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Background:

In glaucoma, non-intraocular pressure (IOP)-related risk factors can result in increased levels of extracellular glutamate, which triggers a cascade of neurodegeneration characterized by the excessive activation of N-methylD-aspartate (NMDA). The purpose of our study was to evaluate the glioprotective eﬀects of memantine as a
prototypic uncompetitive NMDA blocker on retinal astrocytes in the optic nerve crush (ONC) mouse model for
glaucoma.
Optic nerve crush was performed on all of the right eyes (n=8), whereas left eyes served as contralateral healthy
controls (n=8) in Balb/c/Sca mice. Four randomly assigned mice received 2-µl intravitreal injections of memantine (1 mg/ml) after ONC in the experimental eye. One week after the experiment, optic nerves were dissected and stained with methylene blue. Retinae were detached from the sclera. The tissue was immunostained.
Whole-mount retinae were investigated by fluorescent microscopy. Astrocyte counts for each image were performed manually.
Histological sections of crushed optic nerves showed consistently moderate tissue damage in experimental
groups. The mean number of astrocytes per image in the ONC group was significantly lower than in the healthy
control group (7.13±1.5 and 10.47±1.9, respectively). Loss of astrocytes in the memantine-treated group was
significantly lower (8.83±2.2) than in the ONC group. Assessment of inter-observer reliability showed excellent
agreement among observations in control, ONC, and memantine groups.
The ONC is an eﬀective method for investigation of astrocytic changes in mouse retina. Intravitreally administered memantine shows a promising glioprotective eﬀect on mouse retinal astrocytes by preserving astrocyte
count after ONC.
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Background
Glaucoma is a multifactorial optic neuropathy characterized
by progressive loss of retinal ganglion cells (RGC), leading to
gradual deterioration of visual function [1,2]. The exact etiological mechanism of glaucoma is still unknown, despite numerous scientific advances in recent decades. The main goal
of currently available glaucoma treatment is to lower intraocular pressure (IOP). However, reducing increased IOP alone
cannot entirely prevent the progression of neurodegeneration
and ensuing vision loss [3]. Furthermore, a significant number
of glaucoma patients have normal IOP, suggesting non-IOPmediated mechanisms. Therefore, new treatment strategies
targeting neuroprotection pathways are urgently needed [3].
Various animal models exist that mimic diﬀerent pathophysiological aspects of glaucoma: optic nerve transection, optic nerve crush (ONC), injection of polystyrene beads into the
anterior chamber, laser trabecular photocoagulation, and genetic models [4].
ONC triggers a series of events in the optic nerve and retina, characterized by primary acute axonal damage in some of
the optic nerve axons and secondary retinal neurodegeneration [4]. Therefore, the ONC model is particularly well-suited
for investigation of neuroprotective approaches to glaucomatous optic neuropathy.
Retinal astrocytes are located in the nerve fiber layer below
the inner limiting membrane, covering the lamina cribrosa and
expanding throughout the optic tract [5].
Astrocytes are capable of transmitting electric signals and maintaining highly specialized connections to RGCs that control synaptic strength and provide a source of energy [6]. Astrocytes
have processes reaching RGC synapses and interact with RGCs
through G protein-coupled receptors. In glaucoma, RGC damage
is accompanied by astrocyte activation and hypertrophy [7],
resulting in changes in gene expression [8]. Reactive astrocytes release neurotrophic factors and serve as a mechanical
scafold for the remaining neurons. Astrocytes are also capable of keeping the blood-brain barrier intact by sealing damaged areas [9]. Elucidation of astrocytic changes in glaucoma is thus critical for devising novel anti-glaucoma therapies.
Glutamate excitotoxicity is the primary factor responsible for
neuronal cell death in neurodegenerative diseases [1,2,10], and
glutamate is known to exert toxic eﬀects on the retina, mainly
on RGCs [14–17]. In glaucoma, non-IOP-related risk factors can
result in increased levels of extracellular glutamate [18–20],
which triggers a cascade of neurodegeneration characterized
by excessive activation of N-methyl-D-aspartate (NMDA) receptors [2,21], glutamate excitotoxicity [22–25], and retinal
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ischemia. The associated increase in the intracellular calcium
concentration ultimately induces neuronal death by either
apoptotic or necrotic mechanisms [13,26].
Memantine (1-amino-3,5-dimethyladamantane) is a potent
neuroprotective agent that is approved by the US Food and
Drug Administration (FDA) and the European Medicines Agency
(EMA) for moderate-to-severe Alzheimer disease [27,28]. As an
uncompetitive “open channel blocker” of NMDA receptors, memantine does not compete with glutamate for binding sites,
and possesses a relatively low aﬃnity and fast kinetics [29].
Thus, memantine has almost no eﬀect when extracellular glutamate levels are normal and only becomes eﬀective in the
presence of excess glutamate. While memantine showed great
promise in preclinical glaucoma research, it failed to meet expectations in phase III clinical trials for open-angle glaucoma
(NCT00141882; NCT00168350).
While most research groups have studied the eﬀects of memantine on neurons, only a few studies have analyzed its eﬀect on
astroglia. Wu et al. performed a study showing there are two
main neuroprotective eﬀects of memantine [30]. They proved
that memantine increased the release of neurotrophic factors,
such as glial cell line-derived neurotrophic factor [30], which
has an important role in neuronal survival [31]. Also, memantine anti-inflammatory properties are mediated through the reduction of pro-inflammatory factors such as superoxide, ROS,
TNF-a, NO, and PGE2, release, thus resulting in inhibition of
microglial over-activation [30]. Therefore, astroglia is a crucial
component in neuronal protection.
The purpose of our study was to evaluate the glioprotective
eﬀects of memantine as a prototypic uncompetitive NMDA blocker on retinal astrocytes in the ONC mouse model for glaucoma.

Material and Methods
Animals
All procedures and animal care were carried out according to the
European Convention of Animal Care and the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research. All
experiments were approved by the Lithuanian State Food and
Veterinary Service (No. G2-23). Eight healthy 6-month old male
Balb/c/Sca mice were used for the study. Mice were housed
in a vivarium (Veterinary Academy, Lithuanian University of
Health Sciences, Kaunas, Lithuania) and maintained on a 12-h
light-dark cycle with food and water ad libitum. All procedures
were performed under deep intraperitoneal anesthesia using
1 mg/kg medetomidine hydrochloride (Domitor 1mg/ml, Orion
Corporation Orion Pharma, Finland) and 75 mg/kg ketamine
(Ketamidor 10%, Richter Pharma AG, Austria). We used artificial
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tears (Systane Ultra UD, Alcon Inc., USA) to avoid corneal dryness. The animals were sacrificed under deep anesthesia by
cervical dislocation 7 days after the ONC.
Optic nerve crush
We performed ONC on all of the right eyes (n=8), whereas left
eyes served as contralateral healthy controls (n=8). An incision in the conjunctivae was made in the superolateral part,
bluntly dissected posteriorly, the muscle cone was entered,
and the optic nerve was clearly exposed. The optic nerve was
crushed with cross-action Dumont tweezers [27] for 3 seconds,
approximately 2 mm posterior to the globe.
Four randomly assigned mice received 2-µl intravitreal injections of memantine (1 mg/ml) immediately after ONC in the
experimental eye. Special care was taken to protect surrounding blood vessels. After the procedure, the mouse was placed
into the cage for full recovery after anesthesia.
Figure 1. Retinal whole-mount. Black squares indicate randomly
chosen parts of the retina: periphery, mid-periphery,
and central. Scale bar – 1 mm.

Tissue preparation
One week after the initial experiment, mice were euthanized
by cervical dislocation under general intraperitoneal anesthesia; both eyes were enucleated and post-fixed in 4% paraformaldehyde (PFA) solution for 3 h. Optic nerves were dissected
from the eyeball, fixated in glutaraldehyde overnight (O/N), and
stained with methylene blue. Optic nerves were cut in semithin sections and cover-slipped.

from each retina for further evaluation (Figure 1). Astrocytic
somata were manually counted from each image. To achieve
credible results, astrocyte somas were counted in the whole
image, including left and lower borders. Astrocytic somata
that crossed right and upper borders were excluded. Counts
were taken manually and in a blinded manner by 2 examiners.

Retinae were detached from the sclera and were post-fixed
in the 4% PFA solution O/N. Subsequently, the retinas were
washed in 0.1 M phosphate buﬀer solution (PBS), pH 7.4, 4
times for 5 min. Then the tissue was incubated in 10% normal goat serum (NGS; Colorado Serum Company, CO) for 30
min, after which the retinas were washed in 0.1 M PBS, pH 7.4
4 times for 5 min, and incubated in rabbit anti-glial fibrillary
acidic protein (GFAP; 1:10 000) overnight at 4°C. Retinae were
subsequently washed in 0.1 M PBS, pH 7.4, 4 times for 5 min
and incubated in anti-rabbit IgG Alexa Fluor 488 (1:500) overnight at room temperature. Following the incubation, retinae
were washed in 0.1 M PBS, pH 7.4 4 times for 5 min and flatmounted on a glass slide facing astrocytes layering up, topping it with glycerol and cover-slipped.

Semi-thin sections of the optic nerves were analyzed by light microscopy (Zeiss Axio Imager M1, Carl Zeiss AG, Jena, Germany),
under 100x magnification. We randomly acquired 10 images
of each optic nerve and evaluated ONC damage by grading it
as control, mild, moderate, or severe [32].

Imaging

IBM SPSS Statistics 22.0 Program Package (IBM Corporation,
USA) was used for statistical analysis. The Kruskal-Wallis test
was used to compare the 3 groups. A P value of p<0.05 was
considered statistically significant. Inter-observer variability
was examined using intra-class correlation coeﬃcient (ICC)
statistics. ICC cut-oﬀ values were defined as follows: <0.40 –
poor agreement; 0.41–0.60 – moderate agreement; 0.61–0.79
– good agreement; and ³0.80 – excellent agreement [33,34].

Immunostained whole-mount retinae were investigated by
fluorescent microscopy using a Zeiss Axio Imager M2 (Carl
Zeiss AG, Jena, Germany) (Figure 1). Astrocyte counts for each
image were performed manually using ImageJ 1.49m software
(Wayne Rasband, National Institutes of Health, USA). Twelve
randomly chosen images of 222×170 µm in size were taken
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Inter-observer variation
To assess inter-observer variation, manual astrocyte counts
were performed by 2 independent observers blinded to the
treatment condition. All observations were performed using
the same microscope.
Statistical analysis
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Figure 2. Representative images of GFAP immunoreactivity in whole-mount retinae showing astrocyte loss after ONC (C) compared
with the control condition (A) and glioprotection by memantine (E). Scale bar 50 µm. Boxed areas are enlarged (B, D, F).
White arrows point to astrocyte processes, and asterisks indicate astrocyte soma (B, D, F). GFAP – glial fibrillary acidic
protein; ONC – optic nerve crush.

Results
Memantine significantly reduced the loss of retinal astrocytes
after ONC. The mean number of astrocytes per image in the
control group was 10.47±1.9 (mean ±SD). ONC reduced the
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number of astrocytes to 7.13±1.5. Loss of astrocytes in the memantine-treated group was significantly attenuated (8.83±2.2;
n=4, ANOVA, p<0.001) (Figure 2). Post hoc analysis using the
Kruskal-Wallis test revealed a statistically significant diﬀerence between the untreated (p<0.001) and memantine-treated
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Table 1. Inter-observer reliability for manual retinal astrocyte
count between 2 observers.

10.47*,**
8.83**,***

Intra-class
correlation

95% confidence
interval

Control

0.942

0.908–0.964

ONC

0.892

0.427–0.979

Memantine

0.956

0.918–0.977

Group

7.13*,***

ONC – optic nerve crush.

Control

ONC

was performed uniformly, and confounding eﬀects of the experimental model were excluded. The moderate ONC severity
better mimics glaucomatous changes in comparison with optic nerve transection [35].

Memantine

Figure 3. Memantine significantly reduced the loss of retinal
astrocytes after ONC. ONC significantly reduced the
mean number of astrocytes compared to the control
condition (p<0.001). Memantine treatment resulted in
a statistically significant smaller loss of the number of
astrocytes compared to the untreated ONC condition
(p=0.047). Data are shown as means with the 95% CI.
F=16.041, df=2, p<0.001; c2=26.143, df=2, p<0.001;
*,**,*** p<0.05. ONC – optic nerve crush.

Assessment of inter-observer reliability showed excellent
agreement among observations in control, ONC, and memantine groups (Table 1).

Memantine is an uncompetitive NMDA receptor blocker that
prevents deleterious glutamate excitotoxicity on the target
damage site and in surrounding cells [36]. ONC induces ionic
concentration changes in RGCs, which begin with sodium influx and intracellular calcium elevation [37]. This leads to the
sequence of events resulting in the further release of glutamate, elevation of the intracellular calcium concentration, and,
eventually, death of RGCs. These processes cause primary neurodegeneration of RGCs, which induces astrocyte activation
through junctions with RGCs axons [38]. Zhang et al. reported that astrocyte activation leads to both primary and secondary RGC death [39], while Ridet et al. suggested that activa
ted astrocytes create conditions for axonal regeneration [40].
However, the exact role of astrocytes and the mechanisms of
astrocyte activation in glaucoma are not yet fully understood.

To exclude eﬀects resulting from variability in execution of the
ONC model, we graded optic nerve damage severity. We found
a moderate severity optic nerve crush in all right eyes (ONC and
memantine groups) on which ONC was performed. Representative
images of semi-thin sections are shown in Figure 4.

Our study shows a greater reduction in astrocyte number following ONC in the untreated vs. the memantine group. It is
likely that this is due to greater RGC death [41]; however, further studies analyzing both astrocytes and RGCs counts at the
same time are needed.

ONC condition (p=0.048) compared with the control condition
(Figure 3). Furthermore, the loss of astrocytes in the memantine condition was significantly attenuated compared to the
untreated condition (p=0.047).

Our study investigated the eﬀect of intravitreal memantine injection on the number of astrocytes in the mouse retina after
ONC. Our study revealed that intravitreally administered memantine preserves retinal astrocytes after ONC in Balb/c mice.
To the best of our knowledge, this is the first study to show
evidence of glioprotective eﬀects by memantine in an experimental glaucoma model.

It is well established that astrocytes release signals that are needed for neuronal survival, provide energy supply, and play an active role in synapse formation [42]. Furthermore, the elevated
intracellular calcium concentration of activated astrocytes can
result in potent vasoactive eﬀects that help maintain the bloodretinal barrier after pathologic stress and/or injury. Depending on
the trigger, diﬀerent mechanisms are activated which result in either vascular dilatation or constriction [38–42]. Thus, it is crucial
to understand these mechanisms and how memantine aﬀects
them, for the development of novel anti-glaucoma therapies.

To ascertain the successful and consistent execution of ONC,
we evaluated and graded all optic nerve histological sections
by severity of tissue damage [32]. Crushed optic nerves were
graded as moderate severity, thus indicating that the ONC

To fully describe the eﬀect of memantine on astrocytes and
RGCs after ONC, larger-scale studies are needed to overcome
some limitations of the present study: it was a short-term study,
with a small sample size, and used a single memantine injection.

Discussion
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Figure 4. Representative photomicrographs (100× magnification) showing optic nerve sections from control (A), ONC (C), and
memantine (E) groups. Scale bar 50 µm. Boxed areas are enlarged (B, D, F). Images A and B show a healthy optic nerve, while
C–F were graded as moderate optic nerve damage. Arrow head indicates astrocyte (B), arrows – axons (B, D, F), and asterisks
point to swollen axons (D, F). ONC – optic nerve crush.

Conclusions

immunological, and electrophysiological characterization of the
signaling between retinal astrocytes and RGCs.

Herein, we present the first report of the glioprotective eﬀects
of intravitreally administered memantine on retinal astrocytes in the mouse ONC model. Despite its limitations, our
study provides an important foundation for future studies
that should include the systematic morphological, biochemical,
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