was
associated with the disruption of glutamate recycling in hypoxic retinas in a model of retinal
detachment whereas limiting the Miiller cell reactivity via oxygen supplementation reduced
the abnormalities in glutamate distribution and uptake [55]. H-1152P might have directly
interfered with the Miiller cell hypertrophy by suppressing the Rho-kinase dependent
phosphorylation of GFAP at the head domain and thereby preventing the reorganization of
these filaments [56]. Indeed, a novel study demonstrates that several commercially available
antibodies against GFAP have a higher affinity towards the phosphorylated protein compared
to the unphosphorylated GFAP-isoforms, suggesting that the changes in the levels of GFAP
immunoreactivity might in fact reflect the changes in the degree of phosphorylation rather
than the total level of this protein [57]. The Rho-kinase may also regulate the cytoskeletal
contraction in the microglial cells, resulting in the activation of these cells [31] whereas
the inhibitor prevented the transition into the reactive, ameboid morphology. However, the
H-1152P dependent decrease in glial reactivity could also have occurred secondarily to the
decreased neurotoxicity. Alternatively, the inhibitor might have exerted a direct effect on
both the neuronal cells and the retinal glia, resulting in an additive positive outcome on
neuronal survival, which remains to be determined.

Yet, the well-preserved cellular integrity and the positive effects on cellular survival in
response to H-1152P were not reflected to the functional outcome as estimated by the b-wave
amplitudes. H-1152P is an isoquinolinesulfonamide, which structurally resembles adenosine
and occupies the ATP-binding domain of Rho-kinase [37]. Interestingly, adenosine can act as
a modulator of synaptic transmission in the retina and regulate the blood flow particularly
under compromised oxygen delivery [58]. It would be therefore of interest to determine
whether H-1152P can interact with the adenosine receptors in the retina, which would have
interfered with the synaptic transmission. An alternative reason underlying the inability of
the Rho-kinase inhibitor to improve the b-wave amplitudes might be the remodelling of the
actin cytoskeleton at the synapses of the depolarizing bipolar cells in an activity dependent
manner. The b-wave represents the combined response of the depolarizing bipolar, amacrine,
and Miiller cells, which are dependent on the hyperpolarization of the photoreceptors upon
the perception of light [6, 35]. In response to the light stimulus, the hyperpolarizing bipolar
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cells project thin extrusions called spinules into the synaptic processes of the amacrine cells,
which possibly strengthens the synaptic connections. In contrast, light causes the retraction
of the spinules in the depolarizing bipolar cells concurrent with the formation of filamentous
actin in the contracted synaptic pedicles and an increase in protein kinase C (PKC) activity
[59]. PKC is indeed a frequently used marker for the bipolar cells, which is localized mainly
to the bipolar cell dendrites, axons, and photoreceptor presynaptic terminals, suggesting a
key role for PKC in the establishment of the retinal circuitry [60, 61].

The direct inhibition of PKC via H-1152P can be possible in vitro using purified
molecules, yet the affinity of the inhibitor to other kinases is considerably lower, as reflected
by the Ki value of 1.6 nM for the Rho-kinase as opposed to the Ki value of 630 nM for protein
kinase A, and 9.27 uM for PKC in cell-free assays [37]. However, the inhibitor is usually
administered at micromolar concentrations in cell-based assays, since it has to compete with
the intracellular ATP, which is present in millimolar concentrations in most cells [62]. Owing
to its high metabolic activity, the retina is particularly rich in ATP, with the concentrations
reaching 1 mM in the photoreceptor outer segments of the bovine retina [63]. In our study,
we applied the inhibitor at 1 to 5 uM based on a previous study on serum deprived retinas
in vitro, where the application of H-1152P at 1 uM significantly reduced the Rho-kinase
dependent phosphorylation of the cytoskeletal protein adducin without interfering with
the PKA-dependent phoshorylation of the same protein [31]. Therefore, the unspecific
targeting of PKC in our model remains as a very weak possibility despite the shortage of
energy and the reduction in intracellular ATP that the inhibitor will be competing with [64,
65]. Interestingly, PKC can act as an upstream activator of the RhoA/Rho-kinase pathway in
diverse cell types [66]. Though the involvement of Rho-kinase in the synaptic remodeling in
the retina is to our knowledge not reported, it is likely that the H-1152P could have reversed
the actin reorganization in the bipolar cell synapses, resulting in the absence of a functional
improvement. Moreover, the majority of significant cell protection by Rho-kinase inhibition
was mainly found in the ganglion cell layer in our model. However, the ganglion cell function
does not contribute to the course of our recorded electroretinogram. Therefore, a functional
improvement due to ganglion cell survival could not be detected in our model although the
neuroprotective effect was observed by histological assessment.

In conclusion, our findings provide further support to the neuroprotective potential of
the pharmacological Rho-kinase inhibitor H-1152P under hypoxic conditions. Though the
presence of the inhibitor did not prevent the functional decrease during the hypoxic phase
or promote a faster recovery during the reperfusion, the cells treated with the inhibitor were
significantly protected from necrotic damage and are expected to function properly once
the normal conditions are restored. Nevertheless, the termination of the treatment soon
after the reestablishment of the normal perfusion might be necessary to avoid the possible
interference with the synaptic modulation and to thereby restore the neuronal function.
The inhibitor could therefore be applied during hypoxic conditions to restrict the extent of
retinal damage especially in the ganglion cell layer, which could have a clinical significance
in the case of a branch or central arterial retinal occlusion, in which the deterioration of
the ganglion cell layer after an arterial occlusion of retina results in a pronounced visual
impairment in these patients [67].
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Abstract

Purpose To facilitate epiretinal or inner limiting membrane
peeling, dyes like Indocyanine Green (ICG) as well as Trypan
Blue (TB) were used so far. However, toxic effects on the
retina were described for both dyes. The aim of our study was
to investigate the effects of a novel vital dye Acid violet-17
(AV-17) on retinal histology and function to assess a possible
application in vitreo-retinal surgery.

Methods AV-17 was dissolved in a solvent with heavy water.
An electroretinogram was recorded on perfused bovine retina.
After reaching stable b-wave amplitudes, AV-17 (0.125—
0.5 mg/ml) or the solvent was applied epiretinally for 30—
300 seconds. The b-wave amplitudes were recorded before,
during, and after treatment. Cultures of bovine retina were
incubated for 30 or 300 seconds with the dye or solvent and
processed for live/dead staining, immunohistochemistry, and
immunoblotting.

Results Reductions of the b-wave amplitudes were observed
directly after the exposure to AV-17, which were rapidly and
completely reversible within the recovery period for all expo-
sure times at the concentrations of 0.125 and 0.25 mg/ml as
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opposed to the partial recovery after exposure to 0.5 mg/ml. A
high degree of damage in the ganglion cell layer (GCL) and
glial reactivity were detected at the concentrations of 0.25 and
0.5 mg/ml but not after exposure to lower concentrations or
the solvent.

Conclusion Application of AV-17 at a concentration of up to
0.125 mg/ml was well tolerated in terms of retinal function,
survival in the GCL, and glial reactivity whereas higher con-
centrations are not recommended.

Keywords Acid violet-17 - Electroretinogram - Glial
reactivity - Heavy water - Retinal biocompatibility - Vital dye -
Vitreoretinal surgery

Introduction

Vital dyes have been used for more than ten years for macular
surgery, allowing for an easier removal of the less recogniz-
able structures like epiretinal membranes or the internal lim-
iting membrane (ILM), which consist of a very lucent and thin
tissue. Presently, trityl dyes such as brilliant blue G (BBG,
Brilliant Peel) and patent blue V (PBV, Blueron) are available
for chromovitrectomy. Both dyes have the best retinal bio-
compatibility compared to the other commonly used dyes
such as indocyanine green (ICG) and trypan blue (TB), which
have a higher potency to induce retinal toxicity [1-4]. BBG
exhibits well-balanced characteristics regarding its staining
qualities for the ILM and its retinal biocompatibility [5—7],
though the concentrations higher than 0.25 mg/ml were not
recommended due to the risk of toxicity [8]. A further limita-
tion regarding the use of BBG arises from the inability to stain
the epiretinal membranes sufficiently, rendering the use of its
more toxic alternative TB as the “Gold Standard” for staining
the epiretinal membranes. Similarly, patent blue V (PBV,
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Blueron) is not of use in macular hole surgery due to its
unfavourable staining qualities.

Currently, an alternative dye for TB is lacking. A new
development to fill this need could be Acid violet-17 (AV-
17/Coomassie violet R200), which is, similar to BBG, a novel
trityl dye [9]. To improve the staining qualities, AV-17 should
be applied with a special solvent carrier loaded with heavier
water (D,0), which leads to a higher density. This approach
has already been tested to facilitate the sedimentation of BBG,
for which a commercially available preparation in a solvent
carrier loaded with heavy water currently exists (Brilliant
Peel®, Fluoron GMBH, Ulm, Germany). The testing of this
heavier formulation of the BBG dye showed no signs of
toxicity in the model of the isolated bovine retina and in
clinical use during vitreoretinal procedures in humans show-
ing a tendency towards a slightly improved contrast between
the ILM and the underlying retina [10-12].

In this study, we, therefore, investigated the retinal biocom-
patibility of the novel dye AV-17 dissolved in a heavier
solvent carrier containing D,0. To measure the effects of the
exposure to this dye or its solvent alone for different time
points on retinal function, we employed the electrophysiolog-
ical ex-vivo technique of the isolated super fused bovine retina
model, which is a very sensitive tool for testing retinal toxicity.
[13] Moreover, we incubated the ganglion cell layer of cul-
tured bovine retinas with the dye or its solvent to determine
the extent of toxicity in this layer, which comprises the first
group of retinal cells that come into direct contact with the dye
after intraocular application. The reactivity of the astrocytes,
Miiller cells, and microglia were also evaluated after the
exposure of the retinal cultures to the solvent or the different
concentrations of the dye to gain insight into the magnitude of
the retinal stress induced by these treatments.

Materials and methods
Chemicals and reagents

The analysis grade chemicals were purchased from Merck
(Darmstadt, Germany). Acid violet-17 and the solvent carrier
(composed of 0.13 ml D,O in 1 ml H,O with 1.9 mg
Na,HPO,, 0.3 mg NaH,PO,, 8.2 mg NaCl) have been pro-
vided by Fluoron GMBH (Neu-Ulm, Germany). The culture
medium (Neurobasal-A) and supplements (B-27, penicillin/
streptomycin, L-Glutamine) were purchased from GIBCO
(Invitrogen, Darmstadt, Germany). The brain-derived neuro-
trophic factor (BDNF) and ciliary neurotrophic factor (CNTF)
were obtained from ReliaTech (Wolfenbiittel, Germany) and
Invitrogen, respectively. Culture grade sterile phosphate buff-
ered saline (PBS; without calcium and magnesium) and
Hank’s balanced salt solution (HBSS; with calcium and mag-
nesium) were purchased from GIBCO. The cell culture grade
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bovine serum albumin (BSA) was obtained from Sigma-
Aldrich (Munich, Germany). The antibodies and the fluores-
cent reagents used were as follows: mouse anti-CD11b
(Serotec, Diisseldorf, Germany), rabbit anti-GFAP (DAKO,
Hamburg, Germany), Cy3-conjugated goat anti-rabbit IgG
(Jackson Immuno research, Dianova, Hamburg, Germany),
Alexa 488-conjugated anti-mouse IgG (Molecular Probes,
Invitrogen, Darmstadt, Germany), and horseradish
peroxidase-conjugated secondary anti-rabbit or anti-mouse
antibodies (Jackson Immuno research). The protease and
phosphatase inhibitor cocktails were purchased from Roche
Applied Sciences (Mannheim, Germany). All the remaining
chemicals were obtained from Sigma-Aldrich.

Preparation of the AV-17 dye solution

The Acid Violet-17 dye was dissolved in the solvent supplied
at the final concentrations between 0.00625 to 0.05 % (w/v,
corresponding to a range between 0.0625-0.5 mg/ml) on a
magnetic stirrer for 2—3 hours under light protection. The dye
solution was sterile-filtered using 0.22 pum syringe filters,
aliquotted at 1.5 ml, and stored at 4 °C until use. The aliquots
were used within six months after preparation.

The isolated superfused vertebrate retina assay

Bovine eyes were obtained from a local slaughterhouse and
harvested immediately postmortem. They were transported in
darkness in a serum-free standard medium containing
120 mM NaCl, 2 mM KCl, 0.1 mM MgCl,, 0.15 mM CaCl,,
1.5 mM NaH,PO,, 13.5 mM Na,HPO,, and 5 mM glucose.
Preparations were performed as described previously [6].

Each ERG was recorded in the surrounding nutrient medi-
um via two silver/silver-chloride electrodes on either side of
the retina. The recording chamber, containing a piece of retina,
was placed in an electrically and optically insulated box.
Perfusion velocity was controlled by a roller pump and set
to 1 ml/min.

Temperature was kept constant at 30 °C. The perfusing
medium was pre-equilibrated and saturated with oxygen and
could be monitored by a Clark oxygen electrode. Retinas were
dark-adapted, and ERGs were elicited at 5-min intervals using
a single white flash for stimulation. The flash intensity was set
to 6.3 mlx at the retinal surface using calibrated neutral density
filters. The duration of light stimulation (500 ms) was con-
trolled by a timer. ERGs were filtered and amplified (100-Hz
high-pass filter, 50-Hz notch filter, 100.000x amplification)
using a Grass CP 511 amplifier. Data were processed and
converted using an analog-to-digital data acquisition board
(NI USB-6221; National Instruments, Austin, TX, USA) and
a personal computer. The ERGs were recorded and analysed
by DASYLab Professional Version 10.0.0 (National Instru-
ments, Austin, TX, USA).
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Retinas were super fused with serum-free nutrient solution
and stimulated repeatedly until stable b-wave amplitudes were
recorded. Thereafter, the dye dissolved in solvent carrier at
different concentrations or the solvent carrier alone, which
were allowed to prewarm to room temperature for
two hours, was applied epiretinally. The duration of retinal
exposure was varied between 30 seconds and five minutes
(30, 60, 120 and 300 seconds). After application of the dye
solution (0.125, 0.25, or 0.5 mg/ml) the retina was reperfused
with standard solution for at least 130 minutes. The b-wave
amplitude was measured from the trough of the a-wave to the
peak of the b-wave.

Treatment of retinal cultures with AV-17

Bovine eyes were obtained from a local slaughterhouse and
harvested within two hours postmortem. The eyes were sub-
merged for five minutes in an 11 % iodine solution
(Betaisodona, Mundipharma GH, Limburg, Germany) under
a laminar flow hood followed by rinsing twice with PBS for
five minutes each. The eyes were dissected circumferentially
5 mm posterior to the limbus and the anterior segment and
vitreous were removed. A 60 mm-piece of cellulose nitrate
filter (0.45 um pore size, Sartorius, Gottingen, Germany) was
placed into a new 100 mm-Petri dish prefilled with fresh
HBBS supplemented with calcium and magnesium. The ret-
ina was gently dissociated from the underlying pigment epi-
thelium and transferred on to the cellulose nitrate filter in the
Petri dish with the ganglion cell layer exposed. Pieces of retina
with the underlying cellulose nitrate filter were dissected using
a 6-mm biopsy punch along a radius of approximately 1 cm
from the central retina. The retinal pieces and the underlying
filter were transferred on to culture inserts with a pore size of
0.4 um placed into a 6-well plate (n=2 retinas/insert). The
wells were prefilled with 1 ml of culture medium (Neurobasal-
A supplemented with 1X B-27, 1 % BSA, 1 mM L-Gluta-
mine, 100 Units/ml penicillin, 100 pg/ml streptomycin,
50 ng/ml BDNF, 20 ng/ml CNTF, denoted as N+). A few
drops of culture medium were also pipetted into the inserts at a
volume barely sufficient to cover the retinas. The retinas were
allowed to recover overnight in a 37 °C incubator with 5 %
CO, and humidity.

On the following day, a new 6-well plate was prepared by
filling the wells with 1 ml of fresh culture medium and placing
new inserts of 0.4 pum pore size into each well. The retinas
were placed on to the new inserts. The test substances (AV-
17 at a concentration range of 0.0625-0.5 mg/ml; solvent;
culture medium) were carefully pipetted into the inserts at a
volume of 500 pl/insert, avoiding the detachment of the
retinas from the filter underneath and ensuring that the gan-
glion cell layer was covered by the test substance. Retinas
were incubated in duplicates with the test substances for
30 seconds or five minutes. Afterwards, the retinas were

washed three times for five minutes with sterile PBS and
placed back on to the initial culture inserts. The culture medi-
um in each well of the initial culture plate was replenished 1:1
(v/v) with fresh medium and the retinas were incubated over-
night at 37 °C as described above to allow for recovery.

Live/dead assay

Cultured retinas were transferred gently into the wells of a 24-
well plate prefilled with PBS (n=1 retina piece/well), avoiding
damage to the retinas. After rinsing briefly with PBS twice,
retinas were incubated for 30 minutes in 4 uM Ethidium
homodimer-1 (EthD-1) and 2 uM Calcein-AM (Molecular
Probes) diluted in 0.1 % glucose-PBS. Afterwards, retinas
were rinsed briefly with 0.1 % glucose-PBS twice and fixed
with 2 % paraformaldehyde (PFA)-PBS for 15 minutes
followed by 4 % PFA-PBS for 15 minutes. After three rinses
in PBS for five minutes, the retinas were permeabilized in
0.1 % Triton X-100/PBS for ten minutes and counterstained
with DAPI (1 pg/ml in PBS) for ten minutes to detect the
nuclei. The retinae were rinsed twice in PBS, mounted in
Mowiol, and analyzed by fluorescence microscopy (Leica,
Wetzlar, Germany). To determine the percentage of damaged
cells in each image, the number of EthD-1 positive (damaged)
cells and the total cell number in that field (determined after
the visualisation of the nuclei with DAPI) was quantified.
Quantification of the stained cells was performed in 9-11
areas of 0.04 mm? per retina using the ImageJ software
(NIH). Each experiment was performed using n=2 retinas
per test group, for which the mean values were calculated.
Data are presented as the mean + standard error of mean
(SEM) of n=3 independent experiments.

Immunohistochemistry on paraffin sections

Cultured retinas were fixed in formalin, embedded in paraffin,
sectioned at 6 wm on a Leica RM2125RT microtome (Leica)
and mounted on Fisherbrand SuperFrost Plus glass slides
(Fisher Scientific, Houston, TX). After deparaffinization in
Xylol for three times for five minutes and rehydration in a
graded series of ethanol descending from 100 to 50 %, the
slides were rinsed with PBS and blocked with PBS containing
3% BSA and 0.3 % Triton X-100 (BSA-PBST) for 30 minutes
at room temperature. The sections were incubated with the
primary antibodies diluted in the blocking buffer overnight at
4 °C. Negative controls were incubated in the blocking buffer
alone. The sections were rinsed in PBS and incubated with the
fluorescent-secondary antibodies. The nuclei were counter-
stained with DAPI (1 pg/ml in PBS) for five minutes and
the slides mounted with Mowiol were analyzed by fluores-
cence microscopy (Leica).
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Immunohistochemistry on flat mounted retinas

For the immunohistochemical detection of glial reactivity in the
nerve fiber layer of whole mounted retinas, the protocol of
Wang et al., was performed with slight modifications [14].
Briefly, the whole mounted retinac were fixed in paraformalde-
hyde as above and washed three times for one hour in PBS
containing 0.2 % Triton X-100. After blocking in 3 % BSA-
PBST overnight at 4 °C, the retinas were incubated with the
antibodies against CD11b (diluted 1/5 in the blocking buffer) or
GFAP (1/200 in blocking buffer) for 48 hours at 4 °C to label the
microglia or astrocytes/end-feet of Miiller cells, respectively.
The negative controls were incubated with the blocking buffer
alone. Retinas were washed in PBS three times for one hour
each and incubated with the secondary antibodies indicated
above overnight at 4 °C. The nuclei were counterstained with
DAPI for ten minutes and the retinae were analyzed by fluores-
cence microscopy. The quantification of the (CD11b)-positive
cells was performed in four to five areas of 0.64 mm? on the flat
mounted retinae using the ImagelJ software.

Quantification of microglia reactivity

The morphological quantification of microglia in the nerve
fiber layer of flat-mounted retinas was performed by calculat-
ing two different form factors as described [15, 16]. Briefly,
the form factor 1 (FF1) is derived from the following equation:

4 11
FFl . 4T cell area

(cell perimeter)®

The FF1 ratio varies between 0 and 1, acquiring the latter
value for a perfectly circular (ameboid) cell and decreasing as the
number and/or length of the ramifications; hence, the cell perim-
eter increases. The FF1 serves as a sensitive indicator of initial
ramification, since it decreases in the presence of even very short
cytoplasmic processes. However, it does not always reflect the
true degree of microglia reactivity, since an oval shaped cell
without ramifications can also get a considerably lower FF1
value compared to the round, reactive microglia. For this pur-
pose, we additionally quantified the microglia reactivity in terms
of the FF2, which was calculated from the following ratio:

FF2 - cell area
convex arca

The convex area is the area of a polygonal object demar-
cated by the cell’s most extended projections. The FF2 ratio
would approach 1 for an ameboid (reactive) cell, since both
the normal and the convex areas would have similar values. In
contrast, the long ramifications would significantly increase
the convex area, resulting in the reduction of the FF2 ratio.

@ Springer

The FF2 values thereby allow for a more specific grading of
the presence of true, long ramifications. Quantification of the
microglia area, perimeter, and the convex area was performed
individually on each cell that was entirely localized within the
boundaries of an image (n=5-8 images of 0.04 mm? per
retina) using the Image J software. The FF1 and FF2 ratios
were calculated individually for each cell and denoted as
percentage. For each retina, the mean + standard deviation
(SD) of the FF1 and FF2 values were determined. The exper-
iments were performed »=3 independent times. Quantifica-
tions presented here were performed on the retinas of a repre-
sentative experiment.

Data analysis

The maximal percentage reduction of the b-wave amplitudes
during application of AV-17 or the solvent carrier was
expressed as the mean + SD of n=3 experiments. The recov-
ery of the b-wave was compared with the a-wave and b-wave
amplitude before application of AV-17. For the statistical
analysis the software “Origin 6.0” (Microcal) was used. Sig-
nificance was estimated by the Student’s#-test and levels of p<
0.05 were considered as statistically significant.

Results

The effects of AV-17 on retinal function in the isolated
superfused vertebrate retina

Stable ERG-amplitudes were reached after a two-hour perfu-
sion of the retinal preparations. Environmental parameters
such as pH, osmotic pressure, temperature, and pO, of the
perfusion medium remained unchanged during all conditions
tested.

The b-wave amplitude is very sensitive for detecting retinal
toxicity. At first we tested the solvent carrier including the
heavy water at different exposure times (30, 60, 120 and
300 seconds) on the b-wave amplitude at the concentration
of 0.13 ml/ml. We found a maximum b-wave reduction of
17.48+5.375 % directly after the application of the solvent
carrier, which was not significant (p=0.07916). The maxi-
mum reduction of the b-wave amplitudes detected after longer
exposure times (60 and 120 seconds) was less pronounced
(7.74+6.1 and 3.88+3.84 %, respectively) and not significant
(p=0.37721 and p=0.86621, respectively). For all tested ex-
posure times, the ERG-amplitudes remained unimpaired
throughout the washout and showed the same level compared
to the amplitudes before application (p=0.32736 for 30 sec-
onds; p=0.8542 for 60 seconds; p=0.24731 for 120 seconds).
A similar observation could be made for the longest exposure
time of 300 seconds. For both directly after the exposure (p=
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0.23968) and at the end of the washout (p=0.92955), the
solvent carrier did not induce a significant effect on the b-
wave amplitude (Fig. 1).

The dye AV-17 was initially tested at a concentration of
0.25 mg/ml and led to a direct reduction of the b-wave
amplitude after application, which was most prominent after
the exposure time of 30 seconds (42.428+14.851 %; p=
0.00115) and 120 seconds (41.498+13.64 %; p=0.0495).
The exposure times of 60 and 300 seconds also led to a
reduction of the b-wave amplitudes (37.55+12.71 and 31.19
+10.57 %), which did not reach the level of significance (p=
0.09744 and p=0.0845, respectively). A total abolishing of
the b-wave briefly after the application of AV-17 was not
observed in any of the test series. A full recovery of the b-
wave amplitude was reached on an average of 20—25 minutes
after applying AV-17 (Fig. 2).

At the end of the washout, the effects of the dye on the b-
wave amplitudes remained fully reversible and the ERG-
amplitudes returned to normal, showing no significant differ-
ence between the ERG-amplitudes before application for all
the tested exposure times (p=0.12861 for 30 seconds; p=
0.74135 for 60 seconds; p=0.28918 for 120 seconds; and
p=0.078 for 300 seconds; Fig. 2).

As the next step, we tested AV-17 at a higher concentration
of 0.5 mg/ml. The application for 30 seconds induced a
significant reduction of 49.485+17.1827 % in the b-wave
amplitude (p=0.04238). The effects on the b-wave amplitude
were partially reversible at the end of the washout (41.745+
9.24189 %), but the impairment of full recovery did not reach
the level of significance (p=0.07292). A longer exposure to
the dye at the same concentration led to a stronger effect
briefly after application. For an exposure time of 120 seconds,
we found a significant reduction of 72.62+14.67954 % (p=

—— 30 sec.
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Fig. 1 Effects of the solvent carrier on the b-wave amplitude of the
isolated perfused bovine retina. Average of representative test series.
The black arrow marks the application of solvent carrier. Only the retinal
exposure time was varied as indicated in the panel. A representative
standard deviation for the test series is given

—— 30sec. AV-17
04 | 60 sec. AV-17

120 sec. AV-17
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Fig. 2 Effects of 0.25 mg/ml AV-17 on the b-wave amplitude of the
isolated perfused bovine retina. Average of representative test series. The
black arrow marks the application of 0.25 mg/ml AV-17. Only the retinal
exposure time was varied as indicated in the panel. A representative
standard deviation for the test series is given

0.02801). The strongest effect could be observed after the
application for five minutes, in which an average reduction
of 78.265+7.48826 % (p=0.01922) could be recorded. The
effects remained at least partially reversible at the washout,
but for both exposure times the deficiency of recovery was not
significant compared to the b-wave amplitudes before appli-
cation (p=0.47203 ftwor 2 minutes and p=0.88266 for
five minutes; Fig. 3).

We also tested a lower concentration of 0.125 mg/ml by
applying the dye for 5 min and recorded an unsignificant
reduction of 43.41+12.19052 % of the b-wave amplitude
(p=0.12943). A fast recovery of the b-wave amplitude could
be observed, and we detected that the effects were fully
reversible at the end of the washout (p=0.88266).

Extent of cell viability in the ganglion cell layer
after application of AV —17 or the solvent carrier

To determine the outcomes of the exposure to the dye or its
solvent on the viability of the cells in the ganglion cell layer,
cultured retinas were incubated with AV-17 (at a concentration
range of 0.0625-0.5 mg/ml) or the solvent alone for 30 sec-
onds or five minutes in duplicates. Retinas exposed to the
fresh culture medium for 30 seconds or five minutes and
washed similarly as the other treated retinas were included
as controls. All the retinas were allowed to recover overnight
in replenished culture medium after repeated washing. Extent
of viability in the ganglion cell layer was determined by
performing Live/Dead staining, which employs the usage of
the fluorescent dyes Calcein-AM and Ethidium homodimer-1
(EthD-1). The former dye is a cell-permeable molecule which
can be converted into a green fluorescent product by the
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Fig. 3 Effects of 0.5 mg/ml AV-17 on the b-wave amplitude of the

isolated perfused bovine retina. Average of representative test series.

The black arrow marks the application of 0.5 mg/ml AV-17. Only the

retinal exposure time was varied as indicated in the panel. A representa-
tive standard deviation for the test series is given

esterases in living cells. In contrast, EthD-1 is a membrane—
impermeable red fluorescent dye, which can only enter the
cells with damaged membranes.

The control retinas treated with the culture medium
alone exhibited a high degree of viability as demonstrat-
ed by the strong Calcein-AM staining and the very low
level of EthD-1 uptake, which was restricted to only
9.69 +/— 6.06 % of the cells in the ganglion cell layer
after five minutes of treatment (mean £ SEM of n=3
experiments). Retinas treated with the solvent alone also
exhibited a high level of viability with very low levels
of EthD-1 uptake (13.26%+7.76 % after 5 minutes of
exposure, p=0.5168 compared to the retinas treated with
medium). Exposure of the retinas to the dye at the
concentrations of 0.0625 and 0.125 mg/ml did not result
in a decrease in the levels of Calcein-AM, though the
EthD-1 staining became gradually stronger as the con-
centration of the dye and the exposure time increased
(20.88+3.99 % with 0.0625 mg/ml dye and 20.56+
9.71 % with 0.125 mg/ml dye after five minutes; p=
0.1809 and p=0.3482, respectively, compared to the
solvent alone; Figs. 4 and 5).

With increasing concentrations (0.25 and 0.5 mg/ml) of the
dye, we observed a decline in the Calcein-AM staining and an
increase in the uptake of EthD-1 particularly after the 5-
minute exposure (36.29+5.94 and 36.63+9.47 %, re-
spectively), which was significant compared to the ret-
inas treated with the solvent alone (p=0.0029 and p=
0.0163, respectively; Figs. 4 and 5), demonstrating a
considerable decrease in viability after the exposure to
the dye at higher concentrations.
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Extent of astrocyte and Miiller cell activation in response
to AV-17 or the solvent carrier

The extent of astrocyte reactivity in the nerve fiber layer was
initially analysed after a 5-minute exposure of the cultured
retinas to the solvent or AV-17 at an intermediate concentra-
tion of 0.125 mg/ml and at the highest tested concentration of
0.5 mg/ml in duplicates. Retinas exposed to the fresh culture
medium alone for five minutes and washed similarly to the
other treated retinas were included as controls. All the retinas
were allowed to recover overnight in culture medium after
repeated washing. The control retinas treated with the culture
medium alone exhibited a modest immunoreactivity for
GFAP on the nerve fiber layer, suggesting that the astrocytes
are in a quiescent state. The retinas treated with the solvent
alone also exhibited a very low degree of GFAP-immunore-
activity, suggesting that the solvent did not activate the astro-
cytes after a S-minute exposure and was thereby well tolerated
by the retina (Fig. 6a).

A slight increase in GFAP expression and fiber thickness
was observed after the application of the dye at an intermedi-
ate concentration of 0.125 mg/ml (Fig. 6a). The macroscopic
evaluation of the retinas also revealed that the dye was weakly
retained on the nerve fiber layer despite the repeated washing
steps and the overnight recovery in culture medium (data not
shown). Exposure to AV-17 at a concentration of 0.5 mg/ml
resulted in a remarkable upregulation in the GFAP levels as
opposed to all the other groups, suggesting that the application
led to a considerable degree of retinal stress (Fig. 6a). The dye
was also retained at considerably higher levels in the nerve
fiber layer and was readily discernible by macroscopic evalu-
ation (data not shown).

Similarly, the immunostainings for GFAP on the retinal
cross sections demonstrated a quiescent state of not only the
astrocytes in the nerve fiber layer, but also the Miiller cells in
the retinas treated with the culture medium or solvent alone for
both 30 seconds and five minutes. A slight upregulation of
GFAP was observed in the nerve fiber layer and Miiller cells
in response to a S-minute exposure to the dye treatment at the
concentrations of 0.0625 and 0.125 mg/ml compared to the
retinas treated with the solvent carrier. With increasing con-
centrations of the dye (0.25 and 0.5 mg/ml), the upregulation
of GFAP became more prominent in both the Miiller cells and
the nerve fiber layer even after an exposure of 30 seconds,
demonstrating a gradual increase in the reactivity of astrocytes
and Miiller cells in response to higher concentrations of the
dye (Fig. 6b).

Extent of microglia reactivity in response to AV-17
or the solvent carrier

Microglial reactivity was quantified based on two form factors
(FF) that provide a numerical score (0-100 %) for cellular
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Fig. 4 Viability of the cells in the ganglion cell layer after exposure to
AV-17 or its solvent for 30 seconds. (a) Representative images of the
live/dead staining demonstrating a gradual decrease in the processing of
the vital dye Calcein (green) and an increase in the uptake of the
membrane-impermeable dye Ethidium homodimer-1 (EthD-1, red) in
the ganglion cell layer of the retinas exposed to 0.25 and 0.5 mg/ml
AV-17 for 30 seconds. Retinas incubated with the normal culture medium
(N+) were included as the baseline controls. Bar=10 um. (b)

morphology, acquiring lower values for the quiescent, rami-
fied cells and approaching 100 % as the microglia transformed
into a more ameboid, reactive morphology with a decrease in
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Fig. 5 Viability of the cells in the ganglion cell layer after exposure to
AV-17 or its solvent for five minutes. (a) Representative images of the
live/dead staining on the ganglion cell layer. Exposure to the AV-17 dye at
the higher concentrations of 0.25 and 0.5 mg/ml for five minutes resulted
in a considerable increase in the percentage of damaged cells with the
uptake of the membrane-impermeable dye Ethidium homodimer-1
(EthD-1, red). Retinas incubated with the normal culture medium (N+)
were included as the baseline controls. Bar=10 pm. (b) Quantification of
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Quantification of the percentage of damaged (EthD-1 positive) cells in
the ganglion layer. Data represent the mean + SEM obtained of n=3
experiments for 0.0625 and 0.5 mg/ml, and n=4 experiments for the
remaining groups. (¢) Quantification of the intensity of EthD-1 uptake in
the ganglion cell layer. Data represent the mean + SEM obtained of n=3
experiments for 0.0625 and 0.5 mg/ml, and n=4 experiments for the
remaining groups

the number and/or length of the protrusions. The FF1 value
decreases with the presence of even very short protrusions
whereas the FF2 value is a more sensitive indicator of true
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the percentage of damaged (EthD-1 positive) cells in the ganglion cell
layer. Data represent the mean = SEM obtained of n=3 experiments for
0.0625 n=5 experiments for the solvent, and n=4 experiments for the
remaining groups. (¢) Quantification of the intensity of EthD-1 uptake in
the ganglion cell layer. Data represent the mean + SEM obtained of n=3
experiments for 0.0625 n=5 experiments for the solvent, and n=4 exper-
iments for the remaining groups
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Fig. 6 Outcomes of the exposure to AV-17 or its solvent on the reactivity
of astrocytes and Miiller cells. Exposure of the ganglion cell layer (GCL)
to AV-17 resulted in a time-dependent and dose-dependent increase in the
reactivity of both (a) the astrocytes in the nerve fiber layer and (b) the
Miiller cells that extend radially, as demonstrated by the immunostainings
for GFAP (red) on the flat mounts and transverse paraffin sections of the

ramifications with long and branched protrusions. Microglia
in the nerve fiber layer were visualised by performing
immunostainings for the marker protein CD11b on the flat-
mounted retinal cultures.

Microglia in the control retinas treated with the culture
medium for five minutes exhibited the quiescent morphology
with numerous long and branched protrusions (Fig. 7). This
quiescent morphology was retained to a high extent in the
retinas treated with the solvent alone for five minutes, which
was also evident from the very low values for FF1 (3.16+
0.53 %; mean + SD of n=14 images of 0.04 mm* from a
representative experiment). The majority of the microglia in
the retinas exposed to AV-17 at the concentrations of 0.125
and 0.5 mg/ml also exhibited a ramified morphology. How-
ever, the number and length of these protrusions were gradu-
ally reduced with increasing concentrations of the dye, as
reflected by the FF1 score of 5.33+£0.66 and FF2 score of
76.57+4.89 % detected for the group treated with 0.5 mg/ml
AV-17 for five minutes (mean + SD of n=14 images of
0.04 mm?® from a representative experiment, p<0.0001 for
both scores compared to the retina treated with the solvent
alone; Fig. 7).

Discussion

The model of the isolated and perfused vertebrate bovine
retina is a very sensitive and standardized tool for evaluating
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treated retinas, respectively. Bar indicates 50 and 25 pum in (a) and (b),
respectively. Retinas incubated with the normal culture medium (N+)
were included as the baseline controls. The nuclei were counterstained in
blue with DAPI. IPL: Inner plexiform layer; INL: Inner nuclear layer;
ONL: Outer nuclear layer

retinal toxicity of drugs [13]. Besides the functional analysis,
our model allows for an intensive histological, ultrastructural,
or biochemical evaluation of the tested retinae [17-19]. We
tested the effects of AV-17 on the b-wave amplitude because
the b-wave amplitude is the most sensitive criterion to detect
changes reflecting the integrity of the inner neural network of
the retina [10, 20]. Similar results could be demonstrated after
dye application for bovine and human retina in which our
experimental setup corresponds most closely to the situation
in vivo where the dye is directly applied on the retinal surface
[21]. However, the ERG reflects only the function of the
photoreceptors and the activity of the network of the inner
retina, whereas the function of the ganglion cell layer, which
comprises the first group of retinal cells that would come into
contact with the dye after intraocular application, could not be
recorded. We, therefore, additionally performed cultures of
flat-mounted bovine retina to evaluate the outcomes of the
exposure to the dye or its solvent on the viability of the cells in
the ganglion cell layer and the reactivity of glial cells.

At first we tested the solvent carrier alone, which includes
deuterium oxide (heavy water; D,0) to enhance the staining
effects of the dye. Deuterium (symbol: D) is a stable isotope of
hydrogen, and was discovered in 1932 by Harold Urey [22]. It
has been shown that mammals can tolerate a concentration of
up to 30 % of D,O in drinking water, and that a short exposure
to a blood serum deuterium fraction of up to 0.23 ml/ml
appeared safe [23, 24]. In our experimental setup, we detected
no significant effects on the b-wave amplitude directly after
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Fig.7 Outcomes of the exposure to AV-17 or its solvent on the reactivity
of microglia. Microglia in the nerve fiber layer of flat-mounted retinas
exposed to the solvent alone or 0.125 mg/ml AV17 exhibited a quiescent
morphology characterized by the long and branched ramifications as
detected by the CD11b immunostaining (green). In contrast, a consider-
able decrease was observed in the number and length of the protrusions of
the microglia in the retinas exposed to 0.5 mg/ml AV-17, demonstrating

the application of the solvent carrier (containing 0.13 ml D,0O/
ml) or during the washout even after a long exposure time of
five minutes. Additionally, the exposure of the retinal cultures
to the solvent did not result in a considerable decrease in
viability. The solvent carrier was very well tolerated not only
in terms of cell survival in the ganglion cell layer but also the
extent of glial reactivity, resulting in no considerable activa-
tion of the astrocytes, Miiller cells or the microglia compared
to the normal retinas treated with medium. These results are in
accordance with recently reported investigations of a solvent
carrier for BBG including the same concentration of D,O in
an isolated retinal preparation [10].

A reduction of the ERG amplitudes of the isolated perfused
vertebrate retina was noticed after the application of AV-17 for
all test series. However, the measured decrease in the ERG-
amplitudes could not be solely interpreted as a toxic effect. In
fact, the reduction of the ERG amplitudes can be explained by
the absorption of the applied light via the dye, since the dye
was applied between the retina and the source of light. There-
fore, the applied light would be initially absorbed by the dye
before reaching the retina, resulting in a decrease in the
intensity of the stimulus. This view was further supported by
the kinetics of the ERG-amplitudes, demonstrating that the
recovery occurred simultaneously with the complete disap-
pearance of the dye from the perfusion chamber. Moreover, a

0.125 mg/ml
AV17

0.5 mg/ml
AV17

100 P<0.001
90 =

0.125 0.5
mg/ml  mg/ml

Solvent

the transition into a more reactive phenotype. The nuclei were counter-
stained in blue with DAPI. Retinas incubated with the normal culture
medium (N+) were included as the baseline controls. The images are
representative of n=3 independent experiments. Bar=50 pum. Quantifi-
cation of microglial reactivity was performed by determining the form
factors (FF) 1 and 2 (b, ¢) from a representative experiment. Data
represent the mean + standard deviation of n=6-12 regions of 0.04 mm>

recovery was observed after application for all test series
(0.125-0.5 mg/ml) independent from the retinal exposure time
and used concentration, showing no significant prolonged
effects on the b-wave amplitude at the washout. Application
of AV-17 in combination with a D,O containing solvent was,
therefore, regarded as safe for the normal functioning of the
photoreceptors and the inner retinal network.

Exposure to the dye at the concentrations of 0.0625 mg/ml
and 0.125 mg/ml was also well tolerated by the retinal cells in
terms of the cellular viability in the ganglion cell layer and the
maintenance of glial cells in a quiescent state. However, we
found some remarkable effects on cell viability at the higher
concentrations of 0.25 mg/ml and 0.5 mg/ml, with a signifi-
cant increase in cell damage in the ganglion cell layer already
after an exposure of 30 seconds, which became more promi-
nent after prolonged treatment. This was associated with the
activation of astrocytes and Miiller cells, providing further
evidence of the ongoing retinal stress. Exposure of the cul-
tured retinas to the solvent alone or the dye at a concentration
of 0.125 pg/ml did not result in a noticeable increase in
microglia reactivity, suggesting that the tissue stress did not
reach a critical level that would necessitate a macrophagic
cleaning process. However, the treatment with 0.5 mg/ml of
the dye also led to a significant increase in the number of
microglia acquiring a more reactive phenotype.
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A possible reason underlying these concentration depen-
dent effects on the cultured retinas might be the residues of the
dye retained in the nerve fiber layer even after extensive
washing steps and the overnight recovery in replenished cul-
ture medium. Being responsible for maintaining homeostasis
in the retina, the glial cells would react to the presence of any
foreign substance and be involved in the management of the
new environmental conditions [25-27]. The reactivity of the
astrocytes and Miiller cells to even the low concentrations of
AV-17 that remained after the exposure to the dye at 0.0625—
0.125 mg/ml was, therefore, possibly a homeostatic response.
Though the glial reactivity is initially attempted as a protective
response, an excessive reactivity of these cells can also have
adverse effects on the adjacent neurons [25-27]. The extent of
viability in the ganglion cell layer was indeed reduced after the
long-term exposure to the dye at high concentrations together
with an increase in glial reactivity. Yet, we should also con-
sider that the lack of a perfusion system in our culture model
might also have accounted for the retaining of the dye in the
nerve fiber layer, whereas in an in vivo system with a normal
vasculature, the dye is not expected to accumulate at such high
concentrations and be gradually cleared. Application of AV-
17 at higher concentrations is, therefore, likely to be well
tolerated in vivo without such adverse effects. Nevertheless,
we consider it safer to apply the dye at a concentration of
0.125 mg/ml or lower to avoid excessive glial reactivity and
adverse effects on retinal cell viability.

Our findings are also mainly in accordance with the results
of a previously published study investigating the retinal bio-
compatibility of AV-17, which was reported to be superior to
the biocompatibility of trypan blue and indocyanine green.
However, contrary to our findings, a good biocompatibility
was stated even for the concentration of 0.5 mg/ml [9]. In the
former study, the dye was applied intravitreally into the vitre-
ous humor. The discrepancy to our study might, therefore,
have resulted from the protective effects of the vitreous hu-
mor, which was described in detail for the drug triamcinolone.
[28-30]. Moreover, the intravitreal injection into the vitreous
would also result in the dilution of the dye solution in the
vitreous before reaching the nerve fiber layer and thereby a
more gradual exposure of the retinal cells to the dye solution
as opposed to the direct application of the dye on to the nerve
fiber layer in our electrophysiological and retinal culture
models.

AV-17 belongs to the same group of substances, the trityl
dyes, like BBG and PBV. Both dyes have been investigated in
our model of the isolated perfused retina. Comparing our
results of AV-17 with our former experiences with BBG and
PBYV, the effects AV-17 on the ERG were very similar to BBG,
and we think that both dyes have the same biocompatibility.
[6] However, the best biocompatibility is with PB, but this dye
has only low staining capabilities. [4] Therefore, the staining
of the ILM with AV-17 at the suggested concentrations could
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be applicable. A recent study indeed demonstrated that a 3-
minute exposure of vitrectomized cadaveric eyes to
0.05 mg/ml of an acid violet dye enabled the distinction of
ILM from the underlying retina with a high degree of contrast
and facilitated the surgical peeling of ILM [31]. However, the
optimal concentration required to stain the epiretinal mem-
branes remains to be determined, since a staining of epiretinal
membranes with BBG was not observed at a concentration of
0.25 mg/ml [5]. If the staining of epiretinal membranes can be
satisfactorily achieved with AV-17, the usage of this dye
would lead to a substantial progress in vitreo-macular surgery
by representing an alternative for the more toxic dye trypan
blue. Otherwise AV-17 can be appreciated as an alternative to
BBG for ILM-staining like newly developed formulations of
BBG [32].

Based on our results, we conclude that the application of
AV-17 at a concentration of 0.125 mg/ml or below in a D,O-
carrying solvent appears safe for intraocular administration.
Nevertheless, similar to the intraocular application of BBG,
restricting the time the retina is exposed to this novel dye
would be advisable to avoid adverse effects through excessive
glial reactivity. The in vivo staining characteristics and accep-
tance of a new formulation of AV-17/D,O0 in clinical practice
also need to be established.
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Abstract

Background: Dye solutions such as indocyanine green (ICG)
are used for the staining of intraocular structures. The aim of
the presented study was to investigate the effects of ICG on
bovine retinal function using different concentrations of
ICG. Methods: Bovine retina preparations were perfused
with a standard solution and the electroretinogram was re-
corded. The nutrient solution was substituted by an ICG solu-
tion at varying concentrations for 45 min. Afterwards the
preparations were reperfused with standard solution for at
least 85 min. Results: Significant reductions in b-wave am-
plitude were found for concentrations of 0.0025% (p =
0.0099) and 0.025% (p = 0.0378). For the concentration of
0.025%, the b-wave amplitude remained significantly de-
creased (p = 0.0082) after the observation period, but a full
recovery of the b-wave was observed for the concentration
of 0.0025% (p = 0.1917). Conclusion: Intraocular application
of sufficient ICG concentrations for internal limiting mem-
brane staining seems not possible without interfering with
retinal function. © 2074 5. Karger AG, Basel

introduction

Clinical use of intraocular dyes for staining the inter-
nal limiting membrane (ILM) and epiretinal membranes
leads to improvement in anatomical success and func-
tional outcome after vitreomacular surgery [1, 2]. The
first dye applied for this indication was indocyanine green
(ICG), which has been used in internal medicine for over
half a century [3]. After intraocular use of ICG without
specific toxicological testing on the retina, concerns soon
arose, and morphological and functional changes after its
application have been reported [4, 5]. Therefore, alterna-
tives with better retinal biocompatibility, such as Brilliant
Blue G, were investigated and in part replaced ICG [6].
Nevertheless, today ICG is still frequently used in vitreo-
macular surgery.

Several experimental studies have used cell cultures to
investigate the toxicity of ICG to the retina [7, 8]. It was
demonstrated that high concentrations of ICG caused
more reduction in retinal pigment epithelium cell viabil-
ity [9]. But using these in vitro models has the disadvan-
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tage of being unable to reproduce the functional retinal
impact in vivo. However, we have previously shown that
the isolated superfused bovine retina is an adequate, sen-
sitive model for pharmacological testing [10]. Using this
model, we were able to demonstrate the time-dependent
toxic impact of ICG on retinal function [11].

Therefore, the purpose of this study was to examine
the impact of different ICG concentrations on retinal
function in the isolated superfused bovine retina model,
which proved to be closer to actual in vivo findings and
displayed lower susceptibility to interfering in vivo pa-
rameters than observed in study animals [10, 12]. Effects
were analyzed based on the parameters of the electroret-
inogram (ERG). Our aim was to define a safe concentra-
tion of ICG which simultaneously allows a sufficient
staining of the ILM for macular surgery.

Materials and Methods

Materials

Glucose and the constituents of the nutrient solution (analyti-
calgrade) used for superfusion of the bovine retina were purchased
from Merck (Darmstadt, Germany). All stock solutions for the nu-
trient solutions were sealed in glass tubes (Gerresheimer Wert-
heim GmbH, Wertheim, Germany) to establish reproducibility of
ERG recordings. Deionized water (<0.1 pS/¢cm) was additionally
glass distilled and autoclaved in glass bottles. All solutions were
prepared in autoclaved glass bottles, using sterile distilled water.

Superfused Vertebrate Retina Assay

Freshly enucleated bovine eyes were opened equatorially, the
vitreous was removed and circular pieces of the posterior segment
were obtained using a 7-mm trephine. The retina was separated
from the underlying pigment epithelium and mounted on a mesh
occupying the center of a perfusion chamber.

An ERG was recorded in the surrounding nutrient via 2 siiver/
silver chloride electrodes on either side of the retina. The chamber
was installed in an electrically and optically isolated air thermostat.
Perfusion velocity was controlled by a roller pump (1 ml/min) and
the temperature was kept constant at 30°C. The perfusion medium
was preequilibrated with oxygen and the oxygen level monitored
by a Clarke electrode. The ERG was elicited at intervals of 5 min
using a single white flash (6.3 mlx, 500 ms) controlled by a timer-
operated mechanical shutter system. The ERG was amplified and
bandpass limited between 0.1 and 300 Hz. The signal was AD con-
verted and stored using a PC-based signal acquisition and analyz-
ing system. The retina was perfused with serum-free standard me-
dium (NaCl 120, KCl 2, MgCl, 0.1, CaCl, 0.15, Na,HPO, 13.5 and
glucose 5 mmol/l) and stimulated repeatedly until stable ampli-
tudes were reached.

Then, 50 mg of ICG (Pulsion Medical Systems, Munich,
Germany) were dissolved in 10 ml of sterile distilled water, and
I ml of the resulting solution was diluted each with varying vol-
umes of BSS Plus (Alcon Surgical, Fort Worth, Tex., USA), form-
ing the different final concentrations of 0.000025, 0.00025 and
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0.05%. For the ICG solutions with a concentration of 0.0025 and
0.025%, ICG was directly dissolved in the nutrient solution to
avoid a shift of the well-balanced nutrient solution.

For each concentration (0.025, 0.0025, 0.00025 and 0.000025%)
anew isolated retina was used (n = 3-4). The retina was superfused
with the serum-free nutrient solution and stimulated repeatedly
until stable amplitudes were recorded. The standard medium was
replaced by one of these ICG concentrations for 45 min (retinal
exposure time). Afterwards, the preparation was reperfused with
standard medium for at least 85 min.

To show the validity of the recently published data on dye bio-
compatibility, we performed one additional test series using the
concentration of 0.05%. After recording stable b-wave amplitudes,
the 0.05% ICG solution was applied for 21 s. Following this, the
retina was reperfused with standard solution for at least 115 min
(n=5).

Data Analysis

The b-wave amplitude was measured from the trough of the a-
wave to the peak of the b-wave, and the percentage of b-wave re-
duction after exposition was calculated. Changes in b-wave ampli-
tude were carefully monitored. Furthermore, reversibility of the
impact of ICG on the b-wave after reperfusion with standard me-
dium was considered. For statistical analysis of the b-wave ampli-
tude, the software Origin 6.0 (MicroCal) was used. Significance
was calculated with Student’s t test. Levels of p < 0.05 were regard-
ed as statistically significant, and p < 0.01 as highly significant.

Results

Stable ERG amplitudes were reached within 2 h of per-
fusion of the retinal preparations. The environmental pa-
rameters for the perfusion medium, such as pH, osmotic
pressure, temperature and PO, remained unchanged dur-
ing substitution with the dye solution.

The exposure of ICG at a concentration of 0.05% for
21 sled to a highly significant reduction in b-wave ampli-
tude (p = 0.00161) by abolishing the responses directly
after exposure (fig. 1). However, after reperfusion with
standard nutrient solution, the b-wave amplitude recu-
perated, and at the end of the washout a partial recovery
was observed in which the b-wave amplitude was not sig-
nificantly different to the amplitudes prior to exposure.

During exposure with lower-concentrated ICG solu-
tions for 45 min, a significant reduction (p < 0.05) in b-
wave amplitude was found for the concentrations of 0.025
and 0.0025%. The lowest tested concentrations (0.00025
and 0.000025%) did not have any statistically significant
impact on the ERG during exposure (table 1; fig. 2). The
reversibility of the dye effect proved to be concentration
dependent as well. While the b-wave amplitude recovered
during the 85 min after exposure with 0.0025% ICG solu-
tion (no significant persistent b-wave reduction; p =
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Fig. 1. Effects of ICG on b-wave amplitude of isolated perfused
bovine retina. Average of representative drug series. Black arrow:
application of 0.05% ICG for 21 s (n = 5). The representative stan-
dard deviation for the test series is given.

Table 1. ERG results directly after ICG exposure

ICG concentration PBR, % p
0.025% -38.9(19.3) 0.0378*
0.0025% -13.4 (5.8) 0.0099%*
0.00025% +3.7 (16.0) 0.9879
0.000025% +5.6 (19.2) 0.6667

Values in parentheses denote standard deviations. * p < 0.05,
**p < 0.01. PBR = Persistent b-wave reduction.

Fig. 2. Effects of ICG on b-wave amplitude of isolated perfused
bovine retina. Average of representative drug series. Horizontal
bar: application of indicated difterent concentrations for 45 min.
The representative standard deviation for the test series is given.

Table 2. ERG results 85 min after ICG exposure and reperfusion
with standard medium in the meantime

ICG concentration PBR, % p
0.025% -27.7 (9.6) 0.0082**
0.0025% -10.4 (10.0) 0.1917
0.00025% +6.6 (28.5) 0.9142
0.000025% +11.1(25.9) 0.7509

Values in parentheses denote standard deviations. ** p < 0.01.
PBR = Persistent b-wave reduction.

0.1917), it still remained decreased after the same time
when a concentration of 0.025% was applied (significant
persistent b-wave reduction; p = 0.0082). The lower con-
centrations tested did not lead to a significant deficiency
in b-wave recovery during the washout (table 2; fig. 2).

Discussion

The purpose of this study was to evaluate the effects of
different concentrations of ICG on retinal function. As
many types of retinal cells and synapses are involved in
the generation of the b-wave, it might be obvious that a
reduction in this parameter indicates significant dysfunc-
tion of retinal neurons. Therefore, the b-wave amplitude

Testing the Value of ICG in Macular
Surgery

is a very sensitive indicator of retinal dysfunction and isa
useful tool for detecting drug biocompatibility.

There has been growing experimental and even clini-
cal evidence that ICG might not be as safe as previously
thought. Major visual-field defects have been reported af-
ter ICG-assisted ILM delamination, whereas there were
none in patients who underwent conventional peeling
without any dye [5, 13]. Furthermore, severe damage was
described after experimental macular surgery and appli-
cation of 0.05% ICG solution to human donor eyes, pre-
suming that ICG induces a phototoxic effect on the vit-
reoretinal surface resulting in a disruption of Miiller cells
[4, 14, 15]. Actually, since then this photosensitivity-re-
lated impact of ICG has been effectively used to treat dif-
ferent kinds of cancer experimentally and even clinically
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[16, 17]. Moreover, a cell culture study demonstrated a
dose-related increase in expression of apoptotic genes af-
ter cells were exposed to 2.5 mg/ml (0.25%) ICG solution
and light, while it was not observed in controls and with
a concentration of 0.25 mg/ml (0.025%) [7].

Several animal studies on ICG have been performed.
Most of them showed a concentration-dependent retinal
impact associated with ICG. For instance, it has been
demonstrated that the ERG and histology of rabbit eyes
treated with 0.5 mg/ml (0.05%) ICG were normal 1 week
after intravitreal injection, whereas higher concentra-
tions of 5 mg/ml (0.5%) and 25 mg/ml (2.5%) ICG re-
sulted in dark-adapted ERG abnormalities and histologi-
cal examination revealed morphological changes [18, 19].

A clinical study evaluating changes in macular func-
tion and potential retinal toxicity in epiretinal membrane
surgery with ICG-assisted ILM peeling using multifocal
electroretinography showed no significant changes in N1
and PI response amplitudes and peak latencies when a
concentration of 0.5 mg/ml (0.05%) was used, whereas a
concentration of 1.25 mg/ml (0.125%) resulted in signifi-
cant amplitude reductions compared with baseline [20,
21].

Considering lower concentrations than 0.0025% of
ICG might be a simple solution to avoid retinal toxicity,
but these concentrations induce problems regarding suf-
ficient visualization of the ILM. Kwok et al. [21] showed
that a concentration of 1.25 mg/ml (0.125%) might be
needed to achieve stable, excellent visualization of the
ILM to grant safe removal during macular surgeries.
Lower concentrations such as 0.5 mg/ml (0.05%) and
0.25 mg/ml (0.025%) achieved an at least adequate stain-
ing only in 77% (0.5 mg/ml) and 50% (0.25 mg/ml) of all
cases [20]. Despite these facts, ICG is still used by some
surgeons due to its favorable staining properties. The
concentrations of the intraoperatively applied ICG solu-
tions vary between 0.025% and 0.5% [2, 13, 15]. But, as
our experiments have shown, even a concentration of
0.025% does have toxic short-term effects on retinal func-
tion in ERG.

References

Nevertheless, these results should be interpreted with
caution. Despite the fact that this model mimics the in-
traoperative situation after fluid/air exchange properly, it
remains an ex vivo model. In addition, the application
time might have been exaggerated (45 min), since from a
clinical point of view it is much shorter (1-5 min) [4, 5].
But being determined empirically, this duration of 45 min
shows solid validity in regard to evaluating toxic effects
on retinal functions, as demonstrated in previous studies
{22, 23].

With regard to application time, we have already dem-
onstrated that a concentration of 0.05% ICG leads to re-
versible effects on the ERG after retinal exposure of up to
30 s. Exceeding the exposure time of 30 s resulted in per-
sistent impairment of retinal function [11]. These find-
ings were confirmed during this study when a 0.05% ICG
solution was applied for 21 s. Thus, toxic effects on retinal
function after intraoperative short-term application of
0.05% ICG are unlikely to occur. However, it has been
demonstrated that despite careful intraoperative removal
of the dye, infrared fluorescence of ICG may persist up to
3 years after [CG-assisted vitrectomy and that, therefore,
the actual application time leading to adverse effects
might be much longer than expected [24].

In conclusion, our data from an isolated, superfused
retina model indicate that besides exposure time there is
also a concentration-dependent impact of ICG on retinal
function. ICG solutions at a concentration of 0.025% or
higher have persistent effects on retinal function. Lower
concentrations might be safe, at least regarding the ERG,
but are not clinically applicable on account of their de-
creasing staining ability. Therefore, the continuous use of
ICG in macular surgery should be called into question,
because a safe concentration with sufficient staining
properties might not exist for ICG solutions.
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