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Abstract
Purpose To develop an animal model of atrophic
agerelated macular degeneration (aAMD) in aged
mice thatmoreclosely mimics the natural progression
of the disease.

Methods: 12- and 18-monthold CBI57/6JRj mice
were immunized with murine serum albumin (MSA)
conjugated withcarboxyethyl pyrrole(CEP). The
immunization, given into the hock, was followed by 3
booster injections into the neck over-en®nth period.
Immunized mice and agmatched controls were
trained for a visual discrimination and an optokinetic
response task to determine the objective visual
threshold (OVT) at arrival

funduscopy and ocular coherence tomography were

and at 3 months;

performed. After sacrifice, the eyes meenucleated
for histological, immunofluorescent and electron
microscopy analyses.

Results Retinal imaging confirmed that all mice had

normal retinas upon arrival. Three months after mice

agdated

alterations were ghificantly more pronounced in

were immunized the normal retinal
CERimmunized than in control mice as evidenced by

drusenoid alterations, increased retinal thickness,
immune activation, signs of retinal degeneration,
decreased OVT. Electron microscopy indicated
degeneration of the retinpigment epithelium (RPE).
Conclusions The retinal and behavioral changes in
the aged CEffmmunized mice will be useful for the
investigation of novel treatments of aAMD.
Translational relevance: The enhanced AgeGER
Mouse model enables tlgeneration of results highly
transferable to human patients and promotes the

development of efficient, safe AMD therapies.
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1. Introduction

In industrialized countries excellent health care and
progress in medicine have increased life expectancy
and the nmber of elderly people[1], with
concomitant increase of agelated diseases such as
agerelated macular degeneration (AMDZ]. It is
estimated that the number of patients suffering from
early and late AMD will increase from 15 and 2.7 Mio,
respectivelyto 21.5 and 4.8 Mio respectively by 2040
[3]; approximately 80% of these patients will suffer
from atrophic AMD (aAMD). No current approved
therapies are available to treat aAMD. Even though
several promising treatment approaches are being
considered, witih focus on visual cycle modulation,
neuroprotection, suppression of inflammation and
complement inhibitior{4], progress is hampered by

the absence of an appropriate animal model.

A significant cause for ageelated diseases, including
aAMD, is cellular oxidative stress with the resultant
accumulation of reactive oxygen species, which
damages and causes cell def2h Several animal
models of aAMD have been developed; however,
animal models that develop choroidal
neovascularization (CN\{b-7], which is not a feature

of aAMD are time-consuming[6,7] or cause rapid
retinal degeneratio{7,8] are not suited for the
analysis of therapeutic approaches that endeavor to
interfere with the development of aAMD at an early

stage of the disease.

Hollyfield et al.developed a model of aAMD in mice
by immunizing 2monthold mice with carboxy
ethylpyrrole coupled to murine serum albumin (CEP

MSA); CEP is an oxidation adduct produced from
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docosahexaenoic acid and is elevated in ftreous
and plasma of aAMD patienf9,10. Here, we report
a modification of the model of aAMD that Holyfield
developed in young mic€9,10 by modifying the
immunization protocol and using old mice
establishing a model of aAMD that better recapitulates
to the human disease without accompanying adverse
events and thyspermits the generation of results
highly transferable to human patients, which promotes

the development of new aAMD theragie

2.Methods

2.1Chemicals

Isoflurane (Baxter AG, Deerfield, USA); Ketamine
(Ketalaf, Pfizer, New York, USA); Medetomidine
(Domitor®, Orion Pharma, Dhaka, Bangladesh); NaCl
(Laboratrium Dr. G. Bichsel, Unterseen, Switzerland);
Thiopental Inresa (Ospedalia AG, Hunenberg,

Switzerland); complet¢CFA) and incomplete (IFA)

Freund©os adjuvants (Sant
Dallas, USA); glutaraldehyde (GDA, Polysciences,
Warrington, USA); cacodylate buffer, osmium

tetroxide, propylene oxide, Epon and-benzyt
dimethylamine, paraformaldehyde (PFA), Deillb ¢ 0 6 s
(PBS),

(Haemalum Mayer's) solution for microscopy, eosin

Phosphate Buffered Saline hemalum
(Eosin Y), citrate acid monohydrate, BSA, Tween 20
(Merck, Darmstadt, Germany); Vectamount (Vector
Laboratori Bur |l i
Gold Antifade Mountant with DAPI (ThermoFisher
Scientific, Waltham, MA, USA); MSA was kindly

provided by Prof. Scapozza (University of Geneva,

es, ngame,

Geneva, Switzerland).
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2.2 Reagents and Analytical Procedures for the
Synthesis of CERPconjugated MSA

All reagents for thesynthesis were purchased from
SigmaAldrich (Merck, St Louis, Missouri) with a
purity greater than 98% and used without prior
purification. Anhydrous solvents kept over 4 A
molecular sieves (Acrosé&all00 mL bottles) were
used for reactionghermoFisher 8entific, Waltham,
MA, USA). Solvents of analytical or HPLC grade
were used for purifications and reaction treatments
(ThermoFisher Scientific, Waltham, MA, U$AFor
working under inert conditions argon (PanGas 6.0
quality, Dagmersellen, Switzerland) wased. Flash
chromatographic purifications were performed on an
automated Grace Revelétispparatus and using a
pre-packed silica gel columffFlashPurg ID Silica4 g

or 12¢g, 0.0400.060 mm mesh, Bichi Labortechnik,
Flawil, Switzerland). Reactions were monitored by
thin layer chromatography (TLC) on precoated silica
gel plates (Merck silica gel 60 F254) and observed
with a UV lamp at 254 nm and 366 nm. A Bruker
Avance Il HD 600 MHz NMR (Nuclear Magnetic
Resonance) spectrometer equipped with a QCI 5 mm
Cryoprobe and a SampleJet automated sample changer
(Bruker BioSpin, Rheinstetten, Germany) was used to
perform 'H and °C DEPTQ (Distortionless
Enhancement by Poladtion Transfer including
detection of quarternary carbons) NMR experiments.
Names of compounds follow IUPAC rules and
molecules are drawn by ChemDraw Professional
software (version 16.0). All chemical shifts are
expressed in parts per million (ppm) relatito the
peak of deuterated chloroform (CREIThe following
abbreviations are used to explain the observed

multiplicities of signals: s, singlet; d, doublet; dd,
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doublet of doublet; ddd, doublet of doublet of doublet;
t, triplet; td, triplet of doublet;q, quadruplet; m,

multiplet. The device used to record low resolution
mass spectra (LRMS) was an Advion Expression
CMS operating in electrospray positive and negative

mode (ESI) simultaneously.

2.3 Animals and immunization
Male 12 and 18nonths old CBE7/6JRj mice (Janvier
Labs, Le Genest Saint Isle, France) were housed at the
University of Geneva animal facility under standard
animal facility conditions on a 12 h light/dark cycle,
with food and water availablad libitum For short

term anesthesia mice were placed for@Dsec in a
gastight, acrylic glass box containing 5% isoflurane
and 95%0». Longlasting anesthesia was induced by
intraperitoneal (i.p.) injection of Ketamine (75 mg/kg)
and Medetomidine (0.3@1g/kg) diluted 1:2 in 0%
NaCl. Animals were sacrificed by an overdose of
(156g/kg  i.p.).
experiments were approved by

Thiopental Inresa Animal

the cantonal
Département de la sécurité, de I'emploi et de la santé,
de
Switzerland (no.GE/82/18 and complied with the

ARVO Statement for the Use of Animals in

Domai ne

Ophthalmic and Vision Research.

The immunization procedure is based on studies of
[9,10 and Kamalaet al. [11].
Briefly, animals were injected subdermally (sidtp

the hocks with CERMSA, emulsified in CFA
followed with 3 booster injections in the neck with
CERMSA in IFA at 10, 20 and 90 days. Tolerability
of the procedure was documented Igagvely in a

Hollyfield et al.

score sheet based on criteria including weight,
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spontaneous standing on back legs, local signs of

inflammation, general agilityfur, and grimace scale.

2.4 Synthesis of CEPconjugated MSA

The strategy for grafting the CEP entity onto MSA has
been inspired by the synthesis work published by
Salomonet al. [12] and Luet al. [13]. Briefly, the
synthesis consists of five steps (Figure The first 4
steps of the CEfeonjugated albumin synthesis consist
in the synthesis of-8uorenylmethyl (Fm) ester ¢f,7-
dioxoheptanoic acidOHA) to be then coupled via
PaalKnoor reaction to the activated MSA during step
number 5. The first 4 steps were performed under inert
atmosphere of argon while the fifth step was
performed in PBS. Reactions were monitored by TLC
by flash
chromatography. Thedentity of each synthetized
product was assessed¥yand*C DEPTQ NMR and
LRMS. 'H and DEPTQ"*C NMR spectra as well as

LRMS analysis are provided

and compounds were purified

in supplementary
material. The purity was evaluated from the quality of
the 'H NMR

chromatography.

spectra and monitored yb

2.5In vivo retinal imaging and intraocular pressure
(IOP) measurement

Before funduscopy and ocular coherence tomography
(OCT), five IOP measurements were doiire non
sedated micand the mean calculated automatically
using theTonovef device (Icare, Vantaa, Finland).
Anesthetized mice were then placed on a heated
platform with an attached fundus camera
interchangeable with an OCT objectiv€igo® Small
Animal Funduscope and iVifoSmall animal OCT

system, Ocuscience, HenderstiSA). Alternatively,
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OCT was performed using the SpectfaktRA+OCT
(Heidelberg GmbH,
Germany. The uEye Cockpit software version
4.91.0000 (IDS

GmbH, Obersulm, Germany) recorded fundus videos,

Engineering Heidelberg,

Imaging Development Systems

while the Discovery InSigh¥ softwarerecorded a

seriesof ©32 OCT images (Ocuscience, Henderson,
USA).
immunization (M0), at three (M3) and eight (M8)
months postmmunization. Retinal thickness was

The examinations were done before

determined from OCT imagesnd expressed in
arbitrary units (AU); choroid thickness was assumed
to be stable and used to align OCT images from both
the Ocuscience and the Spectralis devices; retinal
thickness values measured at a distance of 1.2 AU
from the optic nerve (ON) head fro Ocuscience

derived images were corrected using a factor of 1.4.

2.6 Determination of the objective visual threshold
(OVT)

OVT was quantified as optokinetic (OKT) and visual
perceptual thresholds (VPT)OKT analyzes an
involuntary response (OKT) while VPT adds a
psychophysical dimension. In both cases the
frequency of bars measured in cycles per degree (c/d)
was used to quarfyi OVT; the higher the frequency,
the higher is the OVTOKT [14, 15 was analyzed on

a platform enclosed by four monitors showing bars of
different frequencies circling around the platform
(OptoMotry HD, CerebraMechanics Inc., Medicine
Hat, Alberta, Canada).

provokes a reflexive eye and head movement known

The shift in frequency

as optokinetic response. Six tests/mouse/day were
performed, repeated 3 times and the mean highest

frequency was recorded as OKT. Visysdrception
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and memory (VPT) were determined as bars shown as
stimulus on a monitor in increasing frequencies in a
water visual discrimination tas15] (Acumen,
Cerebral Mechanics Inc., Medicine Hat, Alberta,
Canada). A platform beneath the active monitor takes
advantage fothe fact that rodents are instinctive
swimmers but prefer to escape from water. The tank is
Y-shaped filled with 22°C tap water containing milk
powder to conceal the escape platform; mice released
at the foot of the Y, have to choose which arm of the
Y will lead to the platform and escape from the water,
indicated by the active monitor. Before determination
of VPT, mice were familiarized with the tank
equipment and trained for 7 days; each training session
comprised 12 runs with distance from tank enty t
platform increasing from first to last run. Training
started with a stimulus of 0.052 c/d (square stimulus
shown in a pseudmndom sequence) and comprised
36

tired mice were given a-50 min restperiad, or the

runs/ day

training stopped. During determination of VPT, the
frequency was increased after every successful

compl etion of & carectoutmff3 3
c hoi ce 0% sucéess @ate was considered the

VPT.

2.7 Toluidine staining and electron microscopy
Tissue processing and electron microscopy were done
according to Dosset al. [16]. Briefly, globes were
fixed in 2% PFA and 19%&DA in 0.1 mol/L cacodylate
buffer. The posterior segment was piised for an
additional 5h at RT in 2.5% GDA, rinsed in 0.1 M
cacodylate buffer, and incubated for ®th in 0.5%
osmium tetroxide in cacodylate buffer. The fixed

tissue was dehydrated, riigssed by propylene oxide
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and Epon (1:1) overnight at RT, embedded in Epon
with N-Benzytdimethylamine (50:1) and
polymerized at 60°C for -3d. Semithin sections
(1 pm) were stained with toluidine blue and thin

sections (0.08im) with uranyl acetate ardad citrate.

2.8H&E and immunofluorescent staining

For histology, globes were fixed in 4% PFA at RT.
After 24 h, the globes were rinsed in BBighydrated
through an ascendingtOH series, embedded in
paraffin, rehydrated in a descending EtOH seriab an
5 um thin sections prepared. The sections were stained
with hemalum (4min), washed with tap water (40°C,

2 min), rinsed in EtOH with 0.4% HCI (37%) and
stained with 0.25% eosin (8Bin). After repeated
dehydration, sections were mounted using
Vectamount. For antigen retrieval, sections were
boiled for 10min in citrate buffer (citrate acid
monohydrate 0.0M, pH 6.0 in BO dist.) before
blocking in 3% PBSBSA and 0.1% TweeB0 for 45
min at RT. Sections were incubated overnight at 4°C
with primary antibodes followed by incubation with
the secondary antibodies forhlat RT in the dark,
stained with DAPI and mounted. The primary and
secondary antibodies used diluted in 3% HESA are
detailed in Table 1. Vitronectin expression was
guantified by determining the average gray value of a

standardized area placed in the center of the
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micrographs, using ImageJ v1.53c (NIH, USA); the
gray value indiates the brightness of a pixel athe
mean, reported irarbitrary units, is calulated by
converting each pixel to grayscaleo quantify C3, a
score schem#(Table2)o was designed to evaluate all
micrographs. For vitronectin and C3, at least 3 images
per animal were analyzed.he #fAl n Situ
Detection Kif FI uor escei no
detect apoptotic cell death in parafémbedded
retinal sections accondig to t he

instructions.

2.9 Statistics
Statistical analysis was performed using GraphPad
Prism v8.4.3 (GraphPad Software, San Diego, CA,
USA) . A

performed to

D-BeArgoa sormatity test was

determine sample distribution.
Differencesin OVT, retinal and choroid thickness
were calculated by performing a Kruska&fallis and

Dunnos
MannWhitney test, while vitronectin and C3 were
ANOVA

postests. The rate of fundus

analyzed using an
comparison

abnormalities was analyzed by performing a -Chi

square test for trend. Data are expressed as mean + SD

and a pvalue of <0.05 was considered statistically
significant; only significant differences are reported in

the text and shown in tigraphs by asterisks.

134

( Mer ck)

mul ti pl destcarmgngrai s on

manuf ac

p



J Ophthalmol Res2021; 4 (2): 128-152 DOI: 10.26502/fjor.26440024002

Table 1: Antibodies used in the study.

Antibody Specificity Dilution Supplier
Primary antibodies
GFAP rabbit anti-mouse, : : . :
(glial fibrillary acidic protein) polyclonal e £heam; Ganbridae; Usillsd Kingdom
Iba-1 goat anti-mouse, 11000 FUJIFILM Wako Chemicals USA
(ionized calcium-binding adapter molecule) monoclonal i Corporation, Richmond, VA, USA
Vitronectin CEDEIE o6 FATo-0) 1:100 Abcam, Cambridge, United Kingdom
polyclonal
Rhodopsin mouse anti-mouse, | 4155 | Abcam, Cambridge, United Kingdom
monoclonal
RPEG65 mouse anti-mouse, 1-400 Novus Biologicals, Centennial, CO,
(retinal pigment epithelium-specific 65 kDa protein) | monoclonal : USA
C3 e 1:10 Abcam, Cambridge, United Kingdom
polyclonal
Secondary antibodies
2 3 Jackson ImmunoResearch, West
1gG (H+L) Alexa Fluor® 594 donkey anti-goat 1:150 Grove, PA, USA
1gG (H+L) Alexa Fluor® 647 donkey anti-mouse | 1:400 Abcam, Cambridge, United Kingdom
2 5 3 Jackson ImmunoResearch, West
1gG (H+L) Alexa Fluor® 488 donkey anti-rabbit 1:150 Grove, PA, USA

Table 2: Score scheme for semuantitative expression analyses of C3.

; g area and
No staining

1 or a few small areas, weak staining

1 or a few medium areas, weak staining

1 or a few large areas, weak staining
Whole Bruch’s membrane, weak staining
1 or a few small areas, strong staining

1 or a few medium areas, strong staining
1 or a few large areas, strong staining
Whole Bruch’s membrane, strong staining

V(N[O || |WIN|= O

The score has been created to includé&rmation of the micrographs in the analysis but excluding false positives

by background or autofluorescence (e.g. erythrocytes).

Table 3: Optimized immunization technique.

Immunization 1st Booster 2nd Booster 3rd Booster
Time 0 10d 20d 90d
Drug 2x60 uL CEP+CFA 60 uL CEP+IFA 60 uL CEP+IFA | 60 uL CEP+IFA
Anesthesia Ketamine and Medetomidine | Isoflurane Isoflurane Isoflurane
Injection site | Hock s.d. Neck s.d. Neck s.d. Neck s.d.

CERMSA, CERconjugated mouse serum albumin; CEAo mp | et e Freundo6s adjuvant ;

adjuvant; s.d.subdermal.

Journal of Ophthalmology and Research 134
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3.Results

3.1 Optimized immunization protocol for aged
mice To improve transferability of the CEP aAMD
model [9,1] to the human condition and refine the
protocol according to 3R rule§l7,18, a new
012

mice (Table 3). Even though immunization of rodents

immunization regimen wag s ed i n

by footpad injection, which is painful, reduces
mobility and risks infection, is not recommended, it is
still used[19-22].

Kamala et al. proposed the hock as an alternative
injection siteg/11], which we have used to optimize the
CERMSA immunization protocol. On day O, thirty
mice of 12 (n=10) and 18 months (n=20) of age were
injected with200ug CERMSA emulsified in 12QuL
CFA, 60 pL in each hocl40 agedmatched untreated
mice served as controls (AgMAt 10, 20 and 90 days,
experimental mice received a booster injection s.d. in
the neck containing 100g CERMSA suspended in
60 pL IFA. Mice were anesthetized using the sedative
and analgesic Medamhidine in combination with
Ketamine since anesthesia with Ketamine plus
Xylazin produced keratopathy in 25% of CBL57/6JR]
aged mice, whereas Ketamine plus Medetomidine
produced keratopathy in only 1.7% of the mice
(unpublished data). Hock immunization athe low
concentration of CEMMSA used for the booster
injections resulted in excellent tolerability with no
adverse events observed anddiféerence in mobility

between control and immunized mice.

3.2 Preparation of CEP-conjugated protein
Protein modifications in which the-aminogroup of

lysyl residues is combined into aCEP using the
Journal of Ophthalmology and Research
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well-known, efficient PaaKnoor synthesis, have been
developed a few years ago. However, efforts at
preparing the corresponding CEP derivatives of
protens by treatment with unprotected DOHA

generally caused precipitation and aberrant reactivity.

m dndeedh kuet gl [§3], observing the absence of the

characteristic CHO signal itd NMR, postulated that
was probably due to an intramolecular cyclization into
a spirolactone hemiacetal of the starting material
giving instability compared to what is obtained in the
case of longer chain carboxyalkylpyrroles.
Consequently, Salomaet al. [12] and Luet al. [13]
reported an efficient synthesis of CEP derivatives,
which is specific and efficient for proteins. Their key
that the protected DOHA -9

fluorenylmethyl ester reacts with primary amines to

finding was

provide 9fluorenylmethyl esters of CERodified
proteins that can be later deprotectedsitu with a
weak base like 1;8iazabicyclo[5.4.0] undec7-ene
(DBU) instead of classical piperidine without causing
protein denaturation. The optimized synthetic route
developed by Salomoet al. [12] and Luet al.[13]
and used for the synthesis of the GHEBA in this

work is summarized in Figure 1.

3.3Synthesis of DOHAFmM

A Grignard reagent derived fror&(2-bromoethyl)
1,3-dioxane was acylated with methytchloro-4-
oxobutanoate to afford the methyl ester (I) in a 96%
good yield. The desired est@H-fluoren-9-ylmethyt
4,7-dioxo-heptanoate (DOHAm, (IV)) was then
obtained after three additional stepsirsty, a
saponification to release the free carboxylic acid (II)
was performed. Then, the new esterification with 9

fluorenylmethanol (FmOH) protecting group was
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carried out using 1.2 equiv of FmMOH under stirring for
19 h. The full protected compound (INvas delivered

in 77% yield after a single column chromatography on
silica gel. Finally, the acetal cleavage in acidic media
at 50°C for 5h provided the ketaldehyde DOHAFmM

(IV) as a crystalline solid after drying in vacuum and
cooling in the fridge. Ptocols and purifications
followed are taken from the previous papgtg,13.

The key intermediates have been characterizétiby
13C and LRMS to assess their identity and are shown

in the text here (Figures 115).

3.4 Synthesis of CEPMSA adducts (V) by Paat
Knoor synthesis from DOHA-Fm

The last step of the synthesis is theertion of the
CEP motif on MSA via a Padnoor reaction using
the freshly prepared key intermediate DOHA (1V)
(Figure 1). To do so, we used strictly and rigorously
the methodology developed by kual. [13], of which
here arehlte main steps in a few words: A DOHAnN
solution (18.5 mg, 0.055 mmol) in anhydrous DMF (8
mL) was added slowly to a solution of 100 mg MSA
in 18 mL of 10 mM PBS (pH 7.4). One equivalent of
DOHA-Fm was used for each lysine group present in
MSA. The mixturewas stirred under argon for 4 days.
Then, 360nL of DBU was added to the mixture and
stirred overnight under argon. Then, low molecular
weight contaminants were removed by successive
dialysis: first, two 24 h dialyses (Mr cutoff 14000)
against 1L 20% DMF in 10 mM PBS (pH 7.4)
followed by two additional dialyses (24 h each)
against 1. of 10mM PBS (pH 7.4) at 4°C.
Analytically, enzymatic digestion with fragment
analysis by LeMS / MS was carried out. The
sequence coverage of the IMS/MS (Liquid

Journal of Ophthalmology and Research
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Mass
This

characteristic fragments possessing respectively 1, 2

ChromatogaphyTandem Spectrometry)

analysis was excellent. study revealed
or 3 CEP moieties on lysyl residues demonstrating that
CERMSA was formed. The fragmentation as well as
the observed recurrees were in agreement with those
described by Let al. [13]. It should also be noted that
no CERFm units were detected after deprotection
with DBU showing the effectiveness of the dialysis
based purification method. Finally, the final protein
concentration was determinecdby the Pierce

bicinchoninic acid (BCA) protein assay.

3.5Determination of OKT and VPT

To examine how structural retinal modifications affect
and whether they are associated with functional visual
impairments, OVT was determined using two
OKT and VPT. A

statistically significant decrease in OKT was observed

complementary tasks, i.e.,
in both CERMSA immunized and control mice,
specifically from 0.2262/d in preimmunized 12-
monthold to 0.1960 c/d il5-monthold control mice
(AgM M3) and to 0.182%¢/d in 15-monthold CEP
mice (CEP M3). A KruskaWallis variance analysis

revealed a signifiaat difference between the groups

(p=0.0018); poshoc comparisons additionally
revealed a significant
M30 (p=0.0038) (Figure

significant decrease in the VPT (p=0.0075) was
evident from 0.328@/d preimmunization {2-month
old) to 0.3176c/d in15-monthold control mice and to
0.2839c/d in 15monthold CEP mice (p=0.0155)
(Figure 2b).
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3.6Retinal imaging and intraocular pressure (IOP)
determination

Funduscopy and OCT were performed in 48d18
monthold mice upon arrival (MO) at our animal
facility and repeated at 3 (M3) and 8 months (M8)
postimmunization. From videos of the fundus a
saeenshot was captured that showed the optic nerve
head, central and peripheral retina. Pathological
alterations were enumerated and categorized as small
or large lesions (Figure 3@ and the percentage of
eyes per group with drusenoid alterations was
calculated (Figure 3d). In normal animals the number
of eyes with pathological alterations of the fundus
increased with age from 12.50%8(month-old, MO)

to 40.63% 26-monthold, M8) whereas in CEP
treated mice the increabg percentag pathological
alterations with age was 72.20%& monthold, M8)
fi(p=0.0043p OCT was done immediately after
funduscopy and images were recorded with the optical

nerve (ON) head at the center.

The best image in terms of sharpness, centrality of the
ON head and cell layersibility was chosen from each
mouse to quantify retinal thickness expressed as
arbitrary units (AU), measured at 1.2 AU left or right
from the ON head. Retinal thickness increased with
age and the increase was more pronounced in- CEP
treated mice (ANOVA: g0.0001). Mean retinal
thickness was 0.44 AU at MO and increased to 0.55
AU at M8 in AgM mice. In CEP mice, thickness was
0.44 AU at MO and increased to 0.53 AU at M3 and to
0.57 AU at M8 postmmunization (MO vs. AgM M8:
p=0.0004; MO vs. CEP M8: p<0.000ffigure 4a).
Immunization did not affect the intraocular pressure

Journal of Ophthalmology and Research

DOI: 10.26502/fjor.26440024002

(IOP) (AgM: 8.3+1.5mmHg; CEP: 8.1+0.famHg;
p=0.5809).

3.7 Histology, immunofluorescence,and electron
microscopy

Figure 5 shows representative micrographs of retinal
sections of AgMand CEP mice at M3 and M8. In the
upper row two retinal sections from control mice show
(PR)

disorganization without other signs of degeneration

a slight photoreceptor outer segment
(Figure 5a, b); all retinal layers are present and
identifiable. The botton two micrographs from CEP

mice show retinas with significant degeneration,
increased thickness and less organized retinal cell
layers indicative of an inflammatory response. PR
(POS)

degenerated, creating large vacuotbg; RPE shows

outer segments are disorganized or
vacuolization and swelling. The retinal degeneration
was visible at 3 months peshmunization (M3) and
became more pronounced by 8 months {ost
immunization (M8), with obvious PR degeneration,
accumulation of subretinal deposits, cell mignaf
fibrotic remodeling in the retinal ganglion cell (RGC)
layer and evident vacuolization of RPE and PR cells.

Hypertrophic RPE cells suggest pyknotic cell death.

To determine the presence of apoptotic cells, TUNEL
staining was performed on PHixed retinal sections
and two positive controls (Fig. 6, upper row: cornea,
left panel;, DNasdreated retina, right panel). In the
DNasetreated retina positive control, all cell nuclei
are TUNEL-positive while in the cornea positive
control, apoptotic cells cabe found only in the
surface layer of the corneal epithelium (CEC) tisat

regularly replaced. No apoptotic cells were identified
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in retinas from either AgM or CEP mice at any time
point, (Figure 6 lower row)A panel of antibodies was
used for immunoflua@scent characterization of
inflammatory reactions of the retina, specifically
GFAP, Ibal; rhodopsin was used to examine PR
degeneration; RPE65 was used to examine RPE cell
status; vitronectin and C3 were used to

examine for the presence of subretinal d#tso It is
evident from Figures 7a and b that there is an
approximately 50% thickening of the retina following
CERMSA immunization, which is most obvious for
the outer nuclear (ONL) andyer PR; also notethe
disorganization, holes and loss of POS-1bstaining
revealed increased microglia (green) in CEP retinas
(Figure 7b). No differences in GFAP and RPE65
expression were observed in GERmMunized retinas
(Figure 7c). Vitronectin, a known constituent of
drusen, was found subretinally between the PR and the
RPE at 3 months; the expression of vitronectin
increased with age between 3 months and 8 months
(AgM 3M vs. AgM 8M, mean difference 1.910,
p=0.0418; CEP 3M vs. CEP 8M, mean difference
3.494, p=0.0002pnd the increase was significantly
larger in CEPMSA immunized mice at 8 months
(AgM 8M vs. CEP 8M, mean difference, 1.639
p=0.0207)Figure 8ah). Similar trends were obtained
for the expression d€3; however, the differences are

not statistically sigriicant (Figure 8c, d).

3.8 Toluidine staining and electron microscopy:
Toluidine-stained semithin sections anduranyl
acetate and leadtrate stainedthin sectionf retinas

from one CERreated and one agwatched control
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mouse at 3 months peshmunization were analyzed
for CERinduced alterations by light and electron
microscopy, respectively. Figure 9a and b illustrate the
toluidine bluestained retinal morphotfy of the
control and CERreated mice; note the increased
thickness of the retina of the CHiated mouse
(Figure 9b).Increased thickness of the OPL, optic
nerve (ONL) and RGC layers are shown dtigher
magnification (Figure 9¢)RPE layer degeneratidn
CERtreated retinas is apparent (Figure 9d) evidenced
by holes, vesiculation and cell lysis. Figure 9e
demonstrates invasion at the-RRE association zone
by what are likely immune cells. PR are swollen and
degenerated in both, the inner and outgnemt layer
(Figure 9f, g). Debris accumulation is evident beneath
the PR layer (Figure 9h).

Electron microscopic micrographs from the control
mouse retinas do not show significant signs of
degeneration; however, we observed PR outer
segment integrity losening that suggests minor, age
related structural modifications (Figure 10a). In the
CEPRtreated retinadegeneration is obvious (Figure
10b), disruption and disorganization of the PR layer
(Figure 10c) are present, as well as the accumulation
of lipid droplets in the RPE cells, cystic structures and
10d,

andarhinar deposits

vacuol es (Figure
membrane (Figure 10f),
accumulated at tHeR-RPE connection zone and at the
-RREmM bordeem €Figure  10g).

Infiltrating cells mgrate to the RPPR intermatrix,

Bruchos

disrupting cell connections and the normal retinal

architecture (Figure 10h).
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Figure 2: Analysis of the OVT determined by a visual discrimination task and by measuring the optokinetic
response.

a) In the visual discrimination task, VPT differs significantly between groups (p=0.0075) with an additional significant
decrease in the muitiomparson posttest from M0 to CEP M3 (p=0.0155). Data are expressed as mean+SD (n=3
10).
b) The OKT differs significantly between groups (p=0.0018) and decreased significantly in CEP mice M3 compared
to MO (p=0.0038), while the decrease in AgM controls wassigatificant. OVT, objective visual threshold; OKT,
optokinetic threshold; VPT, visual perception threshold.
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Figure 3: Fundus analysis
The fundi of AgM controls and CEP mice were monitored at MO, M3 and M8; lesions were identified from screenshots
and enumerated) Fundus of an AgM mouse at M8; no pathological alterations are visipleundus of a CEP
animal at M3; small yellow spotsevisible (magnified in the insert), which are probably drusen depogsAs M8,
the size and number of drusen bodies increased in CEP mice. The insert shows a magnified area with large drusen
depositsd) Quantification showsdrusen deposits in 12.508bretinas at MO, which increased to 40.63% in AgM and
to 72.2% in CEP mice at M8 (p=0.0043*All images are representative for their respective grabpta are shown

as mean=SD of n=&1 animals/group
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Figure 4: OCT imaging
a) OCT measurements were done at MO, M3 and M8. Retinal thickness quantified in AU increased with increasing
age; for AgM retinal thickness was 0.44 AU at MO and 0.55 AU at M8, p=0.0004. Retinal thickness foe&Ee
mice was 0.53 AU at M3 and 0.57 AU B, p<0.0001). The difference in retinal thickness between control and
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CEPRtreated mice at M8 was not statistically significdnt.The upper panel shows a control retina at M8 and the

bottom panel showsratina from a CERreated mouse at M8ata are sbwn as mean+SD of n=B1 animals/group.

Figure 5: H&E staining.

a) The retina of al5-monthold AgM mouse at M3 shows a slight POS disorganization (red arrow); however, all
retinal layers are present and intact without signs of degeneradiokt M8 (AgM) there is still only a slight
disorganization of the POS without other signs of inflammatiategenerationc) The CEP retina at M3L6-month

old) shows increased retinal thickness, disorganized POS with large holes, vacuolization and swelling of RPE cells
(black arrows).

d) POS in CEP retina at M8 are almost completely degenerated (red ardwcesased RPE degeneration (black
arrow) is evident. The RGC layer is swollen with an accumulation of cells and fibrotic remodeling (yellow arrow).
Micrographs are representative of R&&nimals/group (Magnification of 200x).
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Positive Control — DNase treatment Positive Control - Cornea

Figure 6: TUNEL staining
Both, cornea and retina of mice p@nd posimmunization were stained. The upper row, left, illustrates a retina
treated with DNase showing a high number of TUNigisitive cells (green). On the right, a representative cornea
from a CEP mouse slvs few apoptotic corneal epithelial cells, indicating normal cell replacement. The lower two
panels show representative retinas of a CEP (left) and an AgM mouse (right) at M®r{#0 old) without any
evidence of apoptotic cells. The control cornea drel GEPretina are from the same animicrographs are

representativef n=4-6 animals/group (Magnification of 200x).

Figure 7: Morphologic analysis of retinal sections by immunofluorescence.
a) Rhodopsin (red) staining of retinas of CEP mice illustrates the increased retinal thickness, especially evident in the
PR and ON layers (white bars); PR degeneration (white arrow) is evigelita-1 staining (green) revealed an
increase in migration aractivation of microglia in retinas of CEP mice, mainly in the inner (IPL) and outer (OPL)

plexiform layers (white arrow)) GFAP (red), indication of inflammatory processes, was only weakly expressed in
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The Muller cells of AgM and CEP micd) Similar lewels of RPE65 (red) was expressed in both groups of animals.
The micrographs in the figure are from retinas of AgM and CEP mice without reference to age, sinegapeadent

differences wereobservedMicrographs are representative of rR£@ animals/grop (Magnification of 200x).
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Figure 8: Immunofluorescencef vitronectin (VTN) and complement component C3.
a) Panels are brightfield and DARBtained retinal images merged with images of sections stained witiTaxti
(green) from an AgM contrgbottom) and a CEP mouse (top) at 8 months after immuniza®ménthold); note
the increase in the expression of VTiY.Retinal brightfield and DAPRS$tained sections stained with a@8 from an
AgM control (bottom) and a CEP mouse (top) at 8 monttes anmunization 26-monthold); note the increase in
the expression of C3. Arrows indicate VTN and C3 expressiat). Quantitative analyses revealed a statistically
significant agerelated increase in VTN expression (AgM 3M vs. AgM 8M: p=0.0418) asagadlarger increase at
8 months in retinas of immunized mice (AgM 8M vs. CEP 8M p=0.0207) (Magnification of 400x). Similar trends

were obtained for C8xpressionbut the differences were not statistically significant.
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Figure 9: Morphologic analysis of senthin toluidine blue stained retinal sections.
a) Normal retina from an AgM control animal. All layers are distinguishable, POS are present and intact, and the RPE
shows no signs of degeneratidm).The retina of the CEfouse shows increased thickness; the OPL and the RGC
layers seem especially thicker. The organization of PR seemed less regular. Cells have migrated into the tissue and
accumulated at the PRPE association zone, where the RPE shuoiss and irregularities) The enlarged section
of the micrograph a) shows that the PR and RPE cell layers are normal without visible cell or outer segment
degeneratiord) The enlarged area of micrograph b) shows signs of degeneraigmyles in tle RPE layer (arrow),
vesiculation and cell lysi®) Note the accumulated, migrated cells in the RIRE association zone (arrow), swollen
PR (arrow),f) PR lost their stringent order in both, the outer (red arrow) and inner segment layer (blackgrrow).
Loss of the PRRPE connection (red arrow) and deposition of debris (black arrow) are evident. Magnification: 200x.

Figure 10: Ultrastructural images of retinal cross sections
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