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Abstract
Glaucomatous neurodegeneration represents one of the major causes of irreversible blindness worldwide. Yet, the
detailed molecular mechanisms that initiate optic nerve damage and retinal ganglion cell (RGC) loss are not fully
understood. Members of the protein tyrosine phosphatase (PTP) superfamily are key players in numerous neurodegen-
erative diseases. In order to investigate the potential functional relevance of the PTP megakaryocyte 2 (Meg2) in retinal
neurodegeneration, we analyzed Meg2 knockout (KO) and heterozygous (HET)—synonym protein-tyrosine phosphatase
non-receptor type 9 (Ptpn9)—mice. Interestingly, via global microarray and quantitative real-time PCR (RT-qPCR)
analyses of Meg2 KO and HET retinae, we observed a dysregulation of several candidate genes that are highly associ-
ated with retinal degeneration and intraocular pressure (IOP) elevation, the main risk factor for glaucoma. Subsequent
IOP measurements in Meg2 HET mice verified progressive age-dependent IOP elevation. Ultrastructural analyses and
immunohistochemistry showed severe optic nerve degeneration accompanied by a dramatic loss of RGCs. Additionally,
HET mice displayed reactive micro-/macrogliosis and early activation of the classical complement cascade with pro-
nounced deposition of the membrane attack complex (MAC) in the retina and optic nerve. When treated with
latanoprost, significant IOP lowering prevented RGC loss and microglial invasion in HET mice. Finally, electroretino-
gram (ERG) recordings revealed reduced a- and b-wave amplitudes, indicating impaired retinal functionality in Meg2
HET mice. Collectively, our findings indicate that the heterozygous loss of Meg2 in mice is sufficient to cause IOP
elevation and glaucomatous neurodegeneration. Thus, Meg2 HET mice may serve as a novel animal model to study the
pathomechanism involved in the onset and progression of glaucoma.
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Introduction

Glaucoma is one of the leading causes of visual impairment and
irreversible blindness, currently affecting more than 60 million
people worldwide, but the number of people with glaucoma
might even increase to more than 111 million in 2040 [1].
Overall, glaucoma is a neurodegenerative and multifactorial dis-
ease that is characterized by optic nerve damage as well as RGC
apoptosis [2, 3]. Primary open-angle glaucoma (POAG) repre-
sents the most common form of glaucoma, and intraocular pres-
sure (IOP) elevation constitutes as the main risk factor [4].
Several studies indicate that macroglial response influences glau-
coma pathogenesis [5, 6]. Additionally, microglial and comple-
ment activation seem to play a key role in this disease [7–9].
However, the exact underlying molecular mechanisms involved
in glaucomatous neurodegeneration are not yet fully understood.

The phosphorylation of proteins on tyrosine residues rep-
resents a critical mechanism for the control of numerous cel-
lular processes. Phosphate is selectively removed from tyro-
sines by a family of enzymes known as protein tyrosine phos-
phatases (PTPs) [10, 11]. The dephosphorylation of proteins
on tyrosine residues via members of the PTP superfamily is a
critical factor for the outcome of numerous diseases [12–15].
Moreover, PTP members represent crucial signaling mole-
cules in the regulation of the immune response [16]. While
members of the PTP superfamily also coordinate many as-
pects in the central nervous system (CNS), the expression
patterns and potential functional roles of PTPs in the retina
still remain poorly investigated [17, 18].

We previously reported the identification and expression of
various PTPs in the developing mouse visual system [19, 20].
In the present study, we focused on the ocular phenotype of
megakaryocyte 2 (Meg2)-deficient mice. Meg2 represents an
intracellular PTP, which was originally cloned from a mega-
karyocytic cell line [21]. The PTP-Meg2 has been most ex-
tensively studied in the hematopoietic system, where the pro-
tein is thought to function as a key regulator for differentiation
at several branching points within the hematopoietic lineage
[22, 23]. Furthermore, Meg2 is associated with vesicle-
trafficking proteins and promotes intracellular secretory vesi-
cle fusion [24–27].

The function of Meg2 in the CNS is not well known, al-
though evidence suggests that the protein plays an important
role in some aspects of neural development [28]. Most recently,
it was shown that Meg2 controls neurite growth and differenti-
ation of cortical neurons [29]. A crucial role of Meg2 during
embryonic CNS development is underscored by the prominent
expression of this phosphatase within the brain and the severe
phenotype reported for Meg2 KO mice [26]. Indeed, PTP-
Meg2 KO mice exhibit severe neurodevelopmental defects in-
cluding exencephaly and a reduced brain size. In addition, PTP-
Meg2 is a CRAL-TRIO (Sec14) domain-containing protein.
Mutations in several Sec14 domain-containing proteins result

in the onset of human pathologies including neurodegeneration,
blindness, and cancer [30].

In the present study, we comprehensively characterized the
ocular phenotype of Meg2-deficient mice. As revealed by a
global microarray approach and RT-qPCR analyses, we found
that Meg2 KO and heterozygous (HET) mice display a dys-
regulation of various glaucoma and retinal degeneration-
associated genes. Meg2 HET mice show IOP elevation
followed by severe optic nerve and retinal degeneration.

Materials and Methods

Mice

All animal experiments were conducted in compliance with the
BAssociation for Research and Vision and Ophthalmology^
statement for the use of animals in ophthalmic and vision re-
search and were approved by the ethics committee for animal
experiments by the state North-Rhine Westphalia, Germany.
Analyses were performed using age-matched Meg2 KO, HET
[26], and C57BL/6NTac (mutant background strain) WT litter-
mates. The Meg2 mutant was kindly provided by G. P.
Downey.

RNA Isolation, Complementary DNA Synthesis,
Multiplex PCR, and RT-qPCR

For RNA isolation, retinae and optic nerves were prepared,
frozen in liquid nitrogen, and stored at − 70 °C. Total RNA
extraction from retinae and optic nerves was performed ac-
cording to the manufacturer’s instructions as described previ-
ously [31, 32]. RNA quality and quantity were analyzed with
a BioSpectrometer® (Eppendorf). Using a cDNA synthesis kit
(Thermo Fisher Scientific), 1 μg total RNA was used for re-
verse transcription. Genomic DNA was isolated using the
DirectPCR® Lysis Reagent (Peqlab). Multiplex PCR analyses
for genotyping were performed as described before [26] with
the JumpStart™ Tag DNA polymerase (Sigma-Aldrich).
Oligonucleotides were designed using Primer3 (http://frodo.
wi.mit.edu/) or ProbeFinder (Roche; Table S1) software. RT-
qPCR and statistical analyses were performed as described
previously [32, 33]. Relative expression variations were eval-
uated by a pairwise fixed reallocation and randomization test
using REST© software [34].

Affymetrix GeneChip Analyses and Data Acquisition

Formicroarray analyses, total RNAwas extracted from retinae
of WT and Meg2 KO mice at postnatal day 0 using the
RNeasy mini kit (Qiagen). Gene expression in retinae of WT
andMeg2KOmice was analyzed by Affymetrix® GeneChip®

MouseGene1.0 ST (Affymetrix) in independent triplicates.
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Probes for the arrays were prepared and hybridized according
to the Ambion whole transcript expression and the Affymetrix
whole transcript terminal labeling and control kit manuals.
Image data were analyzed using the Affymetrix GeneChip™
Command Console software (Affymetrix). Microarray ex-
pression analyses and comparison were conducted using
Bioconductor1 packages under R2 background correction
[35]. For normalization, the RMA algorithm was used [36].
Only those genes that were expressed higher than threefold
over the negative control were further analyzed. Values of ≥
0.2 log or ≤− 0.2 were used as cutoff for up- and downregu-
lation. The Affymetrix GeneChip data have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through
GEO Series accession number GSE119246.

Intraocular Pressure Measurements

The IOP of WT and HET mice was measured with a rebound
tonometer (TonoLab) as described previously [37]. Per eye,
10 readings were averaged, and mean values were calculated.
IOPmeasurements of randomizedmixedWTandHET groups
were usually performed in the morning.

Latanoprost Treatment

IOP was evaluated in WT and HET mice between 7 and
13 weeks. Following significant IOP elevation in HET mice
at 10weeks, someWTandHETanimals were topically treated
daily with the prostaglandin analogue latanoprost (0.005%
Xalatan®; Pfizer Pharmacia). Untreated WT and HET mice
served as control groups. At 14 weeks, retinal flat-mounts
were analyzed immunohistochemically.

Hematoxylin-Eosin Staining and (Immuno-)
Histological Procedures

After removal, eyes and optic nerves were fixed in 4% para-
formaldehyde and embedded in Tissue-Tek for cross-
sectioning using a cryostat (CM3050 S, Leica). Additionally,
some fixed eyes were dissected as flat-mounts. Hematoxylin-
eosin (H&E) staining procedure of retinal/eye sections was
performed using a H&E kit (Thermo Fisher Scientific) as de-
scribed by the manufacturer’s protocol. For central corneal
thickness (CCT; orientation to the lens central: 0°) measure-
ments, two horizontal eye sections in a medial and peripheral
section area per animal were analyzed. For immunohisto-
chemistry, horizontal retinal and longitudinal optic nerve
cryo-sections as well as retinal flat-mounts were blocked in
blocking solution containing 1–3% normal goat or donkey
serum (Dianova), 1% bovine serum albumin, and 0.5–2%
Triton™ X-100 (Sigma-Aldrich) in phosphate-buffered saline
at room temperature for 1 h. Then, tissue was incubated in an
antibody solution (blocking solution and primary antibodies)

for 12–24 h (Table S2). Following further washing steps in
phosphate-buffered saline, cryo-sections and flat-mounts were
incubated in a secondary antibody solution (blocking solution
without Triton™ X-100) overnight. Appropriate secondary
antibodies were obtained from Dianova (Table S2). Cell nu-
clei were visualized using TO-PRO®-3 iodide (1:400; Thermo
Fisher Scientific). To evaluate the numbers of retinal ganglion
cells (RGCs) and microglia in retinal flat-mounts, brain-
specific homeobox/POU domain protein 3a (Brn3a)+ and ion-
ized calcium-binding adapter molecule 1 (Iba1; alias: allograft
inflammatory factor 1)+ cells were quantified in the peripheral
and central retina (× 200 magnification; 8 counting windows/
retinal flat-mount/animal; 2 counting windows from each ret-
inal quadrant). For circumference and area size measurements
of Brn3a+ nuclei, 160 cells (× 400 magnification; 16 counting
windows; 4 counting windows from each retinal quadrant; 10
cells/counting window) were analyzed. For retinal section
analyses, pictures were taken as described previously [32].
Inducible nitric oxide synthase (iNOS+), Iba1+, and mem-
brane attack complex (MAC)+ cells were quantified in retinal
sections (3–4 counting windows/retina; 2 retinae/animal).
Immunoreactive cells were also counted in optic nerve sec-
tions (3 counting windows/optic nerve; 2 optic nerves/ani-
mal). Staining signal areas (3–4 counting windows/retina; 2
retinae/animal) of glial fibrillary acidic protein (GFAP),
neurofilament-200 (NF-200), and vimentin were analyzed
using ImageJ software (National Institutes of Health) as de-
scribed previously [31, 32, 38]. Images were transferred into
grayscale pictures, and background subtraction and upper and
lower threshold were determined. For transmission electron
microscopy (TEM; Phillips EM-410), optic nerves were fixed
in 2.5% glutaraldehyde in cacodylate buffer (pH 7.38) at 4 °C
overnight, and rinsed in 0.1 M cacodylate buffer. Tissue sam-
ples were incubated in 2% osmium tetroxide solution,
dehydrated in graded concentrations of ethanol/epon-
propylene oxide, and embedded in epon. Ultrathin sections
(80 nm) were prepared, and images were captured from mye-
linated, most proximal regions of the optic nerve.

Microscopy and Image Capture

Brightfield H&E images were captured using the Axio Zoom
V16 (Zeiss). Fluorescent specimens were captured with the
confocal laser scanning microscope LSM 510 META
(Zeiss). Images were processed using Adobe Photoshop and
Illustrator software (Adobe Systems).

Electroretinogram Recordings

Scotopic full-field flash electroretinogram (ERG) recordings
(HMsERG system, OcuScience) were performed as described
previously [37]. Single-light flash responses were recorded in
dark-adapted WT and HET mice. For data analyses, a low-
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Table 1 Most prominently up- and downregulated genes in theMeg2KO compared to theWT P0 retinae as revealed bymicroarray analyses (n = 2–3)

Gene
symbol

Gene title Affymetrix
transcript
cluster ID

Average
log2-
fold

SEM
log2-
fold

p
value

Biological process

Downregulated genes

Adpgk ADP-dependent glucokinase 10585860 − 0.37 0.08 0.0467 Carbohydrate metabolic process/glycolysis

Ptpn9
(Meg2)

Protein tyrosine
phosphatase,
non-receptor type 9

10585610 − 0.58 0.12 0.0049 Protein amino acid
dephosphorylation/dephosphorylation

Upregulated genes

Bgn Biglycan 10600169 0.59 0.07 0.0082 Peptide cross-linking via chondroitin 4-sulfate
glycosaminoglycan

C1qb Complement component 1, q
subcomponent, beta
poly-peptide

10517508 0.47 0.17 0.0589 Immune response/complement activation/classical
pathway/innate immune response

Cd34 CD34 antigen 10352905 0.68 0.07 0.0064 Cell adhesion/leukocyte migration

Hif3a Hypoxia-inducible factor 3,
alpha subunit

10560329 0.90 0.38 0.1180 Response to hypoxia/transcription/regulation of
transcription, DNA-dependent/transcription
from RNA polymerase II promoter/signal
transduction/regulation of transcription

Igfbp7 Insulin-like growth
factor-binding protein 7

10530841 0.87 0.11 0.0102 Regulation of cell growth/cell adhesion

Lmo2 LIM domain only 2 10474201 0.50 0.27 0.2408 Negative regulation of erythrocyte differentiation

Mt1 Metallothionein 1 10574027 0.48 0.18 0.1631 Cellular metal ion homeostasis/cellular zinc ion
homeostasis/nitric oxide-mediated signal
transduction/detoxification of copper ion

Mt2 Metallothionein 2 10574023 0.95 0.27 0.3246 Cellular zinc ion homeostasis/nitric oxide-mediated
signal transduction/detoxification of copper ion

Per1 Period homolog 1
(Drosophila)

10377439 0.69 0.30 0.2404 Transcription/regulation of transcription,
DNA-dependent/signal transduction/circadian
rhythm/negative regulation of
transcription/rhythmic process

Ppp1r3c Protein phosphatase 1,
regulatory (inhibitor)
subunit 3C

10467206 0.90 0.43 0.1565 Carbohydrate metabolic process/glycogen
metabolic process/glycogen biosynthetic
process/protein targeting

Rbp4 Retinol-binding protein 4,
plasma

10467319 0.64 0.25 0.0849 Eye development/gluconeogenesis/transport/
spermatogenesis/spermatogonial cell
division/male gonad development/embryonic
development/lung development/response
to insulin stimulus/retinol transport/retinol
metabolic process/retinal metabolic
process/embryonic organ
morphogenesis/embryonic skeletal system
development/cardiac muscle tissue
development/female genitalia
morphogenesis/detection of light stimulus
involved in visual perception/positive
regulation of immunoglobulin
secretion/retina development in
camera-type eye/negative regulation of
cardiac muscle cell proliferation/embryonic
retina morphogenesis in camera-type
eye/uterus development/vagina
development/urinary bladder
development/heart trabecula formation

Slc15a2 Solute carrier family 15
(H+/peptide transporter),
member 2

10439321 1.76 0.59 0.0535 Transport/oligopeptide transport/protein
transport

Srgn Serglycin 10369615 0.61 0.12 0.0229 Ossification/apoptosis/mast cell secretory granule
organization/T cell secretory granule
organization/maintenance of protease
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pass filter (150 Hz) was applied before evaluating a- and b-
wave amplitudes.

Statistical Evaluation

Data of the immunohistological analyses, IOP, and ERG mea-
surements were statistically evaluated by the unpaired
Student’s t test or one-way ANOVA followed by Tukey’s post
hoc test using Statistica software (StatSoft). Values are shown
as mean ± standard error of the mean (SEM) and/or standard
deviation (SD). p values of < 0.05 were considered statistical-
ly significant.

Results

Dysregulation of Retinal Degeneration-Associated
Genes in Meg2 Knockout and Heterozygous Retinae

In order to determine the molecular changes that resulted from
Meg2 loss and to identify differentially regulated genes in the
Meg2 KO retina, we performed global gene expression analyses
using a microarray approach. Owing to the early postnatal lethal-
ity of the KO mice, these analyses were performed at postnatal
stage 0. At this point in time, more than 17,000 genes were
expressed. Genes that were most prominently dysregulated are
shown in Table 1. Transcripts found to be ≥ 0.2 or ≤− 0.2 log2-
fold up- or downregulated are listed in Table 2. Differentially
expressed genes were also investigated by pathway analyses
using Kyoto Encyclopedia of Genes and Genomes (KEGG)
software (http://www.genome.jp/kegg/pathway.html,
Stratagene; Table S3). Most interestingly, we observed
dysregulation of several genes known to be differentially
expressed in response to retinal neurodegeneration, which
includes genes related to apoptosis, cellular stress,

excitotoxicity, immune activation, neurotrophic signaling,
oxidative stress, and loss of synaptic integrity [9, 39].
Additionally, dysregulation of the identified genes was reported
in strong correlationwith ocular hypertension and retinal diseases
such as glaucoma.

Due to these findings and the lethality of Meg2 KO mice,
we next analyzed potential expression changes of various
identified candidate genes in adult Meg2 HET retinae. RT-
qPCR analyses revealed a significant downregulation of
Adpgk (0.80-fold; p = 0.044), while for Bgn (1.24-fold; p =
0.030), a significant upregulation was found in the HET com-
pared to the WT retinae (Figure S1; Table S4). This dysregu-
lation is consistent with the findings observed in the postnatal
Meg2 KO retinae (Table 1). In contrast, no dysregulation was
observed for Cd34 (1.30-fold; p = 0.173), Igfbp7 (1.34-fold;
p = 0.109), Srgn (1.16-fold; p = 0.247), and Unc13c (1.10-
fold; p = 0.188).

Additionally, we analyzed the messenger RNA (mRNA)
expression of the selected, most interesting genes: Cacna1f,
Cerkl, Grid2, Gstm3, and Igfbp3 in HET and WT retinae by
RT-qPCR (Figure S1; Table S4). A comparable expression
was observed for Cacna1f (1.02-fold; p = 0.843), Cerkl
(1.02-fold; p = 0.835), and Gstm3 (0.94-fold; p = 0.225),
while a significant upregulation was found for Grid2 (1.37-
fold; p = 0.014) and Igfbp3 (1.66-fold; p = 0.021). In sum, our
comprehensive expression analyses verified a dysregulation
of various glaucoma and retinal degeneration-associated can-
didate genes in the Meg2 HET retinae.

Meg2 HET Mice Exhibit IOP Elevation

As IOP elevation is a main risk factor for glaucomatous retinal
neurodegeneration, we performed IOP measurements in HET
and WT littermates (Fig. 1a). At 6 weeks, we observed no
significant differences in the IOP of WT (10.20 ±

Table 1 (continued)

Gene
symbol

Gene title Affymetrix
transcript
cluster ID

Average
log2-
fold

SEM
log2-
fold

p
value

Biological process

location in mast cell secretory
granule/maintenance of granzyme
B location in T cell secretory
granule/negative regulation of cytokine
secretion/protein maturation by
peptide bond cleavage

Unc13c Unc-13 homolog C (C.
elegans)

10594965/ 0.65 0.14 0.0004 Exocytosis/intracellular signaling
cascade/synaptic transmission10594967/

10594948/

10594973/

10594963

Dysregulated genes with a p value < 0.05 are shown in bold
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0.30 mmHg) and HET (10.99 ± 1.02 mmHg; p = 0.07) ani-
mals. Measurements at 10 weeks revealed a significant IOP
elevation in HETmice (WT, 11.61 ± 0.55mmHg; HET, 15.33
± 0.72mmHg; p < 0.001). Also, at 14 weeks, a significant IOP
elevation was evident (WT, 11.65 ± 0.79 mmHg; HET, 15.14
± 1.33 mmHg; p < 0.001). Subsequently, at 24 weeks, IOP of
HET mice (17.44 ± 1.30 mmHg) further increased, while WT
animals (11.65 ± 0.71 mmHg; p < 0.001) maintained a steady
mean IOP. At 28 weeks, IOP elevation peaked in HET mice
(WT, 11.12 ± 0.84 mmHg; HET, 18.43 ± 2.17 mmHg;
p < 0.001). At 36 weeks, we still measured a significantly
elevated IOP in HET (17.60 ± 1.17 mmHg) compared to
WT (11.19 ± 0.61 mmHg; p < 0.001) mice. Even though a
slight decline of IOP values was observable in both genotypes
at 1 year, IOP was significantly increased in HET mice (WT,
9.98 ± 0.46 mmHg; HET, 14.03 ± 1.67 mmHg; p = 0.001).

Morphopathological analyses of the iridocorneal angle via
H&E staining revealed an open angle in WT as well as in
adolescent HET mice (Fig. 1b, c).

Since rebound tonometry measurements can be affected by
the corneal thickness, we next explored the CCT in WT and
Meg2 HET mice. However, measurements of H&E-stained
eye sections revealed a comparable CCT in WT (122.69 ±
5.24 μm) and HET (113.75 ± 4.99 μm; p = 0.94; Figure S2)
mice.

Heterozygous Loss of Meg2 Causes Optic Nerve
Degeneration and RGC Loss

Elevated IOP leads to a mechanical compression of the
optic nerve head, which is expected to be the main reason
for progressive optic nerve degeneration and RGC loss in
high-pressure glaucoma. To assess axonal integrity and
ultrastructural alterations, TEM was performed on optic

nerve sections (Fig. 2a–d). In agreement with our previ-
ous findings, damage in the axonal ultrastructure was ob-
served in optic nerves of HET mice at 1 year. In compar-
ison to the WT, optic nerves of HET mice exhibited
shrunken axons and vacuoles between the myelin sheath
and axolemma. Some HET axons displayed thin and
loosely packed myelin as well as myelin intrusions or
extrusions, and single myelin sheaths lacked a central ax-
on. Since IOP elevation peaked at around 28 weeks in
HET mice, we conducted further analyses at this point
in time. Compared to the WT (42.84 ± 11.76 area [%]/im-
age), optic nerve axons of HET animals (18.52 ± 13.51
area [%]/image; p = 0.035) displayed significantly less
NF-200 immunoreactivity as revealed by a reduced stain-
ing area, further confirming an impaired axonal density
and integrity (Fig. 2e–g).

A hallmark of high-pressure glaucoma is the progressive
loss of RGCs upon IOP elevation. To analyze RGCs in HET
and WT mice, retinal sections were immunohistochemically
stained using an antibody against Brn3a [40, 41] (Fig. 2h, i).
Overall, a normal distribution and arrangement of Brn3a+

RGCs was detected in WT retinae. In contrast, HET mice
exhibited an obvious loss of Brn3a+ RGCs. To investigate
the impact of IOP elevation on RGCs in more detail, we an-
alyzed retinal flat-mounts of HET and WT littermates at
28 weeks (Fig. 2j, k). Quantification of Brn3a+ cells revealed
a significant loss of RGCs in HET (1173.50 ± 77.35 cells/
mm2) compared to WT (1951.42 ± 27.91 cells/mm2;
p < 0.001; Fig. 2l) retinae. Analyses after chronic IOP eleva-
tion at > 1 year of age revealed a further RGC loss in HET
(1105.16 ± 30.91 cells/mm2) compared to WT (2073.69 ±
39.91 cells/mm2; p < 0.001; Figure S3c) mice. In contrast, at
6 weeks, HET (1922.75 ± 46.00 cells/mm2) andWT (2004.39
± 45.00 cells/mm2; p = 0.274; Figure S3a) mice still exhibited

Fig. 1 Intraocular pressure (IOP) elevation inMeg2 HET mice. a IOP of
both eyes was measured in Meg2 HET and control WT littermates at
6 weeks, 10 weeks, 14 weeks, 24 weeks, 28 weeks, 36 weeks, and
52 weeks (n = 6–13). Meg2 HET mice developed IOP elevation at
10 weeks. b, c Morphopathological analyses of the iridocorneal angle.
H&E staining revealed an open angle inWTandMeg2HETmice (n = 5).

***p < 0.001. Per animal, 10 measurements per eye were averaged. The
mean value per animal is shown as a box, while the mean value of all
animals in the compared groups is shown as a line per point in time. Scale
bar = 100 μm. CB ciliary body, CO cornea, H&E hematoxylin-eosin, IC
iridocorneal angle, RE retina
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comparable numbers of Brn3a+ RGCs. Also, at 10 weeks, the
number of Brn3a+ RGCs was comparable in both genotypes
(WT, 2022.93 ± 133.55 cells/mm2; HET, 1948.83 ±
87.68 cells/mm2; p = 0.667; Figure S3b), which indicates a
loss of RGCs at later points in time.

Interestingly, we observed an irregular and smaller nuclear
morphology of Brn3a+ RGCs in HET retinae at late adoles-
cence. Brn3a+ nuclei of WT mice showed a regular, round, or
oval morphology. To analyze this morphology in more detail,
we measured the circumference and area of Brn3a+ nuclei at
28 weeks. Indeed, quantification of the circumference of
Brn3a+ nuclei revealed a significantly reduced nuclei size in
HET (32.87 ± 0.36 μm) compared to WT retinae (37.42 ±
0.73 μm; p < 0.001; Figure S4a). Additionally, area analyses
of Brn3a+ nuclei showed severe nuclei shrinkage in the HET
group (WT, 112.70 ± 4.31 μm2; HET, 87.04 ± 1.99 μm2;
p < 0.001; Figure S4b).

Elevated Macrogliosis in Meg2 HET Retinae and Optic
Nerves

Retinal neurodegeneration is often accompanied by gliosis
[42–44]. To explore retinal macroglia in HET mice, we an-
alyzed astrocyte and Müller glia populations at various
points in time (Fig. 3 and Figure S5b). At 28 weeks, immu-
nohistochemistry on retinal flat-mounts (Fig. 3a, b) and sec-
tions (Fig. 3f, g) revealed reactive macrogliosis in HET ret-
inae, as verified by a larger GFAP staining area. HET astro-
cytes displayed an apparent activated morphology, by means
of thicker and more intensely stained processes compared to
WT astrocytes (Fig. 3c, d; zoom). Evaluation of GFAP im-
munoreactivity showed a significant area increase in flat-
mounts of HET (27.12 ± 3.79 area [%]/image) compared to
WT (13.56 ± 4.67 area [%]/image; p = 0.017; Fig. 3e) retinae
at 28 weeks. Additionally, analyses of retinal sections

Fig. 2 Optic nerve damage and severe RGC loss inMeg2HETmice. a–d
Ultrastructural electron microscopic analyses revealed massive optic
nerve damage at 1 year (n = 3). In comparison to the WT, optic nerves
of HET animals exhibited shrunken axons and several vacuoles were
found between the myelin sheath and axolemma. Axons displayed thin,
loosely packed myelin or myelin intrusions (arrowheads). Some axons
showed a lack of a central axon (asterisks). e, f Representative
photographs of NF-200 (red)-stained longitudinal optic nerve sections
demonstrated impaired structural integrity in HET mice at 28 weeks,
indicating severe optic nerve degeneration. g Quantification offered

significantly reduced NF-200 immunostaining in HET mice (n = 5). h–
k Representative photographs of Brn3a+ RGCs (red) in retinal sections
and flat-mounts ofMeg2 HET and WT mice at 28 weeks. Arrows in h, i
point to Brn3a+ cells in the GCL. l As noted by Brn3a+ cell counts in
retinal flat-mounts, HET mice exhibited a significant loss of RGCs (n =
5). Nuclei were stained with TO-PRO-3 (blue). *p < 0.05, ***p < 0.001.
Values in g and l are shown as mean ± SEM± SD. Scale bars = 1μm in a–
d, 50 μm in f and k, and 20 μm in i. AX axolemma, GCL ganglion cell
layer, INL inner nuclear layer, IPL inner plexiform layer, MY myelin,
ONL outer nuclear layer, OPL outer plexiform layer
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showed a significant increase of GFAP staining area in HET
mice (WT, 4.03 ± 0.81 area [%]/image; HET, 8.16 ± 1.50
area [%]/image; p = 0.003; Fig. 3h). Also, at > 1 year of
age, following chronic IOP elevation (Figure S5a), a signif-
icantly larger GFAP+ staining area was observed in HET
flat-mount retinae (25.57 ± 1.19 area [%]/image) compared
to the WT (21.55 ± 1.08 area [%]/image; p = 0.036;
Figure S5b). Contrary, we observed a comparable GFAP
staining area at 10 weeks (WT, 6.52 ± 1.42 area [%]/image;

HET, 7.35 ± 0.80 area [%]/image; p = 0.429) and 6 weeks
(WT, 6.67 ± 3.25 area [%]/image; HET, 6.63 ± 1.07 area
[%]/image; p = 0.986) in both genotypes (Fig. 3h). We also
analyzed vimentin staining of Müller glia in both groups
(Fig. 3i, j). Our analyses revealed a significant increase in
the vimentin staining area in HET animals at 28 weeks (WT,
16.57 ± 2.55 area [%]/image; HET, 22.57 ± 2.48 area
[%]/image; p = 0.015) and 10 weeks (WT, 18.18 ± 2.91 area
[%]/image; HET, 24.57 ± 2.40 area [%]/image; p = 0.042;

Fig. 3 Increased macrogliosis in theMeg2HET retina and optic nerve. a,
b Representative photographs of GFAP+ astroglia (red) in flat-mount
retinae of WT and HET mice at 28 weeks. c, d Astroglial morphology
is also shown in a higher magnification (zoom). e Significant increase of
the GFAP staining area was observed in HET compared to WT retinae
(n = 3). f, gGFAP immunolabeling (red, arrowheads) in retinal sections of
WT and HET mice at 28 weeks. h At this point in time, a significant
increase of the GFAP staining area was observed in HET retinae (n = 4).
In contrast, a comparable GFAP+ area was found in the retinae of both
genotypes at 6 weeks and 10weeks (n = 3–4). i, j Exemplary photographs
of vimentin+ Müller glia (green) in retinal sections of WT and HET mice
at 28 weeks. k Analyses of the vimentin staining area revealed a
significant increase in the HET retinae at 28 weeks and 10 weeks, but
not at 6 weeks (n = 3–4). l Analyses of the relative Gfap and VimmRNA
expression by RT-qPCR (n = 4). In comparison to the WT, a significant

upregulation was found for Gfap and Vim expression levels in HET
retinae at 28 weeks, but not at 6 weeks or 10 weeks. m, n
Representative photographs of GFAP+ astroglia (red) in optic nerve
sections of WT and HET mice at 28 weeks. o Quantification revealed a
significant increase in the GFAP staining area of HET compared to WT
mice at 28 weeks and 10 weeks, but not at 6 weeks (n = 3–4). pAs shown
by RT-qPCR,Gfap expression levels were significantly increased in HET
compared to WT optic nerves at 28 weeks. No regulation of Gfap was
observed at 6 weeks and 10 weeks (n = 3). Nuclei were stained with TO-
PRO-3 (blue). *p < 0.05, **p < 0.01, ***p < 0.001. Values in e, h, k, and
o are shown as mean ± SEM and SD. Values in l and p are shown as
median ± quartile ± minimum (min)/maximum (max). Scale
bars = 100 μm in b, 50 μm in d and n, and 20 μm in g and j. GCL
ganglion cell layer, INL inner nuclear layer, IPL inner plexiform layer,
ONL outer nuclear layer, OPL outer plexiform layer
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Fig. 3k). A comparable vimentin area was observed in reti-
nae of both genotypes at 6 weeks (WT, 18.27 ± 3.58 area
[%]/image; HET, 17.53 ± 1.96 area [%]/image; p = 0.730;
Fig. 3k). RT-qPCR analyses verified a significant upregula-
tion of Gfap (1.36-fold; p = 0.035) and Vim (1.18-fold; p =
0.025) expression in HET retinae at 28 weeks, while no
differences were found at earlier points in time (p > 0.05;
Fig. 3l; Table S6). Moreover, we analyzed the GFAP stain-
ing area of astrocytes in optic nerve sections at 6 weeks,
10 weeks, and 28 weeks (Fig. 3m, n). Our quantification
revealed a significantly increased GFAP staining area in
HET compared to WT mice at 28 weeks (WT, 15.29 ±
2.57 area [%]/image; HET, 23.61 ± 4.66 area [%]/image;
p = 0.02) and 10 weeks (WT, 15.18 ± 6.49 area [%]/image;
HET, 29.55 ± 2.73 area [%]/image; p = 0.024; Fig. 3o). No
differences were observed at 6 weeks (WT, 16.47 ± 7.23 area
[%]/image; HET, 22.79 ± 3.58 area [%]/image; p = 0.169;
Fig. 3o). RT-qPCR analyses showed a significant elevated
Gfap expression in optic nerves of HET mice (1.44-fold;
p < 0.001) at 28 weeks, while comparable levels were ob-
served at 10 weeks (1.16-fold; p = 0.503) and 6 weeks (1.19-
fold; p = 0.125; Fig. 3p; Table S5).

Meg2 HET Mice Exhibit Reactive Microglia Response

In the process of retinal neurodegeneration, microglial cells
can undergo activation [45–47]. Thus, we assessed microglia
using an antibody against Iba1 in retinae and optic nerves of
both groups at various times. Compared to the WT, microglia
in HETanimals showed a reactive, amoeboid morphology. At
28 weeks, higher Iba1+ cell numbers were observed in retinal
flat-mounts (Fig. 4a–d) and sections (Fig. 4f–k) of HET com-
pared to WT mice. Counts revealed 169.69 ± 10.40 Iba1+

cells/mm2 in WT flat-mounts, while a significantly increased
number of 240.70 ± 12.03 cells/mm2 were noted in HET flat-
mounts (p = 0.011; Fig. 4e). Evaluation of retinal sections re-
vealed a higher number of microglia in the ganglion cell layer
(GCL) and inner plexiform layer (IPL) of HET retinae (2.64 ±
0.85 cells/mm) compared to WT retinae (1.62 ± 0.40 cells/
mm; p = 0.047; Fig. 4l). Also, the number of iNOS+ + Iba1+

reactive microglia was elevated in retinal sections of HET
mice (WT, 0.81 ± 0.33 cells/mm; HET, 1.50 ± 0.52 cells/
mm; p = 0.046; Fig. 4m). In line with an increased infiltration
of reactive microglia in HET retinae, RT-qPCR analyses ver-
ified elevated Nos2 mRNA expression levels at 28 weeks

Fig. 4 More microglia in the retina and optic nerve of Meg2 HET mice.
a–d Representative photographs of Iba1+ microglia (green) in flat-mount
retinae of WT and HET mice at 28 weeks. c, dMicroglial morphology is
shown in a higher magnification (zoom). e A significant increase in the
number of Iba1+ microglia was noted in HET compared to WT retinae
(n = 3). f–k iNOS and Iba1 double immunostaining (green, red) in retinal
sections ofWTandHETmice at 28weeks showed co-localization of both
markers (k; arrowheads). The number of Iba1+ microglia (l) as well as
iNOS+ + Iba1+ reactive (m) ones was significantly increased in the
GCL/IPL of HET retinae (n = 4–5). n Analyses of the relative Iba1 and
Nos2 mRNA expression using RT-qPCR (n = 3–4). Compared to WT
mice, a significant upregulation of Nos2 expression levels was found in

HET retinae at 28 weeks and 10 weeks. No significant changes were
observed regarding the Iba1 expression level at these points in time. At
6 weeks, comparable levels of Iba1 and Nos2 mRNA expression levels
were found. o–t Representative photographs show iNOS+ + Iba1+

reactive microglia (arrowheads) in optic nerve sections of WT and HET
mice at 28 weeks. Quantification revealed a significantly increased
number of Iba1+ (u) as well as iNOS+ + Iba1+ microglia (v) in HET
compared to WT mice (n = 4–5). Nuclei were stained with TO-PRO-3
(blue). *p < 0.05, ***p < 0.001. Values in e, l,m, u, v are shown as mean
± SEM and SD. Values in n are shown as median ± quartile ± min/max.
Scale bars = 100 μm in b, 50 μm in d and t, and 20 μm in k. GCL
ganglion cell layer, INL inner nuclear layer, IPL inner plexiform layer
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(1.35-fold; p < 0.001) and 10 weeks (1.21-fold; p = 0.042;
Fig. 4n). However, no significant change in the Iba1 expres-
sion level was found at all points in time (p > 0.05; Fig. 4n;
Table S5). To analyze microgliosis after chronic, long-term
IOP elevation (Figure S5a), we performed Iba1 immunostain-
ing in retinal flat-mounts at a late point in time, namely at >
1 year of age (Figure S5c). Here, our analyses still revealed a
significantly higher number of Iba1+ microglia in the HET
retinae (WT, 147.95 ± 12.50 Iba1+ cells/mm2; HET, 186.12
± 9.65 Iba1+ cells/mm2; p = 0.042).

Additionally, we analyzed the number and reactivity of
microglia in optic nerve sections at 28 weeks (Fig. 4o–t).
Evaluation revealed a significantly increased number of
Iba1+ microglia in HET animals (WT, 179.30 ± 5.88 cells/
mm2; HET, 223.31 ± 40.31 cells/mm2; p = 0.044; Fig. 4u).
Also, iNOS+ + Iba1+ microglia counts were higher in the
HET (132.35 ± 42.22 cells/mm2) compared to the WT optic
nerves (64.34 ± 40.72 cells/mm2; p = 0.044; Fig. 4v).
However, RT-qPCR showed comparable Iba1 and Nos2
mRNA expression levels in optic nerves of both groups at
6 weeks, 10 weeks, and 28 weeks (p > 0.05; Table S5).

Classical Complement Activation in Meg2 HET Mice

Complement components were reported to be elevated in hu-
man and in various experimental glaucoma animal models [9,
48–53]. In addition, complement activation in the retina and
optic nerve head represents one of the earliest signaling re-
sponses to IOP elevation [53]. In the present study, a dysreg-
ulation of complement components was revealed in KO reti-
nae via microarray analyses. Due to these overall reports and
our observations, we closely analyzed complement activation
in the retina and optic nerve of HET mice at different points in
time. As schematically illustrated, we specifically concentrat-
ed on complement components associated with the classical,
alternative, and lectin pathway (Fig. 5a). At the end of these
pathways, MAC is formed, which results in lysis of the target
cell. This common final pathway was also analyzed. Analyses
of C1q mRNA levels via RT-qPCR revealed a significant
downregulation of C1qa (0.60-fold; p = 0.017), C1qb (0.48-
fold; p < 0.001), andC1qc (0.46-fold; p < 0.001) expression in
HET retinae at 28 weeks (Fig. 5b; Table S5). At 10 weeks, an
early and significant upregulation of C1qa (1.96-fold;
p < 0.001) and C1qc (1.38-fold; p < 0.001) expression was
found, while C1qb levels were comparable in WT and HET
retinae (1.02-fold; p = 0.844). Expression analyses at 6 weeks
revealed a comparable C1qa (0.95-fold; p = 0.854), C1qb
(1.05-fold; p = 0.674), and C1qc (0.93-fold; p = 0.641)
mRNA level. This indicates an early IOP-dependent activa-
tion of the classical complement pathway in HET retinae at
10 weeks. Expression of the alternative pathway components
Cfb and C3 was comparable in both groups at all points in
time (p > 0.05; Fig. 5c; Table S5). Components of the lectin

pathway, namely Masp2 and C4, showed no alteration
(p > 0.05; Fig. 5d; Table S5). A lower Mbl expression level
was observed at 10 weeks (0.82-fold; p = 0.035), whereas an
increased C2 level was verified at 28 weeks (1.50-fold; p =
0.029). TheC5 expression level was significantly increased in
HET retinae at 28 weeks (1.28-fold; p = 0.043) as well as at
10 weeks (1.60-fold; p = 0.034), but not at 6 weeks (1.18-fold;
p = 0.167; Fig. 5e; Table S4). To evaluate complement activa-
tion on protein level, we analyzed MAC immunoreactivity.
MAC deposition in glaucomatous RGCs was reported in hu-
man eyes as well as in experimental glaucomamodels [49, 54,
55]. An increased number of MAC+ deposits were found in
retinal and optic nerve sections of WTand HET mice (Fig. 5f,
g, i, j). Analyses verified significantly elevated numbers of
MAC+ cells in the GCL of HET retinae (WT, 6.96 ±
1.24 mm; HET, 9.35 ± 0.60 mm; p = 0.005; Fig. 5h) at
28 weeks. The same was noted in optic nerves (WT, 37.76
± 6.08 mm2/area; HET, 60.28 ± 13.00 mm2/area; p = 0.008;
Fig. 5k). No change in the number of MAC+ cells was ob-
served in retinae and optic nerves of both genotypes at
10 weeks (p > 0.05; data not shown).

Latanoprost Effectively Lowers IOP, Protects RGCs,
and Reduces Microglial Invasion in Meg2 HET Mice

Next, we tested the potential IOP-lowering effect of the pros-
taglandin analogue latanoprost (LT) in HET mice (Fig. 6a, b;
Table S6). At 7 weeks, 8 weeks, and 9 weeks, a comparable
IOP was detected in WT and HET mice (p > 0.05). As shown
before, at 10 weeks, a significant IOP elevation was monitored
in HET animals (15.31 ± 1.40 mmHg) compared to WT mice
(13.15 ± 1.08 mmHg; p = 0.008). At 11 weeks, following dai-
ly LT administration starting at 10 weeks, treated HET mice
(12.66 ± 1.03 mmHg) showed significantly reduced IOP
values compared to non-treated HET mice (16.72 ±
3.78 mmHg; p < 0.001). Indeed, IOP measurements revealed
that WT, LT-treatedWT, and LT-treated HETmice exhibited a
comparable IOP (p = 1.0). IOPmeasurements, conducted until
13 weeks, verified the IOP-lowering effect of LT in HET mice
(p < 0.001; Table S6). In the next step, we addressed the ques-
tion whether the IOP-lowering effect in HET mice correlates
with RGC protection. Accordingly, Brn3a+ cells were ana-
lyzed in retinal flat-mounts (Fig. 6c–j). We quantified the total
number of Brn3a+ RGCs (Fig. 6k) as well as the number of
Brn3a+ RGCs within the central (Fig. 6l) and peripheral
(Fig. 6m) parts of the retina, following LT treatment up to
14 weeks. A significant reduction in the total number of
RGCs was observed in retinae of non-treated HET animals
(1260.55 ± 74.77 cells/mm2) in comparison to non-treated
WT mice (1818.49 ± 115.77 cells/mm2; p = 0.007; Fig. 6k).
The total number of RGCs in non-treated HET retinae was
also significantly reduced compared to LT-treated WT mice
(1654.32 ± 29.36 cells/mm2; p = 0.042). A comparable
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number of RGCs were found inWT, LT-treatedWT, as well as
LT-treated HET retinae (1533.70 ± 89.88 cells/mm2;
p > 0.05). However, no difference in the total number of
RGCs was observed between non-treated HET and LT-
treated HET mice (p = 0.17). Equal numbers of Brn3a+

RGCs were found in the central part of WT and HET retinae,
suggesting that central RGC loss occurs later in HET mice
(p > 0.05; Fig. 6l). In contrast, we revealed major differences

between the groups in peripheral retinae (Fig. 6m). Here, a
significantly reduced number of peripheral RGCs were ob-
served in retinae of non-treated HET animals (1101.30 ±
44.59 cells/mm2) in comparison to non-treated WT mice
(1680.73 ± 49.56 cells/mm2; p < 0.001). The number of
RGCs in non-treated HET mice was significantly reduced
compared to LT-treated HET animals (1410.33 ± 31.82 cells/
mm2; p < 0.01), indicating RGC protection. Similarly, the

Fig. 5 Meg2 HET mice exhibit early activation of the classical
complement pathway. a Schematic illustration of investigated
complement components associated with the classical, alternative, and
lectin pathway. b At 28 weeks, RT-qPCR analyses (n = 3–4) revealed
significantly reduced expression levels of the classical complement
components C1qa, C1qb, and C1qc in HET retinae in comparison to
WT littermates. At 10 weeks, C1qa and C1qc expression was
significantly increased in HET retinae, whereas no change was
observed for C1qb expression. No significant differences for C1q
expression were observed at 6 weeks. c Regarding the alternative
pathway, Cfb as well as C3 expression was comparable at 28 weeks,
10 weeks, and 6 weeks in retinae of both genotypes. d For Masp2 and
C4, components of the lectin pathway, no dysregulation was found at all
investigated points in time. At 10 weeks, a significantly lower Mbl

expression level was observed in HET retinae. An increased C2 level
was noted at 28 weeks. e Still, the C5 expression level was significantly
i n c r e a s e d i n HET r e t i n a e a t 2 8 a n d 1 0 we e k s . f , g
Immunohistochemical staining verified more MAC+ deposits (green;
arrowheads) in retinae of HET compared to WT mice at 28 weeks. h
Counts revealed significantly more MAC+ cells in the GCL of HET
mice (n = 5). i–k Elevated numbers of MAC+ cells (green; arrowheads)
were also observed in HEToptic nerves (n = 5). Nuclei were stained with
TO-PRO-3 (blue). *p < 0.05, **p < 0.01, ***p < 0.001. Values in b–e are
shown as median ± quartile ± min/max. Values in h and k are shown as
mean ± SEM and SD. Scale bars = 20 μm in g and 20 μm in j. GCL
ganglion cell layer, INL inner nuclear layer, IPL inner plexiform layer,
ONL outer nuclear layer, OPL outer plexiform layer
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number of peripheral RGCs in non-treated HET animals was
significantly reduced compared to LT-treated WT mice
(1535.67 ± 44.49 cells/mm2; p < 0.001). Also, the number of
peripheral RGCs was significantly lower in LT-treated HET
compared to non-treated WT retinae (p < 0.01), suggesting
that LT therapy leads not to a complete rescue of RGCs in
HET mice. Furthermore, we analyzed microglia in central
(Figure S6a-d) and peripheral parts (Figure S6e-h) of HET
andWT retinae following LT treatment. A significant increase
in the total number of retinal Iba1+ cells was observed in non-
treated HET (243.20 ± 11.27 cells/mm2) in comparison toWT
(182.70 ± 7.60 cells/mm2), LT-treated WT (183.68 ±
17.03 cells/mm2), and LT-treated HET (169.89 ± 14.20 cells/
mm2; p < 0.05; Figure S6i) mice. Additionally, in the central
area of the retinae, a significantly higher number of Iba1+

microglia were noted in non-treated HET (248.33 ±
17.11 cells/mm2) compared to WT (179.74 ± 11.65 cells/
mm2), LT-treated WT (180.13 ± 14.49 cells/mm2), and LT-
treated HET (173.83 ± 9.03 cells/mm2; p < 0.05; Figure S6j)
mice. Regarding the number of peripheral microglia, no sig-
nificant change was found between WT (185.66 ± 6.51 cells/

mm2) and HET (238.08 ± 5.48 cells/mm2; p = 0.122) mice
and between LT-treated WT (187.23 ± 19.61 cells/mm2) and
HET (238.08 ± 5.48 cells/mm2; p = 0.136; Figure S6k) mice.
Most interestingly, in the peripheral retina of LT-treated HET
(165.94 ± 19.36 cells/mm2), a significantly lower number of
microglia were observed compared to non-treated HET mice
(238.08 ± 5.48 cells/mm2; p = 0.031), indicating less
microglial infiltration.

Meg2 HET Mice Show an Impairment of Retinal
Functionality

Finally, we examined overall retinal function in HET mice.
Therefore, ERG recordings were conducted in both groups at
1 year (Fig. 7a, b; Table S7). Under scotopic conditions, a-
wave responses arise almost exclusively from rod-photorecep-
tors, while b-wave responses primarily arise from rod-bipolar
and Müller glial cells. In both genotypes, a- and b-wave re-
sponses increased with higher light flash intensities.
Nevertheless, compared to WT mice, HET animals exhibited
significantly reduced a- and b-wave amplitudes (p < 0.05;

Fig. 6 Latanoprost lowers IOP and protects RGCs inMeg2HET mice. a
Experimental design of the latanoprost (LT) treatment experiment. b
Meg2 HET mice developed progressive IOP elevation upon 10 weeks
(end of baseline phase; baseline phase: n = 14–22; therapy phase: n = 7–
11). Following LT treatment, HET mice exhibited a reduced IOP
elevation (start therapy phase). In contrast, non-treated HET mice
displayed progressive IOP elevation with ongoing experimental time.
No changes were observed in control and LT-treated WT littermates. c–
j Representative photographs show Brn3a+ RGCs (red) in the central and
peripheral flat-mount retina of non-treated and LT-treated WT and HET

mice. k–m Quantification of total, central, and peripheral Brn3a+ RGCs
in non-treated and LT-treated WT and HET retinae (n = 3). HET animals
exhibited a significant loss of total and peripheral Brn3a+ RGCs in
comparison to WT mice. No significant difference in the number of
Brn3a+ cells was found in the central retina of WT and HET mice.
After LT treatment, no significant differences were noted between WT
and HET animals. *p < 0.05, **p < 0.01, ***p < 0.001. Values in b are
shown as mean ± SEM and SD. Values in k–m are shown as mean ±
SEM. Scale bar = 100 μm in j
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Fig. 7a, b), suggesting an impairment of retinal functionality.
To examine retinal functionality at an earlier point in time, we
also performed ERG recordings at 28 weeks of age (Table S7).
However, only minor changes in the a-wave amplitude, but no
changes in the b-wave amplitude were observed in HET com-
pared to WT mice. This indicates a more pronounced impair-
ment of retinal functionality with ongoing glaucomatous reti-
nal degeneration.

Discussion

Mouse models represent powerful tools to investigate the mo-
lecular mechanisms contributing to multifactorial neurode-
generative diseases such as glaucoma [56–59]. In our study,
we comprehensively analyzed the ocular phenotype of trans-
genic Meg2-deficient mice. Using a global microarray ap-
proach and RT-qPCR analyses, we detected a dysregulation
of several candidate genes highly associated with retinal neu-
rodegeneration in KO and HET retinae. Accordingly, we
found out that HET mice exhibit progressive IOP elevation,
optic nerve damage, and RGC loss. In addition, neurodegen-
eration in HET animals was accompanied by micro- and
macroglial reactivity as well as complement activation.
Through treatment with the anti-glaucomatous drug
latanoprost, a significant IOP reduction, RGC protection, as
well as reduced immigration of microglia could be achieved.
Due to our findings, we propose that Meg2 HET mice may
serve as a novel animal model to unveil the molecular mech-
anisms involved in the onset and progression of glaucomatous
neurodegeneration. To our knowledge, this is the first report of
a glaucoma phenotype in a PTP-deficient animal.

On the molecular level, microarray and RT-qPCR analyses
revealed a dysregulation of several retinal genes whose up- or
downregulation correlates with glaucomatous and retinal de-
generation, but also human pathogenesis. For example, gluta-
mate ionotropic receptor delta type subunit 2 (Grid2) was
described as an underlying disease gene of early-onset

autosomal recessive cerebellar ataxia and retinal dystrophy.
Grid2 protein has been localized not only in photoreceptor
cells but also in the GCL [60]. Since Grid2 is a member of
the family of excitatory ionotropic glutamate receptors, the
upregulation of Grid2 in HET retinae could be related to
glaucomatous glutamate-mediated excitotoxicity and death
of RGCs [61, 62]. As in HET retinae, an increased expression
of insulin-like growth factor binding protein 3 (Igfbp3) has
also been observed in the vitreous of patients with ischemic
central retinal vein occlusion followed by secondary glauco-
ma [63]. In this regard, retinal endothelial cell-expressed
Igfbp3 could display compensatory protective effects on the
retinal vasculature in HET animals [64–66]. In our
glaucomatous model, ADP-dependent glucokinase (Adpgk)
was significantly downregulated in the retina. Adpgk plays a
key role in the mitochondrial oxidative metabolism, and its
downregulation has been shown to inhibit oxidative signals as
well as NF-kB-dependent gene expression [67, 68]. A contri-
bution of the NF-kB pathway in acute glaucoma has previous-
ly been described by Chi et al. [69]. We verified an increased
expression of the extracellular matrix molecule biglycan in
HET retinae. Intense staining of biglycan has been described
in nerve fiber-rich layers and blood vessels of the retina and
optic nerve [70, 71]. Furthermore, Bgn expression is upregu-
lated in the context of glaucomatous optic neuropathy [72,
73]. Thus, Meg2-deficient mice may represent a promising
tool for the identification of novel disease-associated genes.

Additionally, HET mice display several characteristics
of a valuable and independent genetic glaucoma-like ani-
mal model. Most importantly, IOP elevation occurs spon-
taneously and at a relatively constant level. Furthermore,
increased IOP was found upon 10 weeks, which repre-
sents a very early point in time compared to other glau-
coma mouse models; for instance in DBA/2J mice, in-
creased IOP extends at a later point in time, from 6 to
16 months [74, 75]. By 2–3 months, DBA/2J mice still
have a physiological IOP level. First signs of apoptotic
RGC death can be observed at around 8–9 months [76].

Fig. 7 Retinal dysfunction inMeg2HETmice. a, b ERG recordings from
WT (black dashes) and Meg2 HET (gray dashes) mice performed under
scotopic conditions at 1 year (n = 4). Light flash intensities (cd.s/m2) are
indicated. Light intensities were plotted versus the amplitude size (μV).

Meg2 HET mice showed impaired ERG responses. Both, a- and b-wave
amplitudes, were significantly reduced in Meg2 HET mice, indicating
retinal dysfunction. *p < 0.05, **p < 0.01. Values are shown as mean ±
SEM. μV micro volt, cd candela
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This is a quite late point in time compared to HET mice,
which already show a significant RGC loss at 14 weeks.
Since HET and WT mice exhibit a comparable RGC num-
ber at 6 weeks, loss at later points in time seems to de-
pend directly on IOP elevation, while RGC development
is not disturbed in this model. We already verified RGC
loss in HET mice shortly after detection of IOP elevation.
This loss was most prominent in the peripheral retina,
while no significant loss was revealed in the central area,
suggesting that peripheral RGCs might be more sensitive
to an elevated IOP. Several studies using experimental
IOP elevation models have reported that peripheral
RGCs are more susceptible to damage and that peripheral
RGC loss is greater than the central loss [77–79].
Correspondingly, studies of the magno- and parvocellular
system suggest that magnocellular RGCs might be more
susceptible in glaucoma [80]. However, more recent evi-
dence suggests equal damage of RGC subtypes, indicating
no cell type-specific loss, but rather topological RGC de-
generation [81–83]. Additionally, variation in RGC loss
might be due to differences in the RGC density as well
as genetic and environmental factors [84]. In glaucoma,
RGC loss occurs mainly by apoptosis [85]. As a charac-
teristic feature of apoptosis, nuclei shrinkage has been
observed in various experimental models, including
DBA/2J and Myoc mutant mice [83, 86–88]. Studies in
an experimental monkey glaucoma model reported that
the selective loss of RGCs is accompanied by previous
cell shrinkage [89, 90]. We also verified RGC shrinkage
in Meg2 HET mice. Due to a correlation between soma
and nucleus size, smaller nuclei in HET mice might indi-
cate morphological changes preceding RGC death. At
28 weeks, approximately 39% fewer RGCs were observed
in Meg2 HET compared to WT mice. In DBA/2NNia
mice, RGC loss starts between 12 and 15 months. At
18 months, around 46% of RGCs are lost when compared
to C57BL/6 mice [91]. Most DBA/2J mice exhibit an IOP
that is 6–7 mmHg higher than that in control mice [75]. In
DBA/2J, IOP elevation starts approximately at 6 months.
Similarly, IOP in HET mice is around 4–7 mmHg higher
than that in WT mice, although IOP elevation was slightly
milder and already observed at 10 weeks. Both, IOP ele-
vation and RGC loss seem to occur earlier, but slightly
milder, in the Meg2 mouse model, which offers the pos-
sibility to monitor proceeding glaucomatous neurodegen-
eration on a comparatively mild level. Accordingly, the
Meg2 HET model most likely mirrors the sneak progres-
sion observed in human POAG, since our analyses re-
vealed an open iridocorneal angle. Thus, our model has
various features resembling human POAG. Regarding the
impaired retinal function in HET mice, both a- and b-
wave amplitudes were found to be reduced after chronic
IOP elevation, suggesting that retinal neurodegeneration

not only affects the inner retina. Both a- and b-wave
ERG recordings were reported to vary in human and ex-
perimental glaucoma, and photoreceptors are adversely
affected following IOP elevation [92, 93]. Likewise, loss
of outer retinal function and circuitry alterations were ob-
served in aged DBA/2J mice [94, 95].

Astrocytic activation was found to be one of the earliest
events occurring in response to elevated IOP [96]. Indeed,
astroglial activation can be observed as early as 2 h after rais-
ing IOP levels, even before apoptosis of RGCs is induced [97,
98]. Son and colleagues [99] reported that glaucomatous optic
nerve injury involves early astrocytic reactivity. Our analyses
showed increased macrogliosis in HET retinae and optic
nerves at 28 weeks as well as in retinae at > 1 year of age.
At 10 weeks, when IOP elevation was evident, first signs of
macrogliosis were observed in HET retinae and optic nerves,
indicating early glial response in both tissues. Furthermore,
our analyses also revealed late and early microglial infiltration
in HET retinae/optic nerves at > 1 year, 28 weeks, and
14 weeks, most prominently in the central retina, which might
indicate microglial immigration through the optic nerve.
While macrogliosis was noted at 10 weeks in HET retinae,
enhanced numbers of microglia were not observed at this early
point in time, suggesting that macroglia undergo gliosis earlier
after IOP elevation.

We also showed a specific contribution of the classical
complement pathway in the Meg2 mouse model. Our micro-
array analyses revealed a dysregulation of C1qs in the KO
retinae. In HET retinae, an early upregulation of C1qa and
C1qc was detected at 10 weeks. Since RGC loss was not
evident at this early point in time, complement activation
seems to precede neuronal cell death. At 28 weeks, C1q
expression was significantly decreased, implicating that
C1q activation terminates when many RGCs are lost, al-
though MAC activation was still observable at 28 weeks.
Expression of Cfb, C3, Masp2, and C4 was comparable in
both genotypes at early and late points in time. Therefore,
we speculate that the alternative and lectin pathways are
much less or not involved in glaucomatous neurodegenera-
tion in this model. As a cellular source of C1q, Müller glia,
astrocytes [100], microglia [101], and RGCs themselves [51,
102] were reported. Still, C1q, C3, and C5 are synthesized
by microglia in vitro [103]. Increased C1q and C5 expres-
sion as well as enhanced MAC immunoreactivity in HET
retinae might correlate with the increased microglial and
astrocytic response as well as RGC loss. Activated
microglial cells were reported to induce neurotoxic reactive
astrocytes [104]. Since mice with a C1qa mutation are
protected from glaucoma [53] and the absence of C1q ame-
liorates RGC and optic nerve degeneration in DBA/2NNia
mice [105], it was assumed that activation of the classical
complement pathway propagates RGC death, which might
also contribute to glaucomatous damage in Meg2 HET mice.
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In this regard, recent findings suggest that early complement
responses are induced directly as a result of IOP elevation
and not secondary to RGC dysfunction or damage in
glaucomatous DBA/2J mice [106]. Recently, C1q was de-
scribed to propagate activation of microglia and neurodegen-
eration in a retinal ischemia/reperfusion model [107].
Importantly, Williams et al. [108] demonstrated that the in-
hibition of the classical complement cascade prevents early
dendritic and synaptic degeneration in glaucoma. Due to this
finding, classical complement activation in glaucomatous
Meg2-deficient mice may also contribute to the degeneration
of synapses prior to cell loss.

Anti-glaucoma medication acts in a neuroprotective way in
DBA/2J mice [109] and in glaucomatous Vav2−/−/Vav3−/−

mice [110]. Also, in our model, latanoprost effectively
lowered IOP, suggesting that HET mice exhibit an impaired
aqueous humor outflow. Although our current findings do not
address the underlying molecular mechanisms, the trabecular
meshwork might require Meg2 function. However, most im-
portantly, we revealed that RGC loss in HETmice depends on
progressive IOP elevation since its reduction effectively pre-
vents RGC loss and microglial infiltration.

Conclusions

Our findings demonstrate that the heterozygous elimination of
Meg2 is sufficient to cause IOP elevation, progressive optic
nerve damage, and RGC loss in mice. In a future perspective,
Meg2 HET mice might represent an attractive and indepen-
dent in vivo neurodegeneration model to explore the molecu-
lar mechanism underlying glaucoma disease. Additionally,
Meg2-deficient mice may also represent a promising tool to
develop novel therapies, to screen neuroprotective drugs, and
to identify potential biomarkers.
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