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Traumatic optic neuropathy (TON) is an acute injury of the optic nerve secondary to trauma. Loss of retinal
ganglion cells (RGCs) is a key pathological process in TON, yet mechanisms responsible for RGC death
remain unclear. In a mouse model of TON, real-time noninvasive imaging revealed a dramatic increase in
leukocyte rolling and adhesion in veins near the optic nerve (ON) head at 9 hours after ON injury.
Although RGC dysfunction and loss were not detected at 24 hours after injury, massive leukocyte infil-
tration was observed in the superficial retina. These cells were identified as T cells, microglia/monocytes,
and neutrophils but not B cells. CXCL10 is a chemokine that recruits leukocytes after binding to its
receptor C-X-C chemokine receptor (CXCR) 3. The levels of CXCL10 and CXCR3 were markedly elevated in
TON, and up-regulation of CXCL10 was mediated by STAT1/3. Deleting CXCR3 in leukocytes significantly
reduced leukocyte recruitment, and prevented RGC death at 7 days after ON injury. Treatment with CXCR3
antagonist attenuated TON-induced RGC dysfunction and cell loss. In vitro co-culture of primary RGCs with
leukocytes resulted in increased RGC apoptosis, which was exaggerated in the presence of CXCL10. These
results indicate that leukocyte recruitment in retinal vessels near the ON head is an early event in TON and
the CXCL10/CXCR3 axis has a critical role in recruiting leukocytes and inducing RGC death. (Am J Pathol
2017, 187: 352e365; http://dx.doi.org/10.1016/j.ajpath.2016.10.009)
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Traumatic optic neuropathy (TON) is an acute injury of the
optic nerve secondary to trauma. It is usually caused by
motor vehicle and bicycle accidents, falls, assaults, war, and
natural disaster.1 Directly or indirectly injured optic nerve
causes immediate shearing and secondary swelling in a
proportion of retinal ganglion cell (RGC) axons, followed
by cell death, which results in irreversible visual loss.2e4 To
date, there is no proven effective therapy to treat TON, and
mechanisms of RGC death after acute optic nerve injury
remain largely unclear.4

Inflammation is the body’s defense system against
infection, injury, and stress and is a critical component of
wound healing.5 Circulating blood leukocytes that migrate
to sites of tissue injury and infection are the key players in
stigative Pathology. Published by Elsevier Inc
inflammation by eliminating the primary inflammatory
trigger and contributing to tissue repair.6 Nevertheless, it has
been well established that excessive or uncontrolled
inflammation can cause enhanced tissue injury and diseases
by the following mechanisms: receptor-induced activation
of programed cell death processes, the clogging and rupture
of blood and lymphatic vessels, and/or production of toxic
. All rights reserved.
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Role of CXCL10/CXCR3 Axis in TON
molecules, such as reactive oxygen species.7 Inflammation
is implicated in TON given that the levels of inflammatory
molecules, including tumor necrosis factor-a and inducible
nitric oxide synthase, are increased, inflammatory signaling
pathways are activated, inflammatory cells (microglia/
macrophage) are recruited to the site of axonal injury, and
blocking tumor necrosis factor-a signaling substantially
reduces RGC death in a mouse model of TON.8e10 How-
ever, the temporal and spatial dynamics of leukocyte
recruitment in the retina, the key mediators that control
leukocyte recruitment, and the contribution of leukocytes to
RGC injury are yet to be defined.

Chemokines are a family of 8- to 15-kD proinflammatory
peptides that are produced locally in tissues and guide
leukocyte recruitment during inflammation.11 C-X-C che-
mokine receptor (CXCR) 3, on binding to its specific ligands
CXCL9, CXCL10, and CXCL11, plays a critical role in
inflammatory reactions by mediating the recruitment of
activated T cells, monocytes, and macrophages.12e16 This
pathway has been shown to be involved in many neurode-
generative diseases, including Alzheimer disease, multiple
sclerosis, and high intraocular pressureeinduced retinal
neuronal injury.17e21 Specific roles of the CXCR3 pathway
in TON are yet unknown. In this study, we investigated
leukocyte trafficking in the retina using noninvasive imaging
and histological and flow cytometric analyses, and deter-
mined the role of the CXCL10/CXCR3 axis in TON using a
mouse model of optic nerve crush (ONC).

Materials and Methods

Animals

The experimental procedures and use of animals were per-
formed in accordance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research, and all protocols were
approved by the Institutional Animal Care and Use Com-
mittee at the University of Texas Medical Branch. Male wild-
type (WT), CXCR3-deficient mice (CXCR3�/�), and green
fluorescence protein (GFP) transgenic mice (WT-GFPþ) on
the background of C57BL/6J were obtained from Jackson
Laboratory (Bar Harbor, ME). CXCR3�/�-GFPþ mice were
generated by crossing CXCR3�/� and WT-GFPþ mice.
Genotyping of CXCR3�/� mice was performed using DNA
from tails, according to the protocol provided by the Jackson
Laboratory. The following primers were used: moIMR0003,
50-GGGCCAGCTCATTCCTCCCACTCAT-30 (forward);
oIMR4281, 50-CCACAGGATTTCAGCCTGAACTTTG-30

(forward); and oIMR4282, 50-CGTGCACTATGCTCAGA-
TATCTGTC-30 (reverse). PCR products were 337 bp (WT)
and 488 bp (CXCR3�/�) (Supplemental Figure S1A). The
presence of GFP in mice was confirmed by illuminating the
mouse tails with a Z-Bolt LED laser pointer (450 nm) from
Beam of Light Technologies, Inc. (Happy Valley, OR). Tails
from WT mice only showed dim blue light, whereas tails
The American Journal of Pathology - ajp.amjpathol.org
from GFPþ mice showed strong green fluorescence
(Supplemental Figure S1B). All animals were maintained on
a 12:12 light/dark cycle with food and water available
ad libitum.

Induction of TON

ONC is an established method for generating the model of
TON. Mice (between 8 and 12 weeks old) were anesthetized
by i.p. injection of a mixture of ketamine hydrochloride
(100 mg/kg) and xylazine hydrochloride (10 mg/kg). For
local anesthesia, 0.5% proparacaine was applied to the eye
before the procedure. After a small incision was made by
cutting conjunctiva around the eye globe, the right optic
nerve close to its origin in the optic disk was crushed for 10
seconds using forceps (Dumont RS5005; Roboz, Gaithers-
burg, MD) and the left one without crushing served as
control.22 Eyes and retinas were collected from 1 hour to 7
days after ONC procedure for further analysis.

Generation of Chimeric Mice

Bone marrow chimeric mice were generated as described
previously.23 In brief, 6-week-old WT recipient mice
received a single whole body dose of 950 cGy of cesium-
137 g-rays. A lead shield was used to protect the head and
eyes from radiation. Next day, donor mice, including WT,
CXCR3�/�, WT-GFPþ, and CXCR3�/�-GFPþ were
euthanized, and bone marrow cells were harvested from
femur and tibia and suspended in Dulbecco’s phosphate-
buffered saline without Ca2þ/Mg2þ to a final concentra-
tion of 12 � 107 cells/mL. Recipient mice were restrained
using an animal holder, and 0.2 mL of bone marrow cell
suspension was injected through the tail vein using a
26-gauge needle. At 4 weeks after bone marrow cell trans-
fer, mice were subjected to ONC injury.

Retinal Imaging Using Confocal SLO

After ONC injury, mice were anesthetized by i.p. injection
of a mixture of ketamine hydrochloride (100 mg/kg) and
xylazine hydrochloride (10 mg/kg) at the indicated time
points, and their pupils were dilated with tropicamide
(Alcon, Fort Worth, TX) and phenylephrine (Alcon). Mice
were properly located on the platform, and all images
were acquired in the high-resolution mode (512 � 512
pixels) over a 30 � 30-degree field of view with the
Heidelberg Spectralis HRA system (Heidelberg Engi-
neering, Franklin, MA). The 488-nm laser was used for
the excitation of green fluorescence, and a barrier filter at
500 nm was used to remove the reflected light with un-
changed wavelength while allowing the collection of only
the light emitted.24 The leukocyte area of each scanning
laser ophthalmoscopy (SLO) image was measured by
ImageJ software version 1.48 (NIH, Bethesda, MD; http://
imagej.nih.gov/ij) using Analyze Particles after setting a
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color threshold that marks leukocytes clearly and
excluding any artifacts. Then, leukocyte area was
normalized to total image area.

AMG487 Treatment

AMG487 (TOCRIS, Minneapolis, MN) was dissolved in
ethanol at 20mg/mL and further diluted in phosphate-buffered
saline (PBS) containing 10% Tween-80 to 4 mg/mL. Mice
were injected with AMG487 (i.p., 20 mg/kg) or vehicle
solutions at 1 and 12 hours before ONC procedure and
continuously injected twice a day for 7 days after ONC
procedure.25e27

Inhibitor Treatment

Pyrrolidine dithiocarbamate (PDTC; Sigma-Aldrich, St.
Louis, MO) was dissolved in PBS and diluted in PBS
containing 10% Tween-80. Mice were injected with PDTC
(i.p., 120 mg/kg) or vehicle solutions at 1 hour before ONC
procedure. Stattic (10 mmol/L; EMD Millipore, Billerica,
MA), an inhibitor for STAT1 and STAT3, was prepared in
dimethyl sulfoxide. ONC was performed on both eyes of
mouse, and 1 mL Stattic or dimethyl sulfoxide was subjected
to left or right eyes, respectively, by intravitreal injection at
1 hour after ONC procedure.

Real-Time Quantitative RT-PCR Analysis

Retinas were collected at 3, 6, 12, and 24 hours after TON
induction. Total RNA was isolated using RNA-4PCR kit (Life
Technologies, Rockville, MD), quantified, and reverse tran-
scribed using High Capacity cDNA Reverse Transcription Kit
(Life Technologies).28 cDNAs were amplified for 40 cycles
using Power SYBR Green (Applied Biophysics, Inc., Troy,
NY) and gene-specific primers in a StepOnePlus PCR system
(Applied BioSciences, Foster, CA). Primer sequences for
mouse transcripts were as follows: Hprt, 50-GAAAGACT-
TGCTCGAGATGTCATG-30 (forward) and 50-CACACAG-
AGGGCCACAATGT-30 (reverse); CXCL10, 50-CATCCCT-
GCGAGCCTATCC-30 (forward) and 50-CATCTCTGCTCA-
TCATTCTTTTTCA-30 (reverse); CXCR3, 50-TTGCCCTCC-
CAGATTTCATC-30 (forward) and 50-TGGCATTGAGGCG-
CTGAT-30 (reverse); intercellular adhesion molecule 1, 50-
CAGTCCGCTGTGCTTTGAGA-30 (forward) and 50-CGGA-
AACGAATACACGGTGAT-30 (reverse); and inducible nitric
oxide synthase, 50-GGCAGCCTGTGAGACCTTTG-30 (for-
ward) and 50- TGCATTGGAAGTGAAGCGTTT-30 (reverse).
Gene expression levels were calculated by comparison of Ct

values (DDCt) using Hprt as the internal control.
25

Enzyme-Linked Immunosorbent Assay

To determine CXCL10 level in the mouse retina, retina
was homogenized with a pestle in 100 mL radio-
immunoprecipitation assay lysis buffer (50 mmol/L
354
Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.25% deoxycholic
acid, 1% NP-40, and 1 mmol/L EDTA) supplemented with
protease inhibitors (Roche Molecular Biochemicals,
Indianapolis, IN). The lysate was kept on ice for 15
minutes, and tissue debris was removed by centrifugation at
20,227 � g for 15 minutes at 4�C. The supernatant (5 mL)
was used for protein quantitation by a BCA assay (Pierce
Biotechnology, Rockford, IL). The supernatant (80 mL)
was used for enzyme-linked immunosorbent assay with
Quantikine Mouse CXCL10 Immunoassay Kit (R&D
Systems, Minneapolis, MN), following the manufacturer’s
instructions.21 The optical density was measured using a
Synergy H1 microplate reader (BioTek, Winooski, VT).
CXCL10 concentration was normalized to total protein in
the lysate.
Fluorescence in Situ Hybridization

Retinal frozen sections were fixed in 4% paraformaldehyde,
incubated with mouse CXCL10 probe (Advanced Cell
Diagnostics, Hayward, CA), and sequentially hybridized to
a cascade of signal amplification reagents from RNAscope
Fluorescent Multiplex detection kit (Advanced Cell
Diagnostics), according to the manufacturer’s instructions.
Sections were counterstained with DAPI to label nuclei and
viewed by epifluorescence microscope to detect CXCL10
mRNA-positive cells.
Dark-Adapted ERG Analysis

TON was induced 24 hours or 7 days before electroreti-
nographic (ERG) analysis. Mice were dark-adapted over-
night, anesthetized by i.p. injection of a mixture of
ketamine hydrochloride (100 mg/kg) and xylazine hydro-
chloride (10 mg/kg), and their pupils were dilated with a
mixture of atropine and phenylephrine. Mice were placed
on a heating pad for maintaining body temperature, and
gold ring electrodes were placed on the center of the
cornea. ERG recordings were performed using the Espion
ERG Diagnosys system (Diagnosys, Lowell, MA). Brief
white flashes were presented from dim to bright, with the
interstimulus interval increasing with brightness. The
scotopic threshold responses (STRs), including positive
STR (pSTR) and negative STR, were recorded in response
to briefly flashed stimuli of �5.8 to �3.2 log cd-second/
m2. pSTRs were measured at 110 milliseconds and nega-
tive STR were measured at 200 milliseconds from the flash
onset.29e31 Dark-adapted flash ERG (a- and b-wave) was
recorded using brief flashes of stimulus strengths from 0.4
to 2.5 log cd-second/m2. The amplitudes of a-wave were
measured from the baseline to the lowest negative-going
voltage, whereas the amplitudes of b-wave were
measured from the trough of the a-wave to the peak of the
positive b-wave. Each record was an average of 50
responses.
ajp.amjpathol.org - The American Journal of Pathology
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Role of CXCL10/CXCR3 Axis in TON
Immunostaining of Retinal Whole Mounts

Eyes were collected at 1 or 7 days after TON induction. After
fixation in 4% paraformaldehyde, retinas were dissected from
the choroid and sclera, blocked, and permeabilized in PBS
containing 10% normal goat serum and 1% Triton X-100 for
30 minutes, and then incubated with antibodies against Tuj1
(1:400; BioLegend, San Diego, CA), CD45 (1:400; BD
Biosciences, San Jose, CA), CD3 (1:10; BD Biosciences),
Iba1 (1:400; Wako, Osaka, Japan), and Ly6G/Ly6C (1:400;
BD Biosciences) overnight at 4�C. Retinas were then incu-
bated with Alexa Fluor 488econjugated donkey anti-mouse
or goat anti-rabbit secondary antibodies (1:400; Life Tech-
nologies). Finally, retinas were washed with PBS, mounted
onto slides using Vectashield mounting medium (Vector
Laboratories, Burlingame, CA), and examined with a fluo-
rescence microscope.

Co-Culture of Primary RGCs and Leukocytes

Primary RGCs were isolated from WT mouse pups at post-
natal day 3, as described in our previous study.21 The purity of
the RGCs was determined by staining with mouse Tuj1 anti-
body, a specific RGC marker.32,33 For bone marrowederived
leukocyte isolation, femurs were removed and bone marrow
was harvested withminimum essential medium containing 1%
fetal bovine serum. A single-cell suspension was collected by
passing through an 80-mm cell strainer. To isolate blood leu-
kocytes, WT mice were anesthetized with isoflurane, and a
syringe with a 26-gauge needle was inserted into the heart to
draw blood. Blood (2 mL) was collected from WT mice,
mixed with 8 mL of 30% Percoll/PBS (GE Healthcare, Chi-
cago, IL), overlaid on 4 mL of 70% Percoll/PBS in a 50-mL
tube, and centrifuged at 400 � g for 30 minutes. Then, leu-
kocytes, sitting in the middle layer of the solution, were
carefully collected without disturbing other layers. After being
washed once with Neurobasal medium (Invitrogen, Carlsbad,
CA), isolated bone marrowederived or blood leukocytes
(0.6 � 105 cells/well) were co-cultured with primary RGCs
(1.3 � 105 cells/well), and cells were exposed to mouse
CXCL10 (10 and 100 ng/mL) for 24 hours. Cells were then
subjected to the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay (EMD Millipore, Billerica,
MA) for apoptosis detection, and double stained with anti-
Tuj1 to distinguish RGCs from leukocytes. The total
TUNEL/Tuj1 double-positive cells and Tuj1-positive cells in
each field were counted under an Olympus 1� 71 microscope
(Olympus,Waltham,MA). The percentage of apoptotic RGCs
was calculated as the ratio of total TUNEL/Tuj1 double-
positive cells to total Tuj1-positive cells.

Flow Cytometry

Bone marrowederived and blood leukocytes were isolated
as described above, rinsed with Neurobasal media, and
centrifuged at 287 � g for 5 minutes. Cell pellets were
The American Journal of Pathology - ajp.amjpathol.org
resuspended in Neurobasal media. To dissociate retinal
cells, retinas of control and TON were collected, pooled,
and minced in Dulbecco’s PBS and then centrifuged at
400 � g for 5 minutes at room temperature. Pellets were
resuspended in a total of 1 mL of Dulbecco’s PBS with
0.5 mg/mL of Liberase enzyme mix (TM research grade;
Roche Applied Science, Indianapolis, IN) and 0.1 mg/mL
DNase (Sigma-Aldrich) and incubated at 37�C for 30 mi-
nutes with occasional agitation. After incubation, 10 mL of
Neurobasal medium containing 10% fetal bovine serum was
added to dissociate retinal cells, which were strained
through a 40-mm nylon mesh strainer. The strained cell
suspension was centrifuged at 400 � g for 5 minutes at
room temperature, and pellets were resuspended in Neuro-
basal media. For flow cytometric analysis, 1 � 106 cells
isolated from the bone marrow, blood, and retina were
stained with fixable viability dye, blocked with FcgR
blocker (CD16/32), and stained for specific surface mole-
cules (namely, CD3, CD4, CD8, CD11b, CD11c, CD19,
NK1.1, Ly6G, Ly6C, and gd T-cell receptor). Data were
collected on an LSRII FACSFortessa (Becton Dickinson,
San Jose, CA) and analyzed with FlowJo software version
7.6 (TreeStar, Ashland, OR).

Western Blot

Proteins were extracted from the retinas, and 10 mg of pro-
teins was subjected to SDS-PAGE, as described previously.28

The primary antibodies included the following: p-STAT 1, 2,
3, 5, and 6 and STAT1 (Cell Signaling Technology, Beverly,
MA) and STAT3 (BD Biosciences). Mouse monoclonal
antiea-tubulin (Sigma-Aldrich) was used as loading control.
Proteins were detected using the enhanced chem-
iluminescence system (Pierce, Rockford, IL).

Statistical Analysis

Data were presented as means � SEM and analyzed by t-test
and one-way analysis of variance, followed by post hoc t-test
using the Student-Newman-Keuls method. Statistical analysis
was conducted using the GraphPad Prism analytical program
version 5.01 (GraphPad Software Inc., La Jolla, CA).
P < 0.05 was considered to be statistically significant.

Results

Leukocytes Are Recruited to the Retina after Optic
Nerve Injury

Studies were performed in a mouse model of ONC in which
optic nerve is injured by a transient crush.34 The injured
axon of RGC triggers a degenerative response that spreads
retrogradely to the soma. The death of RGCs is progressive
because the primary damage is followed by a wave of sec-
ondary degeneration.35e37 This model has been widely used
to study the mechanism and strategies for neuroprotection in
355

http://ajp.amjpathol.org


**

Con TON
0.00

0.05

0.2

0.4

0.6

0.8

1.0

Le
uk

oc
yt

e 
ar

ea
(%

 o
f t

ot
al

 a
re

a)

C D

3DC54DC Iba1Ly6G/Ly6C

Optic disc
Vein

T = 0 seconds

T = 3 seconds

T = 6 seconds

3DC54DC Iba1Ly6G/Ly6C

Con

TON

Con TON
0

100

200

300

C
el

l n
um

be
r/f

ie
ld

E

*
**

Con TON
0

10

20

30

40

C
el

l n
um

be
r/f

ie
ld **

Con TON
0

20

40

60

80

100
C

el
l n

um
be

r/f
ie

ld**

Con TON
0

50

100

150

200

C
el

l n
um

be
r/f

ie
ld

B

CD45 CD3Iba1Ly6G/Ly6C

0                             3                                6                               9                            TON (hrs)   A

Figure 1 Leukocyte recruitment is increased after traumatic optic neuropathy (TON). AeC: Wild-type (WT) mice received bone marrow transplants from
green fluorescent protein (GFP) transgenic mice and 4 weeks later they were subjected to TON. A: Images of leukocyte distribution in the central retina were
taken at 0, 3, 6, and 9 hours after TON using real-time scanning laser ophthalmoscopy (SLO) imaging. B: Bar graph represents the quantification of percentage
leukocyte area relative to total image area at 0 hour [control (Con)] and 9 hours after TON. C: Representative SLO image sequences at 9 hours after TON. Arrows
indicate an example of GFP-positive leukocyte rolling along the major retinal vein. D and E: Eight-week-old WT mice were subjected to TON, and 24 hours later,
noninjured control or TON-performed eyes were collected. D: Immunofluorescence staining for leukocyte subtype markers CD45, Ly6G/Ly6C, Iba1, and CD3
(green) in retinal flat-mounts. E: Bar graphs represent the quantification of recruited cells that were specifically labeled with antibodies against CD45, Ly6G/
Ly6C, Iba1, and CD3. n Z 5 mice (B and C); n Z 3 mice (D and E). *P < 0.05, **P < 0.01 versus control. Scale bars: 200 mm (A); 50 mm (C and D). T, time
elapsed after initiation of imaging.
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TON.34 To determine whether retinal vascular inflammation
occurs after optic nerve injury, we transplanted bone marrow
(BM) cells from green fluorescence protein (GFP) transgenic
mice (WT-GFPþ) into irradiated WT mice to produce
chimeric mice (WT-GFPþ/WT). These mice only
expressed GFP in blood leukocytes, making it possible to
specifically track leukocyte trafficking in retinal vessels in
real time with an SLO. At 4 weeks after BM transplantation,
analysis of blood leukocytes from WT-GFPþ/WT
chimeric mice revealed that the percentage of GFP-positive
leukocytes (CD45þ cells) was approximately 78%
(Supplemental Figure S2). Because a lead shield was used to
356
protect the head and eyes during irradiation, a full chimerism
could not be achieved, which is consistent with the finding
of O’Koren et al.38 However, the dominant presence of
leukocytes from GFP donor mice had made it possible to
track the actions of leukocytes in TON by in vivo SLO
imaging. We observed there was minimal leukocyte attach-
ment to retinal vessels before ONC (Figure 1A and
Supplemental Video S1), indicating there is no retinal
inflammation in the recipient mice. This result is consistent
with previous studies that, although whole body irradiation
results in retinal damages and significant recruitment of bone
marrowederived cells,38,39 such changes are prevented
ajp.amjpathol.org - The American Journal of Pathology
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Role of CXCL10/CXCR3 Axis in TON
when a lead shield is used to cover the head and eyes.38,40 At
3 to 6 hours after ONC, scattered leukocyte rolling and
attachment was noticed. At 9 hours after injury, there were
dramatic increases in leukocyte rolling, attachment, and
infiltration in veins around the optic nerve head (Figure 1,
AeC, and Supplemental Video S2), which resembles a
typical vascular inflammatory reaction after tissue injury or
infection.6 At 24 hours after crush, we analyzed infiltrated
leukocytes in retinal flat-mount preparations from
WT-GFPþ/WT chimeric mice. Similar to SLO imaging,
GFP-positive cells were localized in retinal vessels from
noninjured control eye, whereas massive BM-derived leu-
kocytes infiltrated into the superficial retina from
TON-performed eye (Supplemental Figure S3).

To further identify leukocyte subtypes, we performed
ONC in WT mice and at 24 hours after crush stained retinal
flat-mount preparations with specific antibodies against the
markers of leukocyte subtypes (Figure 1, D and E). In
noninjured control retinas, no detectable leukocyte infiltra-
tion was noticed and microglia existed in the ramified and
inactive state. After TON, a significant increase in leuko-
cytes (CD45 positive) was observed in the superficial retina.
Infiltrated cells were further identified as neutrophils
(Ly6G/Ly6C positive), monocytes/microglia (Iba1 posi-
tive), and T lymphocytes (CD3 positive). B lymphocytes
(CD19 positive) were not found in the retina (data not
shown), although the antibody against CD19 did identify B
lymphocytes in the spleen (Supplemental Figure S4).
Because Iba1 staining could not differentiate monocytes and
microglia, taking the advantage of WT-GFPþ/WT
chimeric mice that allows us to differentiate bone marrowe
derived cells from other tissue, we further analyzed Iba1-
positive cells in WT-GFPþ/WT chimeric mice after
TON (Supplemental Figure S3). Our results showed that
some of Iba1-positive cells were infiltrated monocytes from
blood (GFP positive) and some of Iba1-positive cells were
residential microglia (GFP negative). Moreover, residential
microglia appeared as phagocytic (ameboid) morphology,
indicating an activated phenotype.

In addition to histological analysis, flow cytometry was
used to characterize the populations and proportions of each
leukocyte subtype. Similarly, CD45þ cells (total leukocytes),
CD3þ cells (mostly T lymphocytes), CD11bþLy6Ghigh (neu-
trophils), and CD11bþLy6G� (nonneutrophil myeloid cells)
were increased after TON (Supplemental Figure S5), whereas
B cells were not detected in the retina (data not shown).
Among cell types that were increased after crush, the increase
in neutrophils (CD11bþLy6Ghigh) is most dramatic (from
0.01% to 0.29%). In addition, in nonneutrophil myeloid cells,
the percentage of CD11bþLy6G�Ly6C�F4/80þ cells (mac-
rophages and/or microglia) was decreased (from 87.5% to
68.9%), whereas the percentage of CD11bþLy6G�Ly6Cþ

cells (monocytes or dendritic cells) was increased, suggesting
influx ofmonocytes or dendritic cells into the retina after TON.
A few natural killer cells (NK1.1þ) were present in the retina,
but their percentage was only marginally increased after TON.
The American Journal of Pathology - ajp.amjpathol.org
Because of the low amount of CD3þ cells, identification of
CD3 subtypes failed. Altogether, these results demonstrate
that leukocyte recruitment occurs in the neural retina after
axonal injury.

Leukocyte Recruitment Occurs before Neuronal Cell
Dysfunction and Death

To determine the temporal relationship between leukocyte
recruitment and retinal neuronal injury, we characterized
retinal neuronal function with ERG and examined the
number of RGCs in WT mice at 24 hours after axonal
injury. The STRs, the most sensitive responses in the dark-
adapted ERG,30 are generated in large part, especially for
the pSTR, by RGCs in the mouse retina and serve as a
useful measurement of RGC electrical function.41,42 Flash
ERGs are characterized by a series of waves of alternating
polarity, including a- and b-waves, which are responses of
photoreceptors and mainly optic nerve bipolar cells,
respectively. As shown in Figure 2, AeD, we did not
observe significant alterations for all the stimulus strengths
analyzed in pSTR (which would include the slightly less
sensitive positive scotopic response at stimulus strength30),
negative STR, and flash ERG at 24 hours after axonal
injury. In addition, loss of RGCs was not observed
(Figure 2E) at this time point. However, RGC loss is
remarkable at 7 days after injury (Figure 2F), consistent
with Galindo-Romero’s finding that RGC loss is not sig-
nificant until 5 days after injury.43 These studies demon-
strate that leukocyte recruitment is a much earlier event than
detectable RGC loss and functional changes in TON.

CXCL10/CXCR3 Pathway Is Up-Regulated in TON

The CXCR3 pathway plays an important role in inflam-
matory cell recruitment and neurodegenerative dis-
eases.12e20 To investigate the potential mechanisms of
leukocyte recruitment and neuronal damage in TON, we
examined the expression of receptor CXCR3 and its ligands
CXCL9, CXCL10, and CXCL11 in the ONC model. We
found that axonal injury led to a sustained increase in
CXCL10 mRNA levels (Figure 3A). However, the expres-
sion of CXCL9 and CXCL11 was undetectable. To deter-
mine the intraretinal distribution of CXCL10 mRNA
expression, we performed fluorescence in situ hybridization
on retinal cryosection, which revealed that CXCL10-
expressing cells were mainly localized in the ganglion cell
layer (Figure 3B). Correlated with the increase in mRNA,
CXCL10 protein was significantly increased by approxi-
mately threefold, as determined by enzyme-linked immu-
nosorbent assay (Figure 3C). Although CXCR3 mRNA was
slightly elevated at 24 hours after ONC (Figure 3D), its
immunoreactivity was predominantly increased in the gan-
glion cell layer after axonal injury (Figure 3E). These data
suggest that the CXCL10/CXCR3 pathway may contribute
to the pathological changes in TON.
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Figure 2 Analysis of retinal neuronal function and retinal
ganglion cell loss. AeD: Wild-type mice were subjected to
traumatic optic neuropathy (TON). Electroretinographic analysis
for retinal neuronal function under scotopic conditions at 24
hours after TON. Graphs represent average amplitudes of positive
scotopic threshold response (pSTR), negative STR (nSTR), and a-
and b-waves over a range of stimulus strengths. E and F:
Representative images of control (Con) and TON retinas labeled
with Tuj1 antibody (green) at 24 hours (E) or 7 days (F) after
TON. Graphs represent the number of Tuj1-positive cells per
field. n Z 3 mice (AeD); n Z 4 mice (E and F). ***P < 0.001
versus control. Scale bars Z 50 mm (E and F).
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CXCL10/CXCR3 Pathway Is Involved in Leukocyte
Recruitment and RGC Injury in TON

To determine whether up-regulation of CXCL10 in
neural retina is responsible for leukocyte recruitment by
binding to CXCR3 expressed on leukocytes, we trans-
planted bone marrow from donor mice WT-GFPþ or
CXCR3�/�-GFPþ into WT mice (defined hereafter as
WT-GFPþ/WT or CXCR3�/�-GFPþ/WT). SLO
analysis revealed that fewer GFP-positive leukocytes
infiltrated into the superficial retina near the ONH in WT
mice receiving BM from CXCR3�/�-GFPþ mice than
those receiving BM from WT-GFPþ mice at 9 hours
after ONC (Figure 4A). Similarly, at 5 days after ONC,
analysis of leukocyte distribution in retinal flat-mount
preparations showed more GFP-positive leukocytes
were present in the retina of WT mice receiving BM from
WT-GFPþ than those receiving BM from CXCR3�/�-
GFPþ mice (Figure 4B). These results indicate that the
CXCL10/CXCR3 pathway is involved in leukocyte
recruitment. To evaluate RGC loss, chimeric mice
WT/WT or CXCR3�/�/WT were subjected to ONC,
and RGCs within the ganglion cell layer were counted in
flat-mounted retinas at 7 days after ONC. We found that
associated with reduced leukocyte recruitment, RGCs, as
determined by anti-Tuj1 staining, were significantly
preserved in retinas of WT mice receiving BM from
CXCR3�/� mice (Figure 4C).
358
To investigate the cause-and-effect relationship between
reduction of leukocyte recruitment and increase in RGC
survival, we asked the question whether leukocytes impair
RGC viability. Primary mouse RGCs were isolated and co-
cultured with leukocytes from blood or BM in the presence
or absence of CXCL10. The morphology and purity of
primary RGCs was determined by staining them with Tuj1
antibody (Supplemental Figure S6). The proportions of in-
dividual leukocyte subtypes after bone marrow and blood
leukocyte preparation were determined by flow cytometry
(Supplemental Figure S7). Our data showed that RGC
apoptosis was significantly induced when RGCs were co-
cultured with leukocytes (Figure 4D). Given that
CXCL10, similar to other chemokines,44 not only partici-
pates in leukocyte recruitment but also induces leukocyte
activation, such as proliferation and production of nitric
oxide,45,46 we reasoned that leukocytes would be continu-
ously exposed to CXCL10 after recruited to the retina,
which may affect their activity toward retinal injury.
Therefore, we added CXCL10 into the co-culture of RGC
and leukocyte and found addition of CXCL10 augmented
leukocyte-induced cell death (Figure 4D).
Taking the above in vivo and in vitro data together, our

findings suggest that injured neuronal retina releases
CXCL10 to recruit and activate leukocytes in a CXCR3-
dependent manner. Recruited leukocytes then play a key
role in inducing RGC death in TON by directly damaging
RGCs. As an experimental control, RGCs were treated with
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 CXCL10/CXCR3 pathway is activated in TON. Wild-type mice were subjected to traumatic optic neuropathy (TON). A: Quantitative PCR analysis of
CXCL10 mRNA expression in noninjured retinas [control (Con)] or injured retinas at 3, 6, 12, and 24 hours after TON. B: Normal and TON-performed eyes were
collected at 6 hours after TON. CXCL10 mRNA localization was assessed in retinal frozen sections by fluorescence in situ hybridization with RNAscope Fluo-
rescent Multiplex Kit. Green fluorescent signal reflects CXCL10 mRNA expression, and DAPI (blue) stains nuclei. Arrows indicate CXCL10-expressing retinal cells
in the ganglion cell layer (GCL). C: Enzyme-linked immunosorbent assay analysis of CXCL10 protein in control or TON-performed retinas at 6 hours after TON. D:
Quantitative PCR analysis of CXCR3 mRNA expression in control or injured retinas at 3, 6, 12, and 24 hours after TON. E: Representative images of CXCR3
immunostaining in retinal frozen sections from control and TON-performed eyes at 24 hours after TON. Fluorescent signal (red) reflects CXCR3 staining. n Z 4
to 5 mice (E). *P < 0.05, **P < 0.01 versus control. Scale bars Z 50 mm (B and E). INL, inner nuclear layer; ONL, outer nuclear layer.

Role of CXCL10/CXCR3 Axis in TON
CXCL10 in the absence of leukocytes. We found RGC
apoptosis was increased by CXCL10 treatment (Figure 4D),
suggesting a direct effect of CXCL10 on RGC survival
during injury.
Pharmacological Blockade of CXCR3 Partially Prevents
RGC Dysfunction and Cell Loss after TON

The above results from genetic approaches suggest that
blocking CXCR3 may be beneficial for the neuroprotection
after TON. Therefore, we tested whether blockade of
CXCR3 by AMG487, a potent and orally bioavailable
CXCR3 antagonist,47,48 is neuroprotective after TON. WT
mice were injected with AMG487 (i.p., 20 mg/kg) or
vehicle solution (i.p., PBS containing 10% Tween-80 and
20% ethanol) at 1 and 12 hours before TON and continu-
ously injected twice a day for 7 days. Compared with mice
without any treatment (naive), vehicle injection (i.p.) did not
affect body weight, RGC numbers and ERG responses
(Supplemental Figure S8), food/water consumption and
feces, breathing/behavior, and hunching, indicating that
vehicle treatment is neither toxic to mice nor to the retina.
Similarly, AMG487 treatment did not show adverse effects,
such as change in body weight (Figure 5A), food/water
The American Journal of Pathology - ajp.amjpathol.org
consumption and feces, breathing/behavior, and hunching.
To assess the functional consequence of CXCR3 inhibition,
we performed ERG analysis. Consistent with reports from
other groups,42,49,50 ONC resulted in a significant reduction
of pSTR amplitudes in vehicle-treated mice at 7 days after
axonal injury. However, this reduction was significantly
attenuated by AMG487 treatment (Figure 5, B and C).
Associated with the preservation of ERG responses,
AMG487 treatment partially prevented RGC loss at 7 days
after TON (Figure 5D). These data suggest that pharmaco-
logical blockade of CXCR3 is a promising approach for
neuroprotection after TON.
Up-Regulation of CXCL10 in TON Is Mediated by STAT

Given that the CXCL10/CXCR3 axis is involved in leuko-
cyte recruitment and RGC damage, it would be important to
understand the potential mechanisms by which CXCL10 is
up-regulated after axonal injury. Sequence analysis revealed
that the CXCL10 promoter region contains transcription
factor binding sites for AP-1, NF-kB, interferon regulatory
factor, and STAT.51,52 Because activation of NF-kB has an
essential role in inflammatory reactions and has been shown
to induce CXCL10 expression during virus infection,51,52 we
359
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Figure 4 CXCL10/CXCR3 pathway is involved in
leukocyte recruitment and RGC death in the retina.
A and B:Wild-type (WT) mice received bone marrow
transplants from WT-GFPþ or CXCR3�/�-GFPþ mice
(defined as WT-GFPþ/WT or CXCR3�/�-
GFPþ/WT) and 4 weeks later they were subjected
to traumatic optic neuropathy (TON). A: Images of
leukocyte distribution in the central retina were
taken before or 9 hours after TON using real-time
scanning laser ophthalmoscopy imaging. Bar
graph represents the quantification of leukocyte
area at 0 and 9 hours after TON. B: Representative
images of leukocyte distribution in retinal flat
mounts from WT mice receiving bone marrow (BM)
from WT-GFPþ or CXCR3�/�-GFPþ mice at 5 days
after TON. High-magnification images are shown in
insets. Bar graph represents the quantification of
leukocyte number in the retina, which was
normalized to WT-GFPþ/WT mice after
TON (control). C: WT mice received BM from WT
or CXCR3�/� (knockout) (defined as WT/WT or
CXCR3�/�/WT) and 4 weeks later they were sub-
jected to TON. At 7 days after TON, retinas were
collected and stained with Tuj1 antibody (green).
Bar graph represents the number of Tuj1-positive
cells per field. D: Primary RGCs were isolated,
cultured alone, or co-cultured with bone marrowe
derived or blood leukocytes, and treated with 10 or
100 ng/mL of CXCL10. At 24 hours after treatment,
cells were subjected to terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay.
The total TUNEL/Tuj1 double-positive cells and
Tuj1-positive cells in each field were counted under
a microscope. Bar graph represents the percentage
of apoptotic RGCs, calculated as the ratio of total
TUNEL/Tuj1 double-positive cells to total Tuj1-
positive cells. Twenty fields were counted in each
group. n Z 6 mice (A); n Z 3 (B, mice, and D,
independent experiments). n Z 5 to 7 mice (C).
*P < 0.05, **P < 0.01, ***P < 0.001. Scale bars:
200mm (A); 500mm (B); 100 mm (B, insets); 50 mm
(C). Original magnification, �200 (B).

Ha et al
reasoned that CXCL10 up-regulation in TON might be
mediated by NF-kB. We pretreated mice with PDTC at a
concentration (i.p., 120 mg/kg) shown to effectively inhibit
NF-kBemediated gene expression and inflammation
in vivo,53,54 induced TON, and examined CXCL10 expres-
sion. PDTC treatment significantly reduced the expression of
intercellular adhesion molecule 1 and inducible nitric oxide
synthase, which are two NF-kBedriven inflammatory
360
molecules (Figure 6, A and B). However, CXCL10 expres-
sion was not changed after PDTC treatment (Figure 6C),
suggesting that NF-kB did not mediate TON-induced
CXCL10 expression.
The STAT proteins are a family of transcription factors

that regulate the expression of genes related with develop-
ment and immune system in two ways: directly binding to
STAT binding sites in the promoter of genes or indirectly
ajp.amjpathol.org - The American Journal of Pathology
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Role of CXCL10/CXCR3 Axis in TON
binding to other transcription factors, such as interferon
regulatory factor.55 To investigate the potential involvement
of STATs in TON-induced CXCL10 production, we
measured STAT phosphorylation after axonal injury. Our
data showed marked increases in STAT1 and STAT3
phosphorylation at 1, 3, and 6 hours after axonal injury,
whereas the phosphorylation of STAT 2, 5, and 6 was not
changed (Figure 7A), suggesting both STAT1 and STAT3
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expressions of intercellular adhesion molecule (ICAM) 1 (A), inducible nitric oxid
n Z 4 to 5 mice (AeC). *P < 0.05, **P < 0.01.

The American Journal of Pathology - ajp.amjpathol.org
were activated after injury. Furthermore, we intravitreally
injected Stattic, which inhibits both STAT1 and STAT3
activation56 at 1 hour after the induction of TON. At 4 hours
after TON, Stattic blocks both STAT1 and STAT3 phos-
phorylation (Figure 7B), and significantly blocked TON-
induced CXCL10 expression (Figure 7C). These results
indicate that activation of STAT1/3 is involved in up-
regulation of CXCL10 after axonal injury.
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Figure 7 Traumatic optic neuropathy (TON)-induced CXCL10 up-
regulation is modulated by STAT signaling. A: Wild-type (WT) mice were
subjected to TON, and proteins were isolated from retinas at indicated time
points after TON. The phosphorylation levels of STAT1, STAT2, STAT3,
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of CXCL10 mRNA was analyzed by quantitative PCR. n Z 5 mice (AeC).
*P < 0.05, **P < 0.01.

Ha et al
Discussion

Mechanisms of RGC death after axonal injury in TON remain
to be defined. In the present study, our data clearly show that
expressions of CXCL10 and CXCR3 are increased after
axonal injury and specifically deleting CXCR3 in leukocytes
significantly reduces leukocyte recruitment into retinal tissue
while enhancing RGC survival in TON. In addition, blockade
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of CXCR3 with a pharmacological antagonist AMG487 not
only prevents RGC loss but also preserves RGC function in
TON. Given that TON is critically involved in vision loss after
accidents or assaults, but there is no proven therapy yet,
pharmacological interventions that can save and reverse the
function of retina are highly wanted. Our study suggests that
blocking CXCR3 is beneficial and warrants further investi-
gation of this pathway in TON as well as evaluation of the
effects of a number of CXCR3 antagonists, which are in
clinical development for treating inflammatory diseases in
human subjects. This study, together with previous findings
that deleting CXCR3 prevents retinal neuronal cell death after
an acute increase in intraocular pressure,21 prolongs survival
times after prion infection,57 reduces NMDA-induced
neuronal cell death in brain,58 and attenuates plaque forma-
tion and behavioral deficits in Alzheimer disease,59 highlights
a role of CXCR3 in neurodegenerative diseases.
The CXCL10/CXCR3 axis plays a critical role in

inflammation by recruiting activated T lymphocytes,
monocytes, and macrophages.12,14,58,60 We found that
CXCL10 expression is up-regulated in cells, including
RGCs, after axonal injury, which is associated with leuko-
cyte recruitment and infiltration in neural retina. To inves-
tigate potential mechanisms of CXCR3-mediated RGC
death in TON, we deleted CXCR3 in leukocytes and found
that leukocyte recruitment is attenuated and RGC survival is
increased. When RGCs are co-cultured with leukocytes,
RGC viability is significantly reduced in the presence of
leukocytes, which is augmented by CXCL10. Our data
suggest a model that injured or stressed RGCs and other
cells in neural retina release CXCL10 to recruit and activate
leukocytes, which further exaggerate RGC death, likely by
producing reactive oxygen species, nitric oxide, or toxic
cytokines, or activating cell death signals, similar to the way
of leukocyte-induced cell death in other pathological con-
ditions.61e63 Certainly, the marked reduction of leukocyte
recruitment after deleting CXCR3 in leukocytes does not
mean that all of those leukocytes that failed to be recruited
into the retina express CXCR3. It is possible that CXCR3-
expressing leukocytes play an important role in the initia-
tion of inflammatory response by secreting cytokines that
amplify inflammatory reactions in the retina, resulting in
recruitment of noneCXCR3-expressing cells. Conse-
quently, deleting CXCR3 in leukocytes not only blocks the
recruitment of CXCR3-expressing cells but also attenuates
the recruitment of noneCXCR3-expressing leukocytes.
Interestingly, our in vitro experiments also found that
CXCL10 has a direct effect on RGC survival. Although
underlying mechanisms are unclear, similar effects of
CXCL10 are observed in brain neuronal culture and endo-
thelial cells in a mechanism involving CXCR3-mediated
caspase 3 activation.64,65

Leukocyte recruitment is a response to tissue injury and
infection and contributes to the development and resolu-
tion of many infectious diseases. Leukocyte imaging has
been used for three decades as the gold standard for the
ajp.amjpathol.org - The American Journal of Pathology
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imaging and diagnosis of most infections in the immu-
nocompetent population.66 The value of leukocyte imag-
ing in retinal diseases has not been established, although
leukostasis is a key feature of diabetic retinopathy.67 By
combination of leukocytes labeling with GFP and nonin-
vasive SLO imaging, we demonstrated that leukocyte
rolling, adhesion, and infiltration in retinal vessels occur
much earlier than other pathological changes after axonal
injury, including RGC loss and reduction of retinal ERG
response. Because leukocyte recruitment occurs not only
as an early response to RGC injury but also contributes to
RGC death, our data suggest that leukocyte recruitment
has the features of a biomarker and warrants further
investigation to determine whether leukocyte imaging in
the retina could be used to foresee the severity of neuronal
injury in TON and predict the outcome of emerging
therapeutic interventions.

Interestingly, although our studies support the notion that
leukocytes contribute to RGC death after axonal injury,
other roles of leukocytes in retinal neuronal degeneration
and regeneration are also reported. Lens injury or intra-
vitreal injection of zymosan (a yeast cell wall preparation)
causes massive infiltration of neutrophils and monocytes
into the vitreous, which promotes the axonal regeneration of
RGCs by producing oncomodulin.68,69 However, intra-
vitreal injection of lipopolysaccharide (a cell wall compo-
nent of Gram-negative bacteria) fails to stimulate axonal
regeneration despite inducing tremendous leukocyte infil-
tration similar to zymosan.70 Meanwhile, lipopolysaccha-
ride injection causes retinal neuronal damage and
dysfunction.71,72 These contradictory observations suggest
that leukocytes play complicated roles in RGC injury and
axonal regeneration. It is possible that distinct subsets of
leukocytes differentially regulate these processes. Neutro-
phils may contribute to tissue-specific injury by blocking
blood flow, generating reactive oxygen species, and pro-
ducing proteases.73 However, protective and regenerative
roles of neutrophils are also reported in certain condi-
tions.73,74 Myeloid cells also differentially affect tissue
injury, depending on their phenotypes. Macrophages are
proinflammatory and cause tissue injury when they are
polarized into the M1 phenotype, whereas they are anti-
inflammatory and promote tissue repair and regeneration
in the M2 phenotype.70 T cells can induce tissue injury by
recruiting macrophages and dendritic cells, and producing
cytokines.75 In this study, we found that neutrophils,
monocytes/macrophages, and T cells are all recruited into
the superficial retina after axonal injury. With flow cyto-
metric analysis, our data show that myeloid cells are the
major leukocyte subtype that infiltrate into the retina after
axonal injury. Future studies to specifically delete leukocyte
subtypes, such as neutrophils and monocytes, or modulate
their activation are needed to address their specific contri-
butions to RGC injury in TON.

CXCL10 is normally expressed at a low level under
physiological conditions but is up-regulated during infection
The American Journal of Pathology - ajp.amjpathol.org
to attract immune cells to clear pathogens. In our studies of
TON, sterile inflammation occurs in the absence of live
pathogens, and we found that CXCL10 up-regulation is
associated with STAT1 and STAT3 activation and its pro-
duction is significantly attenuated by blocking STAT1 and
STAT3 activation with Stattic. In contrast, NF-kB, a
proinflammatory transcription factor regulating CXCL10
expression after viral infection,51,52 does not participate in
axonal injury-induced CXCL10 expression. To our knowl-
edge, this is the first report that provides evidence sug-
gesting that STAT1 and STAT3 appear to regulate CXCL10
level during sterile inflammation. Our data suggest that
STAT1 and STAT3 inhibitors, which are being developed
to treat cancers and inflammatory diseases,76,77 may be
potentially suitable to block CXCL10-mediated retinal
inflammation and save retinal neurons in TON.

In summary, herein, we found that leukocyte recruitment
is an early event in TON and identified a novel mechanism
that the CXCL10/CXCR3 pathway has an important role in
leukocyte recruitment and RGC injury in TON and that up-
regulation of CXCL10 is mediated by STAT1 and STAT3.
Because inflammation is involved in many diseases, such as
stroke, diabetic retinopathy and glaucoma, further studies to
explore CXCR3-mediated leukocyte recruitment and tissue
injury, specify the contribution of leukocyte subtypes in
neuronal degeneration and regeneration, and evaluate the
therapeutic potential of inhibitors for STAT1, STAT3, and
CXCR3, may facilitate the development of novel in-
terventions for these diseases associated with neuronal
injury.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2016.10.009.
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