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Optic neuritis (ON) is a condition involving primary inflammation, demyelination, and axonal injury in the optic
nerve which leads to retinal ganglion cell (RGC) loss, and visual dysfunction.We investigated the ability of a sin-
gle microinjection of bacterial lipopolysaccharide (LPS) directly into the optic nerve to induce functional and
structural alterations compatible with ON. For this purpose, optic nerves from male Wistar rats remained intact
or were injected with vehicle or LPS. The effect of LPS was evaluated at several time points post-injection in
terms of: i) visual pathway and retinal function (visual evoked potentials (VEPs) and electroretinograms,
(ERGs), respectively), ii) anterograde transport from the retina to its projection areas, iii) consensual pupil
light reflex (PLR), iv) optic nerve histology, v) microglia/macrophage reactivity (by Iba-1- and ED1-
immunostaining), vi) astrocyte reactivity (by glial fibrillary acid protein-immunostaining), vii) axon number
(by toluidine blue staining), vii) demyelination (by myelin basic protein immunoreactivity and luxol fast blue
staining), viii) optic nerve ultrastructure, and ix) RGC number (by Brn3a immunoreactivity). LPS induced a sig-
nificant and persistent decrease in VEP amplitude and PLR, without changes in the ERG. In addition, LPS induced
a deficit in anterograde transport, and an early inflammatory response consisting in an increased cellularity, and
Iba-1 and ED1-immunoreactivity in the optic nerve, which were followed by changes in axonal density,
astrocytosis, demyelination, and axon and RGC loss. These results suggest that the microinjection of LPS into
the optic nerve may serve as a new experimental model of primary ON.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Optic neuritis (ON), the most common optic neuropathy affecting
young adults, is a condition involving primary inflammation, demyelin-
ation, and axonal injury in the optic nerve which leads to retinal gangli-
on cell (RGC) loss and visual dysfunction (reviewed by Toosy et al.,
2014). Typically, ON affects young adults ranging from 18 to 45 years
of age, and also children as young as 4 years (Wilejto et al., 2006). The
annual incidence of ON is approximately 5 in 100,000,with a prevalence
estimated to be 115 in 100,000 (Martínez-Lapiscina et al., 2014). Clinical
features of ON include peri- or retro-ocular pain accentuated by eye
movement, abnormal visual acuity and field, reduced color vision, a rel-
ative afferent pupillary defect, and abnormal visual evoked potentials
(VEPs) (Hickman et al., 2002; Toosy et al., 2014). The funduscopy may
appear normal or demonstrate edema of the optic nerve head
(papillitis) (Costello, 2013; Kaufman et al., 2000). The visual deficit of
ON may worsen over 1 to 2 weeks, and usually begins improving over
uímica Humana, Facultad de
T, Paraguay 2155, 5P, (1121),
the next months. However, although the majority of patients recover
after several weeks, in ~40% of these patients, vision loss remains per-
manent (Beck et al., 1992; Horstmann et al., 2013). In addition, even if
visual acuity fully improves, most patients have some residual visual
function deficits such as disturbances of visual acuity, contrast sensitiv-
ity, color vision, visual field, stereopsis, pupillary reaction, and VEPs
(Kupersmith et al., 1983; Kaufman et al., 2000). Some studies indicate
that the loss of vision after an episode of ON correlates with retinal gan-
glion cell (RGC) death (Costello et al., 2006; Trip et al., 2005).

ON hasmany causes; it may be associated to a range of autoimmune
or infectious diseases (Horwitz et al., 2014), and it is closely linked to
multiple sclerosis (MS). In fact, ON is the initial symptom of MS in 25%
of cases and may occur during the disease in about 70%, usually in the
relapsing-remitting phase (Toosy et al., 2014). In addition, a broad
range of conditions can give rise to or mimic ON. Several infectious
and systemic diseases such as sarcoidosis (Constantino et al., 2000),
systemic lupus erythematosus (Frigui et al., 2011), and inflammatory
bowel disease (Felekis et al., 2009), as well as HIV (Kallenbach
and Frederiksen, 2008), and Lyme disease (Blanc et al., 2010), among
others, (Eggenberger, 2001; Hickman et al., 2002) have been reported
to cause ON. On the other hand, acute ON often occurs as an isolated
clinical event without contributory systemic abnormalities, and it is
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retrospectively diagnosed as idiopathic (or primary) ON (Optic Neuritis
Study Group, 2008; Hickman et al., 2002). Based on the clinical associa-
tion between MS and ON, the most commonly used experimental
model for ON studies is experimental autoimmune encephalomyelitis
(EAE), an established model of human MS, which involves an
immune-mediated demyelination process. EAE-ON can be induced by
immunization with different myelin antigens, such as myelin basic pro-
tein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte gly-
coprotein (MOG) (Furlan et al., 2009; Simmons et al., 2013; Rangachari
and Kuchroo, 2013). In fact, when it is associatedwithMS, ON occurs as
an inflammatory demyelinating disorder of the optic nerve (Toosy et al.,
2014). However, since the optic nerve lesions in EAE are always associ-
ated with inflammation and demyelination of the brain and spinal cord,
this model does not mimic the primary form of ON. Moreover, the optic
nerve damage in EAE is relatively unpredictable, with different animals
developing varying severities of ON (Bettelli et al., 2003; Shindler et al.,
2006). Experimental ON was also induced by the injection of lysoleci-
thin, a major component of oxidized low-density lipoproteins, which
has a detergent effect on myelin and myelinating cells. Lysolecithin
has been successfully used to induce optic nerve demyelination in pri-
mates and rats (Lachapelle et al., 2005; You et al., 2011). However, al-
though the lysolecithin model reproduces the focal demyelination in
the optic nerve, this ONmodel lacks the primary inflammatory compo-
nent, which is a characteristic of human ON. Experimentally, inflamma-
tion can be induced in most tissues by the local injection of bacterial
lipopolysaccharide (LPS). LPS affectsmicroglia and astrocytes (reviewed
by Cunningham, 2013), and produces the activation of glial cells in vivo
after its intracerebral injection (Bourdiol et al., 1991; Herrera et al.,
2000). Moreover, a substantial demyelination resulting from the focal
inflammatory lesion caused by the injection of LPS directly into the rat
dorsal funiculus was demonstrated (Felts et al., 2005). However, the ef-
fect of LPS injection directly into the optic nerve has not been previously
examined. Therefore, we considered it worthwhile to analyze the con-
sequences of directly injecting LPS into the optic nerve in order to devel-
op an experimental model of primary ON.

Materials and methods

Animals

Male Wistar rats (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 lx), and humidity, under a
12-hour light/12-hour dark lighting schedule (lights on at 8:00 AM).
All animal procedures were in strict accordance with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research. The
ethic committee of the School of Medicine, University of Buenos Aires
(Institutional Committee for the Care and Use of Laboratory Animals,
(CICUAL)) approved this study, and all efforts were made to minimize
animal suffering.

Microinjection of LPS

Animals were anesthetized with ketamine hydrochloride
(150mg/kg) and xylazine hydrochloride (2mg/kg) administered intra-
peritoneally. 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 mus-
cles were dissected to expose 3 mm of the retrobulbar optic nerve
under a surgical microscope. The optic nerve sheaths were opened lon-
gitudinally and a microinjection was performed with a 30G needle at-
tached to a Hamilton syringe (Hamilton, Reno, NV, USA). The needle
was inserted into the optic nerve as superficially as possible, 2 mmpos-
terior to the globe, and 1 μl of 4.5 μg/μl Salmonella typhimurium LPS
(Sigma Chemical Co., St Louis, MO, USA) in pyrogen-free saline, was
injected for approximately 10 s. In some experiments, the contralateral
optic nerves were injected with the same volume of vehicle (pyrogen
free saline), whereas in another set of experiments, animals were
injected with vehicle or LPS in one optic nerve, while the contralateral
optic nerve remained intact. After the injection, the skin incisionwas su-
tured and antibiotics were topically administered to prevent infection.

Visual evoked potential recording

Animals were anesthetized as described above. Under stereotaxic
control, two stainless steel electrodes, used as positive electrodes,
were surgically placed 3 mm lateral to the inter-hemispheric suture
and 5.6 mm behind bregma penetrating the cortex to approximately
0.5 mm. Reference electrodes were placed 2 mm lateral to the midline
and 2 mm anterior to the bregma, as previously described (Belforte
et al., 2011). The electrodes were isolated and covered with dental
acrylic; skin was sutured with nylon 5/0, and antibiotics were adminis-
tered topically.

After 5 days of electrode implantation, animals were dark adapted
for 6 h, and anesthetized as described before. All recordings were
made within 20min after injection of anesthetic. The pupils were dilat-
ed with proparacaine (Alcon Midryl, Alcon Laboratories, Buenos Aires,
Argentina), and the cornea was intermittently irrigated with saline.
Each eye was individually recorded, occluding the contralateral eye
with black carbon paper and cotton, and an average of 70 stimuli was
recorded. Eyes were stimulated with unattenuated white light (1 Hz)
by a photostimulator with an intensity of 5 cd s/m2, with filters for
low and high frequencies (0.5 to 100 Hz, respectively) and a 12.5 mV
gain. The amplitude and latency of P1–N1 and N1–P2 components of
VEPs were assessed with software Akonic Bio-PC (Akonic, Buenos
Aires, Argentina) coupled to a PC.

Electroretinography

Electroretinograms (ERGs) were recorded as previously described
(Dorfman et al., 2013). Briefly, rats were dark-adapted for 6 h, and
anesthetized under dim red illumination. Pupils were dilated by
topical application of phenylephrine hydrochloride and tropicamide
(Anestalcon, Alcon Laboratories, Buenos Aires, Argentina), and the cor-
nea was intermittently irrigated with saline solution. Rats were placed
facing the stimulus at a distance of 20 cm. A reference electrode was
placed through the ear, a gold electrode was placed in contact with
the central cornea and a grounding electrode was attached to the tail.
Scotopic ERGs were recorded from both eyes simultaneously and 15 re-
sponses to flashes of unattenuatedwhite light (5ms, 0.2 Hz) from a full-
field/Ganzfeld stimulator (light-emitting diodes) set at maximum
brightness (5 cd s/m2 without filter) were amplified, filtered (1.5-Hz
low-pass filter, 1000 high-pass filter, notch activated) and averaged
(Akonic BIO-PC, Buenos Aires, Argentina). The a-wave and b-wave am-
plitude and latency were measured as previously described (Dorfman
et al., 2013).

Cholera toxin β-subunit transport studies

At 4 days post-injection of vehicle or LPS, rats were anesthetized,
and a drop of 0.5% proparacaine (Anestalcon, Alcon Laboratories,
Buenos Aires, Argentina) was topically administered for local anesthe-
sia. Using a 30G Hamilton syringe (Hamilton, Reno, NV, USA), 4 μl of
0.1% cholera toxinβ-subunit (CTB) conjugated to Alexa 488 dye (Molec-
ular Probes Inc., Eugene, OR, USA) in 0.1mol/l PBS (pH 7.4)was injected
into the vitreous, as previously described (Dorfman et al., 2013). The in-
jections were applied 1 mm from the limbus, and the needle was left in
the eye for 30 s to prevent volume loss. Three days after injection, rats
were anesthetized and intracardially perfused. Brains were carefully re-
moved, post-fixed overnight at 4 °C, and immersed in a graded series of
sucrose solutions for cryoprotection; coronal sections (40 μm)were ob-
tained using a freezingmicrotome (CM1850, Leica, LeicaMicrosystems,
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Buenos Aires, Argentina), mounted in glasses and viewed under an
epifluorescence microscope (BX50, Olympus, Duarte, CA, USA).

Pupillary light reflex

Animals were injected with vehicle or LPS in one optic nerve while
the contralateral optic nerve remained intact. The animals were dark-
adapted for 2 h. In some experiments, the eye in which the nerve was
injected with vehicle or LPS was stimulated with high intensity light
(1200 lx) for 30 s and pupil light reflex (PRL) was recorded in the con-
tralateral (intact) eye. In another set of experiments, the light stimulus
was applied into the intact eye, and the contraction of the pupil of the
contralateral eye (injected with vehicle or LPS) was recorded. The re-
cordings were made under infrared light with a digital video camera
(Sony DCR-SR60, Tokyo, Japan), as previously described (Fernandez
et al., 2013). The sampling rate was 30 frames per second. Images
were acquired 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.

Histological evaluation

Animals were deeply anesthetized and intracardially perfused with
saline, followed by a fixative solution (4% paraformaldehyde in phos-
phate buffer (PBS), pH 7.2). 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, the sampleswere dehydrated, cleared
in butyl-acetate and embedded in paraffin. Serial longitudinal and
transversal sections (5 μm) were obtained using a microtome (Leica,
Leica Microsystems, Buenos Aires, Argentina). Some sections were
used for histological analysis (hematoxylin-eosin (H&E) staining). The
total transverse area and the number of nuclei per section were mea-
sured.Measurements (×400)were obtained at 1mmdorsal and ventral
from the optic disk. The average thickness (in μm) of the total retina,
inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform
layer (OPL), outer nuclear layer (ONL), and photoreceptor outer
segments (OS) were measured. For each sample, the average of four
different sections was used as the representative value. After
deparaffinization, some sections were hydrated and immersed over-
night at 60 °C in 0.1% luxol fast blue (Biopack, Buenos Aires,
Argentina) in acidified 95% ethanol. Differentiation and counterstaining
were carried out with 0.01% Li2CO3 and incubation for 5 min in 0.5%
neutral red (Biopack, Buenos Aires, Argentina). Sections were mounted
and viewed under an optic microscope (Nikon Eclipse E400, Tokyo,
Japan). Lightmicroscopic images (200× and 1000×)were digitally cap-
tured via a Nikon Coolpix S10 camera (Nikon, Tokyo, Japan).

Semi-thin section processing

Anesthetized rats were intracardially perfused with saline solution,
followed by a fixative solution containing 4% formaldehyde and 2% glu-
taraldehyde in 0.1 mol/l PBS (pH 7.4). Optic nerves were carefully
removed, and portions (2mm) near the eye were obtained and embed-
ded in the same fixative solution for 24 h. After several washings, some
tissue blocks were post-fixed in 2% aqueous osmium tetroxide in sodi-
umphosphate buffer, for 1 h. Dehydrationwas accomplished by gradual
ethanol series, and tissue sampleswere embedded in epoxy resin. Semi-
thin sections (0.5 μm) obtained with an ultramicrotome (Ultracut E,
Reichert-Jung, Austria) were stained with toluidine blue, and used for
morphometric analysis. Light microscopic images (1000×) were digi-
tally captured using a Nikon Eclipse E400 microscope via a Nikon
Coolpix S10 camera (Nikon, Tokyo, Japan). Images obtained were as-
sembled and processed using Adobe Photoshop CS5 (Adobe Systems,
San Jose, CA, USA) to adjust brightness and contrast. Analysis image soft-
ware (Image J, National Institutes of Health, Bethesda, Maryland;http://
imagej.nih.gov/ij/) were used to determinate axonal density and axon
number.

Immunohistochemical studies

Antigen retrievalwas performed by heating slices at 90 °C for 30min
in citrate buffer (pH 6.3). The following antibodies were used: a goat
anti-ionized calcium binding adaptor molecule 1 (Iba-1) antibody
(1:500; Abcam Inc., Buenos Aires, Argentina), a mouse anti-ED1 anti-
body (1:500; Abcam Inc., Buenos Aires, Argentina), amousemonoclonal
anti-glial fibrillary acidic protein (GFAP) antibody conjugated to Cy3
(1:1200; Sigma Chemical Co., St Louis, MO, USA), a donkey anti-mouse
secondary antibody conjugated to Alexa 488 (1:500; Molecular Probes,
Buenos Aires, Argentina), a rabbit polyclonal anti-MBP antibody
(1:1000, kindly supplied by Dr. Campagnoni, Mental Retardation Re-
search Center, University of California, Los Angeles, CA, USA), a goat
anti-mouse and a donkey anti-rabitt secondary antibodies conjugated
to Alexa 568 (1:500; Molecular Probes, Buenos Aires, Argentina). Sec-
tions were immersed in 0.1% Triton X-100 in 0.1 mol/l PBS for 10 min,
incubated with 2% normal horse serum for 1 h for unspecific blockade,
and then incubated 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 confirm specificity.
For each nerve, results obtained from four separate regions were aver-
aged, and the mean of 5 nerves was recorded as the representative
value for each group. For immunodetection of RGCs, retinas were care-
fully detached and flat-mounted with the vitreous side up in superfrost
microscope slides (Erie Scientific Company, Portsmouth, New Hamp-
shire, USA). Whole-mount retinas were incubated overnight 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
temperature. Finally, retinas were mounted with fluorescent mounting
medium, (Dako, Glostrup, Denmark), and observed under an epifluo-
rescence microscope (BX50; Olympus, Tokyo, Japan) connected to a
video camera (3CCD; Sony, Tokyo, Japan), attached to a computer run-
ning image analysis software (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 periphery)
were averaged, and themean of 5 eyes was recorded as the representa-
tive value, as previously described. Immunofluorescence studies were
performed by analyzing comparative digital images from different sam-
ples by using identical exposure time, brightness, and contrast settings.

Electron microscopy

Animals were intracardially perfused with a fixative solution, con-
taining 2% glutaraldehyde and 4% formaldehyde in 0.1 mol/l PBS
(pH 7.4). Optic nerveswere obtained as previously described, and ultra-
thin sections (70 nm) were obtained using glass knives and an ultrami-
crotome Ultracut E (Reichert-Jung, Austria). Sections were mounted on
200Mesh grids and stained with uranyl acetate (2% in 70% ethanol) and
Reynolds lead citrate. Finally, sections were viewed and photographed
using a Zeiss 109T transmission electronmicroscope (Carl ZeissMicros-
copy, Peabody, MA, USA), equipped with a digital camera (ES1000W,
Gatan, Pleasanton, CA, USA).

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
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transferred to ImageJ software (National Institutes of Health, Bethesda,
Maryland;http://imagej.nih.gov/ij/).

Peripheral white blood cell and cerebrospinal fluid cell number

Peripheralwhite blood cell and cerebrospinal fluid cell numberwere
assessed at 2 days post-injection in rats in which one optic nerve was
injected with LPS and in animals whose optic nerves remained intact,
by use of a Neubauer camera and light microscopy. The technique for
collecting cerebrospinal fluid from the cisterna magna was performed
according to Consiglio and Lucion (2000).

Body temperature assessment

For body temperature measurements, a rectal probe was inserted
2 cm into the rectum, as previously described (Salido et al., 2013).

Statistical analysis

Data are presented as mean ± standard error (SE). Statistical analy-
sis of results was performed by Student's t-test or two-way analysis of
variance (ANOVA), followed by Tukey's test. P values below 0.05 were
considered statistically significant.

Results

Functional studies

In order to assess the effect of LPS injected into the optic nerve on the
visual pathway function, flash VEPs were recorded at different time
Fig. 1. Effect of LPS on VEPs. Panel A: average amplitudes of VEP P1–N1 component. Panel B: ave
were injected with vehicle (white circles) or LPS (black triangles), and VEPs were recorded a
nerves, LPS induced a decrease in VEP P1–N1 and N1–P2 component amplitude which was si
(n: 10 optic nerves/group). *P b 0.05, **P b 0.01 vs. intact or vehicle-injected optic nerves, by Tu
cle-injected optic nerve (gray line), or LPS injected optic nerve (dotted line) at 1 (upper traces) a
and F, respectively. No significant differences in VEP latencies were observed among groups al
points after microinjections. Fig. 1 depicts the average amplitude of
VEP P1–N1 and N1–P2 components, registered in animals in which
one optic nerve remained intact (control), and the contralateral optic
nerve was injected with vehicle or LPS. LPS induced a decrease in VEP
P1–N1 and N1–P2 component amplitude, which was significant from
day 1 and 4 post-injection, respectively, as compared with intact or
vehicle-injected optic nerves. No further decrease in these parameters
was observed until 21 days post-injection of LPS. No significant differ-
ences in P1, N1, and P2 latency were observed among groups, and no
differences in VEP amplitudes and latencies were evident between in-
tact and vehicle-injected optic nerves along the study. Representative
waveforms of VEPs from all the experimental groups at days 1 and 21
post-injection are also shown in Fig. 1. No significant differences in the
average amplitude and latency of scotopic ERG a- and b-waves were
observed among groups, until day 21 post-injection (Supplementary
Fig. 1).

The active anterograde transport from RGCs to the SC was analyzed
using CTB intravitreally administered in animals in which one optic
nerve was injected with vehicle and the contralateral optic nerve was
injected with LPS. At 7 days after injections, CTB labeled the entire
retinotopic projection to the most superficial layers (i.e. the stratum
zonale and the stratum griseum superficiale) of the SC contralateral to
optic nerves injected with vehicle, whereas a clear reduction in CTB
stainingwas observed in the central and lateral regions of the SC contra-
lateral to optic nerves injectedwith LPS (Fig. 2). A similar effect of LPS on
CTB staining patternwas observed in the LGN andOPN, as also shown in
Fig. 2.

In order to further analyze the functional consequences of LPS injec-
tion into the optic nerve, the PLRwas examined in animals inwhich one
optic nerve was injected with vehicle or LPS, while in both cases, the
rage amplitudes of VEP N1–P2 component. Optic nerves remained intact (black circles) or
t different time points post-treatment. As compared with intact or vehicle-injected optic
gnificant from day 1 (panel A), and day 4 (panel B), respectively. Data are mean ± SEM
key's test. Panel C: representative VEP traces from an intact optic nerve (black line), vehi-
nd 21 days (lower traces) post-injections. P1, N1, and P2 latencies are shown in panelsD, E,
ong the study.

http://imagej.nih.gov/ij/


Fig. 2. Effect of LPS injection on CTB-staining pattern in the SC, LGN, and OPN. Panel A: Representative photomicrographs of coronal sections of the SC from an animal in which one optic
nerve was injected with vehicle, and the contralateral optic nerve was injected with LPS. A clear reduction of the retinal terminal field density in the SC contralateral to the LPS-injected
optic nerve was observed (arrow), as compared with the SC contralateral to an optic nerve injected with vehicle. Panel B: A similar pattern of alterations in CTB-staining was observed in
the LGN and OPN contralateral to optic nerves injected with LPS (arrow). Shown are photomicrographs representative of 5 animals. Scale bar = 1 mm. Panel C: The analyzed zones are
represented in red.
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contralateral optic nerve remained intact.When light stimulated eyes in
which the optic nerve was injected with LPS, a significant decrease in
the magnitude of pupil contraction of the contralateral intact eye was
observed at all time points examined, as shown in Fig. 3. No differences
in PRL were observed in vehicle-injected nerves along the study (data
not shown). When light stimulated the intact eye, no differences in
pupil constrictionwere observed between both groups at all timepoints
post-injection (Supplementary Fig. 2).
Structural and ultrastructural studies of the optic nerve

To assess structural changes, optic nerve longitudinal and transver-
sal sections were stained with H&E (Fig. 4). A significant increase in nu-
cleus number was detected in LPS-injected optic nerves as early as
1 day, and persisted until 21 days post-injection, as compared with
vehicle-injected optic nerves. The quantitation of nuclei in the optic
nerve indicated a significant increase in this parameter at all time points
post-injection of LPS. In addition, LPS induced a significant increase in
optic nerve cross-section area at 7 and 21 days post-injection. No differ-
ences in nucleus number and optic nerve cross-section areas were de-
tected at different time point post-injection of vehicle into the optic
Fig. 3. Effect of LPS on consensual PLR. Left: The pupil diameter (relative to the limbus diamete
and the percentage of pupil constriction was calculated in the contralateral eye whose optic
(1200 lx) significantly decreased at the first day after LPS injection into the optic nerve and
group). *P b 0.05, **P b 0.01 vs. vehicle, by Tukey's test. Right: Representative images of the co
1 day post-injection.
nerve, and between intact and vehicle-injected optic nerves along the
study (data not shown).

Microglia/macrophages were analyzed by Iba-1 and ED1 immuno-
staining, as shown in Fig. 5. An increase in Iba-1 and ED1 immunoreac-
tivity was observed in optic nerves injected with LPS. Measurement of
the Iba-1(+) area revealed a significant increase in this parameter at
1 day after LPS injection, while from day 4 post-injection, the Iba-
1(+) area was significantly higher than at 1 day post-injection and
remained unchanged until day 21. In vehicle-injected optic nerves,
and at 1 day post-injection of LPS, ED1 immunoreactivity was undetect-
able, while an increase in this parameter was observed at 4 and 7 days
post-injection, which was lower at 21 days post-LPS. In addition, a sig-
nificant increase in GFAP(+) area was evident at 21 days post-
injection of LPS (Fig. 5). Nodifferences in Iba-1, ED1, andGFAP immuno-
stainingwere observed at different time points post-injection of vehicle,
and between control and vehicle-injected optic nerves (data not
shown).

Optic nerve axonswere analyzed by toluidine blue staining. In cross-
sectioned optic nerve injected with LPS, a significant decrease in axonal
density was observed at 7 days post-injection, and a decrease in axon
number was evident at 21 days after LPS injection, as shown in Fig. 6.
Fig. 7 shows an analysis of MBP (a reliable index of oligodendrocyte
r) was measured at different time points after vehicle or LPS injection into the optic nerve,
nerve remained intact. The average of pupillary constriction in response to a light flash
remained reduced until 21 days post-injection. Data are the mean ± SEM (n = 8 eyes/
nsensual PRL in an animal in which one optic nerve was injected with vehicle or LPS, at



Fig. 4. Effect of LPS on the optic nerve structure. Shown are representative optic nerve longitudinal (upper panel) and cross-sections (medium panel) at 21 days post-injection of vehicle
and at 1, 4, 7, and 21 days post-injection of LPS, stained with H&E. The ends proximal to the globes are on the left, and the ends distal to the globes are on the right. An increase in nucleus
number was detected in LPS-injected optic nerves as early as 1 day and persisted until 21 days post-injection, as compared with vehicle-injected optic nerves. Note the increased cross-
section area in LPS-injected optic nerve at 7 and 21 days post-injection. Lower panel: quantification of optic nerve cross-section area, and number of nuclei/section. The injection of LPS
significantly increased the optic nerve cross-section area at 7 and 21 days post-injection, while the increase in the number of nuclei was evident at 1 day and persisted until 21 days post-
injection of LPS. Data are the mean ± SEM (n = 5 optic nerves/group). *P b 0.05, **P b 0.01 vs. vehicle-injected optic nerves, by Tukey's test. Scale bar = 200 μm.
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differentiation andmyelin formation) in cross-sectioned optic nerves. A
decrease in MBP-immunoreactivity was observed at 21 days post-
injection of LPS, while no changes in MBP-immunostaining were ob-
served at 7 days post-injection. Demyelination was assessed by luxol
fast blue staining. Signs of demyelination were evident at 21 (but not
7) days post-injection of LPS (Fig. 8).

At ultrastructural level, myelin was highly disorganized, and fre-
quent lamellar membranous bodies were observed at 21 days post-
injection of LPS, while at 7 days, occasional demyelinated axons were
observed (Fig. 9). No ultrastructural alterations in vehicle-injected
optic nerve along the study, and at 1 and 4 days post-injection of LPS
were observed (data not shown).
Retinal studies

The retinal structure from intact, vehicle- or LPS-injected optic nerve
was analyzed (Fig. 10). Amorphometric analysis of retinal sections per-
formed at 21 days post-injection of LPS, revealed no differences in the
total retina, IPL, INL, OPL, ONL, and OS layer thickness. To specifically ex-
amine RGCs, Brn3a immunostaining was analyzed in flat-mounted ret-
inas. A significant decrease in the Brn3a(+) cell number was observed
at 21 days post-injection of LPS, as shown in Fig. 9. No changes in this
parameter were observed in the retina from vehicle-injected optic
nerves along the study or at 1, 4, and 7 days post-injection of LPS
(data not shown).
Peripheral white blood cell and cerebrospinal fluid cell number, and
corporal temperature assessment

At 2 days post-injection, in rats which were injected with LPS into
one optic nerve, mean peripheral white blood cell count (8990 ±
840 cells/ml) did not significantly differ from that observed in
rats whose optic nerves remained intact (9968 ± 920 cells/ml),
(n = 5 animals/group). Moreover, LPS injection did not affect cere-
brospinal fluid cell count (i.e., LPS: 12.3 ± 3 cells/μl, control:
10.9 ± 4 cells/μl, n = 5 animals/group), and no significant differences
in body temperature were observed between LPS-injected and
control rats (i.e., LPS: 37.5 °C ± 0.2 °C, control: 37.5 °C ± 0.3 °C,
n = 5 animals/group).
Discussion

For the first time, the present results demonstrate that a single mi-
croinjection of LPS directly into the optic nerve induced functional and
histological alterations which mimicked central features of primary
ON. In the present study, we have analyzed the consequences of LPS
injection into the optic nerve during a 21-day period, that could be
apportioned to approximately 2 phases: an early phase characterized
by functional (VEPs, anterograde transport, PLR) alterations, and
microglial/macrophage reactivity in the optic nerve, followed by a late
phase at which functional alterations and microglial/macrophage



Fig. 5. Microglia/macrophage and astrocyte analysis in the optic nerve. Panel A: Representative photomicrographs showing Iba-1 (upper panel), ED1 (middle panel) and GFAP (lower
panel) immunostaining patterns in cross-sections from optic nerves at 21 days post-injection of vehicle and at 1, 4, 7, and 21 days post-injection of LPS. Panel B: Analysis of Iba-1 (+),
ED1(+), and GFAP(+) area. The injection of LPS into the optic nerve induced a significant increase of Iba-1(+) area at day 1, and a further increase of this parameter at 4, 7, and
21 days post-injection. ED1 immunoreactivitywas undetectable in vehicle-injected optic nerves and in LPS-injected optic nerve at 1 day post-injection,while an increase in this parameter
was observed at 4, and 7 days, which was lower at 21 days post-injection. LPS induced GFAP upregulation at 21 days post-injection. Data are the mean ± SEM (n = 5 optic nerves per
group); *P b 0.05, **P b 0.01, vs. optic nerves injected with vehicle, a: P b 0.05 vs. optic nerves injected with LPS at 1 day post-injection, #: P b 0.05 vs. LPS at 4 or 7 days post-injection,
by Tukey's test. Scale bar = 200 μm.
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reactivity persisted, and reactive gliosis, demyelination, and axonal
and RGC loss were evident. This sequence of alterations differed
from the profile observed in autoimmune ON (EAE-NO) models, in
which demyelination is a primary event (Zhu et al., 1999). In this
sense, although EAE models mimic ON associated with MS, the in-
jection of LPS into the optic nerve could reproduce a form of ON that
is characterized by a prominent axonal degeneration with only a mild
demyelination.

VEPs reflect the activity of all cells in the pathway from photorecep-
tors to visual cortex, and as such, are considered a useful noninvasive
tool for investigating the visual system function, particularly in ON
patients (Kupersmith et al., 1983; Halliday et al., 1972; Hood et al.,
2000). As shown herein, LPS provoked a significant and persistent de-
crease of VEP P1–N1 and N1–P2 amplitude. Since LPS did not affect
the flash ERG along the study, the early decrease in VEP amplitude
could be attributed to an extra-retinal visual pathway alteration. It is as-
sumed that the VEP amplitude reflects the number of functional optic
nerve fibers, while a latency increase is considered an index of optic
nerve demyelination (You et al., 2011). The fact that the decrease in
VEP component amplitude was already evident at 1 day post-injection
of LPS (i.e., before any significant change in axon number) indicates
that the functional disturbance predated morphological changes. In
ON, thenumber of functional afferentfibers is influenced by two factors:
inflammation severity and axonal degeneration (Klistorner et al., 2008;
You et al., 2011). In this way, the early decrease in VEP amplitude in-
duced by LPS injection could reflect the acute inflammatory process in
the optic nerve, while axonal atrophy and RGC loss could contribute to
the late decrease of this parameter. Contrary to our expectations, no
changes in VEP component latency were observed even at 21 days
post-injection of LPS, a time point atwhich demyelinationwas histolog-
ically observed in the optic nerve. In contrast to these results, a decrease
in N1 latencywas observed in lysolecithin-induced demyelination in rat
optic nerves (You et al., 2011), and increased VEP latencywas described
in EAE-ON models (Diem et al., 2008; Matsunaga et al., 2012). The rea-
sons for this discrepancy are unclear. However, it should be taken into
account that in EAE-ON models, demyelination and inflammation dis-
tribute widely in the nervous system and therefore, it is difficult to
quantify the effect of the optic nerve demyelination itself on signal con-
duction (You et al., 2011). On the other hand, in the lysolecithin-
induced ON, it was shown that the latency prolongation of VEPs corre-
sponds to the size of the demyelinated area in the visual pathway
(You et al., 2011). Thus, it seems likely that the size of the demyelinated
area in LPS-injected optic nerve could be not enough to influence the
myelin integrity of the entire visual pathway.



Fig. 6. Effect of LPS on optic nerve axons. Representative images of cross-sections from intact optic nerves, optic nerves at 21 days post-injection of vehicle and at 1, 4, 7, and 21 days post-
injection of LPS, stained with toluidine blue. Note the homogeneity of the staining in intact optic nerves, vehicle-injected optic nerves, and LPS-injected optic nerves at 1 and 4 days post-
injection. At 7 and 21 days post-injection of LPS, a less stained areawere observed. Panel A: assessment of axonal area: LPS induced a significant decrease in axonal density at 7 dayswhich
further decreased at 21 days post-injection. Panel B: The injection of LPS into the optic nerve induced a significant decrease in axonnumber at 21 days post-injection. Data aremean±SEM
(n: 5 optic nerves/group). *P b 0.05, **P b 0.01 vs. intact or vehicle-injected optic nerves, a: P b 0.05 vs. LPS at 7 days post-injection, by Tukey's test. Scale bar = 25 μm.
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In rodents, most RGC axons project contralaterally to the SC, LGN,
and OPN (Kondo et al., 1993). The injection of LPS induced a deficit in
CTB anterograde transport from the retina to the SC, the LGN and OPN,
which supports that LPS induced a “misconnection” between the retina
and its projection areas. Recently, a defective axonal transport was de-
scribed in mice with EAE-ON (Lin et al., 2014). However, in this case,
the deficit was attributed to demyelination and axonal injury in the
optic nerves, whereas in our experimental setting, the decrease in CTB
anterograde transport preceded those structural alterations, supporting
that LPS induced an early axonal transport integrity loss, most likely as-
sociated to the inflammatory process than to axonal injury and/or
demyelination.

The OPN is the primary nucleus in the neural circuit controlling pupil
constriction (Gamlin, 2006). Therefore, the significant decrease in affer-
ent PLR induced by LPS is consistent with the decrease in the CTB anter-
ograde transport from the retina to the OPN. In agreement, decreased
pupillary responses were described in ON and MS patients (de Seze
et al., 2001; Ellis, 1979; Moro et al., 2007). Moreover, consistently with
Fig. 7. Effect of LPS onMBP-immunoreactivity. Representative photomicrographs showingMBP
vehicle and at 7, and 21 days post-injection of LPS. A decrease inMBP-immunostainingwas obs
nerves. Shown are images representative of 4 optic nerves per group. Scale bar = 200 μm.
our results, decreased pupillary light responses precede histological ev-
idence of ON in a mouse EAE model (Shindler et al., 2012).

Increased cellularity and cross-sectional area, possibly as a result of
edema, were observed at early stages post-injection of LPS. A similar in-
crease in optic nerve cross-section sizes was observed after immuniza-
tion of Brown Norway rats with MOG (Fairless et al., 2012).

Under normal conditions, microglia surveys the central nervous sys-
tem (CNS) environment, and promptly responds to injury with process
redirection and cell body migration (reviewed by Perry and Teeling,
2013). Moreover, infiltrating macrophages from the peripheral circula-
tion enter the site of injury. Many of the same immunohistochemical
markers are expressed in these two cell typeswhich aremorphological-
ly indistinguishable from each other; therefore they are often referred
to as microglia/macrophages. As shown herein, the injection of LPS
induced an early and persistent increase in microglia/macrophage re-
sponse. In agreement with this result, it was shown that the intranigral
injection of LPS on the rat dopaminergic system produces the activation
of microglial cells that is already evident 2 days after injection (Herrera
immunostaining patterns in cross-sections from optic nerves at 21 days post-injection of
erved at 21 (but not 7) days post-injection of LPS, as compared with vehicle-injected optic



Fig. 8. Effect of LPS on optic nervemyelination. Representative cross-sections from optic nerves at 21 days post-injection of vehicle, and at 7, and 21 days post-injection of LPS, stainedwith
luxol fast blue (details in the lower panel). A compact myelin staining was observed in vehicle- and LPS-injected optic nerves at 7 days post-injection. Note a less stained area in LPS-
injectedoptic nerve at 21dayspost-injection. Rightpanel: Evaluation of optic nerve demyelination by quantification of the intensity of the staining. LPS induced a significant demyelination
of the optic nerve at 21 days post-injection. Data are mean ± SEM (n: 5 optic nerves/group). **P b 0.01 vs. vehicle, a: P b 0.05 vs. LPS at 7 days post-injection, by Tukey's test. Black scale
bar = 200 μm, white scale bar = 50 μm.
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et al., 2000). Howell et al. (2010) have demonstrated that in MS
and EAE, the disruption of the axon/oligodendrocyte association is
involved in axonal damage and it occurs in parallel with local
microglia activation. In contrast, the present results indicate that
microglia/macrophages activation assessed by Iba-1 and ED1 immuno-
histochemistry, occurred as early as 1 day and 4 days post-injection of
LPS, respectively, well ahead of axon-myelin structure alterations
whichwere evident at 21 days post-injection, supporting that activa-
tion of microglia/macrophages may represent one of the earliest
events in the neuroinflammatory disease induced by the injection
of LPS into the optic nerve.
Fig. 9. Effect of LPS on optic nerve ultrastructure. Representative transversal sections from a veh
7 or 21 days post-injection.Note the presence of somedegenerated axons (white arrow), unmye
LPS. The presence of lamellar bodies (black arrow), lamellar bodies without axons (black arro
images representative of 4 optic nerves per group.
Although it has been shown that astrocyte responses contribute to
EAE pathology (Brambilla et al., 2012), in LPS-injected optic nerves,
the reactive gliosis assessed by GFAP-immunoreactivity was also a late
event which occurred concomitantly with axonal and myelin alter-
ations (shown by MBP-immunoreactivity and luxol fast blue staining).
Besides their role in myelination, oligodendrocytes also support and
promote the survival of neurons. Thus, disruption of their interaction
could still contribute to axonal degeneration (reviewed by Morrison
et al., 2013; Nave, 2010).

In the current study, ~50% of RGCs were lost in retinas whose optic
nerves were injected with LPS, which is in agreement with results
icle-injected optic nerve (at 21 days post-injection), and from a LPS-injected optic nerve at
linated axons (asterisk), and zones of unpackedmyelin (white arrowhead) at 7 days post-
w head), and degenerated axons was evident at 21 days post-injection of LPS. Shown are



Fig. 10. Analysis of retinal structure and RGC number. Panel A: Representative photomicrographs of retinal sections from an eye whose optic nerve remained intact, or was injected with
vehicle or LPS at 21 days post-treatment. No evident alterations in retinal morphologic features were observed. Panel B: Total retinal and retinal layer thicknesses in control, vehicle, and
LPS groups. No significant differences in total retina, IPL, INL, OPL, ONL, and OS thickness were observed among groups. IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plex-
iform layer; ONL, outer nuclear layer; OS, photoreceptor outer and inner segment. Panel C: Representative photomicrographs of Brn3a immunostaining in flat-mounted retinas whose
optic nerve was injected with vehicle or LPS at 21 days post-treatment. Panel D: Quantification of Brn3a(+) cells. A significant decrease in the number of Brn3a(+) cells was observed
in retinas whose optic nerves were injected with LPS at 21 days post-treatment. Data are the mean ± SEM (n = 5 retinas/group). **P b 0.01 vs. vehicle, by Student's t-test. Black scale
bar = 50 μm, white scale bar = 100 μm.
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obtained by other groups using different strategies to induce autoim-
mune ON (Fairless et al., 2012; Khan et al., 2014; Maier et al., 2004;
Shindler et al., 2006), and supports that ON induced by LPS is notmerely
an inflammatory condition, but it also involved a significant neurode-
generation. The delayed time course of RGC loss which was evident at
21 days post-injection of LPS is in contrast to that reported in relapsing
EAE and in rats with chronic EAE. However, a similarly late time in RGC
losswas described in C57/BL6mice immunized withMOG (Quinn et al.,
2011). Axonal damage often results in axonal degeneration and perma-
nent loss of the cell body. Damaging the optic nerve by transection or
crush, leads to a rapidly induced stress response in RGCs which finally
results in neuron death (Quigley et al., 1995; Barron et al., 1986; You
et al., 2012). Therefore, it seems likely that axonal damage could ac-
count for the RGC loss induced by LPS.

As shown herein, the timing of gliosis, demyelination, axonal degen-
eration, and RGC loss following the injection of LPS into the optic nerve,
suggests that inflammation itself, resident cells of the CNS that have
immune-inflammatory competence (i.e., microglia), and infiltrating
macrophages play an active role in demyelination and axonal injury
that then leads to RGC loss. This observation is in line with the demon-
stration that RGC number was significantly lower in eyes with severe-
massive optic nerve inflammation as compared to eyes with only
mild-moderate inflammation in a transgenic model of autoimmune
ON (Guan et al., 2006). In contrast to the current study, RGC loss in
MOG-EAE rats occurs prior to detectable optic nerve inflammation
(Hobom et al., 2004). However, it is possible that the MOG-EAE rats
may develop early subclinical inflammation that is below the level of
detection or, alternatively, that the early loss of RGCs detected in this
model is induced by a direct effect of the MOG peptide, as it was
suggested by Guan et al. (2006). Inflammation within the CNS is a com-
mon feature of neurological disorders and infection, but whether it
contributes directly to neuronal or glial damage in vivo can be difficult
to determine (Felts et al., 2005). The identification of mechanisms trig-
gering neuronal death and injury is an intense area of research requiring
reliable models. In this vein, the injection of LPS into the optic nerve
would be a useful paradigm to identify underlying cellular and molecu-
lar mechanisms leading to inflammation-induced neuron loss. In this
experimental model, systemic inflammation and cerebral involvement
seems unlikely, as shown by the fact that LPS injection neither affected
the body temperature, nor peripheral white blood cell and cerebrospi-
nal fluid cell number. Experimental models of ON represent important
tools in advancing our understanding and developing new therapies
for the disease. The present results support that the injection of LPS di-
rectly into the optic nervewould constitute a newmodel of primary ON.
Essentially because of the small size of the rat optic nerve, an intensive
training was needed to optimize the injection procedure. However,
after this training, we were able to obtain highly reproducible results
at functional and histologic level. Another concernwas the potential in-
jury of the optic nerves by the needle insertion and injection-induced
local pressure. However, in our experimental setting, the injection per
sewas innocuous, as shown by the fact that the functional and histolog-
ical results did not differ between intact and vehicle-injected optic
nerves. Although this new model differed from EAE- or lysolecithin-
induced ON, it shares the common feature of recapitulating the inflam-
matory, demyelinating, and neurodegenerative components of this
disorder.

Conclusions

Although care must be taken when extrapolating data obtained in
experimental models to humans, these results suggest that in the pri-
mary form of ON, there would be a temporal window after patients
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become symptomatic due to optic nerve inflammation and visual dys-
functions (VEPs and PLR), but before axonal, myelin, and somatic dam-
age has occurred, in which therapies can be initiated to prevent
permanent loss of axons and RGCs, which are recognized as the cellular
events responsible for persistent visual deficit in patientswithON. Thus,
this new model might pave the way for the identification of potential
neuroprotective agents for primary ON treatment.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2015.01.010.
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