Molecular Neurobiology (2019) 56:7458-7472
https://doi.org/10.1007/512035-019-1608-0

®

Check for
updates

Critical Role of Monocyte Recruitment in Optic Nerve Damage
Induced by Experimental Optic Neuritis

Marcos L. Aranda’ - Diego Guerrieri? - Gonzalo Pifiero® - Maria F. Gonzalez Fleitas' - Florencia Altschuler’ -
Hernan H. Dieguez' - Maria I. Keller Sarmiento ' - Ménica S. Chianelli’ - Pablo H. Sande' - Damian Dorfman’ -
Ruth E. Rosenstein’

Received: 21 November 2018 / Accepted: 12 April 2019 /Published online: 1 May 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Neuroinflammatory diseases are characterized by blood-brain barrier disruption (BBB) and leukocyte infiltration. We investi-
gated the involvement of monocyte recruitment in visual pathway damage provoked by primary optic neuritis (ON) induced by a
microinjection of bacterial lipopolysaccharide (LPS) into the optic nerve from male Wistar rats. Increased Evans blue extrava-
sation and cellularity were observed at 6 h post-LPS injection. In WT-GFPp/WT chimeric rat optic nerves, the presence of GFP(+
) neutrophils and GFP(+) monocytes, and in wild-type rat optic nerves, an increase in CD11b*CD45'™ and CD11b*CD45"€" cell
number, were observed at 24 h post-LPS. Gamma-irradiation did not affect the increase in BBB permeability, but significantly
lessened the decrease in pupil light reflex (PLR), and retinal ganglion cell (RGC) number induced by LPS. At 6 h post-LPS, an
increase in chemokine (C-C motif) ligand 2 (CCL2) immunoreactivity co-localized with neutrophils (but not microglia/
macrophages or astrocytes) was observed, while at 24 h post-injection, an increase in Iba-1-immunoreactivity and its co-
localization with CCL2 became evident. The co-injection of LPS with bindarit (a CCL2 synthesis inhibitor) lessened the effect
of LPS on PLR, and RGC loss. The treatment with etoposide or gadolinium chloride that significantly decreased peripheral
monocyte (but not neutrophil or lymphocyte) percentage decreased the effect of LPS on PLR, and RGC number. Moreover, a
negative correlation between PRL and monocyte (but not lymphocyte or neutrophil) percentage was observed at 7 days post-
LPS. Taken together, these results support that monocytes are key players in the initial events that take place during primary ON.
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Introduction

Optic neuritis (ON), the most common optic neuropathy af-
fecting young adults, involves inflammation, demyelination,
and axonal injury in the optic nerve, which leads to retinal
ganglion cell (RGC) loss and visual dysfunction [1]. The typ-
ical clinical presentation includes unilateral visual loss, affer-
ent pupillary defect, abnormal visual evoked potentials
(VEPs), and periocular or retro-orbital pain in association with
eye movement. Vision loss is quite variable and ranges from
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mild to no light perception [1, 2]. Most patients show reduced
contrast sensitivity and dyschromatopsia, which are often out
of proportion to the visual acuity deficit. Although ON can be
associated with neuromyelitis optica, multiple sclerosis (MS),
and its validated experimental model, experimental autoim-
mune encephalomyelitis (EAE), the etiology varies, including
inflammation, infections, toxic reasons, and genetic disorders
[1, 2]. In most ON cases, the responsible etiology may not be
known and in this case, it is termed idiopathic (or primary) ON
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[3]. Recently, we have developed a new experimental model
of primary ON in rats through a single microinjection of bac-
terial lipopolysaccharide (LPS) directly into the optic nerve
[4]. The microinjection of LPS induces a significant and per-
sistent decrease in pupil light reflex (PLR) and VEP ampli-
tude, as well as an increased optic nerve microglial/
macrophage reactivity that are already evident at 24 h post-
injection, without changes in the electroretinogram, signs of
systemic inflammation, or cerebral involvement. In addition,
astrocytosis, demyelination, and axon and RGC loss are ob-
served at 21 days post-LPS microinjection [4]. These results
support that the microinjection of LPS into the optic nerve
may serve as an experimental model of primary ON.
Neuroinflammatory diseases are characterized by blood-
brain barrier (BBB) disruption and increased leukocyte infil-
tration. Circulating leukocytes that migrate to sites of tissue
injury and infection are key players in inflammation by elim-
inating the primary inflammatory trigger and contributing to
tissue repair [5—8]. Nevertheless, it has been well established
that excessive or uncontrolled peripheral cell infiltration can
cause enhanced tissue injury. In this line, it has been demon-
strated that disruption of the BBB and immune cell infiltration
is an early pathophysiological hallmark of MS and EAE
which mediates demyelination and leads to axonal injury
[9-12], and strategies aimed at preventing the recruitment of
such immune cells can reduce axonal and myelin damage [11,
13]. In contrast, it has been shown that immune cell infiltration
occurs after optic nerve demyelination in EAE mice [14].
Therefore, there is still no conclusive evidence to support a
causal role for infiltrating peripheral immune cells in ON path-
ogenesis, and the contribution of leukocyte infiltration to ON
initiation and development is yet to be defined. In this study,
we investigated leukocyte recruitment in LPS-induced ON
and its consequences on visual pathway damage.

Materials and Methods
Animals

Male Wistar rats (" "Wistar) and homozygous fluorescent pro-
tein eGFP transgenic Wistar rats (°“""Wistar; Wistar-TgN
(CAG-GFP) 184ys) (300£50 g) were housed in a standard
animal room with food and water ad libitum under controlled
conditions of temperature (21 +2 °C), luminosity (200 Ix),
and humidity, under a 12-h light/12-h dark lighting schedule
(lights on at 8:00 AM). A total number of 140 male WTistar
were used for the experiments and they were distributed as
follows: 20 animals for Evans blue experiments, 10 animals
for hematoxylin and eosin (H&E) staining and immunohisto-
chemical studies, 5 animals for chimeric rat generation, 20
animals for flow cytometry, 20 animals for irradiation, 15
animals for studies using recombinant tissue plasminogen

activator (rtPA), 20 animals for bindarit treatment, and 30
animals for etoposide and gadolinium chloride treatment were
used. In addition, a total number of 5 eGFPyWistar rats were
used for chimeric rat generation.

Microinjections into the Optic Nerve

To induce experimental ON, animals were anesthetized with
ketamine hydrochloride (150 mg/kg) and xylazine hydrochlo-
ride (2 mg/kg) intraperitoneally administered. Animal’s head
was shaved and the skin was disinfected with povidone-iodine
(Pervinox). A lateral canthotomy was made to perform an
incision of 2-3 mm. Lacrimal glands and extraocular muscles
were dissected to expose 3 mm of the retrobulbar optic nerve
under a surgical microscope. The optic nerve sheaths were
opened longitudinally and a microinjection was performed
with a 30G needle attached to a Hamilton syringe
(Hamilton, Reno, NV, USA). The needle was inserted into
the optic nerve as superficially as possible, 2 mm posterior
to the globe, and 1 ul of 4.5 ug/ul Salmonella typhimurium
LPS (Sigma Chemical Co., St Louis, MO, USA) in pyrogen-
free saline, was injected for approximately 10 s. In the present
study, vehicle-injected optic nerve served as the control group
because in a previous study we found that vehicle injection per
se did not affect optic nerve function and histology [4]. After
injection, the skin incision was sutured and antibiotics were
topically administered to prevent infection. In some experi-
ments, rtPA (250 ng/ul, Actilyse®, Boehringer Ingelheim,
Buenos Aires, Argentina) was microinjected into the optic
nerve, following the procedure described for LPS microinjec-
tion, and in another set of experiments, bindarit (100 puM,
Abcam Inc., Buenos Aires, Argentina) was co-injected with
LPS.

Vascular Permeability

Vascular permeability was analyzed by albumin-Evans blue
complex leakage from optic nerve vessels, as previously de-
scribed [15, 16]. Briefly, animals were anesthetized and
intrajugulary injected with a solution of Evans blue (2% wt/
vol in phosphate buffer (PBS)). Immediately after injection,
animals turned visibly blue, confirming the dye uptake and
distribution. After 120 min, animals were deeply anesthetized
and intracardially perfused with saline solution and optic
nerves were obtained. Optic nerve microphotographs were
obtained using identical exposure time, brightness, and con-
trast settings. For each group, results were qualitatively ana-
lyzed by comparing five optic nerves per group.

Histological Evaluation

Animals were deeply anesthetized and intracardially perfused
with saline solution, followed by a fixative solution (4%
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paraformaldehyde in PBS, pH 7.4). Eye cups and optic nerves
were obtained from the optic nerve head to the optic chiasm
and post-fixed in fixative solution for 24 h at 4 °C. After
several washes, samples were dehydrated, cleared in butanol,
and embedded in paraffin. Serial longitudinal and transversal
sections (5 pm) were obtained using a microtome (Leica,
Leica Microsystems, Buenos Aires, Argentina). Some sec-
tions were used for histological analysis (H&E staining). For
each section, the average of four different sections was used as
the representative value. Sections were mounted and viewed
under an optic microscope (Nikon Eclipse E400, Tokyo,
Japan). Light microscopic images (200x) were digitally cap-
tured via a Nikon Coolpix S10 camera (Nikon, Tokyo, Japan).

Optic Nerve Digestion and Flow Cytometry

Optic nerves were cut into small pieces and enzymatically
digested in 500 pl of medium (DMEM, 10 mM HEPES,
16 pg/ml collagenase IV, 10 ug/ml DNase I, 5 mM Mg*?,
2.5 mM Ca*?) at 37 °C for 40 min with shaking (<
450 rpm). After adding one volume of PBS-EDTA (1 mM),
the remaining tissue was mechanically disaggregated by suc-
cessive passages through needles of decreasing caliber (18—
21-23-25G) and filtered with a 70-pum mesh. Then, cells were
centrifuged, washed, and stained with Zombie yellow viability
dye according to the manufacturer’s protocol (Biolegend, San
Diego, CA, USA). Non-specific antibody binding was
blocked by incubation for 10 min at room temperature in
heat-inactivated rat serum diluted 1:1 in eFACS buffer
(1 mM EDTA, 10% FCS). After washing, cells were incubat-
ed for 20-30 min at 4 °C with the following conjugated pri-
mary antibodies: Alexa™ 647 anti-rat CD45 and R-
Phycoerythrin anti-rat CD11b), both from Biolegend.
Finally, cells were washed, resuspended in 50 pl of PBS-
EDTA, and immediately analyzed. All centrifugation steps
were performed at 450 xg for 5 min at 4 °C, and washes were
done in eFACS buffer. At least 5 x 10> events per condition
were analyzed in a Becton-Dickinson FACSAriall™ flow
cytometer (San Jose, CA, USA). Compensation controls were
prepared with UltraComp eBeads™ (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s
protocol. Using FlowJo v10.0.8 software (FlowJo, Ashland,
OR, USA), doublets and dead cells were excluded, CD45"
cells were gated out and plotted against CD11b in order to
perform relative quantifications.

Immunohistochemical Studies

Antigen retrieval was performed by heating slices at 90 °C for
30 min in citrate buffer (pH 6.3). The following antibodies
were used: a goat anti-ionized calcium-binding adaptor mole-
cule 1(Iba-1) antibody (1:500; Abcam Inc., Buenos Aires,
Argentina), a mouse monoclonal anti-glial fibrillary acidic

@ Springer

protein (GFAP) antibody conjugated to Cy3 (1:1200; Sigma
Chemical Co., St Louis, MO, USA), a rabbit polyclonal anti-
chemokine (C-C motif) ligand 2 (CCL2) antibody (1:300;
Abcam Inc., Buenos Aires, Argentina), a mouse monoclonal
anti-CD3 antibody (1:200; Biolegend, San Diego, CA, USA),
a mouse monoclonal anti-CD20 antibody (1:200; Abcam Inc.,
Buenos Aires, Argentina), a donkey anti-rabbit secondary an-
tibody conjugated to Alexa 488 (1:500; Abcam Inc., Buenos
Aires, Argentina), a donkey anti-mouse secondary antibody
conjugated to Alexa 568 (1:500; Molecular Probes, Buenos
Aires, Argentina), and a donkey anti-goat secondary antibody
conjugated to Alexa 568 (1:500; Molecular Probes, Buenos
Aires, Argentina). Sections were immersed in 0.1% Triton
X-1001in 0.1 mol/1 PBS for 10 min, incubated with 2% normal
horse serum for 1 h for unspecific blockade, and then incubat-
ed overnight at 4 °C with the primary antibodies. After several
washings, secondary antibodies were added, and sections
were incubated for 2 h at room temperature. Regularly, some
sections were treated without the primary antibodies to con-
firm specificity. For each nerve, results obtained from four
separate regions were averaged, and the mean of five nerves
was recorded as the representative value for each group. For
RGC immunodetection, retinas were carefully detached and
flat-mounted with the vitreous side up in superfrost micro-
scope slides (Erie Scientific Company, Portsmouth, New
Hampshire, USA). Whole-mount retinas were incubated over-
night at 4 °C with a goat anti-Brn3a antibody (1:500; Santa
Cruz Biotechnology, Buenos Aires, Argentina). After several
washes, a donkey anti-goat secondary antibody conjugated to
Alexa 568 (1:500; Molecular Probes, Buenos Aires,
Argentina) was added, and incubated for 2 h at room temper-
ature. Finally, retinas were mounted with fluorescent mount-
ing medium (Dako, Glostrup, Denmark) and observed under
an epifluorescence microscope (BX50; Olympus, Tokyo,
Japan) connected to a video camera (3CCD; Sony, Tokyo,
Japan) attached to a computer running image analysis soft-
ware (Image-Pro Plus; Media Cybernetics Inc., Bethesda,
MD, USA). For each retina, results obtained from eight sepa-
rate quadrants (four from the center and four from the periph-
ery) were averaged, and the mean of five eyes was recorded as
the representative value. Immunofluorescence studies were
performed by analyzing comparative digital images from dif-
ferent samples by using identical exposure time, brightness,
and contrast settings.

Morphometric Analysis

All the images obtained were assembled and processed using
Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA)
to adjust brightness and contrast. No other adjustments were
made. For all morphometric image processing and analysis,
digitalized captured TIFF images were transferred to Image]
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software (National Institutes of Health, Bethesda, Maryland;
http://imagej.nih.gov/ij/).

Pupillary Light Reflex

Animals were dark-adapted for 2 h. The eye in which the
nerve was injected was stimulated with high-intensity light
(1200 Ix) for 30 s, and PRL was recorded in the contralateral
(intact) eye (i.e., consensual PLR). The recordings were made
under infrared light with a digital video camera (Sony DCR-
SR60, Tokyo, Japan) as previously described [14, 16]. The
sampling rate was 30 frames per second. Images were ac-
quired with OSS Video Decompiler Software (One Stop
Soft, New England, USA). The results were expressed as the
percentage of the pupil contraction before (steady state) and
30 s after the light pulse.

Bone Marrow Depletion by Gamma Irradiation

Animals were anesthetized as described above. Whole-body
gamma irradiation at 87.2 rad/s was performed in an IBL
437C irradiator (**’Cesium), manufactured by MikRon Inc.
(Wareham, MA, USA) in CEBIRSA (Buenos Aires,
Argentina). The total irradiation dose was 9600 rads. During
irradiation, animals’ heads were covered with a 5-mm thick
lead protective helmet. Irradiation was performed at 2 days
before vehicle, LPS, or rtPA injection (Fig. 1). The irradiation
protocol was performed as previously described [17].

Fig. 1 Time-line diagrams for

Generation of Chimeric Rats

WTWistar rats were anesthetized and irradiated as described
above. The next day, eGFPyWistar rats were euthanized and
bone marrow cells were harvested from the femur and tibia.
Bone marrow cells (5 x 10 cells) were injected via the jugular
vein in irradiated YT Wistar rats. Four weeks after, the pres-
ence of GFP(+) leukocytes in blood samples from WT-GFPp/
WT chimeric rats were analyzed by blood smears and flow
cytometry (BD Accuri™ C6 Plus in FL1 channel). At 6 weeks,
rats were injected with vehicle or LPS in the optic nerve while
the contralateral optic nerve remained intact. Animals were
euthanized at 1 day post-injection of vehicle or LPS for histo-
logical evaluation.

Etoposide and Gadolinium Chloride Treatments

Animals were intraperitoneally injected with etoposide
(2 mg/kg, Microsules, Buenos Aires, Argentina) at days — 3,
-2,-1,0, 2, 4, and 6 post-LPS), or gadolinium chloride
(5 mg/kg in 0.6% NaCl, Sigma Chemical Co., St Louis,
MO, USA) at days — 1, 0, 2, 4, and 6 post-LPS, or vehicle
(0.9% NaCl), as shown in Fig. 1. Blood samples were obtain-
ed from the tail vein at 0, 4, 7, and 21 days post-injection, and
leukocyte populations were analyzed by flow cytometry (BD
Accuri™ C6 Plus). Results were expressed as percentage of
total counts. PLR was measured at 7 and 21 days post-injec-
tion, and a total of 15 animals (five animals per treatment)
were euthanized at 21 days post-injection of vehicle or LPS
for histological evaluation.
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Statistical Analysis

Animals were assigned randomly to various experimental
groups (using a random number generator: http://www.
randomizer.org/form.htm). The data collected was processed
randomly and appropriately blocked. Experimenters were
blind to group and outcome assignment, and an appropriate
sample size was computed when the study was being
designed. Statistical analysis of results was performed by
one- or two-way analysis of variance (ANOVA), followed
by Tukey’s test. Significance was set at P values below 0.05
for all analyses, and values are expressed as mean =+ standard
error (SE).

Results

In order to analyze the effect of experimental ON on BBB
integrity, Evans blue was intravenously administered to
naive animals or animals in which one optic nerve was
injected with vehicle and the contralateral optic nerve received
LPS. In naive and vehicle-injected optic nerves, the dye was
exclusively observed within the vessel lumen, with very low
background fluorescence levels. In LPS-injected optic nerves,
a generalized leakage of the Evans blue-albumin complex was
observed already at 6 h, and persisted at 24 h and 7 days post-
injection (Fig. 2A). In addition, focal dye leakages from

a

Fig. 2 Effects of LPS on BBB permeability. Representative
epifluorescent images of naive, vehicle- or LPS-injected optic nerves
after intravascular perfusion with Evans blue. Shown are images
representative of five optic nerves per group. Panel A: In naive and
vehicle-injected optic nerves, the dye was exclusively observed within
the vessel lumen, with very low background fluorescence levels. In LPS-
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superficial vessels were observed in LPS-injected optic nerves
at 24 h post-LPS (Fig. 2B). To assess cellularity, optic nerve
longitudinal sections were stained with H&E (Fig. 3A).
Nucleus number was increased in LPS-injected optic nerves
as early as 6 h, and persisted at 24 h post-injection, as com-
pared with vehicle-injected optic nerves. To dissect the con-
tribution of peripheral leukocyte infiltration versus resident
immune cells, WT-GFPp/WT chimeric rats were developed
(Fig. 3B, C). In addition, flow cytometry studies were per-
formed in wild type Wistar rats, as shown in Fig. 3D. GFP(+
) neutrophils and GFP(+) monocytes were observed in LPS-
injected optic nerve longitudinal sections from WT-GFP™ —

WT chimeric rats (Fig. 3C), whereas no GFP(+) cells were
identified in vehicle-injected optic nerves. The presence of T
or B cells in the optic nerve was not evident at 24 h post-LPS,
as demonstrated by the absence of immunoreactivity for CD3
and CD20, respectively (data not shown). LPS injection in-
duced a significant increase in the number of CD11b*CD45""
(microglia) cells at 6 h and 24 h post-LPS, while the number of
CD11b*CD45"" (macrophage) cells significantly increased
at 24 h (but not 6 h) post-injection. To analyze the influence of
leukocyte infiltration on optic nerve damage induced by ex-
perimental ON, W Wistar rats bearing a lead shield to protect
their heads and eyes were gamma-irradiated, and 2 days after
irradiation, animals were injected with vehicle in one optic
nerve and LPS in the contralateral optic nerve. Irradiation
did not affect the increase in BBB permeability at 6 h post-

b

injected optic nerves, a generalized leakage of the Evans blue-albumin
complex was observed already at 6 h and persisted at 24 h and 7 days
post-injection. Panel B: superficial optic nerve vessels from naive or LPS-
injected animals at 24 h post-injection. Note focal dye leakages in LPS-
injected optic nerves that were not observed in intact optic nerves
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Fig. 3 Effect of LPS on optic nerve cellularity. Panel A: optic nerve
longitudinal sections stained with H&E from vehicle or LPS-injected
animals at 6 and 24 h post-injection. An increased nucleus number was
detected in LPS-injected optic nerves as early as 6 h, and persisted at 24 h
post-injection, as compared with vehicle-injected optic nerves. Panel B:
Schematic representation of WT-GFP* — WT chimeric rat generation.
Panel C: Optic nerve longitudinal sections from WT-GFP* — WT
chimeric rats at 24 h post-LPS showing the presence of GFP(+)
neutrophils, and GFP(+) monocytes viewed with low (upper panel) and
high (lower panel) magnification (arrow: neutrophils, arrowhead:

injection (Fig. 4A), but lessened the decrease in PLR (Fig. 4B)
and Brn3a(+) RGC number (Fig. 4C) induced by LPS at
21 days post-injection. Tissue-type plasminogen activator
(tPA) is a serine protease well known to promote fibrinolysis;
however, it has been shown that independently of its throm-
bolytic activity, tPA can directly affect BBB integrity [18-23].
Therefore, in order to further analyze the consequences of

monocytes). Panel D: Microglia (CD11b"CD45'°%) and macrophage
(CD11b*CD45"2") analysis by flow cytometry in wild type rats. LPS
injection induced a significant increase in the number of
CD11b*CD45"% (microglia) cells at 6 h and 24 h post-LPS, while the
number of CD11b*CD45"" (macrophage) cells significantly increased at
24 h (but not 6 h) post-injection. Data are the mean + SEM (n = 5 animals
per group). One-way ANOVA, microglia: Fineraction (2,12 17.32;
macrophages: F ineeraction 2,12y 46.95; *¥*P<0.001, ***P<0.001 vs.
naive animals, ¢: P <0.001 vs. 6 h post-LPS, by Tukey’s test

BBB disruption and leukocyte recruitment, rtPA was
microinjected into the optic nerve. At 6 h post-injection,
rtPA increased BBB permeability (Fig. 5A), and at 21 days
post-injection, rtPA significantly decreased PLR (Fig. 5B) and
Br3a(+) RGC number (Fig. 5C). Animal irradiation lessened
the effect of rtPA on light-induced pupil constriction and
Bm3a(+) RGC number (Fig. 5A, B, respectively).
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Vehicle LPS

Gamma irradiation
(6 h post-injection)

Fig. 4 Effect of LPS and irradiation on optic nerve damage induced by
experimental ON. Panel A: optic nerve BBB permeability analysis by
Evans blue perfusion. Irradiation did not affect the increase in BBB
permeability induced by LPS at 6 h post-injection. Shown are images
representative of five optic nerves per group. Panel B: The pupil
diameter (relative to the limbus diameter) was measured at 21 days after
vehicle or LPS injection into the optic nerve from non-irradiated or
irradiated animals, and the percentage of pupil constriction was
calculated in the contralateral eye whose optic nerve remained intact. In
non-irradiated animals, LPS induced a significant decrease in the average
of pupillary constriction in response to a light flash (1200 Ix), while
irradiation completely prevented the effect of LPS on PLR. Panel C:

Chemokines play crucial roles in leukocyte trafficking into
the CNS. At 6 h post-LPS, an increase in CCL2-
immunoreactivity that co-localized with cells morphologically
similar to neutrophils, but not microglia/macrophages (Iba-1(+)
cells) or astrocytes (GFAP(+) cells), was observed in longitu-
dinal optic nerve sections (Fig. 6). Notably, LPS decreased
GFAP-immunoreactivity and did not affect Iba-1-
immunostaining at 6 h post-LPS, while at 24 h post-injection,
an increase in Iba-1-immunoreactivity and its co-localization
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Effect of irradiation and LPS injection on RGCs number.
Representative photomicrographs of Brn3a-immunostaining in flat-
mounted retinas whose optic nerves from non-irradiated or irradiated
animals were injected with vehicle or LPS. In non-irradiated animals,
LPS injection induced a significant decrease in Brn3a(+) RGC cell
number, while irradiation significantly decreased the effect of LPS on
this parameter. Data are the mean £ SEM (n=35 animals per group).
Two-way ANOVA, panel B: Fiyeraction 2,24y 7.43 P <0.01; panel C:
Finteraction 2,24y 25.03 P<0.001. **#P<0.01, vs. vehicle-injected optic
nerves from non-irradiated animals; b: P<0.01, ¢: P<0.001 vs. LPS-
injected optic nerves from non-irradiated animals, by Tukey’s test

with CCL2 became evident (Fig. 6). The co-injection of LPS
with bindarit (a CCL2 synthesis inhibitor) which decreased
CCL2 levels in the optic nerve at 6 h post-injection (Fig. 7A)
significantly lessened the effect of LPS on PLR (Fig. 7B), and
Brn3a(+) RGC loss at 21 days post-injection (Fig. 7C).
Etoposide and gadolinium chloride are chemotherapeutic
agents able to deplete circulating monocytes [24, 25]. The ef-
fect of irradiation, etoposide (injected at days —3,—2,— 1,0, 2,
4, and 6 post-LPS), or gadolinium chloride (injected at days —1,
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Fig. 5 Effect of rtPA and irradiation on experimental ON. Panel A: rtPA
increased optic nerve BBB permeability at 6 h post-injection. Shown are
images representative of five optic nerves per group. Panel B:
Representative images of the consensual PLR (i.e., the pupil contraction
of one eye, when the contralateral eyes was stimulated with light). Panel
C: Representative photomicrographs of Brm3a-immunostaining in flat-
mounted retinas. Panel D: Quantification of light-induced pupil
constriction percentage, and Brn3a(+) RGC number. In non-irradiated

0, 2, 4, and 6 post-LPS) on monocyte, neutrophil, and lympho-
cyte percentage in naive, vehicle (instead of etoposide or gad-
olinium chloride), or LPS-injected animals, at days 0, 4, 7, and
21 post-injection is depicted in Table 1. The effect of irradiation
on leukocyte number was only assessed at 7 days post-injection
to minimize the manipulation of immune-suppressed animals.
The treatment with etoposide or gadolinium chloride that sig-
nificantly decreased peripheral monocyte (but not neutrophil or
lymphocyte) percentage at days 0, 4, and 7 (but not 21) post-
LPS (Table 1) significantly decreased the effect of LPS on PLR
(Fig. 8A, and Online Resource 1), and RGC number (Fig. 8B,
and Online Resource 1) at 21 days post-LPS. Figure 8C shows
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animals, rtPA significantly decreased PLR, and RGC number at 21 days
post-injection, while irradiation lessened the effect of rtPA on these
parameters. Data are the mean + SEM (n =35 animals per group). Two-
way ANOVA, panel B: Fiyeraction 2,24y 743 P <0.01; panel C: Fiperaction
@24y 25.03 P<0.001. *P<0.05, **P<0.01, vs. vehicle-injected optic
nerves; ¢: P<0.001 vs. rtPA-injected optic nerves; #: P <0.05 vs. rtPA-
injected optic nerves from non-irradiated animals, by Tukey’s test

a correlation between monocyte, lymphocyte, and neutrophil
percentage and the consensual PLR at 7 days post-LPS. A
negative correlation between PRL and monocyte (but not lym-
phocyte or neutrophil) percentage was evident.

Discussion

The present results support that monocyte recruitment into the
optic nerve plays a critical role in the visual pathway damage
induced by experimental primary ON in male rats. ON in-
duced by LPS microinjection into the optic nerve provoked
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Fig. 6 Effect of LPS on CCL2-immunoreactivity in the optic nerve.
Representative photomicrographs showing Iba-1-, GFAP-, and CCL2-
immunoreactivity in optic nerve longitudinal sections. Shown are
images representative of five optic nerves per group. An increase in
CCL2-immunoreactivity co-localized with cells morphologically similar

BBB disruption, and increased cellularity, which were already
evident at 6 h post-injection. In the CNS, innate immune sur-
veillance is mainly coordinated by microglia. These CNS res-
ident myeloid cells are assumed to help orchestrate the im-
mune response against brain infections [26]. In LPS-induced
ON, the increase in Iba-1-immunoreactivity starts at 24 h (but
not 6 h) and persists until day 21 post-injection [4]. Iba-1 is
expressed in microglia and monocyte-derived macrophages
which are morphologically indistinguishable from each other.
A commonly used non-genetic approach to discern microglia
from recruited monocyte-derived cells during disease consists
in generating GFP bone marrow chimeras. As shown herein,
the presence of GFP(+) neutrophils and GFP(+) monocytes
was observed at 24 h post-LPS, a time point at which an
increase in the number of both CD11b*CD45'" and
CD11b*CD45"€" cells was shown by flow cytometry studies
in wild-type animals. It should be noted that flow cytometry
studies revealed an increase in CD11b*CD45'°Y (microglia)
cell number at 6 h post-LPS, which was not observed by
immunohistochemical labeling of Iba-1, a conspicuous mark-
er for microglia/macrophages. Currently, the reasons for this
discrepancy are not clear. However, it seems likely that a dif-
ferent sensitivity and the use of different markers for each one
of these assays could account for it. Taken together, these
results suggest that at 6 h post-injection, the increased cellu-
larity could be attributed to infiltrated neutrophils and
CD11b"CD45™Y cells, while at 24 h post-LPS, a mixed

@ Springer

to neutrophils (white arrows), but not with microglia/macrophages or
astrocytes was observed at 6 h post-LPS. LPS decreased GFAP-
immunoreactivity and did not affect Iba-1-immunostaining at 6 h post-
injection, while at 24 h, an increase in Iba-1-immunoreactivity and its co-
localization with CCL2 became evident (white arrows)

contribution of neutrophils, monocyte-derived macrophages,
and microglial cell proliferation could increase cell number in
the optic nerve. In the spinal cord of EAE mice, neutrophils
are among the first inflammatory cells recruited into the CNS
[9], and monocyte-derived macrophages constitute the largest
proportion of cells identified in inflammatory infiltrates in the
optic nerve during all stages of EAE-ON [27]. In addition, it
has been demonstrated that LPS induces an early recruitment
of neutrophils in the CNS [28] and that the depletion of pe-
ripheral blood monocytes attenuates neuroinflammation in-
duced by LPS injection [29]. In contrast with our results, it
has been shown that in EAE-ON, microglial cell activation
occurs well ahead of leukocyte infiltration [30], suggesting
that the course of ON may vary depending on the induction
mechanism of the disease. EAE-ON that involves an immune-
mediated demyelination process differs from LPS-induced
ON in several aspects [4]. Therefore, it seems not surprising
to find also differences between these experimental models
regarding the events involved in the course of the experimen-
tal disease.

The hypothesis that LPS-induced monocyte recruitment
contributed to the visual pathway damage was supported by
the fact that a single dose of gamma-irradiation before LPS
microinjection that significantly decreased peripheral mono-
cyte, neutrophil, and lymphocyte percentage, robustly de-
creased the effect of ON on PLR and RGC number. It has
been demonstrated that neutrophil depletion leads to a marked
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Fig. 7 Effect co-injection of LPS with bindarit on damage induced by
experimental ON. Panel A: Representative photomicrographs showing
CCL2-immunoreactivity in longitudinal sections of optic nerves that
received LPS or LPS + bindarit, at 6 h post-injection. Shown are
images representative of five optic nerves per group. Bindarit that
showed no effect in vehicle-injected optic nerves, avoided the up-
regulation of CCL2 induced by LPS. Panel B: Representative images of
the consensual PLR and quantification of pupil constriction percentage.

decrease in vascular leakage in the spinal cord from EAE mice
[9]. In contrast, in our experimental setting, LPS provoked an
increase in BBB permeability even in irradiated animals,
supporting that BBB integrity loss per se was not enough to
induce visual pathway damage, and that the early LPS-
induced disruption of the BBB in the optic nerve did not
depend on peripheral cell infiltration, but likely on local pro-
cesses. The exact mechanisms by which LPS injection in the
optic nerve cause BBB disruption remain under investigation.
It has been shown that LPS induces various cytokines and
other inflammatory mediators, which contribute to disruption
of the BBB [31, 32]. We have previously shown that LPS
injection into the optic nerve provokes an increase in nitric
oxide synthase 2, cyclooxygenase-2, interleukin-1f3, and

Bindarit completely avoided the effect of LPS on PRL at 21 days post-
injection. Panel C: Representative photomicrographs of Brn3a-
immunoreactivity in flat-mounted retinas and quantification of Brn3a(+)
RGC number. Bindarit significantly avoided RGC loss induced by LPS.
Data are the mean + SEM (n = 5 animals per group). Two-way ANOVA,
PLR: Finterz\ction (1,16) 10.74 P<0.01; Br;13a(+): Finteraction 1,16y 40.58
P<0.001. *¥*P <0.01, vs. vehicle-injected optic nerves; b: < 0.01: c:
P <0.001 vs. LPS-injected optic nerves, by Tukey’s test

TNF« levels [33, 34]. Therefore, without excluding the in-
volvement of other mechanisms [31], it is tempting to specu-
late that these inflammatory signals could account for the
BBB disruption induced by LPS. The involvement of BBB
disruption and leukocyte recruitment in visual pathway dam-
age was also demonstrated through a single microinjection of
rtPA into the optic nerve. As already mentioned, rtPA can
degrade the BBB likely through an increase in matrix metal-
loproteinases, without degradation of the vascular basement
membrane [18, 19], and as such, rtPA was used to induce a
sterile BBB disruption, and subsequent peripheral blood cell
infiltration [20-23]. Consistently with the effect of LPS, rtPA
microinjected into the optic nerve induced a significant de-
crease in PLR and RCG number at 21 days post-injection.
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Table 1 Effect of irradiation,

etoposide, and gadolinium Parameter Treatment 0 days post- 4 days post- 7 days post- 21 days post-
chloride on lymphocyte, injection injection injection injection
monocyte, and neutrophil
percentage Lymphocytes ~ Naive 10.01+0.78
Vehicle 9.90+0.81
Irradiation 3.94+1.91%*
Etoposide ~ 8.38 +£2.45 14.92 + 0.43 15.60 +2.18 6.88 +3.50
GdCl, 2.80 £ 0.05 16.95 + 6.32 18.50 + 1.91 1523 +2.75
Monocytes Naive 321+£048
Vehicle 3.01+0.30
Irradiation 0.77+0.20 **
Etoposide ~ 0.55 + 0.20%* 0.75 £ 0.22%* 1.80 + 0.20%* 5.66 + 0.55%
GdCl, 0.24 + 0.07** 1.50 + 0.10%* 1.60 + 0.40%* 5.68 + 0,60%*
Neutrophils Naive 2.97+0.32
Vehicle 3.10+0.40
Irradiation 1.07 £0.40%*
Etoposide ~ 3.77 + 1.82 2.10 £ 047 3.61 £147 1.51 £0.55
GdCl, 2.62 +1.37 1.92 + 0.60 374 +1.13 1.99 +0.73

Blood samples from irradiated animals were obtained at 7 days post-injection of LPS. Blood samples from
etoposide- and gadolinium chloride-treated animals were obtained at 0, 4, 7, and 21 days post-injection of LPS.
Data are the mean of total count percentage + SEM (n =15 animals per group). One way ANOVA, Monocytes
(irradiation): Finteraction 4,4y 4.76 P <0.01; Monocytes (etoposide): Finteraction (4,20 33.62 P < 0.001; Monocytes
(gadolinium chloride): Fineraction 4,20y 28.62 P < 0.001; Lymphocytes (irradiation): Fiperaction 4.4y 5.99 P <0.05;
Neutrophils (irradiation): Finteraction 4.4y 1.56 P<0.01i ¥*P < 0.05, **P <0.01, vs. naive animals, by Tukey’s test

Although it has been demonstrated that rtPA activates microg-
lia [35, 36] and induces excitotoxic neuronal degeneration
[36-39], the present results support that the effect of rtPA on
the visual pathway could be attributable not only to BBB
disruption but also to leukocyte infiltration, as shown by the
fact that irradiation significantly decreased the effect of rtPA
on PLR and RGC number at 21 days post-rtPA. Glaucoma and
ON are the two major degenerative causes of optic nerve
damage [39], and a common feature of these optic neuropa-
thies is RGC loss and axonal damage. It has been shown that
radiation protects from glaucoma by preventing the entry of
monocytes into the eye [40], supporting another common fea-
ture between these neuropathies.

The chemokine CCL2 (formerly called Monocyte
Chemoattractant Protein 1) is a critical mediator of inflamma-
tion in several neuroinflammatory diseases, including MS,
EAE [41], and Alzheimer’s disease [42], among many others.
Although its precise mechanism of action remains to be elu-
cidated, it has been demonstrated that CCL2 stimulates mono-
cyte migration into the CNS [43—46] and induces microglial
cell proliferation [47]. LPS induces CCL2 upregulation in the
rat brain [48, 49], hypothalamus [50], and retina [51], as well
as CCL2 secretion by neutrophils [52]. In this line, an increase
in CCL2-immunoreactivity co-localized with neutrophils, but
not with Iba-1(+) cells, or astrocytes was observed at 6 h post-
LPS, while at 24 h, a co-localization of Iba-1(+) cells (microg-
lia/macrophages) and CCL2 was evident. It has been demon-
strated that global knockout [53] or antibody depletion of

@ Springer

CCL2 [54] decreases induction and progression of EAE by
reducing monocyte infiltration in the spinal cord, or in the eye,
respectively, and that the receptor for CCL2, CCR2, is
expressed on a subset of inflammatory monocytes that traffic
to inflammation sites, playing a role in animal models of in-
fection and atherosclerosis [55—57]. Thus, we hypothesize that
blocking CCL2 expression could protect the visual pathway
from ON-induced damage. Bindarit is a small, synthetic
indazolic derivative that preferentially inhibits transcription
of the monocyte chemoattractant subfamily of CC
chemokines [58]. Through its ability to interfere with mono-
cyte recruitment, bindarit has shown clinical efficacy in a
broad array of experimental inflammatory, autoimmune, and
vascular disorders [59—63]. It has been demonstrated that
bindarit blocks LPS-induced CCL2 expression in the brain
and spinal cord [45]. As shown herein, a single dose of
bindarit co-injected with LPS that decreased CCL2 upregula-
tion at 6 h post-injection, reduced functional (PLR) and struc-
tural (RGC number) consequences of ON at 21 days post-
LPS, supporting that an early CCL2 upregulation plays a
key role in optic nerve damage. Notwithstanding, since
bindarit also blocks the expression of CCL7 and CCLS8 [58],
the involvement of these chemokines in ON-induced damage
cannot be ruled out.

A relatively early treatment with etoposide or gadolinium
chloride that decreased peripheral monocyte percentage up to
7 days post-injection also protected the PLR and RGC number
from the damage induced by experimental ON at 21 days
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Fig. 8 Influence of monocytes on optic nerve damage induced by ON.
Panels A and B: effect of etoposide and gadolinium chloride
administration on PLR and RGC number at 21 days post-LPS,
respectively. Etoposide and gadolinium chloride significantly prevented
the effect of LPS on PLR and RGC number at 21 days post-injection.
Panel C: correlation between monocyte, lymphocyte, and neutrophil
percentage and the PLR at 7 days post-LPS. A negative relationship

post-LPS. In addition, a negative correlation between PLR
and peripheral monocyte (but not lymphocyte and neutrophil)
percentage in irradiated animals or animals treated with
etoposide or gadolinium chloride at 7 days post-LPS further
confirmed a key role of this cell type in visual pathway alter-
ations induced by experimental ON. In agreement, it has been
demonstrated that macrophage depletion in acute EAE leads
to a complete suppression of clinical signs [10, 64]. At pres-
ent, we do not have any explanation for the increase in

Neutrophils (% of total counts)

between the PLR and monocyte (but not lymphocyte or neutrophil)
percentage was evident. Data are the mean + SEM (n =5 animals per
group). Two-way ANOVA, PLR: Fipcraction(1,16)° 17.22 P<0.001;
Brn3a(t): Finteraction (1,16 11,56 P<0.01. ** P<0.01, vs. vehicle-
injected optic nerves; a: <0.05: ¢: P<0.001 vs. LPS-injected optic
nerves, by Tukey’s test

neutrophil percentage induced by etoposide and gadolinium
chloride at 21 days. However, a compensatory mechanism
operating at 2 weeks after stopping these treatments cannot
be ruled out.

It should be noted that the protection from RGC loss was
not complete with any of the treatments explored herein.
Therefore, it is reasonable to believe that a remnant monocyte
infiltration even after these treatments or the occurrence of
other mechanisms besides monocyte-mediated events, could
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also contribute to RGC loss. At present, additional mecha-
nisms leading to RGC damage in ON are being analyzed.

Understanding the timing and mechanisms of axonal injury
and neuronal cell death induced by ON is important for de-
veloping potential neuroprotective therapies to prevent perma-
nent vision loss. This study supports the following sequence
of events at early stages of ON-induced by LPS: BBB disrup-
tion, neutrophil recruitment, CCL2 upregulation in neutro-
phils (later on in microglia/macrophages), and consequently,
recruitment of monocytes, which seem to be key players in
visual damage, as demonstrated herein through four different
experimental strategies (irradiation, bindarit, etoposide, or
gadolinium chloride treatments). Although the events that oc-
cur before and after these steps should be examined in detail,
these results support the paradigm that primary ON is trig-
gered by inflammatory events associated with an early mono-
cyte infiltration. If correct, the manipulation of CCL2 expres-
sion or other strategies aimed at reducing monocyte recruit-
ment into the optic nerve may prove effective against primary
ON-induced visual loss.
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