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SUMMARY

Autoimmune posterior uveitis (APU) is an inflammatory condition of the
choroid, the posterior segment of the uvea. However, given its close
proximity to the retina, APU often affects the adjoining retinal tissue, which
may ultimately lead to vision impairment. Despite advancements in recent
research, current treatments for APU are unable to completely cure the
disease or provide strategies for retinal tissue regeneration. Neurotrophins,
including brain-derived neurotrophic factor (BDNF), play crucial roles in
nervous system development, growth, and regeneration and also regulate the
activity of the immune system. Moreover, BDNF increases the expression of
the nerve growth factor inducible VGF (non-acronymic), which is also
involved in the modulation of neural and immune functions.

This doctoral dissertation aimed to assess the dual effects of BDNF and
VGF, specifically their involvement in the neuroprotective and
immunomodulatory mechanisms that may control the pathogenesis of APU,
using a mouse model of experimental autoimmune uveoretinitis (EAU) and
the ocular administration of BDNF and the VGF-derived peptide TLQP-21.
The study also explored the neuroprotective and immunomodulatory effects
of BDNF and TLQP-21 on Miiller cells (MCs) in vitro. Additionally, this
study investigated the ability of high-contrast visual stimulation (VS) to
naturally induce BDNF and VGF expression in the retina and MCs in healthy
and uveitic mice and the possibility of the retrograde axonal transport of
BDNF from the visual brain areas to the retina.

Results from this study demonstrated that high-contrast VS in optomotor
drum enhanced mRNA and protein expression of BDNF in retinal neurons
and MCs but upregulated VGF only on the mRNA level in both healthy and
uveitic retinas. Furthermore, high-contrast stimulation with pulsed light as
well as, BDNF, promoted the neuroprotective properties of MCs in vitro by
suppressing  inflammatory reactive gliosis and inducing their
dedifferentiation into neural progenitor cells, pointing to the potential
therapeutic mechanism for retinal regeneration. When examining in more
detail, we revealed that VS increased not only retinal BDNF expression but
also induced the expression of BDNF in the neurons and astrocytes of the
superior colliculus, from which it was retrogradely transported to the retina.

In addition, ocular administration of the exogenous BDNF to EAU mice
in the form of eyedrops produced similar results as in vitro experiments on
MCs. BDNF significantly reduced reactive gliosis in the retina and promoted
the neurogenic attributes of MCs by stimulating their proliferation and
dedifferentiation into neural progenitors. At the same time, we observed
generation of the newly formed retinal neurons in the ganglion cell layer and



inner nuclear layer of the retina. These protective functions of BDNF
ultimately resulted in improved clinical symptoms of EAU.

TLQP-21 treatment of MCs in vitro also promoted MC
neurodifferentiation and inhibited their pro-inflammatory properties like
BDNF. Comparably, the topical ocular treatment of EAU mice with TLQP-
21 displayed partial protective effects, as evidenced by a moderate
improvement of the clinical manifestations of EAU, decreased reactive
gliosis, and downregulation of pro-inflammatory mediators in the retina. In
addition, TLQP-21 also enhanced dedifferentiation of MCs and supported
neuronal proliferation in EAU mice. However, given that BDNF treatment of
EAU mice did not influence the expression of VGF in the retina, it can be
assumed that the beneficial effects of BDNF were not mediated through
TLQP-21, a peptide derived from the VGF precursor molecule.

Our findings suggest that BDNF and VGF play a significant
neuroprotective and immunomodulatory role in the retina. Therefore,
enhancement of BDNF or VGF activity, whether achieved endogenously by
VS or augmented by exogenous administration, holds a promising therapeutic
potential in the treatment of neurodegenerative and neuroinflammatory
conditions of the retina, such as APU.

SOUHRN

Autoimunitni zadni uveitida (APU) je zanétlivé onemocnéni cévnatky,
zadniho segmentu uvey. Avsak, vzhledem k tésné blizkosti sitnice, ¢asto
postihuje i pfilehlou tkan sitnice, coz mize v koneéném disledku vést k
poruse zraku. Navzdory pokrokim ve vyzkumu nejsou soucasné lé¢ebné
postupy pro APU schopny toto onemocnéni zcela vylécit nebo poskytnout
strategie pro regeneraci sitnice. Neurotrofiny, vcetné mozkového
neurotrofického faktoru (BDNF), hraji klicovou roli ve vyvoji, rGstu a
regeneraci nervového systému a také reguluji ¢innost imunitniho systému.
BDNF navic zvySuje expresi induktivniho nervového rtistového faktoru VGF
(neakronymicky termin), ktery se rovnéz podili na modulaci nervovych a
imunitnich funkci.

Cilem této disertacni prace bylo prozkoumat dualni u¢inky BDNF a VGF,
konkrétné jejich zapojeni do neuroprotektivnich a imunomodulacnich
mechanismt, které mohou fidit patogenezi APU, pouzitim mySiho modelu
experimentalni autoimunitni uveoretinitidy (EAU) a o¢niho podani BDNF a
TLQP-21, peptidu odvozeného od VGF. Studie rovnéz zkoumala
neuroprotektivni a imunomodulaéni i¢inky BDNF a TLQP-21 na Miillerovy
burniky (MCs) in vitro. Dale tato prace zkoumala schopnost vysoce kontrastni
vizualni stimulace (VS) pfirozené indukovat expresi BDNF a VGF v sitnici



a MCs u zdravych a uveitickych mysi a potencialné i retrogradni axonalni
transport BDNF ze zrakovych oblasti mozku do sitnice.

Vysledky této studie ukazaly, Ze vysoce kontrastni VS v optomotorickém
bubnu zvySuje mRNA a proteinovou expresi BDNF v neuronech sitnice a
MCs, avsak expresi VGF zvySuje pouze na urovni mRNA ve zdravé i
uveitické sitnici. Dale vysoce kontrastni stimulace pulznim svétlem a také
BDNF zlepsily neuroprotektivni vlastnosti MCs in vitro potlacenim zanétlivé
reaktivni glidzy a indukci jejich dediferenciace na nervové progenitorové
buiiky, coz poukazuje na potencidlni terapeuticky mechanismus v regeneraci
sitnice. Pti podrobn¢jsi analyze jsme odhalili, ze VS zvysila nejen expresi
BDNF v sitnici, ale také indukovala expresi BDNF v neuronech a astrocytech
superior colliculus, odkud byl BDNF retrogradn¢ transportovan do sitnice.

Navic o¢ni podani exogenniho BDNF mysim s EAU ve formé o¢nich
kapek pfineslo podobné vysledky jako experimenty in vitro na MCs. BDNF
vyznamn¢ snizil reaktivni gliézu v sitnici a podpofil neurogenni vlastnosti
MCs tim, ze stimuloval jejich proliferaci a dediferenciaci v nervové
progenitory. Soucasné jsme pozorovali proliferaci neurond sitnice ve vrstveé
gangliovych bunék a vnitini jaderné vrstvé sitnice a zlepSeni klinickych
priznaki EAU.

Podavani MC in vitro rovnéz podpofilo neurodiferenciaci MCs a
inhibovalo jejich prozanétlivé vlastnosti podobné¢ jako BDNF. Podobné
topickd o¢ni aplikace TLQP-21 u EAU mysi vykazovala ¢astecné protektivni
ucinky, coz se projevilo mirnym zlepSenim klinickych projevi EAU,
snizenim reaktivni glidzy a sniZzenim exprese prozanétlivych mediatort v
sitnici. Kromée toho TLQP-21 také podpofil dediferenciaci MCs a podpofil
proliferaci neuronti sitnice u mysi s EAU. Avsak vzhledem k tomu, Ze
podavani BDNF u mysi s EAU neovlivnilo expresi VGF v sitnici, lze
predpokladat, ze ptiznivé ucinky BDNF nebyly zprosttedkovany TLQP-21,
peptidem odvozenym od prekurzorové molekuly VGF.

Nase vysledky naznacuji, ze BDNF a VGF hraji v sitnici vyznamnou
neuroprotektivni a imunomodulaéni roli. Zvyseni aktivity BDNF nebo VGF,
at’ uz endogenné pomoci VS nebo exogennim podanim, ma slibny
terapeuticky potencial v 1é¢bé neurodegenerativnich a neuroinflamacnich
stavl sitnice, jako je APU.



1.1

INTRODUCTION

Neurotrophins are a family of regulatory proteins that play a crucial role
in the regulation of neuronal growth, proliferation, and survival (Chao, 2003).
One of the most studied neurotrophins is brain-derived neurotrophic factor
(BDNF), which is known for its neuroprotective and immunomodulatory
functions (Bayas et al., 2003; Nagahara et al., 2009; Razgado-Hernandez et
al., 2015). Moreover, BDNF was found to display potent therapeutic
properties in the models of several ocular conditions, such as optic nerve
injury, glaucoma, or photoreceptor damage (Chen et al., 2001; Domenici et
al., 2014; Cerri et al., 2015).

One of the mechanisms by which BDNF might exert its effects could be
through the protein VGF, given that BDNF and VGF are known to mutually
enhance each other’s activity (Alder et al., 2003; Jiang et al., 2019).
Furthermore, VGF also serves as a precursor molecule to several biologically
active peptides, including TLQP-21 (Levi et al., 2004), which is known to
have an important role in the regulation of nervous and immune system
activity (Severini et al., 2008; Hannedouche et al., 2013; Fairbanks et al.,
2014; Sahu et al., 2021).

Considering the neuroprotective and immunomodulatory effects of
BDNF and VGF, these factors may hold great potential in the treatment of
neuroinflammatory and degenerative diseases of the retina. One such
condition could be autoimmune posterior uveitis (APU), a condition
mediated predominantly by CD4* T cells that are autoreactive to several
retinal antigens, including interphotoreceptor retinoid binding protein (IRBP)
or S-antigen (Luger et al., 2008; Oh et al., 2011). APU is marked by
substantial retinal degeneration and inflammation, which leads to the
disruption of the functional and structural stability of the retina, ultimately
resulting in vision loss (Caspi et al., 2010). Antigen-induced experimental
autoimmune uveoretinitis (EAU) is the most widely used animal model of
APU, thanks to its close resemblance to human uveitis in terms of basic
immunological mechanisms, such as mediation of immune response through
autoreactive Th1 and Th17 cells (Luger et al., 2008; Bansal et al., 2015). As
such, EAU offers great possibilities for investigating pathophysiologic
mechanisms and potential treatments for APU.

.Therapeutic potential of BDNF in the treatment of neurodegenerative

and neuroinflammatory diseases of the retina

A growing body of evidence has demonstrated that BDNF has great
therapeutic potential in conditions of retinal neurodegeneration. For example,
Yin et al. (2020) found that intravitreal therapy of BDNF in a mouse model
of retinitis pigmentosa significantly reduced the expression of the pro-
apoptotic protein BCL-2 and increased the anti-apoptotic protein Bax, thus
reducing photoreceptor degeneration. BDNF has also been shown to be an



effective therapeutic agent in experimental models of glaucoma. Domenici et
al. (2014) demonstrated in mice that intravitreal and local administration of
BDNF significantly improved the function of retinal neurons damaged by
intraocular pressure. Additionally, Liu et al. (2013) showed that BDNF
treatment significantly enhanced the survival of rat neurons exposed to a
hyperglycemic environment in an in vitro model of diabetic retinopathy.

Another therapeutic approach to treating the retina affected by
neurodegenerative diseases could involve supporting the endogenous
neurotrophic system in the retina. One such approach could be harnessing the
neurotrophic potential of glial Miiller cells (MCs), since these cells represent
a dominant source of endogenous BDNF, indicating their potential in
neurotrophic therapy (Seki et al., 2005). One of the ways in which MC
neurotrophic properties could be evoked is by exposing them to visual
stimuli. Several authors have already studied the effect of visual stimulation
(VS) in mice and its potential for retinal protection. Lim et al. (2016) found
that VS improved the regeneration of damaged retinal ganglion cell axons in
a mouse model of an optic nerve crush injury. Another study by Mui et al.
(2018) discovered that daily exposure of mice to visual stimuli in an
optomotor drum significantly improved the visual functions of these animals.
In addition, improved visual functions were mediated by pathways associated
with BDNF. Considering that MCs are the main source of BDNF in the retina
and also express several members of the opsin family (Morshedian et al.,
2019; Rios et al., 2019), enabling them to respond to light stimuli, it is likely
that VS could be a promising therapeutic approach supporting the
neuroprotective functions of MCs.

Giving these findings into perspective, this thesis focuses on the
investigation of the dual neuroprotective and immunomodulatory effects of
BDNF and VGF on the onset and progression of autoimmune inflammation
in the retina. In this work, we explored the effects of VS on BDNF and VGF
expression in mice with and without EAU with a particular focus on the role
of MCs in these processes. Moreover, we examined the effects of exogenous
BDNF therapy for treating EAU, and explored the possibility that the VGF-
derived peptide TLQP-21 could mediate its actions.



2.

AIMS AND HYPOTHESES
The aims of our study were:

1) To determine whether our models of (a) in vivo VS of control and EAU
mice with high-contrast moving patterns may induce changes in retinal
BDNF and VGF expression.

2) To identify the cellular origin of BDNF in the retina after VS.

3) (a) To determine whether in vitro stimulation of MCs with pulsed light
with the same frequency of pulses as the movement of high-contrast
moving patterns in vivo may induce changes in BDNF and VGF
expression and, (b) to investigate the neurotrophic and
immunomodulatory roles of BDNF and VGF-derived peptide TLQP-
21 in vitro in MCs and in a mouse EAU.

In our experimental work, we had three major hypotheses:

1) We hypothesized that VS of control and EAU mice induces protein and
gene expression of BDNF and VGF in the retina.

2) We assumed that the main source of BDNF in the retina of visually
stimulated mice could be MCs and retinal neurons, or glia and neurons
of brain structures activated during VS, due to the possible retrograde
transport of BDNF into the retina.

3) We expected (a) that stimulation of MCs in vitro with pulsed light
induces protein and gene expression of BDNF and VGF and (b) that
BDNF and TLQOP-21 administered to MCs in vitro or to mice will
activate neuroprotective and anti-inflammatory mechanisms, which in
EAU mice could alleviate the clinical manifestations of the disease.

MATERIALS AND METHODS

Animals: Both male and female C57BL/6J mice, 7-10 weeks old were used
in the experiments (Charles River Laboratories (Sulzfeld, Germany). Mice
were housed under standard conditions with a 12 h/12 h light/dark cycle,
regulated temperature (24 + 1 °C) and humidity (50 + 10%), and free access
to food and drinking water. At the end of experiments, mice were euthanized
by an anesthetic overdose with ketamine (100 mg/kg) and xylazine (10
mg/kg), after which transcardial perfusion was performed with 0.1 M PBS.
Cells: In vitro experiments were carried out using immortalized rat MCs
(rMC-1; Applied Biological Materials, Richmond, BC, Canada). The cells
were seeded into 24-well plates with collagen coating at a density of 50,000
cells/well in Prigrow III medium, supplemented with 10% fetal bovine serum
(FBS) and a 1% penicillin/streptomycin solution.

Induction of EAU: EAU was induced by subcutaneous administration of an
emulsion of retinal antigen IRBP1.20 (GPTHLFQPSLVLDMAKVLLD) in an
emulsion of complete Freund’s adjuvant (Mycobacterium tuberculosis +
incomplete Freud’s adjuvant) on day 0, followed by intravenous
administration of pertussis toxin into the tail vein on days 0 and 2.



Eye fundus imaging and EAU clinical score grading: Clinical
manifestations of EAU were investigated using topical endoscopic fundus
imaging (TEFI), according to Paques et al. (2007). The examination took
place under general anesthesia (ketamine and xylaxine), with the use of
mydriatic atropine sulfate to induce pupil dilatation. The fundus images were
obtained using an endoscope attached to an Olympus Pen E-PL8 camera
(Evident, Tokyo, Japan) and analyzed according to the scoring system
developed by Xu et al. (2008).

Visual stimulation of mice: VS of mice was carried out in the optokinetic
drums with a rotating high-contrast grated pattern (black and white vertical
stripes), according to the previously published studies (Schmucker et al.,
2005; Stotkova et al., 2021). VS was carried out for 14 days, 12 hours daily,
during the light phase of the photoperiod. The black and white vertical stripes
revolved around the mouse with alterations of 91 ms/stimulus. The light
intensity in the optokinetic drums was 30-35 lux.

Stimulation of Miiller cells with pulsed light: Stimulation of MCs was
conducted in a humid incubator at 37 °C with 5% COz for 48 hours. The VS
was ensured by a custom-made device that emitted pulsed light, i.e., repeated
alteration of high-illuminance (230 lux) and low-illuminance (2 lux) light.
The frequency of pulses was equivalent to that of the in vivo high-contrast
VS (1 pulse per 91 ms). The VS device was installed to uniformly light up
the 24-well plate containing the cells. The unstimulated cells were treated
under the same conditions, however, in the dark.

Stereotaxic surgery and BDNF administration: The stereotaxic surgery was
performed using a stereotaxic drill and injection robot (Neurostar, Tubingen,
Germany), which was operated via the Neurostar StereoDrive software.
During the entire procedure, mice were anesthetized with 1.5% isoflurane and
had their heads were fixed with ear and incisor bars. After determining the
precise coordinates of the superior colliculus (SC) (ML = -0.80 mm, AP = -
3.52 mm, DV = +2 mm), both visually stimulated and unstimulated healthy
and EAU mice were administered with BDNF-FITC (1 pg/ul). After the
procedure, mice underwent VS or were in stationary conditions for another 2
hours.

Topical treatment of EAU mice with BDNF or TLQP-21: Daily topical
treatment of EAU mice with either BDNF (1 pg/day) or TLQP-21 (1.5 pg/pl)
eyedrops was performed from the 8™ until the 14 day after immunization.
Mice were administered with vehicle eyedrops (moisturizer 0.5%
carboxymethyl cellulose and 1% dimethyl sulfoxide (DMSO), with or
without 1 mg/ml 5-bromo-2'-deoxyuridine (BrdU)) into the ipsilateral eye.
BDNF or TLQP-21, diluted in vehicle, were administered into the
contralateral eye.

Protein_isolation_and Western blot: Both retinal and MC samples were
homogenized and treated with ultrasonic waves. The MC samples were then




separated into cytosolic and nuclear fractions. Proteins underwent
denaturation, were separated according to their molecular weight by SDS-
PAGE, and were transferred to a PDVF membrane. Then, incubation with
primary and secondary antibodies followed. Protein bands were visualized
with Radiance Plus Chemiluminescence Substrate and Radiance Peroxide,
and membranes were imaged with the Azure Biosystems C300 Digital
Imager.

RNA isolation and RT-gPCR: Tsolation of RNA from both retinal and MC
homogenates was performed using the RNeasy Mini Kit (Qiagen, Hiden,
Germany) according to the manufacturer’s instructions. Using a High-
Capacity cDNA Reverse Transcription Kit, we next performed reverse
transcription, after which cDNA was used for RT-qPCR. The reaction took
place in QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems).
Immunohistochemistry _and preparation of retinal wholemounts:
Experiments were carried out according to Kawamoto (2003). Eyes and
brains were placed in the super cryoembedding medium and frozen to -80 °C
in hexane. Next, 10 pm-thick eye and brain sections were made and were
dehydrated in 99% ethanol, fixed in 4% paraformaldehyde, and blocked with
2% bovine serum albumin. Sections that were incubated with mouse primary
antibodies were also treated with F(ab) anti-mouse IgG (H&L). Sections were
then treated overnight at 4 °C with primary antibodies and a rat monoclonal
IgG2b anti-mouse CD16/CD32 antibody, Clone 2.4G2, after which
incubation with secondary antibodies followed. When preparing retinal
wholemounts, whole eyes were fixed in 4% PFA overnight, after which the
retinas were isolated and incubated in blocking buffer. Retinas were placed
on a glass slide, and ProLong™ Glass Antifade Mountant was applied on the
tissue. Both tissue sections and retinal wholemounts were visualized using
the IX83 inverted microscope and analyzed in Olympus CellSens Dimension
software (Evident).

Flow cytometry: Flow cytometry analysis was conducted on MCs exposed to
pulsed light and/or BDNF or TLQP-21 in vitro and on the retinas excised
from mice treated with BDNF or TLQP-21 eyedrops. In vitro experiments
involved determining cellular proliferation and staining each group with
Fixable Viability Dye eFluor 780 to determine dead cells. Cells were fixed
with Fixation/Permeabilization Diluent, after which they were incubated with
antibodies. In vivo experiments involved euthanizing mice, enucleating their
eyes, and excising retinas. Retinas were disrupted into single cells, incubated
with collagenase D, filtered, and lysed. Retinal cells were then washed with
RPMI-1640 and incubated with IgG2b anti-mouse CD16/CD32 antibody,
Clone 2.4G2, followed by incubation with anti-mouse monoclonal
antibodies. Data were obtained using the Attune NxT Flow Cytometer and
Attune NxT version 3.1.2 software.




Statistical analysis: A paired or unpaired t-test was used to determine
statistical significance between two groups. For more than two analyzed
groups, one-way analysis of variance (ANOV A) was used to analyze changes
in one parameter and two-way ANOVA to examine differences in multiple
parameters. The statistical difference was significant when p < 0.05.

4. RESTULTS
4.1.VS enhanced retinal BDNF but not VGF protein expression in control

and EAU mice

In vivo VS of mice was shown to increase both gene and protein
expression of BDNF in the retina of control and EAU mice (Fig. 1A-C). More
specifically, increased BDNF levels were observed in retinal MCs (labeled
with cellular retinaldehyde binding protein, CRALBP, Fig. 1B) and neurons
(labeled with neuronal nuclear antigen, NeuN, Fig. 1C). However, significant
changes in VGF were observed only at mRNA levels (Fig. 1D) but not at
protein levels (not shown).
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Fig. 1: Effects of in vivo VS on BDNF expression in control and EAU mice:
BDNF gene expression (A), numbers of BDNF*/CRALBP" cells (B), and
BDNF*/NeuN* cells (C). Effects of VS on VGF gene expression (D).
Significant differences: Stim. vs Unstim. with and without EAU: + p<0.05,
++p<0.01, +++p<0.001.



4.2.VS upregulated BDNF expression in the superior colliculus and
increased retrograde transport of BDNF from the superior colliculus to
the retina in control and EAU mice
Augmentation of the BDNF fluorescent signal was observed only in the
SC, specifically in neurons (labeled with NeuN) (Fig. 2A, B) and astrocytes
(labeled with glutamine synthetase, GS) (Fig. 2C, D). No substantial
differences in BDNF protein levels were observed in the dorsolateral
geniculate nucleus (DLG) or visual cortex (VC) (not shown). To further
elucidate whether BDNF produced in SC could be retrogradely transported
from the brain to the retina, we analyzed retinal wholemounts for the presence
of a BDNF fluorescent signal. Although all groups exhibited BDNF
fluorescent signal in the retina, visually stimulated control and EAU mice
exhibited higher BDNF levels compared to unstimulated control (2E-G).
Stimulated EAU mice showed lower amounts of BDNF, when compared to
stimulated control mice, indicating that uveitis decreased retrograde transport
of BDNF. Retrogradely transported BDNF was observed in neurons and MCs
(not shown).
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Fig. 2. Number of neurons (BDNF'/NeuN* cells) (A, B) and astrocytes
(BNDF*/GS* cells) in the SC (C, D). Mean fluorescence intensity of
exogenous BDNF in the central (E), intermediate (F), and peripheral (G)
segment of retinal wholemount. Significant differences: Stim. vs Unstim.
with and without EAU: + p<0.05, ++p<0.01, +++p<0.001
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4.3.High-contrast stimulation upregulated BDNF but not VGF expression in
MCs in vitro
By conducting in vitro stimulation of MCs with pulsed light, we observed
significantly higher protein levels of BDNF (Fig. 3A), but not VGF (Fig. 3B)
after high-contrast stimulation. However, combination treatment of MCs with
pulsed light and exogenous BDNF (0.1 nM, 1 nM, 10 nM) resulted in a dose-
dependent increase of VGF synthesis (Fig. 3B). Combination treatment of
MCs with BDNF and pulsed light managed to enhance MC proliferation (Fig.
3C), increase the numbers of MCs positive for SOX2 and nestin, markers of
neurodifferentiation (Fig. 3D), and decrease numbers of SOX*/GFAP* MCs,
indicating suppressed MC gliosis (Fig. 3E). Moreover, BDNF reduced
nuclear translocation of the p65 subunit of the NF-xB (Fig. 3F), which
reflected on the gene expression of downstream pro-inflammatory mediators
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Fig. 3. Effects of VS on BDNF monomer and dimer protein levels (A).
Effect of VS and BDNF (0.1 nM, 1 nM, 10 nM) on the VGF protein levels
in MCs (B), MC proliferation (C), number of SOX2*/nestin* cells (D) and
SOX2"/GFAP* cells (E). Levels of p-p65 in the MC nuclear extracts (F).
Difference between Stim. and Unstim. MCs: +p<0.05 ++p<0.01
+++p<0.001. Difference between Stim. cells with and without BDNF

treatment:  **p<0.01  ***p<(0.001. Difference between visually
unstimulated cells with and without BDNF treatment ##p<0.01,
###p<0.001.
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4.4.In vitro treatment of MCs with TLQP-21 promoted their anti-
inflammatory and neurogenic properties
Treatment with the VGF-derived peptide TLQP-21 appeared to promote
MC proliferation (Fig. 4A) and neurodifferentiation (Fig. 4B), as well as
suppress MC differentiation to reactive glia (Fig. 4C). TLQP-21 also
decreased NF-«B translocation to the nucleus (Fig. 4D), and downregulated
gene expression of pro-inflammatory chemokine CCL2, but not other pro-
inflammatory mediators (not shown).
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Fig. 4. Effect of TLQP-21 treatment on MC proliferation (A), number of
SOX2*/nestin® cells (B) and SOX2*/GFAP" cells (C). Protein levels of p-p65
protein in nuclear extracts (E) of MCs. Difference between TLQP-21-
stimulated and unstimulated cells: #p<0.05, ##p<0.01, ###p<0.001.
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4.5.BDNF topical ocular treatment attenuated EAU development and
supported retinal regeneration
Treatment with BDNF resulted in a significant amelioration of the
disease, as evidenced by the improved clinical score of EAU: optic disc
edema, vasculitis, and inflammatory infiltrates in the retina (Fig. SA). These
findings were confirmed by significantly downregulated expression of
proinflammatory chemokine CCL2 and cytokine IL-6 (Fig. 5B), as well as
decreased numbers of CD4" and CD8" T cells and CD11b* myeloid cells
(Fig. 5C) and suppressed reactive gliosis in the retina (not shown). BDNF
also supported retinal regeneration, by promoting neurodifferentiation of
retinal MCs (Fig. 5D, E), proliferation of MCs (Fig. 5F), and retinal neurons
(Fig. 5G). Topical administration of BDNF did not cause any differences in
VGF protein levels, which suggests that these neuroprotective and anti-
inflammatory functions of BDNF were not mediated via VGF-dependent
mechanisms. (Fig. 5H).

4.6.TLQP-21 topical ocular treatment improved EAU and promoted
neurodifferentiation of MCs

In our experiments, we observed that TLQP-21 significantly alleviated
the EAU severity, as evidenced by the subsided optic disc edema, decreased
presence of scars in the retinal tissue, and vasculitis of retinal blood vessels
(Fig. 6A). TLQP-21 also downregulated the gene expression of several pro-
inflammatory mediators, including IL-6, IL-1R1, as well as the chemokines
CXCLI1 and CXCL10 (Fig. 6B), indicating that TLQP-21 displayed anti-
inflammatory effects. Nevertheless, flow cytometry analysis showed there
were no significant changes in the numbers of CD4" and CD8" T cells and
CD11b* myeloid cells, although a non-significant decreasing trend could be
observed (not shown). Furthermore, we found that treatment with TLQP-21
significantly promoted retinal regeneration by increasing neurodifferentiation
of MCs (Fig. 6C, D) and proliferation of MCs (Fig. 6E) and retinal neurons
(Fig. 6F).
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Fig. S. Effects of BDNF topical therapy on the clinical score of EAU: optic
disc edema, vasculitis of retinal blood vessels, and inflammatory infiltrates
in the retina (A), gene expression of pro-inflammatory mediators (B), and
numbers of CD4*, CD8" T cells and CD11b" myeloid cells in the retina (C).
Numbers of CRALBP*/SOX2* cells (D), CRALBP"/nestin® cells (E),
CRALBP*/BrdU" cells (F), and NeuN*/BrdU" cells (G). Levels of VGF in
the vehicle- and BDNF treated retina (H). Statistical difference between
vehicle- and BDNF-treated group: *p<0.05, **p<0.01 ***p<0.001
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5.DISCUSSION
5.1. VS increases gene and protein expression of BDNF, but induces only
gene expression of VGF in the control and EAU retina

VS was previously found to have a beneficial effect on neuronal growth
and regeneration in a mouse model of optic nerve crush (Lim et al., 2016) or
during a critical period of mouse development, with BDNF being suggested
as a key player in these mechanisms (Mui et al., 2018). Moreover, VS showed
therapeutic potential in patients with glaucoma or dry age-related macular
degeneration (Gudlin et al., 2008; Sabel and Gudlin, 2014; Li et al., 2020;
Horantner et al., 2021). Thus, we explored the possibility of high-contrast VS
as a potential approach to promote the expression of retinal endogenous
BDNF, which may influence EAU. Our results demonstrated that the VS
significantly upregulated both gene expression and BDNF protein levels in
control and EAU retinas. More specifically, elevated BDNF expression was
observed in the retinal neurons and glial MCs. Since BDNF is known to be
involved in the activation of VGF and vice versa (Jiang et al., 2019; Lin et
al., 2021), we investigated the effect of VS on VGF expression. Our results
showed that VGF exhibited significant upregulation only at the mRNA level,
both in healthy and EAU mice. This could be explained by the
posttranscriptional/posttranslational modifications of VGF, given that the 3'-
untranslated region (3'UTR) of the Vgf mRNA represses VGF translation as
reported previously (Lin et al., 2021).

5.2. VS promotes retrograde transport of BDNF from the SC to the
retina

In addition to being produced locally in the retina, BDNF may also
originate in the brain, from which it could be retrogradely transported of
BDNF (DiStefano et al., 1992; Quigley et al., 2000; Lambuk et al., 2022).
Thus, we studied if VS may also promote expression of BDNF in the brain
structures of the visual pathway (DGN, SC, and VC) in both healthy and EAU
mice and promote retrograde transport of BDNF from these structures to the
retina. Our results revealed that VS promoted BDNF expression only in
neurons and astrocytes of SC but not DLG or VC in control and EAU mice.
SC was previously shown to have access to input from most of the RGCs that
innervate the DLG but a number of RGC types appear to innervate the SC
but not the DLG (Ellis et al., 2016). This robust innervation of the SC by
RGCs could explain why significant upregulation of BDNF expression was
observed mainly in the SC. Additionally, SC plays a crucial role in processing
visual stimuli, orienting attention, and eye and head movement coordination
(Basso et al., 2021), which are processes active in mice during the VS,
suggesting increased activity of SC neurons may have led to the elevated
expression of BDNF. In addition to the SC neurons, a significant
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augmentation in BDNF levels was also observed in the SC astrocytes. This
elevation may be attributed to the astrocytes’ ability to uptake BDNF from
the extracellular environment as well as neighboring neurons (Bergami et al.,
2008; Crish et al., 2013; Stahlberg et al., 2018), which was found to be
beneficial in an experimental model of glaucoma as a protective mechanism
of potential re-release in focal sites of neurodegeneration and synapse
preservation (Crish et al., 2013). Using stereotaxic delivery of fluorescently
labeled BDNF to SC, we revealed that both visually stimulated and
unstimulated mice, with and without EAU, had exogenous BDNF in the
retina, showing that retrograde transport of BDNF took place in all groups.
However, both control and EAU mice exposed to VS had significantly greater
amounts of BDNF in the retina, in contrast to the unstimulated animals.
Unstimulated mice displayed an exogenous BDNF fluorescent signal in their
retinas presumably due to still being kept in the lightened conditions. Even
though retrograde transport of BDNF was observed in both healthy and EAU
mice, it is clear that EAU mice had significantly reduced intensity of the
BDNF fluorescent signal in the central and intermediate segments of the
retina after VS when compared to the healthy group, which is in line with our
observation of the reactive gliosis in the retina in stimulated and unstimulated
mice. The reason of decreased quantities of BDNF in EAU mice might also
be due to the inflammation of the optic nerve head (Chu et al., 2013; Selmi
et al., 2014) or RGC death (Schwartz and Bakalash, 2007).

5.3. Stimulation of MCs with pulsed light, BDNF and TLQP-21 has anti-
inflammatory and neurogenic effects

Considering that MCs express several opsin molecules (Morshedian et al.,
2019; Rios et al., 2019) and could respond to light stimuli, we next exposed
MCs to pulsed light in vitro. Our results confirmed that MCs exhibit
significantly higher protein levels of BDNF after stimulation with pulsed
light, which was in line with our in vivo findings and with previously
observed effects of electrical stimulation on MCs in vitro (Sato et al., 2008)
or enriched environment in mice with non-exudative age-related macular
degeneration in vivo (Dieguez et al., 2021). Based on these data, we next
evaluated the effect of the stimulation of MCs with either pulsed light or by
adding exogenous BDNF in three different concentrations (0.1 nM, 1 nM,
and 10 nM), or both, on the neurogenic characteristics of MCs, expressed as
the numbers of the cells double positive to markers of neurodifferentiation,
SOX2 and nestin (Lendahl et al., 1990; Ellis et al., 2004). We found that the
stimulation with pulsed light significantly elevated the numbers of
SOX2*/nestin* cells when compared to unstimulated group. However, after
adding exogenous BDNF, we observed notable increase in the numbers of
unstimulated cells positive to SOX2 and nestin in all three concentrations of
BDNF. On the other hand, it appeared that only highest concentration of
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BDNF significantly augmented the numbers of SOX2*/nestin® cells
stimulated with pulsed light in relation to the MCs without BDNF treatment.
Similar trend for high-contrast-stimulated and unstimulated cells was
observed in their proliferative capacity. It should be stated that the
neurotrophic activity of BDNF is mediated primarily via the TrkB receptor,
which is known to be downregulated with increasing BDNF concentrations
by the negative feedback loop (Frank et al., 1996). Considering that the
unstimulated cells were treated only with BDNF, it is plausible that this
negative feedback loop was a mechanism by which MCs did not exhibit
further increases in proliferation and neurodifferentiation after the 10 nM
concentration. It is also likely that in MCs exposed to both high contrast and
exogenous BDNF, not only BDNF but also other mechanisms triggered by
high-contrast stimulation may have influenced the regulation of TrkB
receptor sensitivity and/or MC proliferation and neuronal differentiation.

Our experiments revealed that BDNF treatment of MCs in vitro
significantly reduced the numbers of cells expressing SOX2 and GFAP, a
commonly used marker of pro-inflammatory reactive gliosis (Yang and
Wang, 2016). These data were comparable to the previously published work
on a feline model of retinal detachment, where notable attenuation of GFAP
expression was observed following BDNF treatment (Lewis et al., 1999). We
also observed a substantial decrease in nuclear translocation of the pro-
inflammatory transcription factor NF-xB, and a downregulation of pro-
inflammatory mediators (CXCL1, CXCL10, CCL2, IL-6, and IL-IRI).
Given that NF-«xB is one of the most crucial regulators of the expression of
these factors, it appears that BDNF with or without additional VS displays
anti-inflammatory characteristics, which are mediated via the inhibition of
NF-kB-related mechanisms, similarly as previously observed in the in vitro
model of diabetic retinopathy (Zhu et al., 2022). BDNF is known to promote
expression of VGF (Alder et al., 2003), which could co-act with BDNF to
modulate inflammatory responses and promote neuroregeneration. However,
we did not observe any significant differences in VGF protein levels after
high-contrast stimulation of MCs, meaning that endogenous levels of BDNF
increased by VS were not sufficient to potentiate VGF protein synthesis.
Thus, apart from the aforementioned possibility of post-translational
modifications of VGF (Lin et al., 2021), another reason for unchanged VGF
protein levels could also be a relatively low stimulation of VGF expression
by endogenously increased BDNF. To examine whether VGF can act like
BDNF by promoting neurogenic and anti-inflammatory properties of MCs,
we conducted treatment of MCs with the VGF-derived peptide TLQP-21,
given its immunomodulatory properties (Severini et al., 2008; Hannedouche
et al., 2013; Fairbanks et al., 2014; Sahu et al., 2021). Our experiments
revealed that the treatment of MCs with TLQP-21 increased proliferation,
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especially when they were treated with 1 nM TLQP-21, which is in line with
previous studies on microglia (El Gaamouch et al., 2020) or cerebellar
granular cells (Severini et al., 2008). TLQP-21 is known to bind to the C1qBP
complement receptor (Elmadany et al., 2020; Sahu et al., 2021), which is also
expressed by MCs (Pauly et al., 2019). The C1gBP receptor was shown to
support the proliferation and survival of the fibroblasts and cancer cells
(McGee et al., 2011). TLQP-21 stimulation also promoted the neural
differentiation of MCs, as evidenced by the numbers of SOX2*/nestin” cells
in our study. Similar findings were observed with the VGF-derived peptide
TLQP-62 on the neurogenesis of hippocampal neuronal progenitors, where it
has been reported to induce the differentiation of type 2a neural progenitors
(Thakker-Varia et al., 2014). We also demonstrated that TLQP-21 has anti-
inflammatory action by lowering the numbers of SOX2*/GFAP* cells and
decreasing the nuclear translocation of NF-kB in MCs. These findings could
be linked to the previously reported anti-inflammatory characteristics of the
C1qBP receptor (Waggoner et al., 2005) and its ability to suppress the activity
of NF-kB (Fu et al., 2022). Furthermore, given that NF-xB regulates the
expression of GFAP, which is linked to reactive gliosis (Angelo et al., 2014),
these results may also explain the decreased differentiation of MCs into
reactive glia.

5.5. Topical treatment of mice with BDNF attenuates symptoms of EAU

BDNF treatment was already found to have beneficial effects in several
models of other ocular conditions, such as optic nerve injury, glaucoma, or
photoreceptor damage (Chen et al., 2001; Domenici et al., 2014; Cerri et al.,
2015). In our experiments, we found that the topical delivery of BDNF
resulted in a significant improvement in the clinical symptoms of EAU, a
decrease in the numbers of CD4*, CD8', and CDI11b" cells, and a
downregulation of the pro-inflammatory markers IL-6 and CCL2. Since both
IL-6 and CCL2 are well-known mediators of EAU development (Hohki et
al., 2010; Zhao et al., 2014), suppression of their expression by BDNF
treatment could contribute to EAU amelioration. MCs are recognized to have
great regenerative potential in damaged retina in fish (Duprey-Diaz et al.,
2002; Mitchell et al., 2018; Mitra et al., 2019), and mammals (Ooto et al.,
2004; Karl et al., 2008). In addition, it seems that BDNF plays a major role
in these regenerative mechanisms (Duprey-Diaz et al., 2002). Our data
showed that BDNF therapy significantly increased the number of
SOX2*/nestin MCs, suggesting an enhanced neurodifferentiation. Moreover,
we found that BDNF increased proliferation capacity of MCs as well as the
number of newly generated retinal neurons, signifying the ongoing
regeneration of the retinal tissue damaged by EAU. These findings are in line
with previously published work, which showed that BDNF potentiated the
neurogenesis in the hippocampus (Lian et al., 2016) and supported
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regenerative properties of MCs (Ooto et al., 2004; Karl et al., 2008).
Altogether, our data indicate the therapeutic effects of BDNF topical ocular
treatment on the symptoms of EAU and propose a mechanism for promoting
retinal regeneration.

5.6. Topical administration of TLQP-21 ameliorates EAU

VGF and the VGF-derived peptide TLQP-21 are known to regulate neuron
regeneration and survival (Severini et al., 2008; Shimazawa et al., 2010;
Takeuchi et al., 2018), as well as mediate immune cell activity (El Gaamouch
et al, 2020), which points to the potential therapeutic effects in
neuroinflammatory conditions. In our study, we revealed that TLQP-21
topical treatment improved the EAU clinical score and downregulated the
expression of pro-inflammatory mediators. Although TLQP-21 therapy
displayed similar effects to that of BDNF treatment during EAU, we found
that BDNF topical administration did not significantly alter the protein levels
of VGF in the retina, which suggests that the therapeutic effects of BDNF
and TLQP-21 are not interconnected. TLQP-21 treatment decreased gene
expression of pro-inflammatory mediators (CXCL1, CXCL10, IL-6, and IL-
1R1), which, however, is not comparable with our in vitro experiments on
MCs (not shown). This might be due to the presence of other cell types in the
retinal tissue, which could influence and alter the overall gene expression
profile. In line with these findings, TLQP-21 also appeared to reduce GFAP
expression in the retina, suggesting that TLQP-21 treatment may have
suppressing effects on retinal reactive gliosis. It has been previously
suggested that TLQP-21 has a suppressing effect on microgliosis in the
hippocampus and brain cortex in models of Alzheimer’s disease (El
Gaamouch et al., 2020), which clearly points to the anti-inflammatory effects
of TLQP-21 that we also observed during EAU. In addition, we also found
that TLQP-21 promoted the expression of SOX2 and nestin in retinal MCs.
In addition, both retinal neurons and MCs exhibited increased proliferative
capacity after TLQP-21 eyedrop treatment when compared to eyes stimulated
with vehicle. These findings demonstrate that TLQP-21 exhibited neurogenic
effects on MCs both in vitro and in vivo, which in turn resulted in attenuation
of the clinical manifestations of EAU.

CONCLUSIONS

This dissertation thesis had three major hypotheses, all of which were shown
to be at least partly valid. Based on our results, we have drawn the following
conclusions:

1)  First hypothesis: We hypothesized that VS of control and EAU mice
induces protein and gene expression of BDNF and VGF in the
retina.
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2)

3)

e Our results demonstrate that VS of mice significantly increases
gene and protein expression of BDNF in the retinas of healthy
and EAU mice. In addition, enhanced BDNF expression after VS
is present in both retinal neurons and MCs.

e Our assumption that high-contrast stimulation increases the
expression of VGF was only partly confirmed, since mice
exposed to stimulation exhibited a significant increase in VGF
mRNA level but not protein level in the retina.

Second hypothesis: We assumed that the main source of BDNF in

the retina of visually stimulated mice could be MCs and retinal

neurons, or glia and neurons of brain structures activated during

VS, due to the possible retrograde transport of BDNF into the

retina.

o Our data have shown that VS upregulates BDNF expression not
only locally in the retina but also increases BDNF production in
the neurons and astrocytes of the SC, both in healthy and EAU
mice.

e The presented study demonstrates that VS also promotes
retrograde transport of BDNF from the SC into the retina via the
axons of RGCs. Here, BDNF is transmitted between RGCs and
MCs and potentially serves as an important mediator of neuronal-
glial interactions.

e These mechanisms, although significantly reduced, were also
shown to be present in mice with an active form of EAU.

Third hypothesis: We expected (a) that stimulation of MCs in vitro

with pulsed light induces protein and gene expression of BDNF and

VGF and (b) that BDNF and TLQOP-21 administered to MCs in

vitro or to mice will activate neuroprotective and anti-

inflammatory mechanisms, which in EAU mice could alleviate the
clinical manifestations of the disease.

o High-contrast stimulation of MCs with pulsed light in vitro
supports in vivo data and high-contrast stimulation alone or in
combination with exogenous BDNF supplementation increases
the neurotrophic and anti-inflammatory properties of MCs. Also,
BDNF with no additional high-contrast stimulation displays
identical effects.

e The additional supplementation of MCs with exogenous BDNF

substantially augmented the protein synthesis of VGF.

Treatment of MCs with the neurogenic and immunomodulatory

VGF-derived peptide TLQP-21 resulted in similar results to the

BDNF treatment, suggesting that TLQP-21 contributed to the

neurotrophic and anti-inflammatory activity of BDNF in MC

cultures supplemented with higher doses of BDNF.
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e The evidence from our in vivo study clearly demonstrates that the
anti-inflammatory and neuroprotective properties of BDNF were
shown to be beneficial in a mouse model of EAU. Eyes treated
with BDNF exhibited significantly attenuated clinical score of
EAU when compared to vehicle-treated eyes.

o BDNF also appears to hold strong regenerative potential and aid
in the recovery of retinas damaged by inflammation.

e TLQP-21 topical ocular treatment showed to display anti-
inflammatory and neurogenic properties, but the inhibitory effect
of TLQP-21 on EAU development was weaker compared to
BDNF treatment. Therefore, further studies are needed to better
understand the mechanism of action of TLQP-21 during EAU.
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