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Abstract

Background: Previous studies noted that intravitreal injection of ST00B triggered a glaucoma-like degeneration of
retina and optic nerve as well as microglia activation after 14 days. The precise role of microglia in our intravitreal
S100B model is still unclear. Hence, microglia were inhibited through minocycline. The aim is to investigate
whether microglia have a significant influence on the degeneration process or whether they are only a side effect
in the model studied here.

Methods: Minocycline was applied daily in rats by intraperitoneal injection using two different concentrations (13.5
mg/kg body weight, 25 mg/kg body weight). One day after treatment start, ST00B or PBS was intravitreally injected
in one eye per rat. The naive groups received no injections. This resulted in a total of five groups (naive n = 14, PBS
n=14,S100B n = 13, 13.5 mg/kg mino n = 15, 25 mg/kg mino n = 15). At day 14, electroretinogram measurements
were performed, followed by immunofluorescence and label-free quantitative proteomics analysis. The focus of
these investigations was on the survival of RGCs as well as their axons, the response of the microglia, and the
identification of further pathological modes of action of ST00B.

Results: The best signal transmission was detected via ERG in the 13.5 mg/kg mino group. The inhibition of the
microglia protected optic nerve neurofilaments and decreased the negative impact of ST00B on RGCs. However,
the minocycline treatment could not trigger complete protection of RGCs. Furthermore, in retina and optic nerve,
the minocycline treatment reduced the number and activity of S100B-triggered microglia in a concentration-
dependent manner. Proteomics analysis showed that ST00B application led to numerous metabolic functions and
cellular stress, mainly an increased inflammatory response, glycolysis, and mitochondrial dysfunction, which caused
oxidative stress in the retina. Importantly, the protective capability of lower dose of minocycline was unraveled by
suppressing the apoptotic, inflammatory, and the altered metabolic processes caused by S100B insult in the retina.

Conclusion: Intravitreally injected S100B not only led to a pro-inflammatory microglial reaction, but also a
mitochondrial and metabolic dysfunction. Also, these results suggest that an excessive microglial response may be
a significant degenerative factor, but not the only trigger for increased cell death.
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Background

S100B is a glial stress protein expressed by macroglia,
especially astrocytes [1]. In patients with neuronal dis-
eases, such as Alzheimer’s disease or multiple sclerosis,
it is known that S100B levels in the cerebrospinal fluid
are increased [2, 3]. Also, patients with glaucoma dem-
onstrate an increase of autoantibodies against S100B in
their tear fluid [4]. Hence, the role of S100B was investi-
gated in glaucoma models [5, 6]. Systemic application of
this protein led to retinal ganglion cell (RGC) and optic
nerve damage in rats. In a recent study, intravitreal
injection of S100B in rats induced a fast optic nerve
degeneration, already after 3 days. Fourteen days after
intravitreal injection, RGCs were also damaged, which
indicates that the intravitreal S100B model is a
glaucoma-like model [7]. In conjunction with these re-
sults, possible pathological mechanisms were investi-
gated. An increased inflammatory response was detected
14-days after S100B injection. This inflammatory re-
sponse included an increased number of retinal tran-
scription factor nucleus factor-kappa B (NFkB) signals
and an upregulated pro-inflammatory microglia re-
sponse in retina and optic nerve [8]. It is known that
S100B induces neuronal damage by activating the NF«B-
dependent signal pathway [9], leading to a microglia ac-
tivation in a pro-inflammatory manner. Therefore, we
hypothesize that an uncontrolled microglial response is
responsible for the strong neuronal damage in this
glaucoma-like model. Hence, microglia and other im-
munological processes are described as possible degen-
erative players in this intravitreal S100B model and
others, but it is unknown if they take part in degener-
ation in these models or if they are just an epiphenom-
enon [10, 11]. Therefore, the inhibition of microglia
response might help to answer this question.

One possibility to inhibit the microglia is to use the
tetracycline derivative antibiotic minocycline. Minocy-
cline can increase the RNA expression of anti-apoptotic
proteins in human trabecular meshwork cells and the as-
trocytes in the optic nerve head [12]. Also, it prevents
the upregulation of caspases 1 and 3 and inhibits the re-
lease of cytochrome c in animal models [13, 14]. A very
important characteristic is the anti-inflammatory quality
of minocycline. These are not related to its microbial
properties, but rather due to its inhibition of microglia
cells [15]. The inhibition of microglia and its protecting
effect on retinal cells was already noted in several glau-
coma models [16—-18].

To get a detailed analysis of the induced mechanisms,
immunofluorescence and intensive proteome analyses
were performed to identify further degenerative pro-
cesses caused by S100B. Proteomics has proven to be an
essential platform in ophthalmic research, especially in
retinal-associated diseases owing to the advancement in
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the mass spectrometry technology that facilitated identi-
fication of potential disease markers for subsequent
diagnosis and prognosis, as demonstrated by many pre-
vious studies, including several of ours [19-22]. There-
fore, label-free quantitative proteomics strategy was
employed to comprehensively characterize the retinal
proteome in an experimental model of S100B-induced
retinal insult as well as to evaluate the efficacy of mino-
cycline treatment paradigm.

In this study, we examined the effect of minocycline in
the intravitreal S100B model. We could demonstrate
that minocycline treatment inhibited the microglia re-
sponse and decreased the apoptosis rate in S100B-
treated retinas as well as in optic nerves. Also, approxi-
mately 20% of the RGCs damaged by S100B and most of
the damaged optic nerve neurofilaments were protected
trough minocycline. Also, this study revealed alterations
in the major metabolic functions, cellular stress, and
corresponding dysfunctions, namely, mitochondrial dys-
function, apoptosis, inflammation, and neurodegenera-
tive processes due to S100B-mediated insult and
protective characteristics of minocycline in retina.

With this study, we could accurately identify the
pathological properties of a high extracellular S100B
concentration and determine the protective functions of
minocycline in different concentrations.

Material and methods

Animals

All animal experiments were carried out in accordance
with the ARVO Statement for Use of Animals in Re-
search and the animal care committee of North Rhine-
Westphalia ~ (Germany;  approval number  84-
02.04.2013.A442). Male Wistar rats from Charles River
(376-400 g; Sulzfeld, Germany) were used in this study,
they had access to chow and water ad libitum on a 12 h:
12 h light-dark cycle. At regular intervals, investigations
of possible neurological deficits and eye damage were
carried out and animals were weighed daily.

Intraocular S100B injection

The intraocular S100B injections were carried out as de-
scribed previously [7, 8]. 0.4pg S100B solution was
injected (Sigma Aldrich, St. Louis, MO, USA) in one eye
(43 eyes in total). The control group received 2 pl of
phosphate-buffered saline (PBS; Biochrome, Berlin,
Germany, n = 14 eyes). The contralateral eyes were used
as naive controls (n = 14 eyes; Fig. 1a).

Minocycline treatment

Thirty rats from the S100B group were treated with
minocycline (Sigma Aldrich). This treatment was started
1 day before the intraocular injection occurred. These 30
rats were separated in two groups, the 13.5mg/kg
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Fig. 1 Study timeline. In this study, two different concentrations of minocycline (25 mg/kg body weight; 50 mg/kg body weight) were
intraperitoneally injected at day -1. STO0B or its solvent PBS were intravitreally applied at day 0. The untreated eyes were used as naive controls.
Minocycline was then administered daily (13.5 mg/kg body weight; 25 mg/kg body weight) from day 1 to 14. Five groups were generated in this
study: naive: untreated (n = 14); PBS: intravitreal PBS injection (n = 14); ST00B: intravitreal S100B injection (n = 13); 13.5 mg/kg mino: low minocycline
dose of 13.5mg/kg + S100B (n = 15); 25 mg/kg mino: high minocycline dose of 25 mg/kg + S100B (n = 15). After 14 days, Electroretinogramm (ERG)
measurements were carried out and the eyes and optic nerves were obtained for further analysis, including (immuno-)histology and proteomics

I
ERG

(Immuno-)histology
Proteomics

minocycline (13.5mg/kg mino, n = 15) and 25 mg/kg
minocycline groups (25 mg/kg mino, n = 15). Further-
more, the minocycline treatment was separated into an
initial starting dose and follow-up doses. The initial dose
was only given once on day -1 (1 day before S100B
injection, Fig. 1). The 13.5 mg/kg mino group received
25 mg/kg body weight as an initial dose. As a follow-up
dose, these animals received 13.5 mg/kg body weight in-
traperitoneally daily. The 25 mg/kg mino group received
an initial dose of 50 mg/kg body weight and follow-up
doses of 25 mg/kg body weight.

Electroretinogram recordings

Electroretinogram (ERG) measurements were performed
as previously described [7, 23]. A full-field flash electro-
retinography (HMsERG system; OcuScience, Henderson,
NV, USA) was used to analyze the retinal function [24].
Recording electrodes were placed on the dilated and
anesthetized eyes. Scotopic flash series were delivered to
the eyes with flash intensities at 0.1, 0.3, 1, 3, 10, and 25
cd/m? and readings recorded. To evaluate the data, the
ERGView 4.380R software (OcuScience) was used. A
low-pass filter (150 Hz) was necessary for the evaluation.
At 0.1 cd/m? the photopic negative response (PhNR)
was also evaluated by measuring the lowest point of the
PhNR to the baseline. The amplitude of the a- and b-
wave, as well as the PhNR, was exported to Excel
(Microsoft Corp., Redmond, WA, USA) for further
analysis.

Preparation of retina and optic nerve sections

After 14 days, eyes (n = 6/group) and optic nerves (n =
6/group) were obtained and prepared for histological
cross-sections and longitudinal sections. The eyes were
fixed for 1 h in 4% paraformaldehyde solution (Merck,

Burlington, MA, USA), while optic nerves were fixed for
two hours. Then, the tissue was cryo-conserved in 30%
sucrose overnight and frozen embedded in NEG-50
Tissue-Tek medium (Thermo Fisher Scientific, Cheshire,
UK). Optic nerve longitudinal sections (4 pm) and retinal
cross-sections (10 pm) were cut using a cryostat
(Thermo Fisher Waltham, MA, USA).

Immunofluorescence staining of retina and optic nerve
sections

Immunofluorescence stainings were carried out as previ-
ously described [5, 7]. Retina (6 sections/animal, n = 6/
group) and optic nerve (6 sections/animal, n = 6/group)
sections were blocked with a mixture of 10-20% serum,
0.1-0.2% Triton X-100 (Sigma-Aldrich), and PBS (Bio-
chrome, Schaffhausen, Switzerland). The used primary
antibodies (Table 1) were diluted in the same mixture
and incubated at room temperature overnight. The sec-
tions were then incubated with Cy3/AlexaFluor 555- or
AlexaFluor 488-labeled secondary antibodies in the same
mixture (Table 1). The nuclei were stained with DAPI
(0.01 ug) for 5min. In the last step, the sections were
covered with the Shandon mount (Thermo Fisher
Scientific). For the evaluation, four images per retina (2
peripheral and 2 central) and three images per optic
nerve (proximal, middle, and distal) were taken with an
Axio Imager M2 microscope (Zeiss, Oberkochen,
Germany). This enabled almost the entire retinal cross-
section to be used for the evaluation. In regard to
RBPMS" RGCs, the complete cross-section was evalu-
ated using an Axio Imager M2 microscope.

The identified Ibal™-cell bodies were counted in all
images. In regard to Tmemll9 and EDI, the co-
localization with Ibal was evaluated. The signals of Ibal
and ED1 were counted in the ganglion cell layer (GCL),
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Table 1 Primary and secondary antibodies used for immunofluorescence

Primary antibodies Secondary antibodies

Antibody Company Dilution Antibody Company Dilution
Retinal cross-sections

Brn-3a Santa Cruz 1:100 Donkey anti-goat Alexa Fluor 488 Abcam 1:400
Cleaved caspase 3 Sigma-Aldrich 1:300 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:400
ED1 Millipore 1:250 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:600
GFAP Millipore 1:400 Donkey anti-chicken Cy3 Millipore 1:500
Ibal Wako 1:500 Goat anti-rabbit IgG Cy3 Linaris 1:300
PKM Abcam 1:500 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:400
RBPMS Millipore 1:300 Goat anti-rabbit Alexa Fluor 488 Millipore 1:500
S100B Novus Biologicals 1:100 Goat anti-rabbit Alexa Fluor 488 Millipore 1:500
Tmem119 Synaptic System 1:500 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:600
Longitudinal optic nerve sections

Cleaved caspase 3 Sigma-Aldrich 1:100 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:400
ED1 Millipore 1:200 Goat anti-mouse Alexa Fluor 555 Invitrogen 1:500
GFAP Millipore 1:400 Donkey anti-chicken Cy3 Millipore 1:500
Ibal Wako 1:400 Goat anti-rabbit Alexa Fluor 488 Invitrogen 1:500
S100B Novus Biologicals 1:100 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:400
SMI-32 Biolegend 1:2000 Goat anti-mouse Alexa Fluor 555 Invitrogen 1:500
Tmem119 Synaptic System 1:500 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:600

inner plexiform layer (IPL), and inner nuclear layer
(INL). Also, cleaved caspase3” cells were only counted
when they were co-localized with Brn-3a signals in the
GCL. In the optic nerve, cleaved caspase3™ cells were
counted when they were co-localized with DAPI signals.

GFAP, S100B, and pyruvate kinase (PKM) signals in retina
and optic nerve were investigated via area analysis using Ima-
ge] [25]. It should be noted that the antibody for S100B does
not mark the injected S100B. We assume that the injected
S100B degrades after a few days. The displayed S100B ana-
lysis examines the S100B expressed by astrocytes. Therefore,
it was used as a marker for the astrocytes [26]. All images
were converted into gray scale (32-bit). Concerning GFAP,
after background subtraction (55.32), the lower threshold
was set at 8.62 and upper threshold at 36.95 for all retinal
sections. Regarding the optic nerve sections, background
subtraction was 40.7, while the lower threshold was 6.01 and
the upper one 49.36. For the S100B staining in the retina, the
background subtraction was 58.35, while the lower threshold
was 7.56 and the upper one 33.84. The background subtrac-
tion for the optic nerve sections was 48.25, while the lower
threshold was 2.58 and the upper one 20.74. For PKM ana-
lysis, the background subtraction was 55.5. The low thresh-
old was set to 10.1, while the upper threshold was 84.1.

SMI-32-labeled neurofilaments in optic nerves were
scored from O = intact up to 2 = destroyed in a masked
fashion, in 0.5 intervals using an established scoring sys-
tem [25].

Optic nerve histology

The structures of the optic nerve were also evaluated
after hematoxylin and eosin (H&E; both Merck) staining.
Three pictures per HE-stained optic nerve (proximal,
middle, and distal, n = 6/group) were taken at x 400
magnification. All pictures from the optic nerve were
scored from O = no infiltration up to 4 = massive infil-
tration of the optic nerve parenchyma and nodule infil-
tration using 1 intervals [27].

Statistical analysis of histological evaluations

Statistical analysis was performed using Statistica (Version
13, Dell Technologies, Round Rock, TX, USA). Regarding
ERG recordings and histological data, groups were com-
pared by ANOVA followed by Tukey’s post hoc test. All re-
sults are presented as mean + standard error mean (SEM)
with *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the
naive group, "p < 0.05, #p < 001, and p < 0.001
compared to the PBS group, and *p < 0.05, ¥p < 0.01, and
) < 0.001 compared to the S100B group.

Sample preparation for proteomic analysis

Retinal samples of the following groups were prepared
for proteomic analysis: PBS, S100B, 13.5 mg/kg mino, 25
mg/kg mino (1 = 6/group; supplemental table 1). Two
retinas per group were pooled to get one biological
replicate. A total of three biological replicates were used
in this study [28]. Rat retinas were carefully isolated
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from the eye, rinsed in ice-cold PBS, and frozen in
tubes at — 80 °C. Briefly, two isolated retinal tissues were
thawed, pooled, weighed, and mechanical pre-
homogenized with a scalpel and a metal homogenizer
(Neolab, Heidelberg, Germany), followed by a chemical
protein extraction with 1 ml 0.1% SDS added to 0.05g
retina samples. Next, the samples were homogenized in
0.1% SDS reagent with an ultrasonicator on ice for ap-
proximately 1 min for 3 cycles with a 1-min interval be-
tween the cycles. The homogenate was centrifuged at
10,000g for 5min (4 °C). The supernatant was subjected
to sample cleaning and concentrated using Amicon
Ultra 0.5-mL centrifugal filters with 3K cutoff (Merck
Millipore, Carrigtwohill, Ireland). The protein concen-
tration of the obtained eluate was determined using
BCA Protein Assay Kit (Pierce, Rockford, IL).

The designated samples were then subjected to one-
dimensional gel electrophoresis (1DE) employing precast
NuPAGE 4-12% Bis-Tris 10-well mini protein gels (Invi-
trogen, Karlsruhe, Germany) with 2-[N-morpholino] etha-
nesulfonic acid (MOPS) running buffer under reducing
conditions at a constant voltage of 150V at. Pre-stained
protein standard, SeeBlue Plus2 (Invitrogen, Karlsruhe,
Germany), was used as a molecular mass marker, and gels
were fixed and stained with Colloidal Blue Staining Kit
(Invitrogen, Karlsruhe, Germany), as per manufacturer’s
instructions. Protein bands of two wells/sample were com-
bined to get three replicates/sample. They were excised
(25 bands per replicate) and were destained in 100 mM
ammonium bicarbonate/acetonitrile (1:1, vol/vol) buffer.
The protein/gel pieces were reduced in fresh prepared 10
mM dithiothreitol in 50 mM ammonium bicarbonate buf-
fer, and alkylated in 55 mM iodoacetamide in 50 mM am-
monium bicarbonate buffer prior to in-gel trypsin
digestion employing sequence grade-modified trypsin
(Promega, Madison, USA), as described in detail by Peru-
mal et al. [29]. Peptides extracted from trypsin digestion
were purified with SOLAp SPE HRP plates (Thermo
Fisher Scientific, Rockford, USA) according to the manu-
facturer’s instructions. The resulting peptide eluate was
concentrated to dryness in a centrifugal vacuum evapor-
ator and dissolved in 10 ul 0.1% trifluoroacetic acid (TFA)
for LC-MS/MS analysis.

Discovery proteomics strategy
Label-free quantitative proteomics analysis was per-
formed on a liquid chromatography-electrospray
ionization-linear ion trap-Orbitrap XL (LC-ESI-LTQ-
Orbitrap) MS system (Thermo Scientific, Bremen,
Germany), and the relevant details pertaining to the LC
gradients and the settings are as described in detail else-
where [22, 29].

The acquired continuum MS spectra were analyzed by
MaxQuant computational proteomics platform version
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1.6.3.3. It is a built-in Andromeda search engine for pep-
tide and protein identification [30-34]. The tandem MS
spectra were searched against Homo sapiens; Date: 17
Oct 2018; 20410 proteins) and Rattus norvegicus (Date:
17 Oct 2018; 8050 proteins) databases, using standard
settings with peptide mass tolerance of + 30 ppm and
fragment mass tolerance of + 0.5Da, with > 6 amino
acid residues and only “unique plus razor peptides” that
belong to a protein were chosen [30]. A target-decoy-
based false discovery rate (FDR) for peptide and protein
identification was set to 0.01. The summary of Max-
Quant parameters employed in the current analyses is
tabulated in supplemental table 2a.

Bioinformatics and functional annotation and pathway
analyses

The output of the generated “proteingroups.txt” data
from the MaxQuant analysis was utilized for subsequent
statistical analysis with Perseus software (versionl.6.5.0).
First, all protein intensities were log,-transformed, the
data were filtered with minimum of three valid values in
at least one group, and the missing values were imported
by replacing from normal distribution (width: 0.3; down
shift. 1.8) using the standard settings in Perseus [34]. For
statistical evaluation, two-sided Student’s ¢ test was uti-
lized for the group comparison with p < 0.05 to identify
the significantly differentially abundant proteins. Un-
supervised hierarchical clustering analysis of the differ-
entially abundant proteins was conducted based on the
log, fold change values according to Euclidean distance
(linkage = average; preprocess with k-means) and eluci-
dated in a heat map. Venn diagrams were generated util-
izing the InteractiviVenn tool (http://www.interactivenn.
net/). The list of the differentially abundant proteins was
tabulated in Excel and their gene names were used for
subsequent functional annotation and pathway analyses
employing Ingenuity Pathway Analysis (v01-04, IPA; In-
genuity QIAGEN Redwood City, CA) (https://www.qia-
genbioinformatics.com/products/ingenuity-pathway-ana-
lysis) [35]. IPA analyses elucidated the molecular types,
gene ontology cellular component (GOCC) terms,
protein-protein interaction (PPI) networks, canonical
pathways, upstream regulators and top disease, and
functions associated with the proteins identified to be
differentially abundant. In PPI networks, protein mole-
cules are represented by their corresponding gene names
and only PPIs that were experimentally observed and
had direct and indirect interactions were used.

Results

Slight improvement of retinal function after treatment
Retinal functionality was investigated via ERG recordings
after 14 days. The a-wave amplitude of the minocycline
animals demonstrated the highest values at all light
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intensities (supplemental fig. la). However, significant
differences between the five groups were only observed
at 0.1, 10, and 25 cd.s/m? (Table 2). At 0.1 cd.s/m?, the
13.5mg/kg mino group demonstrated much higher
values than the PBS (p = 0.01) and the S100B group (p =
0.01). Also, the 25mg/kg mino group demonstrated
higher amplitudes than the PBS (p = 0.01) and the
S100B group (p = 0.006). At 10 cd.s/m? the 13.5 mg/kg
mino group showed higher values than the S100B group
(p = 0.04). At 25cd.s/m?, the amplitudes of the S100B
animals were significantly reduced compared to the
naive group (p = 0.04). The 13.5 mg/kg mino animals
displayed higher amplitudes than the S100B animals
(p = 0.02). All other groups showed no differences at
all light intensities.

The analysis of the b-wave demonstrated significant
differences at 0.3 and 1cd.s/m> (supplemental fig. 1b;
Table 2). At 0.3 cd.s/m?, the 13.5 mg/kg mino group dis-
played significantly higher values than the S100B group
(p = 0.02). The other groups demonstrated no differ-
ences. At 1cd.s/m? the b-wave amplitude of the S100B
group was reduced in comparison to the naive group (p
= 0.02). A significant increase of the b-wave amplitude
of the 13.5 mg/kg mino group were measured compared
to the S100B group (p = 0.02).

The photopic negative response (PhNR) is a negative
potential after the b-wave [36, 37], which was measured
at 0.1 cd/m” (supplemental fig. 1c; Table 2). No differ-
ences were observed between all groups.

In summary, minocycline appears to have a positive ef-
fect on electrical signal transmission.

Mild protection of retinal ganglion cells

To analyze a possible neurodegeneration, cells were la-
beled with the specific RGC marker RBPMS. In order to
identify RGCs in the apoptotic state, the RGCs were la-
beled with the RGC marker Brn-3a together with the
apoptotic marker cleaved caspase 3 (Fig. 2a). The intra-
vitreal S100B injection led to a significant loss of
RBPMS" RGCs compared to the naive (p = 0.008) and
the PBS group (p = 0.02; Fig. 2b; Table 3). All other
groups did not show any significant differences between
each other.

Regarding the cleaved caspase 3" and Brn-3a" cells,
the S100B group showed significantly more apoptotic
RGCs than the naive (p = 0.002), the PBS (p =
0.008), and the 13.5mg/kg mino group (p = 0.006;
Fig. 2¢; Table 3). Apart from this, the groups did not
show any other significant differences between each
other.

In summary, the minocycline treatment seems to
reduce the number of apoptotic cells, saving some
RGCs.
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Fewer apoptotic signals led to less neurofilament
degeneration after minocycline treatment

In order to identify degenerative processes in the optic
nerve, the axonal neurofilament (SMI-32) and the apop-
totic cells (cleaved caspase 3) were marked with im-
munofluorescence (Fig. 3a).

Regarding the SMI-32 evaluation, the S100B group
showed the highest score (Fig. 3b; Table 3). Hence, neu-
rofilaments were damaged. In comparison to the naive
(p < 0.001), PBS (p = 0.003), and 13.5 mg/kg mino group
(p = 0.02), this value was significantly increased in the
S100B group. All other groups did not show any signifi-
cant differences between each other.

As observed in the retina, the injection of S100B led to
a significant increase in cleaved caspase 3" cells com-
pared to naive (p = 0.004), PBS (p = 0.003), and 13.5 mg/
kg mino optic nerves (p = 0.004). In contrast, no differ-
ences were noted between the other groups (Fig. 3¢
Table 3).

Also, in the optic nerve, the minocycline treatment
seems to reduce the number of apoptotic cells, which
might then lead to a preservation of the neurofilament
structure.

Reduced microglia activation in retina through
minocycline treatment

The effect of S100B as well as minocycline treatment on
microglia was analyzed in the retina after 14 days
(Fig. 4a). All phagocytic cells were identified with an
Ibal antibody. The co-localization with Tmem119
antibody was used to differentiate between resident
microglia and recruited phagocytes [38].

In the S100B group, the number of phagocytic cells
(Ibal™) was increased compared to the naive (p < 0.001)
and the PBS group (p < 0.001; Fig. 4b, Table 3). Further-
more, both minocycline groups demonstrated significantly
lower phagocyte numbers compared to the S100B group
(13.5 mg/kg mino: p < 0.001; 25 mg/kg mino: p < 0.001).

Regarding the number of microglia (Tmem119" and
Ibal®), a similar result was observed (Fig. 4c; Table 3).
The number of microglia in the S100B group was in-
creased compared to the naive (p < 0.001), the PBS (p <
0.001), the 13.5 mg/kg mino (p < 0.001), and the 25 mg/
kg mino group (p < 0.001).

In contrast, the number of infiltrated macrophages
(Tmem119~ and Ibal*) was comparable in all groups
(Fig. 4d; Table 3).

Regarding the number of cells with macrophage func-
tion (ED1" and Ibal"), similar results were seen as in
microglia counts. The number of active phagocytes was
highly increased in the S100B group compared to the
naive (p < 0.001), the PBS (p = 0.002), and both minocy-
cline groups (13.5mg/kg mino: p = 0.002; 25 mg/kg
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Fig. 2 Protection of retinal ganglion cells. a RGCs were stained with the antibody RBPMS (green). Apoptotic (red, cl. caspase 3, arrows) RGCs
(green, Brn3a) and cell nuclei (blue) were also labeled with specific antibodies on retinal cross-sections. b Intravitreally injected S100B triggered an
RGC loss compared to the PBS and naive group. Some RBPMS™ RGCs were protected via minocycline in comparison to the ST00B group, but
these differences were not significant. ¢ A higher apoptotic rate of RGCs was noted in the ST00B group compared to both controls. In contrast,
minocycline treatment reduced the apoptotic rate in a dose-dependent manner. Abbreviations: GCL: ganglion cell layer, IPL: inner plexiform layer,
INL: inner nuclear layer , OPL: outer plexiform layer, ONL: outer nuclear layer. Scale bar: 20 um, n = 6/group,**p < 0.01 vs. naive group, “p < 0.01,
#h < 0,05 vs. PBS group, *p < 0.01 vs. ST00B group

mino: p = 0.002; Fig. 4e; Table 3). All other groups did
not show any significant differences between each other.

Minocycline appears to suppress the S100B-induced
activation of microglia.

Minocycline reduced microglia response in the optic
nerve
Antibodies against Ibal and Tmem199 were also used in
the optic nerve to distinguish between microglia and
macrophages.

Regarding the optic nerve phagocytes (Ibal”), effects
were comparable to the retina (Fig. 5a). The number of
Ibal® cells was increased in the S100B group (Fig. 5b;

Table 3). The naive (p = 0.003), the PBS (p = 0.009), the
13.5 mg/kg mino (p = 0.001), and the 25 mg/kg mino
group (p = 0.03) demonstrated significant lower phago-
cytes numbers compared to the S100B group.

Also, the number of microglia (Tmem119" and Ibal®)
was increased in the S100B group. The naive (p = 0.006),
the PBS (p = 0.01), the 13.5 mg/kg mino (p = 0.002),
and the 25mg/kg mino group (p = 0.04) displayed
significantly lower numbers of microglia than S100B
nerves (Fig. 5¢; Table 3).

Regarding the number of macrophages (Tmem119~
and Ibal®), no differences were detected between all
groups (Fig. 5d; Table 3).
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Fig. 3 Protection of neurofilament through minocycline. a Optic nerve neurofilament was stained with SMI-32 (red), apoptotic cells with cleaved
caspase 3 (green), and cell nuclei with DAPI (blue). b An increased SMI-32 score, indicating loss of optic nerve structure, was noted in the S100B
group compared to both control groups. Minocycline application showed a dose-dependent prevention of optic nerve destruction. ¢ A higher
apoptotic rate was noted in the ST00B group compared to both controls. Minocycline treatment reduced the number of cleaved caspase 3" cells
in a dose-dependent manner. Scale bar: 20 um, n = 6/group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. naive group, *p < 0.01 vs. PBS group, *p <

The number of active phagocytes (ED1* and Ibal™)
was increased in the S100B group compared to the naive
(p < 0.001), the PBS (p < 0.001), the 13.5 mg/kg mino (p
< 0.001), and 25 mg/kg mino group (p < 0.001). Active
phagocyte counts in all other groups were comparable
(Fig. 5e; Table 3).

Therefore, also in the optic nerve, minocycline was
able to suppress the S100-induced activation of
microglia.

Unchanged retinal macroglia area

For immunofluorescence analysis of the astrocytes in the
retina, we used antibodies against GFAP and S100B
(supplemental fig. 2A).

The GFAP signals in the investigated groups did not
show any differences (Table 3). Also, the analysis of the
S100B area in the retina demonstrated no alterations be-
tween the groups.

Astrocytes in the retina do not appear to be affected
by S100B.

Reduced infiltration of inflammatory cells and slight
effects of astrocytes in the optic nerve
Infiltration of inflammatory cells is a common occur-
rence in neuronal degeneration. To observe possible cell
infiltration, optic nerve sections were stained with H&E
(supplemental fig. 3A).

After 14 days, more cells infiltrated in the S100B-
treated optic nerves than in the naive (p = 0.003), in the
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Fig. 4 Diminished microglia activity in the retina. a Ibal antibody (red) was used to label all phagocytes and combined with Tmem119 antibody
(green) to distinguish between microglia (Tmem119* and Iba1") and recruited phagocytes (Tmem119™ and Iba1™). Active microglia/macrophages
were identified by the co-localization of ED1 (green; arrows) and Ibal. b The number of Iba1™ cells was increased in the ST00B group compared
to both controls. Minocycline treatment reduced the S100B effect significantly. € The number of microglia (Tmem119™ and Iba1™) was
upregulated in the S100B group compared to the naive and PBS group. Both minocycline treatments significantly reduced this upregulation. d
The number of phagocytes (Tmem119™ and Iba1™) was similar in all groups. e Also, higher active microglia/macrophage counts were noted in
the S100B group in contrast to both control groups. ED1" and Iba1* cell numbers in the minocycline groups were reduced. Abbreviations: GCL:
ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer. Scale bar: 20 um, n = 6/
group, ***p < 0.001 vs. naive group, **p < 0.01, **p < 0,001 vs. PBS group, ¥p < 0.01, ¥*p < 0.001 vs. ST00B group
J

PBS (p = 0.04), and in the 13.5 mg/kg mino nerves (p =
0.01, Table 3). The H&E score of the control groups and
both minocycline groups was quite similar (supplemen-
tal fig. 3B).

Astrocytes were examined with antibodies against
GFAP and S100B in the optic nerve (supplemental fig.
3A). However, the analysis of the GFAP signal area

showed a significant difference between the naive and
S100B group (p = 0.04). No differences were noted be-
tween the other groups (supplemental fig. 3C).

In contrast, the S100B signal area was comparable in all
groups. In summary, minocycline seems to prevent the in-
filtration of cells into the optic nerve. The optic nerve as-
trocytes appear to be only slightly affected by S100B.
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Fig. 5 Minocycline application inhibited microglia reaction in optic nerves. a Staining of phagocytes (Ibal*, red), microglia (Tmem119" and Iba1™,
green), macrophages (Tmem119~ and Iba1™), microglia/macrophages in an active state (ED1, red, arrows), and cell nuclei (DAPI, blue) was carried
out. b The Iba1™ phagocyte number was increased in the ST00B group compared to the naive and the PBS group. Minocycline treatment
reduced phagocyte proliferation. ¢ In the S100B group, the number of microglia was increased compared to the naive, the PBS, the 13.5 mg/kg
mino, and the 25 mg/kg mino group. d Comparable phagocyte (Tmem119~ and Iba1™) counts were seen in all groups. € An upregulation of
active microglia/macrophages was observed in S100B optic nerves compared to all other groups. Scale bar: 20 um, n = 6/group, **p < 0.01, ***p
< 0,001 vs. naive group, *p < 005, *p < 001, " p < 0,001 vs. PBS group, *p < 0.05, *¥p < 0.01; *™¥p < 0.001 vs. STO0B group

Characterization of retinal proteome changes induced by

$100B, 13.5 mg/kg and 20 mg/kg minocycline treatment

To further characterize the molecular changes in-
duced by S100B and the potential protective effects of
13.5mg/kg mino or 25mg/kg mino treatment, we
assessed proteome changes in the retina by employing
bottom-up mass spectrometry-based discovery proteo-
mics strategy. Label-free quantification analysis of bio-
logical triplicates of the designated groups identified a
total of 854 retinal proteins with a false discovery rate

(FDR) of 1% (supplemental table 2B). A total of 733
proteins were identified in all the groups, as illus-
trated in the Venn diagrams in Fig. 6a. Among the
identified proteins, 142 were found to be significantly
differently abundant between the following compari-
son analyses: S100B vs. PBS (62), 13.5 mg/kg mino vs.
PBS (15), 25mg/kg mino vs. PBS (65), 13.5mg/kg
mino vs. S100B (16), 25 mg/kg mino vs. SI00B (17),
and 25 mg/kg mino vs. 13.5 mg/kg mino (24) (supple-
mental table 3).
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Fig. 6 Global retinal proteome underlying the designated treatment paradigms. a Venn diagram depicting overlaps of identified retinal proteins
in ST00B, 13.5 mg/kg mino, 25 mg/kg mino, and PBS group. b Heat map depicts the hierarchical clustering of all the differentially abundant
retinal proteins based on the log, fold ratio related to S100B. ¢ In this heat map, the hierarchical clustering of all the differentially abundant
retinal proteins based on the log, fold ratio related to minocycline treatments is shown. The upregulated proteins are shown in red and the
downregulated proteins are in green

Interestingly, large numbers of differentially abundant
proteins were found in the S100B vs. PBS (decreased
abundance: 61 proteins; increased abundance: 1 protein)
and 25mg/kg mino vs. PBS groups (decreased abun-
dance: 65 proteins) compared to the 13.5 mg/kg mino vs.
PBS group (decreased abundance: 10 proteins; increased
abundance: 5 proteins). The 62 differentially abundant
proteins related to S100B insults compared to the 13.5
mg/kg mino and 25 mg/kg mino treatments (Fig. 6b).
Noteworthy, a large number of decreased proteins ob-
served in the S100B group was not observed in the 13.5
mg/kg mino and 25 mg/kg mino groups. However, from
the 77 differentially abundant proteins related to the
13.5 mg/kg mino and 25mg/kg mino treatments com-
pared to the S100B insults are largely exclusively in
the 25 mg/kg mino treatment group (Fig. 6¢).

13.5 mg/kg minocycline treatment decreased the
apoptotic, inflammatory, and metabolic processes
induced by S100B

The canonical pathway analysis of the differentially
abundant proteins in S100B vs. PBS demonstrated the

association of adenine and adenosine salvage I, sirtuin
signaling pathway, mitochondrial dysfunction, glycolysis
I, oxidative phosphorylation, and glycogen degradation
III (supplemental table 4). On the contrary, differentially
abundant proteins in 13.5 mg/kg mino vs. PBS were not
significantly associated with the aforementioned path-
ways, except for phagosome maturation. However, dif-
ferentially abundant proteins in 25 mg/kg mino vs. PBS
were found to be significantly associated with phago-
some maturation, oxidative phosphorylation, 14-3-3-me-
diated signaling, mitochondrial dysfunction, TCA cycle
II, gluconeogenesis I, adenine and adenosine salvage I,
sirtuin signaling pathway, and glycolysis I. The differen-
tially abundant proteins in 13.5 mg/kg mino vs. S100B
were found to be significantly associated with adenine
and adenosine salvage I and glycolysis I. Meanwhile, the
differentially abundant proteins in 25 mg/kg mino vs.
S100B were found to be significantly associated with
TCA cycle II and glycogen degradation III. Finally, the
differentially abundant proteins in 25 mg/kg mino vs.
13.5 mg/kg mino were found to be significantly associ-
ated with phagosome maturation, TCA cycle II, 14-3-3-
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mediated signaling, adenine and adenosine salvage I, and
sirtuin signaling pathway.

The top disease and biological function analysis of the
differentially abundant proteins demonstrated the activa-
tion of necrosis, apoptosis, reorganization of cytoskel-
eton, inflammation of organ, and neurodegeneration in
S100B vs. PBS (Fig. 7b). Importantly, apoptosis was
highly activated in 25 mg/kg mino vs. S100B.
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Figure 8b displays the 23 proteins involved in the
apoptosis process in the S100B vs. PBS group, namely,
superoxide dismutase (SOD1), Ran-specific GTPase-
activating protein (RANBP1), and pyruvate kinase
(PKM). In contrast, differentially abundant proteins in
13.5 mg/kg mino vs. PBS were not significantly associ-
ated with the aforementioned top diseases and biological
functions.
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Fig. 7 Top canonical pathways annotation analysis of the differentially abundant proteins. a Comparison analysis between the designated groups
shows the canonical pathways, which were significantly modulated in the retinal samples. Bar charts depict the significantly negative logo-
transformed p values (p < 0.05) enriched canonical pathways. b Heat maps of proteins associated with glycolysis | and mitochondrial dysfunction
in the comparison analysis between the designated groups. Colours red and green represent increment and decrement of protein abundance,
respectively, with different colour intensities that correspond to the degree of differential expression. ¢ Pyruvate kinase (PKM, red) and cell nuclei
(DAPI, blue) were stained in retinal cross-sections. PKM was mainly localized in GCL, INL, INL, and OS. d PKM staining area was significantly smaller
in the S100B group than in the naive and PBS group. GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer
plexiform layer, ONL: outer nuclear layer, OS: photoreceptor outer segments. Scale bar =

20 um, n = 6/group, *p < 0.05 vs. naive group, *p < 0.05
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The upstream regulators of the differentially abundant
proteins demonstrated the activation of rapamycin-
insensitive companion of mammalian target of rapamy-
cin (RICTOR) and tumor suppressor-Proteins p53
(TP53) in S100B vs. PBS and 13.5 mg/kg mino vs. PBS
(Fig. 9; supplemental table 5). On the contrary, the
brain-derived neurotrophic factor (BDNF) and cluster of
differentiation 3 (CD3) were predicted to be inhibited in
S100B vs. PBS and 13.5 mg/kg mino vs. PBS. Meanwhile,
the interleukin 15 (IL15) and mechanistic target of rapa-
mycin (mTOR) were inhibited in the S100B vs. PBS
group. Interestingly, none of aforementioned upstream
regulators were found to be associated with the 13.5 mg/
kg mino vs. PBS. Importantly, transforming growth fac-
tor beta (TGFB) was found to be only associated with
the treatments of 13.5 mg/kg mino and 20 mg/kg mino
compared to PBS (Fig. 9b).

Protein-protein interaction (PPI) of the differentially
abundant proteins

Protein-protein interaction (PPI) networks of all the
differentially abundant retinal proteins in the designated
groups associated with the manually curated proteins re-
lated to the functionality of the treatment’s paradigms
(shown in Fig. 10a—f). The manually curated proteins
used were established inflammatory and apoptosis
markers, comprising cytochrome c¢ (CYCS), advanced
glycosylation end product (AGER), S100B, caspase 3
(CASP3), tumor necrosis factor (TNF), NFkB1, IL1p,
and IL6. As many as 12, 2, 8, 8, 7, 5, and 3 differentially
abundant proteins were associated with the aforemen-
tioned in the inflammatory and apoptosis markers in the
S100B vs. PBS, 13.5 mg/kg mino vs. PBS, 25 mg/kg mino
vs. PBS, 13.5 mg/kg mino vs. S100B, 25 mg/kg mino vs.
S100B, and 25 mg/kg mino vs. 13.5 mg/kg mino group,
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respectively (Fig. 8; supplemental table 4). Notably, for
S100B vs. PBS, PPIs were observed for S100B with
GFAP, CASP3 with GFAP and FUBP1, TNF with G6PD,
SNRPF, and RPS17, and NFkB1 with FSCN1, AKR1BI,
and SF3B6. However, the aforementioned PPIs were not
observed in the 13.5mg/kg mino vs. PBS, except for
TNF with RPS17 and DYNLL1. On the contrary, as
many as 8 proteins were found to be associated with
AGER, CASP3, TNF, NFKBI1, and CYCS markers for the
25 mg/kg mino vs. PBS.

Pyruvate kinase staining in the retina
Pyruvate kinase (PKM) was identified by proteomics
analysis as one of the most significantly altered

protein (Fig. 7b). A distinct reduction of this protein
level was demonstrated especially in the S100B group.
To identify the PKM location in the retina, an im-
munofluorescence staining was performed. PKM sig-
nals were primarily detected in the GCL, IPL, INL,
and outer segment (Fig. 7c).

By examining the PKM area, we noted a signifi-
cantly smaller PKM" area in the S100B group than in
both control groups (naive vs. S100B: p = 0.03; PBS
vs. S100B: p = 0.03; Fig. 7d, Table 3). No significant
differences were noted in the PKM" area of the mino-
cycline groups in comparison to the control groups.
Therefore, SI00B seems to have a strong influence on
PKM and thus on the regulation of the energy bal-
ance of retinal cells.
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Discussion

Previously, we investigated possible pathological mecha-
nisms triggered by intravitreal injection of S100B [8].
Since it remained unclear whether the observed micro-
glial response and its pro-inflammatory modes of action
are responsible for the neuronal damage, or whether
they are only a side effect, an inhibition of the microglial
cells by minocycline was carried out in this study. In this
S100B glaucoma-like model we can demonstrate that
microglia contribute significantly to neuronal degener-
ation but are not the sole cause of degeneration.

Improved signal transmission through low minocycline
treatment

The best electrical signal transduction in the ERG ana-
lysis was observed in the group with the low minocycline
dose. In a mouse ischemia-reperfusion model, a low
dose of minocycline (20 mg/kg) reduced the effects of

ischemia in the scotopic ERG a- and b-wave as well [39].
Zhang et al. also noted that minocycline has positive ef-
fects on electrical signal transduction and photoreceptor
survival in a light-induced retinal degeneration model
[40]. Minocycline therefore has a high potential to pro-
tect neuronal cells in case of damage and to maintain
the electrical signal transmission. In contrast, the ana-
lysis of PhNR showed no differences between the groups.
Possibly no differences could be observed due to the non-
optimal measurement conditions, since a scotopic ERG
was performed and not a photopic ERG [36, 37].

The minocycline doses make the difference

Minocycline treatment inhibited microglia cells and re-
duced the apoptotic mechanisms. In addition, a preser-
vation of neuronal tissue was noted through minocycline
therapy but not a complete cell rescue. Both minocycline
concentrations saved approximately 20% of the RGCs,



Grotegut et al. Journal of Neuroinflammation (2020) 17:375

which were damaged by S100B. The RGC counts in the
minocycline and control groups were not statistically
significantly different. Hence, a mild protection by mino-
cycline was detectable.

Furthermore, the low dose of minocycline improved
the functionality of the cells in the inner nuclear layer
and the photoreceptor layer, which are already damaged
14 days after S100B injection [7]. In addition, the lower
minocycline dose protected the optic nerve neurofila-
ment. In contrast, the higher dose did not have a posi-
tive effect on the neurofilament. Bosco et al. mentioned
the same protective effect for the optic nerves in DBA/2
J mice [16]. The reason for the protection was probably
not just microglia inhibition. We observed that minocy-
cline prevented the upregulation of apoptotic proteins,
which are strongly effected by S100B. One of them is
cleaved caspase 3, which was reduced through minocy-
cline, especially by the lower minocycline dose. This was
not that surprising, since it is known that minocycline
downregulates pro-apoptotic genes [18] and proteins
[41] in glaucoma models.

Therefore, the protective effect of minocycline is dose-
dependent in this project, which has also been demon-
strated in other studies. Huang et al. examined the effect
of 10, 20, 30, 80, and 100 mg/kg minocycline in a mouse
ischemia-reperfusion model. In this study, an increased
number of RGCs could be observed at 20 and 30 mg/kg
minocycline, while the higher concentrations (80 and
100 mg/kg) led to RGC loss [39]. In the same publica-
tion, the hypothesis was put forward that high doses of
minocycline have a toxic effect on neuronal and non-
neuronal retinal cells. Other studies in rabbit eyes
showed that intravitreally applied minocycline always
exerted toxic effects on retinal cells [42]. The canonical
pathway analysis also demonstrated that the high mino-
cycline treatment led to the activation of destructive sig-
naling pathways. Observed changes in the 25 mg/kg
mino vs. PBS group include phagosome maturation, oxi-
dative phosphorylation, 14-3-3-mediated signaling, mito-
chondrial dysfunction, TCA cycle II, gluconeogenesis I,
adenine and adenosine salvage I, and sirtuin signaling
pathways. This means that the number of changed signal
pathways of the PBS vs 25 mg/kg mino analysis is not
different from the S100B vs PBS analysis (the meaning
of these altered signaling pathways will follow in the
chapter: regulatory effect of S100B and minocycline
treatment in different cellular pathways).

High concentrations of minocycline therefore do not
seem to inhibit the degenerative effects of S100B injec-
tion. In contrast, studies with the DBA/2] mouse
showed that treatment with 120 mg/kg minocycline led
to an improved survival rate of RGCs [16]. This discrep-
ancy seems to indicate that the dosage of minocycline
must be adjusted for each type of application,
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degeneration model, and organism. This was the reason
for the usage of a low (13.5 mg/kg body weight) and high
minocycline dose (25 mg/kg body weight) for our S100B
glaucoma-like model.

Minocycline inhibited microglia and inflammation
Currently, the microglial response is considered to be a
hallmark of neuroinflammation in the central nervous
system. In addition, microglia seem to initiate the im-
mune response during glaucomatous neurodegeneration
[43]. In the DBA/2] mouse model, a microglia reaction
was observed prior to neuronal damage [44]. For this
reason, it is necessary to clarify whether the increased
microglia response is a direct cause of neuronal degener-
ation or can be regarded as a side effect. In our intravit-
real S100B model and in other glaucoma-like models,
the microglia are activated. Due to Tmem119 and Ibal
double staining, we can conclude that the majority of
phagocytes in our model are microglia and non-
infiltrated macrophages.

We recently observed that S100B increased the
amount of NF«B and IL1p. This indicates that microglia
were active in a pro-inflammatory manner [8]. The min-
ocycline treatment suppressed the infiltration of immune
cells in the retina and optic nerve. The low minocycline
dose was more effective in reducing microglia activity in
the retina and in the optic nerve. In vitro studies on
murine BV-2 microglia cells and primary microglia cells
suggest that minocycline prevents lipopolysaccharide
(LPS)-stimulated degradation of IkappaBalpha (IxBa),
which may lead to inhibition of NF«B transcriptional ac-
tivity [45]. This is a possible reason for the suppression
of microglia activity in our model, since the S100B/
RAGE pathway acts via NFkB activation [9]. In case
minocycline inhibits the translocation of NF«B, no IL-1B
will be produced and microglia are not activated in a
pro-inflammatory manner, which also excludes a prolif-
eration of these cells. In addition, minocycline has been
reported to suppress the p38 MAPK-mediated prolifera-
tion of microglia [46]. Minocycline therefore reduces
both the activation and the proliferation of microglia.

A reduction of a S100B triggered pro-inflammatory
environment through minocycline was confirmed by our
proteomics analysis. Other groups detected a weakening
of the mRNA expression of inflammatory genes after
minocycline treatment [45, 47]. Interestingly, minocy-
cline reduced the activity of microglia, but it increased
the phagosome maturation process of the microglia in
our model (Fig. 7). The phagocytosis is an important
and complex function of microglia to remove dead and
dying cells in the brain mostly following an inflamma-
tory processes [48]. The remaining microglia in the min-
ocycline animals seem to be able to digest apoptotic
cells better than in the S100B group. One explanation
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for this could be that a high proportion of energy is re-
quired for phagocytosis [49]. Since glycolysis is altered
through S100B, the phagocytosis could also be
disturbed.

Regulatory effect of ST00B and minocycline treatment in
different cellular pathways

Further regulatory effects were identified by our prote-
ome investigations. Thus far, regarding the general ret-
ina proteome, hundreds of proteins have been identified
for rat [50-52], mouse [22, 53-55], monkey [56-59],
and human [21, 60, 61]. Yet, studies directing on the ret-
ina proteome in glaucoma are still limited [21]. Among
the 854 proteins identified in the rat retina, we identified
as many as 142 proteins to be differentially abundant
with S100B-induced insult and minocycline treatments
compared to PBS. To our knowledge, this is the first
study of a retinal proteome in an experimental model of
S100B-induced retinal insult and evaluation of the effi-
cacy of minocycline treatments thereafter. Unraveling of
the significant alterations in numerous metabolic func-
tions, cellular stress, and corresponding diseases, includ-
ing adenine and adenosine salvage I, sirtuin signaling
pathway, mitochondrial dysfunction, glycolysis I, oxida-
tive phosphorylation, glycogen degradation III, apoptosis,
organization of cytoskeleton, inflammation, and neuro-
degeneration, supports the association of a range of mo-
lecular changes involved in S100B-induced damage in
the retina.

These altered signaling pathways can be another rea-
son for the increased degeneration after the S100B injec-
tion. For example, the sirtuin pathway was upregulated
through S100B. Sirtuins are implicated in influencing
cellular processes, like aging, apoptosis, inflammation,
mitochondrial activity, and glucose metabolisms [62].
Interestingly, NF«B is also a target of sirtuins [63]. Sir-
tuins are important for the mitochondrial activity as
well, which is disturbed in the S100B retina. It is known
that proteins of the sirtuin signaling pathway, such as
SIRT3, are located in the mitochondrial matrix and act
as metabolic sensors [64]. SIRT3 reacts to changes in
the energy status of cells and regulates the activity of the
important metabolic enzymes by modelling protein dea-
cetylation [65]. Studies indicate that SIRT3 also plays a
pro-apoptotic role in the BCL2-53 and Jun N-terminal
kinase-regulated apoptosis pathway [66]. The upregula-
tion of the sirtuin signaling pathway by S100B could
therefore increase degeneration in retina and optic
nerve.

Another degenerative factor detected by proteome
analysis is mitochondrial dysfunction. A mitochondrial
dysfunction leads to an energy and oxidative stress prob-
lem [67]. It is known that persistent activation of RAGE
by S100B produces increased amounts of oxygen
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radicals, which could then lead to mitochondrial dys-
function [68, 69]. Consequently, metabolic processes like
glycolysis, oxidative phosphorylation, and glycogen deg-
radation III were altered in the S100B group. For ex-
ample, it appears that S100B injection leads to
dysfunction in certain glycolysis proteins. A strongly de-
creased protein concentration of pyruvate kinase (PKM)
was found in the S100B group. PKMs are glycolytic en-
zymes that transfer a phosphate group from phospho-
enolpyruvate to adenosine diphosphate generating
pyruvate and adenosine triphosphate. For this reason,
they are essential for energy generation [70]. In the ret-
ina, PKM is expressed in the cell bodies and synaptic
terminals of photoreceptors as well as in the inner ret-
inal neurons [71]. Our histological examination revealed
PKM" signals in GCL, IPL, INL, and photoreceptor
outer segments (OS) in all five groups. In accordance
with the proteomic analysis, the histological evaluation
revealed a significantly smaller PKM" staining area in
the S100B group. Therefore, glycolysis seems to be dis-
rupted through S100B. Another essential protein for gly-
colysis is the protein glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). This enzyme catalyzes the de-
hydration of glyceraldehyde-3-phosphate into 1,3-
bisphosphoglycerate during glycolysis [72]. This protein
is strongly downregulated in the S100B group, which
additionally indicates a disruption of glycolysis by
S100B.

Another degeneration hallmark is the degradation
of RNA and DNA. The nucleotide salvage pathways
are important to recover nucleosides that are
formed during the degradation [73]. This is the rea-
son for the strong increase of the adenine and ad-
enosine salvage I pathway in the S100B retinas. The
alterations of glycolysis and adenine and adenosine
salvage I pathway were reduced through the lower
minocycline dose, while the high minocycline dose
reduced only the glycogen degradation. The lower
dosage of minocycline showed stronger protective
effects here, too. Generally, the exploratory proteo-
mics approach in this study has unraveled the com-
plex mechanism of S100B-induced insult in the
retina, which provides vast opportunities for better
in-depth understanding of the potential protective
effects of compounds, such as minocycline, as dem-
onstrated in this study.

Conclusion

Both minocycline doses were able to reduce the
microglial activity, which led to a less inflammatory
environment (Fig. 11). However, a stronger protect-
ive and regulative effect was observed with the lower
dose. We assume that the degeneration through
S100B had several causes and the microglia response
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Fig. 11 Schematic representation of the effects of ST00B and minocycline in this model. a Intravitrially injected S100B induced a pro-
inflammatory response that included increased activation of microglia and release of inflammatory cytokines. Mass spectrometric proteome
analysis indicates that ST00B also caused mitochondrial dysfunction, which disrupts cellular metabolism and energy production. These two factors
led to RGC degeneration and neurofilament loss. b Treatment with minocycline blocked microglia activation. Therefore, some RGCs were
protected and the neurofilament remained largely intact. The apoptosis rate was also lowered. Neuronal damage was minimized, but not
completely inhibited, since mitochondrial dysfunction and altered glycolysis have been induced despite minocycline treatment

was one of the main, but not the only one. The Additional file 4: Supplementary table 4A. Protein-protein relations

activation of apoptosis, the sirtuin pathway, mito- types of the differentially expressed proteins in ST00B vs. PBS. Supple-
chondrial dysfunction, and the energy and oxidative mentar)gtable 4B. Protemfpr/c;tein relationPthSypses oflthe differential\li/

. . . expressed proteins in 13.5 m mino vs. . Supplementary table
stress problems are involved in the S100B-mediated 4C’? Protem?protein relations %ypis of the diﬁeremigllr; expresserg proteins
degeneration process. Minocycline, ESPGCially in the in 25 mg/kg mino vs. PBS. Supplementary table 4D. Protein-protein re-
low concentration, could reduce some of these pro- lations types of the differentially expressed proteins in 13.5 mg/kg mino

. . vs. ST00B. Supplementary table 4E. Protein-protein relations types of
cesses, which protected RGCs and optic nerve neu- the differentially expressed proteins in 25 mg/kg mino vs. S1T00B. Supple-
rofilament. We conclude that microglia have a mentary table 4F. Protein-protein relations types of the differentially
strong influence on the degeneration in this model, expressed proteins in 25 mg/kg mino vs. 13.5 mg/kg mino.
but they are not solely responsible. Additional file 5: Supplementary table 5. Functional annotation

analysis of the differentially abundant proteins.

Additional file 6: Supplemental figure 1. Slight improvement in
electrical signal transmission after minocycline treatment. A) Retinal
functionality was investigated through ERG measurements. In regard to
the a-wave amplitudes, the highest values were noted in the 13.5 mg/kg
mino group. Significant differences between the five groups were only
observed at 0.1, 10, and 25 cd.s/m?. At 0.1 cd.s/m?, the 13.5 mg/kg mino
group had an higher a-wave amplitude than the S100B group. Also, the
25 mg/kg mino group demonstrated higher amplitudes then the S1008
Additional file 1: Supplementary table 1. Experimental design of group. At 10 cd.s/m?, 13.5 mg/kg mino group showed higher values then
proteomics analysis. the S100B group. The same was observed at 25 cd.s/m? The S100B ani-
mals displayed lower amplitudes then the 13.5 mg/kg mino and naive
group. B) The analysis of the b-wave showed significant differences at 0.3
and 1cds/m? At 0.3 and 1 cd.s/m?, the 13.5 mg/kg mino group displayed
significantly higher amplitudes than the S100B group. 1 cd.s/m? the naive
group had higher values than the ST00B group. C) No differences

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-020-02012-y.

Additional file 2: Supplementary table 2a. MaxQuant parameters.
Supplementary table 2b. List of proteins identified employing
MaxQuant (Rattus and Homo sapiens).

Additional file 3: Supplementary table 3. Differentially expressed
proteins in the designated groups.
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between the five groups were observed regarding the photopic negative
response (PhNR) at 0.1 cd/m?*p < 0.05 vs. naive group, "p < 0.05 vs. PBS
group, 'p < 0.05, ™p < 0.01 vs. ST00B group.

Additional file 7: Supplemental figure 2. Comparable macroglia area
in all groups. A) Retinal macroglia were evaluated with
immunofluorescence to mark GFAP (red) and S100B (green) and cell
nuclei were stained with DAPI (blue). B) The GFAP* area was similar in all
groups. C) Also, the ST00B™ area was very similar in all groups.
Abbreviations: GCL: ganglion cell layer, IPL: inner plexiform layer, INL:
inner nuclear layer, ONL: outer nuclear layer. Scale bar: 20 ym, n = 6/
group.

Additional file 8: Supplemental figure 3. Higher cell infiltration in
S100B optic nerves and slihth effected macroglia. A) The structure of the
optic nerve was visualized through H&E staining. The macroglia area was
visualized with GFAP (red) and S100B (green) and cell nuclei with DAPI
(blue). B) ST00B significantly increased cell infitration in the optic nerves
when compared to controls. The lower dose of minocycline reduced this
infiltration significantly. C) The GFAP* area in the ST00B group was
increased compared to the naive group. D) The ST00B area was similar
in all groups. Scale bar = 20 um, n = 6/group, *p < 0.05, **p < 0.01 vs.

naive group, "p < 0.05 vs. PBS group, ¥p < 0.05 vs. ST00B group.

Abbreviations

AGER: Advanced glycosylation end product; CASP3: Caspase 3;

CYCS: Comprising cytochrome ¢; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; GCL: Ganglion cell layer; GOCC: Gene ontology cellular
component; IL: Interleukin; INL: Inner nuclear layer; IPL: Inner plexiform layer;
LPS: Lipopolysaccharide; NFkB: Nucleus factor-kappa-light-chain-enhancer of
activated B cells; PKM: Pyruvate kinase; PPI: Protein-protein interaction;

ONL: Outer nuclear layer; OPL: Outer plexiform layer; OS: Photoreceptor outer
segments; PBS: Phosphate-buffered saline; RAGE: Receptor for advanced
glycation endproducts; RGC: Retinal ganglion cell; TNF: Tumor necrosis factor
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