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Purpose: Optic nerve (ON) damage following nonarteritic anterior ischemic optic neuropathy (NAION) and its models
is associated with neurodegenerative inflammation. Minocycline is a tetracycline derivative antibiotic believed to exert
a neuroprotective effect by selective alteration and activation of the neuroinflammatory response. We evaluated mino-
cycline’s post-induction ability to modify early and late post-ischemic inflammatory responses and its retinal ganglion
cell (RGC)—neuroprotective ability.

Methods: We used the rodent NAION (rNAION) model in male Sprague-Dawley rats. Animals received either vehicle
or minocycline (33 mg/kg) daily intraperitoneally for 28 days. Early (3 days) ON-cytokine responses were evaluated,
and oligodendrocyte death was temporally evaluated using terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) analysis. Cellular inflammation was evaluated with immunohistochemistry, and RGC preservation was
compared with stereology of Brn3a-positive cells in flat mounted retinas.

Results: Post-TNAION, oligodendrocytes exhibit a delayed pattern of apoptosis extending over a month, with extrinsic
monocyte infiltration occurring only in the primary rNAION lesion and progressive distal microglial activation. Post-
induction minocycline failed to improve retinal ganglion cell survival compared with the vehicle treated (893.14 vs.
920.72; p>0.9). Cytokine analysis of the INAION lesion 3 days post-induction revealed that minocycline exert general
inflammatory suppression without selective upregulation of cytokines associated with the proposed alternative or neu-
roprotective M2 inflammatory pathway.

Conclusions: The pattern of cytokine release, extended temporal window of oligodendrocyte death, and progressive
microglial activation suggests that selective neuroimmunomodulation, rather than general inflammatory suppression,
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may be required for effective repair strategies in ischemic optic neuropathies.

Nonarteritic anterior ischemic optic neuropathy
(NAION) is the most common cause of sudden optic nerve—
related vision loss, affecting about 6,000 individuals in the
United States each year [1]. Although the etiology of NAIONs
is still debated, the lesion is based on a sudden or rapidly
progressive ischemic insult to the anterior optic nerve (ON),
resulting in capillary and retinal ganglion cell (RGC)—axonal
dysfunction, followed by astrocyte activation, oligodendro-
cyte distress and death, and inflammation [1]. Following
disruption of the blood—brain barrier in rodents and primates,
an acellular inflammation gives way to extrinsic inflamma-
tory cell invasion, microglial activation, and migration into
the primary ischemic lesion [2,3]. Although the timing of
RGC loss and retinal gene activation has been investigated
[4,5], the timing of the ON inflammatory response, oligoden-
drocyte death, and multiple effects of inflammation on repair
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and recovery are poorly understood. Oligodendrocyte death
occurs after either traumatic or ischemic ON damage, along
with axonal loss [6], but the timing of oligodendrocyte loss
has not been directly evaluated.

Since the ON is a central nervous system (CNS) white
matter tract, its inflammatory response post-injury likely
resembles that of other white matter tracts [2,6,7]. Following
the CNS ischemic insult, the upregulation and release of
cytokines include TNF-a, IL-1pB, IL-6, -10, and G-CSF, and
chemokines including MCP-1 and CX3CL1 (Fractalkine) [8].
One day after induction of rodent NAION (rNAION), the isch-
emic optic nerve upregulates mRNAs for TNF-a, IL-1p, IL-6,
and MIP-2/CXCL2 [9,10]. The specific release of cytokines or
chemokines can direct the succeeding cellular inflammatory
response [11]. Although neurodegenerative inflammation (the
M1 classical response) typically predominates, evidence has
mounted that an alternative inflammatory response (the M2
response) may exist that predisposes to neurorepair. Until
recently, CNS microglial responses were believed to model
the M1/M2 pathways identified in extrinsic macrophage
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responses [12]. However, new reports, suggest that the M1/
M2 hypothesis for microglia is inaccurate [13,14]. This does
not eliminate the overall approach of immunomodulatory
therapies directed to reduce post-ischemic damage. Rather,
it is germane to understand the overall effects of modulating
the immune response to develop effective treatments for optic
nerve and other CNS ischemic conditions.

Minocycline is a tetracycline derivative that can exert
neuroprotective effects in models of hypoxia and ischemia
in the CNS and reduce white matter damage [15,16]. Mino-
cycline’s reported effects seem to be related to inflammatory
modulation, including inhibiting microglial responsiveness
[17], reducing neurodegenerative microglial responses [18],
and inhibiting production of proinflammatory cytokines and
microglia-associated neurotoxicity [19]. Microglia-mediated
neurodegeneration is associated with oxidative stress [20,21].
However, several reports suggested that minocycline admin-
istration is associated with decreased oxidative stress [22].
Minocycline was recently reported to exert some degree of
neuroprotection in models of glaucoma and traumatic optic
neuropathy [23-25]. In all latter studies, minocycline was
given before the initiation of retinal stress. Because little
predictability exists regarding the exact timing of clinical
NAION onset, even in individuals with multiple risk factors,
NAION pretreatment is by and large impractical. Thus, we
wanted to determine the following: 1) the timing of oligo-
dendrocyte death following induction of the INAION model,
2) whether minocycline treatment is retinal ganglion cell
(RGC)—neuroprotective following rINAION induction, 3) the
effect of minocycline-related alterations, if any, in superoxide
radical formation in the ON following rNAION induction,
and 4) the effect of minocycline on cytokine protein expres-
sion post-rNAION at the 3 day time point, when alterations
in the inflammatory cellular infiltrate may direct effective
neuroprotection.

METHODS

All animal protocols were approved by the institutional
IACUC and adhered to the ARVO Statement for Use of
Animals in Research. Male Sprague-Dawley outbred rats
(200-300 g; 55-75 days old) from Harlan, Indianapolis, IN
were used in this study. INAION was induced as previously
described [4]. Animals were anesthetized with ketamine/
xylazine (50 mg/2 mg/kg) anesthesia. A 7 mm custom
planoconvex contact lens was used to stabilize the eye and
visualize the rat fundus. INAION was photoinduced after
intravenous rose bengal dye injection (2.5 mM; 1 ml/kg)
using a frequency doubled 532 nm YAG laser (Iridex; 11
$/50 mW/500 pm spot). Retina fundi were evaluated with
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fundus photography using a digital camera and with spectral
domain-optical coherence tomography (SD-OCT; Heidelberg
Instruments, Heidelberg, Germany) at baseline and 2 days
post-induction for ON damage after stroke, visualizing the
retinal cell layers and the ON diameter using the previously
described planoconvex contact lens. Animals were returned
to their cages and given food and water ad libitum on a 12
h:12 h light-dark cycle.

In vivo imaging:: The optic nerve head edema was evaluated
using SD-OCT, via a Heidelberg Spectralis II (Heidelberg
Instruments). The retina and the intraocular portion of the
ON were visualized through the dilated pupil using a plano-
concave contact lens that enabled analysis of the retinal layers
[26].

Animals were euthanized at specific times with intracar-
diac perfusion with 4% paraformaldehyde-PBS (PFA-PBS)
pH 7.4, PBS formulation (1X;120 mM NaCl, 20 mM KClI,
10 mM NaPO,, 5 mM KPO,, pH 7.4). Ocular tissues were
isolated, and tissues post-fixed for 1 day in 4% PFA-PBS.
Tissues were cryopreserved in 30% sucrose, embedded in
optimal cutting temperature compound (OCT), and sectioned
at 10 uM.

Animal experimental groups:

ON apoptosis—Thirty-three animals were used for
this experiment: Nine animals were unilaterally induced for
the 31 day time point, with three animals used for all other
times. The fellow eye was used as a control (naive). Animals
were euthanized at 1, 3, 7, 10, 15, 21, 31, 36, and 42 days
post-induction. We performed terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) analysis using
cross sections from ON specimens 5 mm distal to the eye,
except at the 31 day time point, when we assayed distal and
anterior ON regions (1-2 mm behind the eye). The TUNEL
assay used a commercially available fluorescent tag kit
(Roche Life Sciences; Indianapolis, IN) according to the
manufacturer’s protocol. Appropriate positive control and
negative control sections were included. We included data
from anterior and distal ON regions. We confirmed cellular
apoptosis of oligodendrocytes using immunohistochemistry,
via colocalization of rabbit anti-adenoma polyposis-1 (APCI)
protein (RRID: AB_91789; Calbiochem, La Jolla, CA) and
cleaved goat anti-caspase-3 (RRID: AB_630987; Santa Cruz
Biotechnology, ,Dallas, TX) staining. Sections were visual-
ized with an E900 fluorescent digital confocal microscope
(Olympus, Tokyo, Japan).

Minocycline-RGC neuroprotection analysis: Data
were collected from rNAION-induced animals: 17 eyes
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(minocycline) and 15 eyes (vehicle). Minocycline-treated
animals received 33 mg/kg minocycline hydrochloride
(Sigma, St. Louis, MO). Naive controls were the untreated
contralateral eyes from the vehicle-treated animals. Animals
received daily intraperitoneal injections for 4 weeks. Control
animals received a similar volume of sterile saline. Eyes were
collected, and retinal cups reacted with goat anti-Brn3a anti-
body (RRID: AB_630987; Santa Cruz Biotechnology), with
secondary Cy3-labeled anti-goat antibody. Retinas were flat
mounted for stereological analysis.

Early and late inflammation histochemical analysis: Data
were collected from animals at 3, 7, and 30 days post-
induction, from anterior and distal ON regions. Other CNS
tissues were not evaluated. An additional five animals per
group were used at 30 days for the MitoSOX Red (Molecular
Probes, Life Technologies, Eugene, OR; free radical assay)
experiments. Tissues were reacted with antibodies for specific
for global inflammation. They included rabbit Ibal (RRID:
AB_839504; Wako Chemicals USA, Inc., Richmond, VA);
NADPH oxidase-subunit 2 (Nox2; RRID: AB_11016938),
EDI (CD68; RRID: AB_1141557), and intact axonal neuro-
filaments were evaluated using an SMI 312 mouse mono-
clonal antibody cocktail (RRID: AB_448151) all from Abcam
(Cambridge, MA). Gliosis was evaluated using an antibody
to GFAP (RRID: AB 10013382) from DAKO Cytomation
(Glostrup, Denmark) and demyelination using an antibody
to myelin basic protein (MBP; RRID: AB 1841021; Sigma).
Oligodendrocyte progenitor cells (OPCs) were evaluated with
NG2 antibody (RRID: AB_91789; EMD Millipore, Billerica,
MA) immunostaining.

Cytokine protein analysis: Rodent NAION was unilater-
ally induced in ten animals. Five rats were injected daily
intraperitoneally with minocycline, while five control group
animals received saline. Animals were euthanized without
perfusion 3 days post-rNAION induction, and the optic nerve
lamina and anterior 2 mm of the ON behind the globe was
collected and pooled for each group. Tissue was sonicated
on ice in lysis buffer, containing a 2 mM EDTA, protease,
and phosphatase inhibitor cocktail (Cell Signaling, Danvers,
MA). Tissue homogenates were centrifuged at 10,000 xg for
30 s to remove debris. Cleared homogenates were analyzed
using the Milliplex RECYTMAG-65K (EMD Millipore) rat
Cytokine/Chemokine Luminex panel, which is based on para-
magnetic beads internally dyed with fluorophores of differing
intensities. Each dyed bead is given a unique number, or bead
region, allowing the differentiation of one bead from another.
Individual bead sets are then coated with a capture antibody
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qualified for one specific cytokine and combined in a 96-well
microplate format assay to detect and quantify multiple
targets (panel) simultaneously, using a Luminex® instru-
ment for analysis. We followed the manufacturer’s protocol
in sample preparation; Luminex analysis was performed at
the UMAB core facility.

RGC stereology: Retinal ganglion cell loss was evalu-
ated using Stereo Investigator software (MBF Bioscience,
Waltham, MA). Unbiased RGC stereology was performed on
flat mounted whole retinas 30 days post-induction, using the
optical fractionator technique, on a Nikon E800 microscope,
Melville, NY with a motor-driven stage driven by the stereo-
logical software to generate random fields of up to seven cell
nuclei for counting, using a 60X oil objective, and 20 uM
depth in the Z-axis. A minimum of 1,000 Brn3a-positive cells
were counted per retina, which is greater than the number
required by the Schmitz-Hof equation for statistical validity
[27].

TEM ultrastructure: PF-PBS fixed ON specimens were
further processed in a mixed buffered glutaraldehyde-
paraformaldehyde solution, shadowed with uranyl acetate,
embedded in Epon, and cross-sectioned at 200 nm thickness.
Cross sections were floated on copper mesh and examined
using a Tecnai FEI T12 electron microscope (FEI, Hillsboro,
OR). Images were analyzed at 2,100X magnification.

MitoSOX Red assay for superoxide radicals: We used 12
animals (two groups; n = 6/group) for this analysis. Thirty
days after induction of INAION, the ONs of the minocycline-
and saline-treated Sprague-Dawley rats were dissected into
2-3 mm pieces and immersed in a 5 uM solution of MitoSOX
Red (Molecular Probes, Life Technologies) for 30 min at
37 °C in darkness. Tissue was subsequently rinsed twice
and fixed in 4% PFA, 10 mm sections were cut and fixed
on slides, and MitoSOX Red fluorescence was monitored at
about 510/580 nm. All data were compared to the results from
the naive ONs.

Compound action potentials: ON compound action
potentials (CAPs) were performed as described in detail [28].
We used three animals per group. The rat ON contains three
discernible classes of myelinated fibers based upon distinct
populations of CAP conduction velocities [28]. Conduction
velocities were estimated by measuring the length of the
ON (the distance between the orifice of the stimulating and
recording suction electrodes) and dividing this value by the
time interval between the end of the shock artifact and the
individual peaks of the CAPs.
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RESULTS

The intact rodent ON has bundles of SMI 312—positive
axons surrounded by MBP-positive myelin sheaths (Figure
1A). The signals for both markers are evenly distributed
in the naive ON (Figure 1A). SMI 312—positive axons are
completely surrounded by MBP-positive myelin (Figure 1A,
arrowheads). In contrast, ONs from 30 days post-rNAION
induction reveal severe loss of signal (Figure 1B), with a non-
uniform loss of axonal neurofilaments and myelin (Figure 1B
inset). At higher magnification (Figure 1B), demyelination is
evident, and myelin immunoreactivity is poorly associated
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with a non-uniform neurofilament signal, suggesting loss of
intact axons and demyelination. This is better delineated with
transmission electron microscopy (TEM; Figure 1C,D). TEM
cross sections of intact rodent ON reveal nearly all large and
small axons are intact with regular myelination (Figure 1C,
arrows). Thirty days post-induction, there is considerable
axonal loss, and many remaining axons are dysmyelinated
(Figure 1D, arrows).

GFAP is expressed during reactive gliosis [29]. We iden-
tified reactive astrocytic and GFAP expression by reacting
control and rINAION-induced ON with dilute (1:20,000) GFAP

Figure 1. Analysis of axonal
neurofilaments and myelination
in control and rNAION-induced
(30 days post-induction) ON. A,B:
SMI 312 (neurofilament) and MBP
(myelin) immunostaining in the
control rat optic nerve (ON; A)
and 30 days post-induction (B).
SMI 312 immunoreactivity is seen
in red. MBP is shown in green.
Arrowheads indicate complete
myelination (in green) of indi-
vidual axons. The axonal dropout
and loss of normal myelin signal
and structure are typical for optic
nerves following ON ischemia (B
inset). Scale bar (inset: 100 um).
C,D: Transmission electron micro-
scope (TEM) imaging of tissues
seen in A and B. C: Control ON.
TEM reveals normally myelinated
axons of various calibers (arrows
indicate relative ratios of myelina-
tion in large, medium and small
axons). D: Rodent nonarteritic
anterior ischemic optic neuropathy
(rNAION)-induced ON. In contrast
to the control ON, there are myelin
loss, hypomyelination, and poorly
compacted myelin (arrows) in the
remaining axons 30 days after
induction. Magnification = 2,100X.
Scale bar: 2 uM. E,F: ON ischemia-
induced gliosis in the anterior
ON. E: Control ON. Anti-GFAP
antibody (1:20,000 dilution) shows
minimal staining in normal tissue

(scale bar = 50 pm). Inset shows low magnification (scale bar: 200 um). F: Post-rNAION. Strong GFAP signal is present in the anterior ON

region 30 days post-induction, reflecting upregulation of astrocyte-based reactive gliosis.

966


http://www.molvis.org/molvis/v23/963

Molecular Vision 2017; 23:963-976 <http://www.molvis.org/molvis/v23/963>

antibody (Figure 1E,F). We chose this antibody dilution to
identify relative changes in GFAP expression compared to
total GFAP expression, because higher antibody concentra-
tions can mask differences in upregulation. We confirmed
the adequacy of this assay for reactive gliosis-associated
GFAP signal, using the rat brain subjected to traumatic brain
injury (TBI) compared to sham injury. The TBI brain sections
yielded about sixfold greater GFAP signal than those of sham
regions with densitometry. Control ONs show reduced GFAP
staining (Figure 1E and inset), while the INAION-induced
ONs reveal strong GFAP immunoreactivity in an irregular,
nonlinear pattern (Figure 1F and inset).

rNAION results in delayed oligodendrocyte death: Minimal
oligodendrocyte death occurs early after INAION induc-
tion, despite strong upregulation of stress-related (cfos) gene
expression by 3 days [30]. In the ON crush and rNAION
models, oligodendrocyte loss occurs by apoptosis [31]. Apop-
tosis was most notable in the anterior portion of the ON. We
evaluated the timing of the appearance of TUNEL-positive
nuclei in the ON from 0 to 42 days post-induction (Figure
2C), comparing the results to those previously obtained for
RGC loss in the same model and rodent species [5]. Unlike
RGCs, oligodendrocyte death was minimal during the first
week (5.2+1.1 at 7 days; Figure 2C), with most TUNEL-
positive cells presenting considerably later following injury.
The majority of TUNEL-positive nuclear expression occurred
between 21 and 36 days (Figure 2C; also see Figure 2B,C,
TUNEL activity at 31 days and the graph), with the maximum
number of TUNEL-positive nuclei present at 31 days post-
induction (45.649.60; Figure 2C). Thereafter, oligodendrocyte
loss dropped markedly, reaching exhibiting levels similar to
that seen in the first week by 42 days (4.2+1.9; Figure 2C).
An overlay of the previously reported temporal pattern of
rNAION-associated RGC death is also shown in Figure
2C for comparison (dotted line) [S]. RGC apoptosis peaks
at about 10—12 days, with a second minor peak at day 21.
Thus, the majority of oligodendrocyte death begins after most
RGC death has ended. Apoptosis and microglial activation
were discernable throughout the entire length of the ON, but
activity for both was greatest in the anterior ON. For apop-
tosis, the number of TUNEL-positive cells was statistically
significantly higher (113.25+£9.6000 standard error of the
mean [SEM], n=9) in the anterior ON compared to the more
distal portion (45.60£13.02 SEM, n = 9; ANOVA f-ratio =
17.08519, p=0.003283; Figure 2D). Asterisks indicate statis-
tical significance. This was confirmed with cleaved caspase-3
immunostaining.

The TUNEL staining conditions make it problematic to
identify cell-specific proteins with immunohistochemistry.
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Therefore, we confirmed oligodendrocyte identity and death
using a known oligodendrocyte cellular marker, antibody to
adenoma polyposis coli (APC) [32] and colocalizing with
cleaved caspase 3 (Figure 2E,F). Cleaved caspase activity in
APC-positive cells 30 days after INAION was quantified via
densitometry using Image J. The ratio of cleaved caspase to
APC was 6.9-fold higher in ONs 30 days post-rNAION versus
naive controls (0.36+0.05 SEM for naive versus 2.49+0.06
SEM, n = 3 ONs/group, ANOVA; f-ratio = 1294.64021,
p<0.00001). The absolute identification of all cell types
undergoing apoptosis in the ON was considered beyond the
scope of this study.

Following anterior ON ischemia, there is disruption of
the blood—brain barrier [10], extrinsic inflammatory cell inva-
sion, microglial activation, and migration into the primary
ON ischemic lesion and distally. This is shown in Figure
3A-D. The strong ED1 expression at 30 days (Figure 3C,D)
probably represents chronic microglial inflammation [33],
rather than continuing invasion of extrinsic macrophages.

Minocycline has been suggested to exert neuroprotec-
tion via inhibition of inflammation, oxidative stress, and
apoptosis, as well as inhibiting microglial activation. We
compared minocycline’s effects with vehicle on inflamma-
tion-associated ON damage and axonal loss post-rNAION,
using immunostained optic nerve cross sections of rats from
minocycline- and saline-treated groups, using inflammatory
(Ibal) and axonal markers (SMI 312; Figure 4A—C,E,F and
calculations for Ibal expression, Figure 4J). Post-rNAION
induction, we compared ON edema from minocycline- and
vehicle-treated animals via SD-OCT against those obtained
preinduction (Figure 4D). ON edema was present 2 days post-
rNAION induction in all induced eyes, compared with the
naive eye (Figure 4D, compare upper and lower panels). There
were no differences seen in the degree of edema between
vehicle- and minocycline-treated eyes (data not shown).

Microglia in uninduced ON have a ramified appearance
(Figure 4A), which changes upon inflammatory activa-
tion [34]. Three days post-induction, ON microglia from
vehicle-treated animals developed an activated, hyper-
trophic appearance (Figure 4B). Microglia in ON sections
from a similar region from rNAION-induced, minocycline-
treated animals although increased in number expressed a
morphological characteristic more typically associated with
resting microglia, namely, a ramified structure at 3 days
post-induction (Figure 4C). This was demonstrable even 30
days post-induction in minocycline-treated animals (Figure
4F) compared with vehicle-treated animals (Figure 4E,J). We
further evaluated functional changes associated with these
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morphological modifications (see cytokine figures and Nox2
(Figure 4G-L,K) results).

To determine whether minocycline potentially preserves
axons, we compared relative axonal preservation from 30
days post-induction in vehicle- and minocycline-treated
animals using SMI 312 immunohistochemistry (Figure 4E,F
insets; compare with Figure 4A inset, naive). Both groups had
a qualitatively similar degree of axonal loss. Minocycline did
not preserve intact RGC axons at 30 days (Figure 4E,F), and
the SMI 312 signal in whole nerves showed similar degrees
of dropout (compare insets, Figure 4E,F).

We also evaluated Iba-1 cell signal strength, using
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animals (Figure 4J). Although the data show statistically a
significantly increased Iba-1 signal when compared between
naive and vehicle-treated animals (1.50£0.15 SEM vs.
7.08+£0.54 SEM, six animals per group; asterisks indicate
statistical significance), as well between naive and minocy-
cline-treated (6.72+0.97 SEM, six animals per group) animals,
the difference in Iba-1 staining when comparing vehicle-
versus minocycline-treated animals was not statistically
significant (ANOVA; f-ratio = 0.11571, p=0.74154; Figure 4J).
Morphologically, the microglia from the minocycline-treated
animals were more ramified but larger compared with the
activated microglia seen in the vehicle-treated animals, which

densitometric analysis via Image J in 30 days post-induction =~ had a more ameboid appearance.

C
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wge= ON cells
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Days post rNAION induction

-
N
=]

Q)
(=3
(=]

80

Mean TUNEL (+) cells per FQV

Anterior ON Posterior ON

Figure 2. Cell death analysis of ON-associated apoptosis following INAION. Optic nerve (ON) cross sections were evaluated with the
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) reaction in (A) the control (naive) animals and (B) in animals 31
days after the induction of rodent nonarteritic anterior ischemic optic neuropathy (fNAION). C: Temporal analysis of TUNEL-positive ON
cells following NAION. Retinal ganglion cell (RGC) death timing post-rNAION (taken from [5]) is superimposed. D: TUNEL analysis was
greatest in the anterior ON (113.2549.6000 standard error of the mean (SEM), n = 9) compared to the more distal portion (45.60+13.02 SEM,
n=9). Asterisks indicate statistical significance (ANOVA f-ratio = 17.08519, p=0.003283). E, F: Confocal analysis of APC (oligodendrocyte
marker) and a marker of apoptosis (cleaved caspase 3: C: Caspase) in longitudinal ON sections of the anterior ON (dotted line depicts the
lamina). E: Control (naive). There is minimal cleaved caspase 3 expression in the anterior ON. F: 30 days post-rNAION. There is extensive
colocalization of cleaved caspase 3 and APC in the anterior ON, suggesting the oligodendrocytes are undergoing apoptosis. The ratio of
cleaved caspase to APC was 6.9-fold higher in ONs 30 day post-rNAION versus naive controls (0.36+0.05 SEM for naive versus 2.49+0.06
SEM, n=3 ONs/group; ANOVA; f-ratio-1294.64021, p<0.00001).
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NADPH oxidase subunit-2 (Nox2; Gphos91 subunit)
upregulation is associated with increased oxidative radical
formation and was identified as a necessary step for glial
cell activation following CNS damage [33]. We evaluated the
ability of chronic minocycline administration to downregu-
late ON-Nox2 30 days post-rNAION induction (Figure 4G-I).

Minimal Nox2 expression is present in the naive anterior
rodent ON (Figure 4G). However, dramatic upregulation of
Nox2 occurs 30 days post-NAION induction in vehicle-
treated animals (Figure 4H). In comparison, minocycline
treatment statistically significantly reduced Nox2 upregula-
tion (Figure 4I). This was confirmed using densitometric
analysis, comparing naive (white bar) 11.5£1.20 SEM,
vehicle-treated (black bar) 17.07+1.500 SEM, and minocy-
cline-treated animals (hatched bar) 10.06+0.610 SEM, which
was statistically significant between the naive and vehicle-
treated animals (asterisks) but not between the naive and
minocycline-treated animals (ANOVA; f-ratio = 10.51066;
p=0.014213; Figure 4K). We also confirmed post-rNAION
upregulation of free radicals and their downregulation by
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minocycline using the MitoSOX Red reaction. There was
statistically significantly more MitoSOX Red signal in the
vehicle-treated nerve (black bar) 87.60+20.34 SEM, compared
with minocycline (Figure 4L, hatched bar) 27.0+19.9 SEM.
(ANOVA; f-ratio = 9.05275; p=0.023738); the asterisk indi-
cates statistical significance. The vehicle and minocycline
numbers were greater than that seen in the naive nerve (white
bar), 5.6+3.4.

Neural/glial antigen-2 (NG2; also known as chondroitin
sulfate proteoglycan-4 (CSPG4)) positive OPCs are known
to increase after chronic CNS injury [35]. We analyzed NG2
expression in naive and 30 days post-induced ONs (Figure
5A; naive and Figure 5B; INAION-induced). Quantification
of NG2-positive cells in the two groups is shown in Figure
5C. We found substantially increased (7.1-fold) numbers
of NG2-positive cells in the anterior ON region following
rNAION (28.7+2.70 v. 4.0+1.9 SEM cells/field of view (FOV;
n = 6 animals; Figure 5C, asterisks indicate statistical signifi-
cance, ANOVA; f-ratio = 55.09054, p = 0.000023).

Figure 3. Inflammatory cells
acquire a hypertrophic morphology
and newly synthesized microglia
increases in the ON following
rNAION. Ibal (Green) is a global
inflammatory marker. EDI1 (red)
represents newly generated macro-
phages/microglia. A: Control
(naive) optic nerve (ON). Quiescent
resident microglia are demonstrable
as Ibal(+)/EDI1(-) ramified struc-
tures (scale bar: 50 pm). Insets show
images at lower magnification (200
pum). B: Anterior ON 3 day post-
rodent nonarteritic anterior isch-
emic optic neuropathy (rNAION).
The majority of Ibal-positive
cells are now globoid (activated
macrophages), and ED1-positive
colocalization is present, indicating
newly synthesized macrophages. C:
Anterior ON section 30 days post-
rNAION. There is strong Ibal/
ED1-positive colocalization, and
the anterior region is packed with
inflammatory cells. D: Distal ON
section 30 days post-rNAION.
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Figure 4. Minocycline-associated
changes in post-ischemic ON responses.
A—C and E,F: Microglial (Ibal) and
axonal (SMI 312) immunohistochem-
istry in the optic nerve (ON; Ibal:
green; SMI 312: red). A: Naive ON.
Microglia are evenly distributed and
ramified in appearance. SMI 312—posi-
tive axons are organized into bundles.
B: Vehicle-treated 3 days post-rodent
nonarteritic anterior ischemic optic
neuropathy (rNAION). Ibal-positive
cells are relatively ameboid (globular)
in appearance and increased in number.
C: Minocycline-treated, 3 days post-
rNAION. Microglia are larger than in
naive eyes but ramified. D: Spectral
domain-optical coherence tomography
(SD-OCT) images of naive and 30
days minocycline treatment INAION
eyes. Upper panels: preinduction. The
ON and the retina are labeled in the
en face view shown in the left panels,
while the retinal layers are shown in the
cross-sectional view shown in the right
panels. There is an expansion of the
space between the outer nuclear layers
on either side of the nerve in the same

(minocycline treated) eye 2 days post-
rNAION induction, when compared to
the upper (uninduced) panel). E and F:
ON sections 30 days post-induction.
E: Vehicle treated. Ibal-positive cells
are globoid (reactive) in appearance
(arrowheads). F: Minocycline treated.
Ibal-positive microglia are abundant
and large but ramified. E and F insets:

8 *%

3
8

@
3

2
3

\

N
8

Ibal relative fluorescent intensity (arbitrary units)

MitoSox Red Positive Cells per FOV

SMI 312—positive reactivity in a low
power view of the entire ON cross
section of the vehicle- and minocycline-

N
S

Naive  Vehicle Minocycl. Naive Vehicle = Minocycl. L Naive  Vehicle  Minocycl. treated nerves reveal a similar pattern

of axonal loss. G—I: Nox2 expression in
the anterior ON. G: Naive animal. Little Nox2 expression is detectable. H: INAION-induced, vehicle-treated nerve. Strong Nox2 expression
is apparent. I: INAION-induced, minocycline-treated nerve. Nox2 expression is detectable but reduced in the anterior ON. Scale bars in A,
B, C,E, F, G: 50 pm. Scale bar in D: 200 um. J: Densitometric analysis of Iba-1 signal strength shows statistically significantly increased
Iba-1 signal when compared between naive and vehicle-treated animals (1.50+0.15 standard error of the mean (SEM) versus 7.08+0.54
SEM, six animals per group), as well between naive and minocycline-treated (6.72+0.97 SEM, six animals per group) animals (asterisks
indicate statistical significance); the difference in Iba-1 staining when vehicle- versus minocycline-treated animals are compared is not
statistically significant (ANOVA; f-ratio = 0.11571, p=0.74154). K: Densitometric analysis comparing naive (white bar) 11.5+1.20 SEM,
vehicle-treated (black bar) 17.07+1.50 SEM, and minocycline-treated (hatched bar) 10.06+0.61 SEM (ANOVA; f-ratio = 10.51066. p=0.014213;
6.72+0.97 SEM, six animals per group) animals (asterisks indicate statistical significance). L: INAION upregulation of free radicals and
their downregulation by minocycline demonstrated by the MitoSOX Red reaction: naive (white bar) 5.6+3.4 SEM, vehicle-treated (black
bar) 87.60+20.34 SEM, and minocycline-treated (hatched bar) 27.0+19.9 SEM (ANOVA; f-ratio = 9.05275, p=0.023738). Asterisks indicate
statistical significance.

970


http://www.molvis.org/molvis/v23/963

Molecular Vision 2017; 23:963-976 <http://www.molvis.org/molvis/v23/963>

A

© 2017 Molecular Vision

C

*%

NG2 positive cells/ON

Naive 30d rAION

Figure 5. Changes in NG2-positive/OPCs in the anterior ON 30 day post-TNAION. A, B: Optic nerve (ON) cross sections from A) naive and B)
rodent nonarteritic anterior ischemic optic neuropathy ({NAION)-induced. There is a considerable increase in the number of oligodendrocyte
progenitor cells (OPCs) present in the ON following ON ischemia. C: Quantification of NG2-positive/OPC increase 30 days post-rNAION.
There is a 7.1-fold increase in the number of NG2-positive cells present in the INAION-induced nerve (28.7£2.70 v. 4.0+1.9 (SEM) cells/
field of view (FOV; n = 6 animals); ANOVA; f-ratio = 55.09054, p=0.000023.

As the TEM data support our previous report that post-
rNAION-ON demyelination is present in the anterior ON
[28] we also sought to determine whether demyelination
affects the whole ON or just the anterior portion. CAPs
were recorded from naive and 30 days post-rNAION ONs
2 mm posterior to the globes, obtained from vehicle-treated
animals. This preparation eliminated the primary ischemic
lesion. Naive ONs generated robust CAPs with the predicted
a, b, and ¢ waves, corresponding to large, medium, and small
fibers, as previously demonstrated [28]. However, while
rNAION-induced nerves showed reductions in amplitude, no
apparent differences were seen in the peak conduction veloci-
ties comparing posterior portions of vehicle-treated nerves.
This suggests that post-ON stroke demyelination primarily
affects the anterior ON region.

rNAION generates considerable ON inflammation (see
Figure 3), and previous reports revealed that early inflam-
mation is initially cytokine based, with cellular invasion
developing later [3,10]. We evaluated whether minocycline
treatment induces changes in early cytokine release. Anterior
ON tissue was pooled from the INAION-induced and contra-
lateral eyes of minocycline- and vehicle-treated rats. We
isolated soluble proteins present in these tissues and analyzed
them for cytokines and their relative concentrations (see the
Methods section). Results from induced nerves were directly
compared to extracts from the contralateral nerves that were
treated in a similar fashion with either vehicle or minocycline.
The results shown are mean results from pooled samples (n =
5 ONs/group); thus, there are no standard deviations. Sample
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values which were outside the reliable quantitative range were
excluded from the analysis.

We identified several inflammatory cytokines that
were expressed at either high (100—1,000 pg/ml) or low
(1-100 pg/ml) concentrations (graphs, Figure 6A). High-
expressing cytokines included IFNy, MCP-1, and CX3CL1;
low expressors included G-CSF, 1L-4,-13, and -18, and
TNF-a. M1- and M2-associated cytokines were upregulated
following rNAION, compared with the contralateral eyes.
Interestingly, minocycline reduced all cytokine expression in
rNAION-induced tissue (compare responses of G-CSF, 1L-4,
and IL-13), rather than selectively reducing M1-associated
cytokines alone.

Neuroprotection is the ultimate test of a drug’s efficacy
for post-rNAION treatment. We assessed the long-term mino-
cycline effect on preserving RGCs. These results are shown
in Figure 6. Naive eyes show a regular pattern of RGCs across
the retinal surface (Figure 6B), and individual Brn3a-positive
RGCs are easily identifiable at high magnification (inset,
Figure 6B). In comparison, the pattern of Brn3a-positive
RGCs in flat mounted retinas from either vehicle- or mino-
cycline-treated eyes 30 days post-induction revealed similar
regional patterns of loss (compare Figure 6C,D and insets).
Stereology of 17 INAION-induced, minocycline-treated eyes
was compared with that of 15 INAION-induced, vehicle-
treated eyes. Fellow eyes were used as contralateral controls
(naive; see the Methods section). Naive eyes revealed a ratio
of 1437+128.4 RGCs/mm? (+SEM; Figure 6E, white bar),
while vehicle-treated eyes showed a ratio of 893.1+118.2/mm?
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(Figure 6E, black bar). Minocycline-treated eyes revealed
a slight increase in the mean number of RGCs compared
with vehicle (920.7+84.50; Figure 6E, hatched bar), but this
increase was not statistically significant (ANOVA; f-ratio =
2.63798, p=0.09). Thus, minocycline does not statistically
significantly protect RGCs in a long-term (30 days) format,
when drug administration is begun immediately after onset
of the ischemic event.

DISCUSSION

No effective treatments for NAION currently exist. Mino-
cycline was recently proposed to have potential use in this
disorder, based on a preliminary report (abstract) where
investigators began administration 3 days before the stroke
induction [23]. However, this approach is not a clinically
relevant dosing strategy, because patients present after
disease onset. As patients at highest risk for NAION (indi-
viduals who have had a previous episode in one eye) may
develop NAION in the opposite eye years after the first event,
continuous high dose minocycline, with its potential side
effects, is not possible. Thus, we evaluated a more clinically

© 2017 Molecular Vision

relevant paradigm: minocycline’s neuroprotective potential
for post-ON ischemic treatment.

Following anterior ON ischemia, there is post-ischemic
demyelination and gliosis (demonstrated in Figure 1), in addi-
tion to axonal loss. Similar to other CNS insults, we also saw
an increase in NG2-positive OPCs. However, the simple pres-
ence of OPCs also does not prove functional remyelination, as
multiple studies have revealed that most post-damage OPCs
are not associated with maturation into oligodendrocytes
[36,37].

Post-NAION, residual ON function improves in 40% of
patients. This suggests that mechanisms other than primary
RGC death may play important roles in preserving remaining
vision. Because many axons may remain viable even after
demyelination, we wanted to evaluate the direct effects of
in vivo ischemia on oligodendrocytes distal to the primary
insult. Previous studies identified early (within 3 days) signs
of oligodendrocyte stress along the entire ON [30]. In the
current study, we find that unlike RGCs, ON oligodendro-
cytes do not die rapidly after INAION induction. Rather,
oligodendrocyte loss is prolonged, with oligodendrocyte
loss beginning much later than RGCs. The majority of
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Ratio of RGCs/area

Figure 6. Minocycline treatment

does not neuroprotect RGCs
following rNAION induction and
cytokine analysis. A: Cytokine

analyses of vehicle- and minocy-

= |

Naive Vehicle Minocycl

D

cline-treated anterior optic nerves
(ONs) 3 days post-rNAION induc-
tion. Five anterior ON segments

were pooled from each condition
and compared to the uninduced
contralateral eye (vehicle-treated
rodent nonarteritic anterior isch-
emic optic neuropathy (rNAION)
induced against contralateral naive:
White bars. Minocycline-treated
rNAION induced against contralat-
eral eye: Black bars). Assays shown
are all individual analyses with

expression statistically significantly

were obtained. Cytokine expression rose after INAION induction compared with uninduced nerves, for M1-associated cytokines (TNF-a,
IL-1B, and IFNy) and M2-associated cyto- and chemokines (G-CSF, IL-4, and IL-13). B-D: Representative images of Brn3a stained retinal
ganglion cells are shown. Whole mount retinas from B: naive, C: 30 days post-rNAION vehicle, and D: 30 days post-rNAION minocycline-

treated retinas. Panels show global retinal ganglion cell (RGC) distribution using 4X magnification and direct RGC identification using

60X magnification inserts. E: Stereological analysis of RGC counts per square of retina for naive (white bar) and vehicle- (black bar) and

minocycline-treated (hatched bar) retinas 30 day post-rNAION induction. There is a slight difference in residual RGC numbers when vehicle-
and minocycline-treated INAION-induced eyes are compared, but this is not statistically significant (ANOVA; f-ratio = 2.63798, p=0.09).
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oligodendrocyte death begins 21 days post-insult, peaking
at about 30 days post-induction, with persistent TUNEL-
positive cells apparent even at 40 days post-induction, and
this does not exclude other cell species. This suggests that
multiple factors may impact later oligodendrocyte death, and
there may be a longer window of treatment opportunity for
NAION, focusing on multiple factors impacting glial func-
tion, than previously recognized.

It is now recognized that, following onset, NAION and its
models are strongly associated with inflammatory processes
[2,3]. The present study identified several key inflammatory
features. Initially, a dense macrophage infiltration occurs by
3 days post-induction (compare Figure 3A,B), comprised of
invading extrinsic macrophages and migrating microglia.
This is consistent with results previously published in other
studies [3]. However, even 30 days post-induction, the ante-
rior ON still showed considerable inflammatory cellular
infiltrate, while there is prolonged microglial activation in
the distal nerve. As closure of the blood—brain barrier largely
occurs by the end of the first week in INAION [30], many
of the inflammatory cells in the anterior ON present later in
the disease course likely represent microglia. What are the
inflammatory factors regulating degeneration and recovery
in this region?

It is known that early cytokine induction helps regulate
and direct the form of inflammatory response [21,38,39].
Cytokine induction occurs before cellular infiltration. We
previously demonstrated upregulation of TNF-a and IL-1B
1 day post-rNAION ischemia [10]. In the present study, we
found strong upregulation of IFNy, MCP-1, and CX3CLI by 3
days post-infarct. IFNy is related to M1 extrinsic macrophage
induction, all of which direct an M1 (classical neurodegenera-
tive) response. IL-18, another M1-associated cytokine, is also
upregulated. However, IL-4 and IL-13 are also upregulated,
and these cytokines are associated with the M2 (alternative
activation-neuroprotective) inflammatory response. Interest-
ingly, although TNF-a is typically associated with neurode-
generative inflammation [40,41], the relative upregulation
of TNF-a expression at 1 day and 3 days is much less in
the INAION model than that seen in other models of CNS
damage.

While we initially attempted to analyze ON-related
patterns of M1 and M2 microglial expression, it quickly
became apparent that this expression paradigm is not consis-
tent with the cellular inflammatory changes occurring after
rNAION induction, supporting recent reports that microglia
do not express these patterns [13,14]. Although the exact
mechanism(s) of microglial activation are still elusive, a
growing body of evidence suggests that upregulation of
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superoxide and other reactive oxygen and nitrogen species is
associated with cellular damage [18]. Nox2 upregulation has
been identified as a major source of oxidative radicals and
has been identified as a necessary step for glial cell activa-
tion after CNS injury [42,43]. Nox2 was even upregulated
30 days after INAION was induced. Nox2 upregulation was
also associated with increased numbers of free radicals by the
MitoSOX Red reaction, which at these concentrations does
not discriminate between superoxide radicals produced in
mitochondria and other cellular compartments.

Because minocycline has been previously suggested
to selectively suppress M1 activity, as well as exerting
RGC neuroprotection in the INAION model, we critically
evaluated minocycline’s effects on post-infarct ON inflam-
mation. Minocycline administration did not reduce early
rNAION-induced retinal nerve fiber layer (RNFL) and ON
edema, compared with vehicle treatment, with SD-OCT.
Interestingly, minocycline induced subtle morphological
effects on ON-Iba-1-positive inflammatory cells by 3 days
post-induction, with increased size and prominence, distal
to the anterior lesion. Thirty days post-induction, microglia
in minocycline-treated animals exhibited a more ramified
appearance, a feature typically associated with quiescence
(compare Figure 4E (vehicle) with Figure 4F (minocycline
treated)). However, there were no obvious differences in the
degree of axonal loss analyzed either with SMI 312 reactivity
or ultrastructurally. Minocycline reduced ON-Nox2 immuno-
histochemical reactivity, compared with ONs from vehicle-
treated animals (compare Figure 41 with Figure 4H). Thus,
systemic high dose minocycline administration exerts signifi-
cant changes in inflammatory cell responses post-induction,
but despite apparent downregulation of Nox2 expression and
free radical production assessed with MitoSOX Red, it did not
improve axonal preservation in the ON.

A previous report suggested that high dose minocycline
selectively suppressed M1-type cytokine responses without
reducing M2 cytokine expression in the CNS [18]. Multiplex
cytokine analysis revealed that in the ON, there is an equiva-
lent reduction in M1- and M2-type cytokines. Minocycline
reduced M2- (G-CSF, IL-4, and IL-13) and M1-associated
(TNF-a, IFNy, and IL-18) cytokines in a similar fashion. The
previous study used real-time quantitative PCR (rq-PCR)-
based assays of cytokine mRNA levels, which can be subject
to post-transcriptional regulation. Because of this potential
drawback, we used a protein-based cytokine assay and pooled
samples.

One crucial test for clinical minocycline-rNAION treat-
ment is, of course, RGC neuroprotection. By this standard,
high dose minocycline given immediately after INAION
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induction and for 4 weeks thereafter failed to significantly
improve post-stroke RGC numbers, although there was a
slight trend. This is particularly interesting in view of the
partial suppression of activated macrophage morphological
changes and the visible suppression of Nox2 and associated
free radical formation, when minocycline is given after
induction. It is apparent from the present study that despite
minocycline-associated changes in morphological character-
istics (to a more ramified appearance), reduced Nox2 expres-
sion, reduced free radical production, and decreased overall
cytokine expression compared to vehicle, these changes do
not necessarily reflect neuroprotective status. This suggests
at least three possibilities: 1) Minocycline’s level of inflam-
matory suppression may be insufficient for effective neuro-
protection. 2) The nonselective inflammatory downregula-
tion exerted by minocycline in the INAION model system
may also effectively inhibit neuroprotective inflammatory
responses. 3) A depressed neuroinflammatory environment
needs to be achieved before neural insult. In the last case,
pretreatment is required to achieve RGC neuroprotection,
as noted in other models of RGC degeneration, and is not
appropriate for random ischemic events. It also remains an
open question as to which specific inflammatory factors are
involved in regulating the later stages of degeneration and
regeneration post-injury. Experimental approaches using
stronger global suppression in the affected region and selec-
tive differential immunomodulation may enable us to discern
which of these hypotheses are correct, potentially enabling
identification of more effective immunomodulatory strategies
for improving post-NAION treatment.
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