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Abstract

Background and objectives: Microglia activation can cause degeneration of retinal ganglion cells (RGCs). This
study aimed to investigate the potential therapeutic effect of minocycline on microglia activation-related degen-
eration of RGCs in both retinas after unilateral optic nerve crush (ONC) in the left eye of male adult C57BL/6 mice.

Methods: First, the primary degeneration of RGCs after unilateral ONC in the left eye and the secondary degener-
ation of RGCs in the contralateral eye were investigated. Second, microglia activation in both eyes was examined
longitudinally at 1, 5 and 14 days post-ONC. Finally, the effects of minocycline treatment on the primary or/and
secondary RGC degeneration as well as the function of both retinas (estimated by flash electroretinogram) at 5
days post-ONC were analyzed.

Results: The results indicated that ONC induced the primary RGC degeneration, which was more severe than the
secondary RGC degeneration and microglia activation in both eyes. Treatment with minocycline partially inhibited
microglia activation, preserved the function of retinas in both eyes, and delayed the secondary degeneration of
RGCs in the contralateral retina.

Conclusions: ONC caused RGC degeneration in both eyes of mice. Minocycline treatment delayed the secondary
degeneration of RGCs and improved the function of both retinas post-ONC in mice, which were associated with

inhibition of microglia activation.

Introduction

Glaucoma, characterized by the degeneration of retinal gangli-
on cells (RGCs), is the second leading cause of blindness in the
world.! Glaucoma can result in both primary and secondary de-
generation.? The early death of neurons and glial cells caused by
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the primary pathological events is termed primary degeneration. In
addition, the death of the neuron and glial cells from the following
toxic effects of primary degeneration is attributed to secondary de-
generation.? Studies have shown that damage to one eye can lead
to secondary degeneration in the other eye, for example, unilateral
high intraocular pressure in rats induces nerve inflammation, nerve
fiber loss and apoptosis of RGCs in the bilateral eyes.*® Apart
from the RGC degeneration, the degeneration of bipolar and/or
photoreceptors was also demonstrated in the intraocular hyper-
tension (IOH) model; specifically, the amplitudes of both a- and
b- waves detected by flash electroretinogram (ERG) after injury
reduced significantly, while the number of synaptic bands of pho-
toreceptors and the thickness of outer nucleus and plexus layers of
the same eye significantly decreased simultaneously.” Hence, both
primary and secondary degeneration can happen after damage to
an eye, including both the degeneration of RGCs and the impair-
ment of other neurons, such as bipolar cells and/or photoreceptors.
Therefore, this study was designed to investigate both the primary
and secondary degeneration of RGCs in mice.

Tetracyclines are a broad-spectrum class of antibiotics. Mino-
cycline is a member of the semisynthetic tetracyclines and the
most potent agent in the family.? Minocycline can inhibit microglia
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activation, cell apoptosis and reactive oxygen species production.’
Previous studies have shown that minocycline can inhibit the pro-
gression of several neurological diseases in rodent models, such as
depression, Parkinson’s disease, Alzheimer’s disease, and cerebral
ischemia.!®~13 Growing data also indicate that minocycline treat-
ment can protect from the injury and death of neuronal cells in
some retinal diseases.'41¢ In animal studies of glaucoma, such as
via the optic nerve transection (ONT) model and IOH model, mi-
nocycline treatment effectively delayed the death of RGCs in the
injured eye,!” indicating that minocycline inhibited the primary de-
generation of RGCs. However, a study of the partial ONT model of
rats claimed that minocycline delayed the secondary degeneration
of RGCs in the inferior-nasal retinas rather than primary degenera-
tion in the superior-nasal retinas.'® Thus, the role of minocycline
treatment in retinopathy remains inconclusive and needs further
investigation.

In many studies related with eye diseases, microglia activa-
tion were believed to induce the death of RGCs and a significant
negative correlation was found between the number of surviving
RGCs and the numbers of activated microglia in the mice admin-
istrated using the acute IOH, ONT and optic nerve crush (ONC)
model.’®? The ONC model has been widely used to investigate
the pathogenesis of RGC death and to explore new protective
treatments for glaucoma.?’?? Although minocycline treatment
has shown to partially protect from neuronal death in the crushed
eye in ONC mice,? it is unclear whether minocycline treatment
can attenuate microglia activation in the contralateral eye post-
ONC,?* which can cause the secondary degeneration of RGCs.
Thus, this study was designed to explore the degeneration of pri-
mary and secondary RGCs and to investigate microglia activa-
tion, RGC survival, and retina function (flash ERG examination)
in both eyes of mice.

Materials and methods

Animals

Male C57/BL6 mice (5 weeks-old, 18-22 g) were purchased
from Guangdong Province Medical Laboratory Animal Center
in Guangzhou, China. All animals were housed in a temperature-
controlled room with a 12-hour light/12-hour dark cycle and were
supplied with food and water. A total of 32 mice were used in these
experiments, with 17 mice used for determination of the surviving
RGCs and microglia activation in the normal group (4 mice), ONC
1-day group (3 mice), ONC 5-day group (4 mice) and ONC 2-week
group (6 mice), and 15 mice used for investigation on the effects of
minocycline in the normal group (4 mice), phosphate buffer saline
(PBS) (0.01 M, pH 7.4) group (4 mice) and minocycline group (7
mice). All animal procedures were performed according to the AR-
RIVE guidelines and were approved by the Animal Protection and
Use Committee of Jinan University (Protocol Number: 2018136).
All efforts were taken to minimize the number of animals used and
their suffering.

Mouse ONC model

The ONC mouse model has been widely used for studying the
pathogenesis and therapeutic strategies for glaucoma.?' Briefly,
the mice were anesthetized with tribromoethanol (0.2 mL/10 g
body weight of 1.25% solution) and subjected to topical anesthet-
ics (Oxybuprocaine Hydrochloride Eye Drops; Santen Pharma-
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ceutical, Japan) to their left eyeballs. The temporal conjunctiva of
the mice was incised, and the optic nerve was exposed without
damaging the blood sinusoid and clamped with tweezers (0209-
5-PO; Dument, Switzerland) at 0.5 mm behind the optic disc for
10 s. Subsequently, the incision was covered and the surface of
the cornea was treated with erythromycin eye ointment to prevent
postoperative infection.

Minocycline injection

The ONC mice were randomized and injected intraperitoneal-
ly with vehicle PBS or minocycline (45 mg/kg; Sigma Aldrich,
USA), using an effective dose described previously,?® given at 2
days before and daily or every 12-h after the ONC, until animal eu-
thanasia, after which their retinas were collected for further analy-
sis. The experimental protocol is illustrated in Figure 1a.

Immunofluorescence

The mice were killed with an overdose of anesthetics and per-
fused with cold 4% paraformaldehyde in PBS. The retinas were
then dissected out and postfixed in the same fixative for 1 h. Each
intact retina was collected as a whole-mount and cut into four
quadrants (the superior temporal, inferior temporal, superior
nasal and inferior nasal parts) for subsequent analysis by im-
munofluorescence.'® In brief, RGCs and microglia were stained
with goat anti-brain-specific homeobox/POU domain protein 3A
(Brn3a) antibody (1:1,000; Santa Cruz Biotechnology, USA) and
rabbit anti-ionized calcium binding adaptor molecule-1 (Iba-1)
antibody (1:800; Wako, Japan), respectively. Secondary anti-
bodies were Alexa 488 or 594-conjugated donkey anti-goat and
donkey anti-rabbit (1:1,000; Life Technologies, USA), followed
by nuclear-staining with 4', 6-diamidino-2-phenylindole (DAPI)
(1:2,000; Electron Microcopy Sciences, USA) before the retinal
flat-mount.

Counting of RGCs

Five photographs (200x200 pm?) were captured in each quadrant
along the median line, starting from the outer edge of the optic disc
to the border of each part and taken at 500 um intervals at 400x
magnification. The numbers of surviving RGCs were counted us-
ing Imagel software (version 1.41; National Institutes of Health,
USA). Then, the density values of RGCs (mm?) averaged from the
total 20 images of each retina were used for comparing the differ-
ences among/between various groups.

Microglia cell analysis

In the retina, anti-Iba-1-stained microglia were observed by means
of a laser confocal microscope and located within the following
three layers: ganglion cell layer (GCL); inner plexiform layer
(IPL); and outer plexiform layer (OPL) (green color, Fig. 1b). The
location of GCL was first determined by the nuclei and cell bod-
ies of RGCs stained by DAPI (blue color) and Brn3a (red color),
which appeared arranged in just a single layer on the top (Fig. 1b).
The location of the inner nuclear layer (INL) and outer nuclear
layer (ONL) was determined by the multilayered nuclei stained
by DAPI; the INL was closer to the GCL and the ONL was farther
from the GCL, with more nucleus layers than INL as well (Fig.
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Fig. 1. Injection schedule of minocycline and methods of microglia analysis. (a) The injection was performed in a frequency of twice a day with an interval
of 12 hours (one at 8 o’clock and the other at 20 o’clock), except for the last day when only one-time injection was given in the morning. The injection was
started 2 days before ONC and continued every day until 5 days post-ONC. (b) Scanning of DAPI, Iba-1 and Brn3a staining layers of the mouse retina at a 200x
magnification. The three layers stained with Iba-1 (green color) from top to bottom are: GCL, IPL and OPL (as shown by the gray arrow, purple arrow and yel-
low arrow, respectively). The GCL stained with Brn3a (red color). The three layers stained with DAPI (blue color) from top to bottom are: GCL, INL and ONL,
respectively (as shown by the gray arrow, blue arrow and green arrow, respectively). (c) Neurolucida 360 was used to reconstruct the morphology of retinal
microglia cells, i.e. a microglia cell in the OPL 5 days post-ONC is shown on the left and the reconstructed image is shown on the right. Neurolucida Explore
was used to analyze the reconstructed cells to obtain relevant information about cell body circumference, cell body area, node number, total number of
branches, total branch length, and average branch length.

1b). The IPL was between the GCL and the INL, the OPL was
between the INL and the ONL, and the microglia (green color)
existed in the GCL, IPL and OPL layers (Fig. 1b).

Post-ONC, the changes in morphology of microglia in each
layer were observed under a 20x objective and qualitatively ana-
lyzed. In addition, the quantitative analysis was conducted by Im-
agel software. As it was difficult to count the specific number of
microglia in the GCL due to the superposition of the microglial cell
bodies and branches, the area of the Iba-1-positive cell bodies in
the GCL in each photograph was manually recorded for each ani-
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mal and the values of all the photographs as the total cell area (Fig.
2a, ¢ and Fig. 3a, ¢). The numbers of microglia in the IPL and OPL
were counted, given that the Iba-1-positive cells were separated by
each other and could be discerned clearly in these two layers (Fig.
2a, ¢ and Fig. 3a, c).

Apart from the analysis mentioned above which had been
carried out for each animal, additional quantitative analysis was
used to further investigate the morphological changes caused by
minocycline at a 400x magnification. In the PBS and minocy-
cline groups, the following parameters of microglia cells in the
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Fig. 2. Typical immunofluorescence staining images and the analysis of microglial cells shown by Ibal staining in different retinal layers in both eyes of the
normal mice and the mice at days 1, 5 and 14 post-ONC. (a) The typical immunofluorescence staining images illustrate the microglial cells in the retinal layer
in the crushed eye of the normal mice and the mice at days 1, 5 and 14 post-ONC, as indicated. Post-ONC, microglia cells in the GCL, IPL and OPL gradually
grew in size and branches became shorter and thicker over time. (b) The total area of microglia cell bodies in the GCL showed no significant difference at day
1 post-ONC but increased significantly at days 5 and 14 post-ONC. The number of microglia cells in the IPL showed no significant difference at 1 day and 14
days post-ONC, but increased significantly at 5 days post-ONC; the number of microglia in the OPL showed no significant difference at 1 day post-ONC, but
increased significantly at 5 days and 14 days post-ONC. (c) The typical immunofluorescence staining images illustrate the microglial cells in the retinal layer in
the contralateral eye of the normal mice and the mice at 1, 5, 14 days post-ONC, respectively. (d) The total area of microglia cell body in the GCL showed no
significant difference at 1 day post-ONC but a significant increase at 5 days and 14 days post-ONC. The number of microglia in the IPL showed no significant
difference at 1 day, 5 days and 14 days post-ONC. The number of microglia in the OPL showed no significant difference at 1 day and 14 days post-ONC but a
significant increase at 5 days post-ONC. The data were tested by one-way ANOVA, followed by Tukey’s multiple comparison test. The data are expressed as
mean * standard error of the mean. NS, no significant difference. *p < 0.05, **p < 0.01, ****p < 0.0001. The number of animals in the normal, 1 day post-
ONC, 5 day post-ONC and 2 week post-ONC groups were 4, 3, 4 and 6, respectively.

IPL and OPL were further quantified by Neurolucida software comparison.
(version 2.7; Micro Brightfield, USA) after the photographs had
been taken. The Neurolucida 360 tool was used to reconstruct

the morphology of retinal microglia cells (Fig. 4a, c, e, g). Neu- ERG

rolucida Explore was used to analyze the reconstructed cells to

obtain relevant information, including cell body circumference, ERG was performed essentially as described previously.2 Briefly,
cell body area, node number, total number of branches, total the mice were dark adapted overnight; the animals were then anes-
branch length, and average branch length of each cell in each thetized with tribromoethanol (0.2 mL/10 g body weight of 1.25%
photograph. The average values of each animal were used for solution) and placed on a heated platform at 37 °C. Pupils were
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Fig. 3. Typical immunofluorescence staining images and the analysis of microglial cells shown by Iba1l staining in different retinal layers in both eyes in the
normal mice, PBS-treated ONC mice and minocycline-treated ONC mice. (a) The typical immunofluorescence staining images illustrate the microglial cells
in the retinal layer in the crushed eye of the normal mice, PBS-treated ONC mice and minocycline-treated ONC mice. (b) In the crushed eye, compared with
the eye of normal mice, the total area of microglia cell body in the GCL and the number of microglia in the IPL was increased significantly in the PBS-treated
ONC mice and minocycline-treated ONC mice but there was no significant difference between the PBS-treated ONC mice and minocycline-treated ONC
mice. There was a significant difference in the density of microglia in the OPL between the normal mice and PBS-treated ONC mice. There was no signifi-
cant difference between the normal mice and minocycline-treated ONC mice. (c) The typical immunofluorescence staining images illustrate the microglial
cells in the retinal layer in the contralateral eye of the normal mice, PBS-treated ONC mice and minocycline-treated ONC mice. (d) In the contralateral eye,
compared with the normal mice, the total area of microglia cell body in the GCL and the number of microglia in the IPL showed no significant difference
between the normal mice, PBS-treated ONC mice and minocycline-treated ONC mice. There was a significant difference in the density of microglia in the
OPL between the normal mice and PBS-treated ONC mice. There was no significant difference between the normal mice and minocycline-treated ONC mice.
The data were tested by one-way ANOVA followed by Tukey’s multiple comparison test. The data are expressed as mean + standard error of the mean. NS,
no significant difference. *p < 0.05, **p < 0.01, and ****p < 0.0001. The number of animals in the normal group, PBS group and minocycline group were 4,
4 and 7, respectively.

dilated with Compound Tropicamide Eye Drops (Santen Pharma- GraphPad Software, USA). The data between two groups were
ceutical, China). ERGs were recorded with gold-plated wire loop compared using unpaired #-test and the data among multiple
electrodes contacting the corneal surface as the active electrode. groups were compared using one-way ANOVA and post hoc Tuk-
Stainless steel needle electrodes were inserted in the skin near the ey’s multiple comparison test. Statistical significance was defined
eye and in the tail serving as reference and ground leads, respec- as p <0.05.

tively. Following adaptation, animals were stimulated with green
flashes of graded intensities of 0.1, 1.0 and 10.0 cd.s/m?, followed

by light adapted for 5 m under bright green background (20 cd/ Results
m?) prior to recording of photopic responses to green flashes of
2

10.0 cd.s/m?. Survival of RGCs post-ONC in mice

Statistical analysis In the normal C57 mice, the mean density of RGCs was 3,993 +
94 RGCs /mm? in the left eye and 4,100 = 113 RGCs /mm? in the

All data are presented as mean + standard error of the mean. Sta- right eye (Fig. 5a). At day 1, 5 and 14 post-ONC, the correspond-

tistical analysis was performed by GraphPad Prism (version 6.0; ing mean densities of surviving RGCs were 3,667 + 55 RGCs/
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Fig. 4. Morphological changes of microglial cells shown by Ibal staining in the IPL and OPL in both eyes observed under a microscope with a 400x mag-
nification. (a) Neurolucida software was used to reconstruct and compare the morphology of microglia in the IPL of the crushed eyes of mice; the original
images are on the left, and the right side shows reconstructions. (b) Microglia cells in the IPL of the crushed eye of the PBS-treated ONC mice had larger cell
area than that that of the minocycline-treated ONC mice. (c) Neurolucida software was used to reconstruct and compare the morphology of microglia in the
OPL of the crushed eye of mice; the original images are on the left, and the right side shows reconstructions. (d) Microglia cells in the OPL of the crushed
eye of the PBS-treated ONC mice had larger cell area than those in the minocycline-treated ONC mice. (e) Neurolucida software was used to reconstruct and
compare the morphology of microglia in the IPL of the contralateral eye of mice; the original images are on the left, and the right side shows reconstructions.
(f) Microglia cells in the IPL of the contralateral eye of the PBS-treated ONC mice had longer cell circumference, less node number and ends’ number, and
shorter length of dendrite and mean length of dendrite than those in the minocycline-treated ONC mice. (g) Neurolucida software was used to reconstruct
and compare the morphology of microglia in the OPL of the contralateral eye of mice; the original images are on the left, and the right side shows reconstruc-
tions. (h) Microglia cells in the OPL of the contralateral eye of the PBS-treated ONC mice had longer cell circumference and larger cell area than those in the
minocycline-treated ONC mice. The data were tested by unpaired t-test. The data were expressed as mean * standard error of the mean. NS, no significant
difference. *p < 0.05 and **p < 0.01. The number of animals in the normal group, PBS group and minocycline group were 4, 4, 7, respectively.
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Fig. 5. Number of surviving RGCs was counted as Brn3a-positive cells in the healthy mice and ONC mice at different time-points post-ONC. (a) The typical
immunofluorescent staining images of the RGCs (Brn3a-positive, red color) in the healthy and ONC mice. (b—d) Quantitative analysis of RGCs. (e) The per-
centages of surviving RGCs in the crushed and contralateral eyes at 5 and 14 days post-ONC. The mean number of RGCs in normal mice were set to 100%.
The data in (b) were assessed by unpaired t-test. The data in (c, d) were assessed by one-way ANOVA and post hoc Tukey’s multiple comparison test. The
data shown are representative images (magnification x 400) and expressed as mean + standard error of the mean. NS, no significant difference. **p < 0.01,
***p <0.001, and ****p < 0.0001. The number of animals in the normal, 1-day ONC, 5-day ONC and 2-week ONC groups were 4, 3, 4 and 6, respectively.
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mm?, 1,781 £ 124 RGCs/mm? and 375 £+ 196 RGCs/mm? in the
left crushed eye of mice, while those in the right/contralateral eye
were 3,900 + 190 RGCs/mm?, 3,195 + 123 RGCs/mm? and 3,046
+ 145 RGCs/mm?, respectively (Fig. 5a). There was no significant
difference in the numbers of RGCs between the left and right eye
of normal mice (Fig. 5b). In the crushed eye, the number of RGCs
decreased significantly at days 5 and 14 post-ONC but not day 1
post-ONC compared with the normal left eye (Fig. 5c¢), and the
percentage of surviving RGCs were 45 + 3 % and 9 + 1% at days
5 and 14 post-ONC, respectively (Fig. 5e). In the contralateral
eye, the numbers of RGCs decreased significantly at days 5 and
14 post-ONC but not day 1 post-ONC compared with the normal
right eye (Fig. 5d). There was no significant difference in the num-
bers of surviving RGCs in contralateral eye between days 5 and
14 post-ONC (Fig. 5d), and the percentage of surviving RGCs
were 75 + 3 % and 74 + 4 % at days 5 and 14 post-ONC, respec-
tively (Fig. 5e).

Qualitative and quantitative analyses of retinal microglia post-
ONC

First, the morphological changes of microglial cells post-ONC
were observed. During the transition from resting state under nor-
mal condition to active state after injury, the microglia cells were
observed to undergo significant morphological changes in the cell
body and the process. Microglia cells in the GCL, IPL and OPL of
normal mice were characterized by small cell bodies and slender
branches, as shown by the white arrows in Figure 2a and c. During
the timeline of days 1, 5 and 14 post-ONC, the cell bodies of mi-
croglia cells in the GCL, IPL and OPL of the injured eye gradually
grew larger and the branches became shorter and thicker over time.
In the IPL at day 5 post-ONC and the OPL at day 14 post-ONC, the
microglia cells formed a dense mosaic pattern (Fig. 2a). The author
found that two different shapes of microglia appeared post-ONC,
i.e. the rod-shaped cell body with either branch at ends, as shown
by the red arrow in Figure 2a, and the amoeba-like cells without
protrusions, as shown by the yellow arrow in Figure 2a. During the
timeline of days 1, 5 and 14 post-ONC, the cell bodies of microglia
cells in the GCL, IPL and OPL of the contralateral eye also grew
larger and the branches also became shorter and thicker over time.
The author also observed the amoeba-like microglia cell, as shown
by the yellow arrow, and the microglia with rod-shaped cell body,
as shown by the red arrow in Figure 2c. In addition, the qualitative
analysis showed that the activation patterns of microglia cells in
the injured eye and contralateral eye were different. In the GCL,
the branches of microglia in the contralateral eye were more clear-
ly visible than those in the injured eye at day 1 post-ONC (Fig. 2a,
c). In the IPL, the branches of microglia cells in the contralateral
eye were still slender at day 5 post-ONC, while those in the injured
eye were shorter and thicker (Fig. 2a, c).

Secondarily, the quantitative analysis post-ONC was done. In
the crushed eye, the total area of microglial cell bodies increased
significantly at both day 5 and day 14 post-ONC but not at day 1
post-ONC compared with the normal group (Fig. 2b). In the IPL
and OPL, the numbers of microglial cells increased significantly
at both day 5 and day 14 post-ONC but not at day 1 post-ONC
compared with the normal group (Fig. 2b). In the contralateral eye,
the total area of microglial cell bodies increased significantly from
day 5 to day 14 post-ONC (Fig. 2d). In the IPL, the numbers of mi-
croglial cells had no significant changes during the whole 2-week
period post-ONC, while the numbers of microglial cells in the OPL
increased significantly at day 5 post-ONC but not at day 1 and day
14 post-ONC (Fig. 2d).
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Minocycline treatment delayed the secondary degeneration of
RGCs in the contralateral eye

According to the results of the ONC model, the numbers of RGCs
significantly decreased at 5 days post-ONC in both eyes, and the
microglial cells were intensively activated at the same time. There-
fore, day 5 post-ONC was chosen for the minocycline study in
mice. The average densities of RGCs in the left eye of the normal
C57 mice, PBS-treated mice (control group) and minocycline-
treated mice were 3,994 + 93 RGCs/mm?, 1,681 + 115 RGCs/mm?
and 1,808 + 72 RGCs/mm?, respectively (Fig. 6a). Compared with
the normal group, the densities of RGCs in the PBS group and
minocycline group decreased significantly but there was no sig-
nificant difference between the PBS group and minocycline group
(Fig. 6b). In the right contralateral eye, the average densities of
RGCs in the normal C57 mice, PBS-treated mice (control group)
and minocycline-treated mice were 4,119 + 98 RGCs/mm?, 3,075
+ 228 RGCs/mm? and 3,813 + 75 RGCs/mm?, respectively (Fig.
6a). Therefore, the results showed that the densities of RGCs in the
minocycline group were significantly higher than those in the PBS
group in the contralateral eye (Fig. 6b).

Minocycline treatment reduced the activation of microglia in
both eyes

Microglia cells in the GCL, IPL and OPL of normal mice were
characterized by small cell bodies and slender branches, as shown
by the white arrow in Figure 3a and c¢. Compared with the nor-
mal mice, the microglia cells in both eyes of the PBS-treated ONC
mice and minocycline-treated ONC mice had larger cell bodies
and shorter branches (Fig. 3a, c). This kind of change was similar
to that in the retina layers of the mice without PBS or minocycline
treatment for day 5 post-ONC (Fig. 2a, ¢).

The effects of minocycline on microglia activation for 5 days
post-ONC in the GCL, IPL and OPL were estimated according to the
procedure described in the methods. In the left (crushed) eyes, mi-
nocycline treatment inhibited the activation of microglia in the OPL
but not in the GCL either IPL compared with the PBS group (Fig.
3b) and the microglia cell density returned to the normal level in the
OPL. In the contralateral eye, minocycline treatment also inhibited
the activation of microglia in the OPL compared with the PBS group
(Fig. 3d) and maintained the microglial cell number in the OPL at
the similar level to that in the normal group (Fig. 3d). In the IPL,
there was no significant difference in the microglial cell numbers
between either two groups in the contralateral eye (Fig. 3d), and
this result was similar to that in the IPL of the mice without PBS
or minocycline treatment for the 5 days post-ONC (Fig. 2d). These
results showed that minocycline could inhibit microglia activation
in the OPL in both retinas post-ONC in mice. Although minocycline
could not reduce the microglial cell number in the IPL in both eyes,
it seemed that the morphology was different between the PBS and
minocycline groups for this layer as well as the OPL. Therefore, in
order to confirm this issue, detailed quantitative analysis of micro-
glia cell morphology in the IPL and OPL was conducted with the
Neurolucida 360 and Neurolucida Explore tools.

The analysis with Neurolucida showed that minocycline sig-
nificantly reduced the cell body area in the IPL and reduced the
microglial cell circumference in the OPL in the left eye (Fig. 4b,
d). In the contralateral eye, minocycline decreased the microglial
cell circumference and increased the node number, the total num-
ber of branches, and the total and the average length of branches
of microglia cells in the IPL (Fig. 4f), and reduced microglia cell
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Fig. 6. Changes of the RGCs shown by Brn3a staining in the normal mice, PBS-treated ONC mice and minocycline-treated ONC mice observed under a mi-
croscope at a 400x magnification. (a) The typical immunofluorescence staining images of the RGCs in normal mice, PBS-treated ONC mice and PBS-treated
ONC mice. The Brn3a-positive cells represent RGCs. (b) The density of RGCs in the crushed eye of mice from the PBS-treated ONC group and the minocycline-
treated ONC group was significantly lower than that in the normal group. There was no significant difference in the density of RGCs between the PBS-treated
ONC mice and minocycline-treated ONC mice. The density of RGCs in the contralateral eye of the PBS-treated ONC mice was significantly lower than that in
the minocycline-treated ONC mice and the normal mice. There was also no significant difference in the density of RGCs between the minocycline-treated
ONC mice and the normal mice. The data were tested by one-way ANOVA followed by Tukey’s multiple comparison test. The data are expressed as mean +
standard error of the mean. NS, no significant difference, *p < 0.05, **p <0.01, and ****p < 0.0001. The number of animals in the normal group, PBS group

and minocycline group were 4, 4 and 7, respectively.

circumference and cell body area in the OPL (Fig. 4h).
Effects of minocycline on the ERG of both eyes

To examine retinal function in mice, we performed ERG. Retinal
neurons in different group of mice responded to light flashes both
under dark adapted (scotopic) (Fig. 7a, f) and under light-adapted
(photopic) conditions (Fig. 7d, 1). In the crushed eye, compared
with the normal mice, both a- and b-wave amplitude of scotopic
conditions decreased in the PBS-treated mice at 1.0 and 10.0 cd
s/m? stimulation. Compared with the normal mice, the a-wave
amplitude of scotopic conditions had been decreased in mino-
cycline-treated mice at 1 cd s/m2 stimulation, the b-wave ampli-
tude of scotopic conditions had been decreased in minocycline-
treated mice at 0.1 and 10.0 cd s/m? stimulation. There were no
significant differences in a-wave and b-wave amplitude between
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PBS-treated mice and minocycline-treated mice at any stimula-
tion (Fig. 7b, c, e). These results indicated that the minocycline
treatment did not improve the function of photoreceptor cell and
bipolar cell in the crushed eye of ONC mice.

In the contralateral eye, compared with the normal mice, the
a-wave amplitude of scotopic had been decreased in PBS-treated
mice at 1.0 cd s/m? stimulation, the b-wave amplitude in contralat-
eral eye of scotopic had been decreased in PBS-treated mice at
0.1, 1.0 and 10.0 cd s/m? stimulation. There were no significant
differences in a- and b-wave amplitude between normal mice and
minocycline-treated mice at any stimulation. After minocycline
treatment, there was a significant difference in a-wave amplitude
between minocycline-treated mice and PBS-treated mice at 1.0 cd
s/m? stimulation; there was also a significant difference in b-wave
amplitude between minocycline-treated mice and PBS-treated
mice at 0.1, 1.0 and 10.0 cd s/m? stimulation (Fig. 7g, h, j). These
results indicated that the minocycline-treatment had improved the
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Fig. 7. Effects of minocycline on the ERG of both eyes (a) The typical ERG record curve of crushed eye in the normal mice, PBS-treated mice and minocycline-
treated mice under scotopic condition. (b, c) The statistics of a- and b-wave amplitude in the crushed eye of normal mice, PBS-treated mice and minocycline-
treated mice under scotopic condition. (d) The typical ERG record curve of crushed eye in the normal mice, PBS-treated mice and minocycline-treated mice
under photopic condition. (e) The statistics of b-wave amplitude in the crushed eye of normal mice, PBS-treated mice and minocycline-treated mice under
photopic condition. (f) The typical ERG record curves of contralateral eye in the normal mice, PBS-treated mice and minocycline-treated mice under scotopic
condition. (g and h) The statistics of a- and b-wave amplitude in the contralateral eye of normal mice, PBS-treated mice and minocycline-treated mice un-
der scotopic condition. (i) The typical ERG record curve of the contralateral eye in the normal mice, PBS-treated mice and minocycline-treated mice under
photopic condition. (j) The statistics of b-wave amplitude in the contralateral eye of normal mice, PBS-treated mice and minocycline-treated mice under
photopic condition. The data were tested by one-way ANOVA followed by Tukey’s multiple comparison test. The data are expressed as mean + standard
error of the mean. NS, no significant difference. *p < 0.05 and **p < 0.01. The number of animals in the normal group, PBS group and minocycline group
were 4, 4 and 6, respectively.
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function of photoreceptor cells and bipolar cells in the contralat-
eral eye of ONC mice.

Discussion

This study confirmed secondary degeneration. First, not only did the
number of surviving RGCs significantly decrease in the crushed eye
post-ONC but also in the intact contralateral eye. Therefore, the re-
sults suggests that secondary degeneration leads to RGC death in the
contralateral eye, which is consistent with previous reports of loss of
RGCs in the contralateral eye of a glaucoma model.»*7 Second, in
addition to RGC secondary degeneration, ERG results suggest that
photoreceptors and/or bipolar cells also have dysfunction in crushed
and contralateral eyes. This is another secondary degeneration con-
firmation at present study. It is tempting to envision a degenerative
cascade in glaucoma, in which a substantial reduction in RGCs leads
to final trans-synaptic loss of bipolar cells and finally photoreceptors
in retrograde progression.?8

Activation of microglia may cause secondary degeneration. In-
deed, several studies have shown that the contralateral eye also
responds to injury by increasing glial cells and altering gene ex-
pression.242?

These studies are consistent with the results of immunofluores-
cence staining observation and manual analysis. After optic nerve
compression injury, microglial cells were activated in the operative
eye and contralateral eye of mice. This is mainly manifested not
only by a significant increase in the number but by morphological
changes. The cell body of microglia becomes larger and the branch-
es become shorter and thicker. Some studies have shown that glial
responses are transmitted to the contralateral retina through optic
crossover in the damaged retina.3” In another way, it is suggested
that inflammation in one eye can activate RGC fibers and cause
inflammation in both superior colliculus, which, in turn, may ac-
tivate inflammation in the other eye through retrograde transport
of RGC fibers.3! Due to these controversies, more research and
validation are needed to understand how signals from the damaged
side are transmitted to the contralateral retina.

As mentioned earlier, minocycline, as a neuroprotective agent,
can play a protective role for RGCs in many glaucoma models. In
this study, microglial activation of crushed and contralateral eyes
was inhibited after minocycline injection, and photoreceptor cells
and bipolar cells responded to light strongly. In the contralateral
eye, the number of RGCs increased significantly compared with
the normal eye, indicating that minocycline protected secondary
degeneration of contralateral retinal RGCs after ONC. So, dose
this protective effect act directly on the damaged optic nerve by
inhibiting microglia or by minocycline? Use of SC560 (a kind
of known microglial activation inhibitor) to demonstrate that in-
hibition of microglial activation protects RGC has suggested that
minocycline protects the retina by inhibiting microglial activation
and proliferation.?’

In this study, the author observed the presence of primary and
secondary degeneration. Microglia are activated in both the com-
minuted and contralateral eyes, although the operative eye is more
activated than the contralateral one, minocycline has a more signif-
icant inhibitory effect on the contralateral eye microglia activation
than the surgical eye, the protective effect of secondary degenera-
tion of contralateral eye was more significant. In a rat model with
partial transection of the optic nerve, minocycline is ineffective for
primary degeneration but effective for secondary degeneration.'$

Does minocycline protect against secondary degeneration rather
than act? This may be related to the dosage used as well as (or) the
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degree and the type of injury. For example, in an ONC mouse mod-
el, the role of minocycline in surgical eyes was studied; the results
showed that minocycline protected the RGCs of crushed eyes at
days 4 and 7 post-ONC,?? with 45 mg/kg intraperitoneal injection
given on the first day and 22.5mg/kg was subsequently given dur-
ing the following days. While in my study design, this operation
was changed to twice daily with 45 mg/kg dosage; low doses of
minocycline appeared to provide protection in the model of retinal
degeneration ischemia-reperfusion injury, and high doses of mi-
nocycline showed an injury effect.'® In an optic nerve transection
model, low and high doses did not play a protective role,* which
had used minocycline according to the type and extent of injury
and selecting the appropriate dose. The issue should be clarified
more clearly when the multiple doses were used in future study.

Future directions

More insightful experimentation efforts should be exerted to help
further explain the potential mechanisms on primary and second-
ary degeneration. In addition, more precise appropriate dosage of
minocycline in neuroprotection should also be discussed, thereby
helping the field to achieve a future treatment for RGCs.

Conclusion

In this study, the author found that minocycline can effectively
protect the degeneration of RGCs which died from secondary de-
generation in the contralateral eye, although it cannot prevent the
primary degeneration of RGCs in the injured eye. This indirectly
indicates that the mechanism of secondary degeneration and pri-
mary degeneration may be different. It is also possible that the dose
used does not prevent more severe primary degeneration.
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